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=1 . IVEIVCRY IVANAGEIVEI\I'I' FOR HI ERARCHI CAL GRAPHI C STRUCTURES The-
pf_ie,s.e.mt .. nvent ion relates to a graphics display systemfor displaying '

i mges generated from hierarchical graphics data structures and to a net hod

f or “managi ng hi erarchical data structures in a graphics display system
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MEMORY MANAGEMENT FOR HIERARCHIéAL GRAPHIC STRUCTUﬁES

The present invention relates to a graphics display system for
displaying images generated from hierarchical graphics data structures
and to a method for managing hierarchical data structures in a graphics

_display system.’ - “.

Graphics display _s_-yste'ms are designe& to interpret grapizics

- commands issued by an application program to create a graphics image for
display on a display device. Early graphics display systems each had
unique interfaces and the application programs were required to
recognize and program to those unigque interfaces. More recently several
graphics intexface standards have evolved. For example, a Graphics
Rernel Standard (GKS), Programmer's Hierarchical Interactive Graphics
Systems (PHIGS) and CGI each provide a standard method for 1inking
applications programs and graphics systems. A consistent interface
frees the application program of the burden of aeveloping maltiple and
different interfaces to various hardware systems. The app'lication
prcgrammer can therefore focus more attention on prcv:.ding features and

performance in his spec;.f:.c graphics application.

Several recent graphics standards use multi-level or hierarchical
databases to ccntain the graphics models. This powerful, concept
ninimizes data replication in graphics models and facilitates
i.nteract_:ive modification and transformation of data. Graphics
structures or models can be defined once and then referenced as many

times as necessary to create the final object.

The basic building block of the hierarchical graphics interface is
the structure. The structures contam graphxcs elements such as drawing
'prlmltives"’(e g., lines, characters polygons), attribute selections
(color), modell:mg transformations, labels, and viewing selections.
Structures specify the sequence of elements that, when processed,
generate a specific effect on the screen. In a hierarchical graphics

environment, structures execute other structures which, in turn, can
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C?aphlcs di spl ay ‘systens are designed to interpref graphlcs connands

i S'sued 'y an application programto create a graphics’image for display on
a display device. Early graphics display systens each had uni que interfaces
and the application_-programs were required to recognize and programto

t hose uni que ¥P8%8%%s. Mre recently séeral graphics interface standards
have evol ved. For exanple a Graphics Kernel Standard (GKS) Programer’ s
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features and per mance I C grap I'cs applTcat
Sever al recethﬁlhé?ﬁﬁr La¥aPaRe-use nulti-level "or hierarchical databases
to contain the graphics m)del S. This powerful concept

Fig. 1 illustrates_the structure hierarchy. Structure A 100 is.
composed of several pi'imitives or drawing commands 102-~114. Each of
these primitives or commands is executed in order from left to(right.
The structure hierarchy is created through the use of “structure®
commands. For example, command 106 directs the execution or inclusion
of structure B at that point. Structure B 116 contains drawing
primitives 118-124. Structure B may, in turn, request another
structure, for exampie structure D 126, containing further drawing
primitives. Upon the complet:.on of all d:rawmg primitives of structure
D 126 control returns to the "structure” command 124. Since no Ffurther
drawing primitives exist in structure B 116 control is returned 1:.0
structure A to the command following "structure" command 106, i.e., 108.
108 in turn exécutes structure C 130: Structure E 132 is executed by
structure C. As shown by command 114 structure C may be repetitively
executed and included in different parts of the hierarchy.

The called or “child" structure inherits the attributes of the
"parent" structure during the execute structure operation. The- newly
formed child structure continues to execute until it encounters another
structure command or until it completes its list of display primitives
Oor commands. When control is returned to the parent structure the
previous parent structure state is returned and pProcessing continues for
the remaining structure elements. Thus the following actions occur when

a "structure” command is encountered in a parent structure:
= traversal of the parent structure is suspended

the values of the parent structure are saved
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m ni ni zes data repl.ication in graphics nodels and facilitates i nteractive

nodi fj cation and transformation of data. G aphics structures or

nDdeIs can

be defined once and then referenced as many tines as necessary to create

the final

graphics int

el ements suc

object : The basic buil di ng bl ock of the hierarchical

ﬁ f?d gS the structure. The structures contain graphics
ds dra

attribute selectlons (color), nodelling transfornations, | abel s, and
vi ewi ng sel eeti ot ciildustrittwres g dirhyerbé® asd gugrletedof el enents t hat,

processed, generate a specific effect on the screen.

In a hierarchica

wing primtives(e g., lines, characters, polygons),

when

gr aphi cs enV|ronant structures execute other structures which in turn,

can
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child structure returns control to the parent structure

- the parent structure state values ‘are restored

-  the parent structure traversal resumes. .

Hierarchical graﬁhic interfaces reguire that the entire state of
the graphics context be saved when the structure call is initiated. The
size of. the graphic state can be 512 to 1024 32-bit words. A graphics
processor must replicate the state in order to give the child structure
the same attributes as the parent structure and must save the state for
resumption of execution when the child structure is completed.

A standard 32-1;5.1: processor can perform the i:ranéfe;: using a
read/write copy loop to transfer the structure state. A structure size
of 512 entries being copied through a typical copy lobp of .25-.5
microseconds per iteration would require 128-256 microseconds to
complete. Larger structures or slower processors would take
considerably longer. The speed of the repl:.cation frequently becomes a
major bottleneck in the ability of a graphlcs processor to efficiently

execute a hierarchical graphics model.

An obﬁect of the present invention is to provide apparatus and

methods to speed structure state stdrage, replication, and recall.

In accordance with a first aspect of the invention, there is
provided a graphics display system for displaying images generated from

hierarchical data structures, said system comprisin.g:

first processor means for processing hierarchical data structures

to create an image;
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2 execute other structures.~ This creates a tree-1ike hierarchy where
primtirve structures can be repeatedly used 't hroughout the draw ng
‘operation. G aphics scenes are created by traversing the structure tree
and proceedi pggboupe4 hrough various levgls of structure as defined in the
hi erarchi cal dat abase. Fig. 1 illustrates the structure hierarchy.
Structure A 100 is conposed of several primtives or draw ng commands
102- 114. Each of meswarganepns fior| xetminingca desgription ofy atirilentes fograjdatar om

left to ri ghtstructuré , said memory means having a randomly &ccessed portion divided '
into rows and columns and a serially accessed portion capable of
retaining one row of said randdml_y accessed portion; and .

memory control means for controiling said memory méans. said memory
control means being responéive to said first processor means and
operable to transfer a'_~first row of said randomly accessed portion to
said serially accessed portion and to transfer said serially accessed
portion to a second.row of said randomly accessed portion. '

In accordance with a second aspect of the invention, there is
provided a method for managing hierarchical data structures for
generating images for display in a graphics display system, said method
comprising. the steps of: |

generating a structure state based upon commands in a data
structire; i

ti:ansferring said structure state to a randomly accessed memory
device; '

detecting a sub-structure execution command;

transferring said structure state to a second memory using a row
transfer operation; and .

transferring said structure state to a second location in said

randomly accessed memory using a row transfer operation.

The invention enables a reduction to be achieved in the overhead
required to transfer the structure state to memory and to replicate the
Structure state for child processing. It also leads to a memory
structure for state storage which simplifies the process of saving and
recalling the memory structure.
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The structure hierarchy is created through the use of "structure" comrmands.
For exanmpl e, .command 106 directs the execution or inclusion of structure B
at that point. Structure B 116 contains drawing primtives 118-124.
Structure B may, in turn, request another structure, for exanple structure
D 126, .cont a_!!ﬁguggjog;t her drawi ng primtives. Upon the conpletion of all
drawing primtives of structure D 126 control returns to the "structure"
command 124. Since no furthher drawing primtives exist in structure B 116
control is returnegattdoskaruenhedimentt of thee invantiond is Gesesibefhhersinatteyr "

command 106, ;1§ pefdidBce 138tlid abstupakyiQg @re®ingk rciiier: C 130: Structure E
132-is executed by structure C. As shown by command 114 structure C may be
repetitively executed and included in different parts of the hierarchy.
"The called or "ciiibdl &8 racildustyatien of stheneelationElips dietvgen: siguchinesnt "

structure durgpng yibRarexesait graphick Butaasqer ati on. The- newly forned child
.Structure continues to execut.e until it encounters another structure

command or until it conpletes its |ist of display primtives
Fig. 2 is a block diagram showing a portion of a graphics display

system employing the f:resent invention.

'Fig. 3 is a block diagram showing details of a VRAM sequencer for a
graphics display system according to the present invention.

Fig. 4 is a state diagram representing the operation of the VRABM

sequencer.

A portion of a graphics display system employing the present
invention .is shown in Fig. 2. The graphics processor 150 decodes alnd
executes graphics orders received from a display list 152. Some of
these orders involve generating graphic primitives {line, characters and
polygons), on the display. Other orders modify the attributes of .these
primitives (color, line 'stj-['le, and texture) or the modelling
transformation of the graphics enviromment (view transformation
matrices, clipping windows, view mapping windows, etc.). These
attributes and modelling transformations make up the structure state and

must be passed to child structures as the hierarchical structure tree is

traversed.

Video RAM 154 stores the structure state for parent and child
processes. A video RAM is a specialized form of dynamic random access
memory. Each video RAM contains twc:; input/output ports, one for random
access and one for serial access, and a single address port. Internally
€ach VRAM contains a random array 156 addressable like standard random
access memory and a serial buffer 158. The random array allows
addressing of any memory cell within the array. Like dynamic RAM, the

random array of a VRAM is divided into rows and columns. For example, a

—
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or commands. When control is returned to the parent structure-the previous
parent: structure state is returned and processi ng continues for the

remai ni ng structure elenents. Thus the follow ng actions occur when a
"structure" command is encountered in a parent structure: - traver sal
of t-he parent K¥8+89c@24r e i s suspended. - t he val ues of .the parent
structure are saved

1M bit VRAM typically contains 512 rows and 512 columns per row. Each
memory cell contains 4 bits of data. Mdltiple VRAM_s are arranged with a
depth to provide a 32-bit interface to the graphics processor.

‘fhe serial buffer 158 is designed to sequentially shift the
contents of its buffer to the screen. Serial buffer 158 is filled by
executing a speéial memory cycle called “read data transfer" that copies
an entire row of' the VRAM into the serial buffer. External controls
allow the data to be é'equentially clocked out of the serial buffer into
circuitry that updates the screen. Video RAMs frequently also contain a
“write data transfer" memory cycle that copies the serial buffer into a
selected row in the random access memory. The present invention employs
a video RAM with both “"read data transfer" and "write data transfer"

cycles.

VRAM sequencer 160 controls the memory cycles of the VRAM array and
manages the VRAM control lines, e.g., RAS (row address select), Cas
(column address select), WE (write enable), OE (output enable), during
the memory cycles. "The sequencer also generates refre!sh cycles'when

needed. The sequencer contains specialized sequences to perform read
data transfer and write data transfer 6perations in the VRAM.

The above described row transfer features of the VRAM are used to
implement structure state storage. Structure state information is
stored in integral rows in the VRAM random access array 156. The

_ structufe state can be stored in adjacent rows if more than one row is
required to store the full description of the structure. The execution
of an “execute structure" command requires that the structure state be
replicated for the child structure. The VRAM technology allows rapid
copying of the one or more rows containing the structure state
information. The use of a read data transfer and write data transfer

' .operation allows a memory controlled process to first copy the state
structure to the serial buffer and then to a new row address for the
child structure. Graphlcs processor 150 does not part1c1pate in the

actual copying operation; it is accomplished by the VRAM sequencer.

i
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—— the child structure is traversed and conpleted -  the child: =~ *

struckure returns control to the parent structure - -t he parent
structuré state values are restored - the parent structure traversal
resunes. Hi erarchical graphic interfaces require that the entire

state of theKJ8-89R024s context be saved?when the structure call is
initiated. The size of the graphic state can be 512 to 1024 32-bit words.
A graphi cs processQr nust reggd' qat

structure the saf¥ afiP BT es™ as t%g%] 3?2%@%9?%c?%€a§ia‘%‘3?ﬁj§* :[sg'\g/ue’r e Elel ‘

state for register 162 contains the row address for the parent structure while
destination register 164 contains the row address for the child
structure. Graphics processor 150 will issue a command to transfer the
data to the VRAM sequencer. The sequender uses source row register 162
to. address the random array and perform a read transfer operétion to -
copy the contents of the parent structure state row into the internal
serial buffer 158 of the VRAM. This step is immediately followed by a
write data transfer oﬁération using the destination register to ‘
designate the random array row address for the child strut_:turé causing
the data from serial buffer 158 to be copied to child buffer structure '

row in random array 156.

State machine 166 translates the commands into the necessary VRAM
control signals, RAS, CAS, OE, WE. The state diagram' of state:machine .
166 is shown in Fig. 4. Each state is shown with a state name and
output. In the preferred embodiment, the output comprises sevkn binary
values," expressed in the diagram as a hexadecimal number. The seven
outputs are: RAS, CAS, OE, WE, RUN, MUX, REG. The first state, Page
170, ha{s an output of '04' or '0000 0100'B. Thus, all siénals are zero
except RUN. ' -

The RUN si.énal indicates the sequencer is active in processing a
command sequence. MUX and REG control the multiplexers supplying the
address to the video RAMs.

Three sequences are generated by the VRAM controller: COPY
STRUCTURE 172, CHANGE ROW'174, and Refresh 176. The refresh sequence is
initiated yhen an internal timer times out and a CAS-before-RAS refresh
cycle is begun. The CHANGE ROW sequence takes the VRAMs out of the
.current page (e.g., row) they are accessing and allows them to access a
hew row. This cycle is used in setting up memory pointers to the new
structure state contained in a VRAM row. The COPY STRUCTURE sequence
allows the VRAMs to copy an entire row ‘into a new VRAM row {512

entries). The sequence performs back-to-back Read Data Transfer cycle
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resunption of execution when the child structure-is conpleted. =~ A
standard 32-bit processor can performthe transfer using a read/wite copy
loop to transfer the structure state. A structure size of 512 entries

bei ng copied through a typical copy |oop of .25-.5 mcroseconds per

i teration wogtid-89e024 re 128-256 micros8conds to conplete. Lar ger
structures:or slower processors mould take considerably Ionger The speed

of the repllcatlonfre uent beco rraor bot. e lity of
a graphics pededeitt D Efﬂ%?’eﬁﬁff Jt e?%?q{c%hg%gl gra |cts)J°P'fDdeI

SUMMARY OF Tlilktd KWEINEFEY registern gnd sha!n cemzj é’eq satia%- Hi?gfﬁ"é§eﬂ‘ﬂ"°|‘i¥9ent ion to
anel i orat e oOREsQhatidhCrdh. sadvant ages of

In the preferred embodiment, VRAM sequencer 160 has bgen modified
to include contr61 logic to perform the combined read d_ata.transf_er and
write data transfer operatibn in response to a single command. This
added control logic acé,e'].erates the structure copying process because
the operation is performed totally in the hardware. ‘A similar result
could be achiéved, however, by requiring the graphics processor 150 to
issue individual data transfer operation commands to the VRAM sequencer.
The implementation in the preferred embodiment reduces the structure
state copying time from the 128-256 microseconds required by the
graphics copy sequence to 0.8 microseconds by using the preferred

embcdiment of the present invention.

Completion:of the child structure traversal requires that the '_
machine state be returned to the parent structure state. This can be
rapidly accomplished by simply reaccessing the parent structure state
using the source row register retained in the VRAM sequencer. The
addition of appropriate address storage logic associated with the
graphics processor will allow the return to any previouns structire state
in the hierarchy. The manipulation of addresses rather than data

transfers greatly speeds the hierarchy traversal process.
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the prior art. According to one aspect _of -the ntesent invention theref
i.s disclosed a graphics. display systemfor generating i mages from ,
hi erarchi cal data structures for display by a “ “ﬂmnﬁmnﬁlllsal d _
structures including a parent structure and a;Ll ““ﬂ said parent
structure cqonjgaggrogy an .execute structere commahd fort t e éxelution of said
child structure, whereby control -passes to said child structure before

returning to said parent structure, said system corprising: means for

'storing data structures; means for [F¥8ssing said data structures to
create an image for display by said device, said structures having states

associ ated ther QW LI, ; (P HDLY af5908ed 86 8LH1LIGg Sithes® bldiGhilarron

hierarchical data structures, said system comprising:

first processor means for proceséix.xg hierarchical data structures

to create an image;

memory means for 'retaining a description of attributes for a data’
structure, said memory means having a randomly. accessed portion divided
into rows and columns and a serially accessed portion capable of

retaining one row of said randomly acce;ssed portion; and

memoxy control means for contrelling said memory means, said memory
control inéans being responsive to said first processor means and -
operable.to transfer a firs.t row of 3aid randomly accessed pbrtion to
said serially accessed portion and to transfer said serially accessed
portion to a second row of said randomi.y accessed portion. \
2. A method for managing hierarchical data structures for generating
images for display in a graphics dlsplay system, said method comprising
the steps of:

gengrating a structure state based uwpon commands in a data

structure;

transferring’ said structure state to a randomly accessed memory

device;
detecting a sub-structure execution ‘command;

transferring said structure state to a second memory using a row
transfer operation; and

\
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states sald nenDry means having a randonty accessed portlon lelded |nto

[ OWS _-and celurms and a serially accessed p r et ai ni-ng the
contents of one row of - sai.d random m “&mg Iﬂm II on,
i nformati on representing.the structure state*of ¢tsatd " parertt structure

being stored in a first row of said randonly accessed portion; and nenory
control m_bgéponsi ve to said proggssing neans for controlling said
menory ' :

transferring said structure state to a second location in- said

randomly accessed memory using a row trgnsfer operation.
3.. A method as claimed in claim 2 further comprising the steps of:

generating a second structure state at said second location in
randomly accessed memory based on commands in said substructure

generation command; and

-

‘restoring a previous structure upon completion of all substructure

genedation commands.
4.' A method as claimed in claim 3 further comprising the steps of:
' repeating the steps of detecting a substructure through generating

a second structure state for all substruct.ureé in a substructure

generatior command prior to restoring a previous structure.
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nmeans, said memory control’ means -bei ng-operable upontheprocessing of said
executse . struct'ure command by-'sai.d processing neans to transfer the--
‘contents-.of.said first row of said randomy accessed portion to said
serially accessed portion and then to transfer the contents of said
serially accessed portion to a second row of said random y accessed
portion, whereby said information representing-the structure state of said
parent structure is copied to said second row for use while executing said
child structKi9esaRie being saved in Baid first row for use upon the
return of control to said parent structure. Accordi ng to anot her
aspect of the present invention theggs'.cgisclosed a nmethod for managi ng

hi erarchi cal data structures in a graphics display system said structures
MEMORY MANAGEMENT FOR HIERARCHICAL GRAPHIC STRUCTURES

video random access memory having a random array and serial buffer
is employed to speed i_:h'e réplication of structure state information used
in the processing of hiérarchical graphic data structures. Specialized
circuitry in the video RAM and associated VRRM sequencer are used to
perform a rapid transfer of structure state information from one row of
the VRAM (the parent row) to a second VRAM row {the child row). The
VRAM sequencer is modified to perform back to back read data transfer
and write data transfer operation in response to a single graphics
processor command. The return to previous structure state can be
accomplished by readdressing the VRAM row containing the previous

structure state.

e
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mrﬂt‘fludlng a parent structure and a child structure, said parent structure
coptakni ng an execute structure command for the execution of said -child
structure, whereby control passes to said child structure before returning
to said parent structure, said nethod conprising the steps of : (a)
processing said parent structure to generate a structure state based upon
dommands in said parent structure; (b) stotdég said structure state at a
first location in a randomy accessed nenory having nultiple rows; (c)
detecting said execute structure conmand whil e processing said parent
structure; (d)_transferring said structure state fromsaid first |ocation
in said randonly accessed nenory to a second nenory using a first row
transfer operation; and (e) transferring said structure state from said
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Isecond menory ta a second Tocation in said randon1y ‘accessed menory u5|ng a
‘second” rom/transfer oper ati on. . According to-still another aspect of
t he present invention there is disclosed in a graphic display systemin
whi ch hierarchi.cal data structures are processed to generate inages for
di splay by a di'splay device, said structures including a parent structure
and a child structure having structure sta%zg associ ated therewith, said
parent structure containing an execute str ure command for the execution
of said child structure, '

———ame st
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4a" mhérgby control passes to said child structure before returning to said
parent stwucture, -apparatus for nmanaging said structure states conpriSing:
menory freans for storing said -structure states, said nenory neans having a
random y accessed portion divided into rows and columms and a buffer
portion capable of retaining the contents of at least a portion of one row
of said randonmly accessed portion, information representing the structure
state of a®parent structure being storedg?ﬁ a first row of said randomy
accessed portion; and neans operable upon the processing of said execute
structure command in
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séfa'parent structure for transferring the contents of said first row of
said randonmly accessed portion in parallel to said buffer portion and then
transferring the contents of said buffer portion in parallel to a second -
row of said randomy accessed portion, whereby said information S
representing the structur'e state-of said parent structure is copied'to
said second row for use while executing said & d structure while being
saved " in said first row for use upon the return of control to said parent
structure. : :

174,

176

. CHANGE
174—"] ROW

OUTPUT=[ RAS, CAS, OE, WE, RUN, MUX, REG]

FIG. 4



RETY! ar enbodi ment of the invention is described hereinafter

o0{t he acconpanyi ng drawi ngs in which: . Frg. 1 is an
[ I(I ustratlon of {the rel ati onshi ps between structures in a hierarchical
graphlmAYié%fba e Fig. 2 is a block:diagram showing a portion of a

rlaphi cs di spl ay gystem enpl oying the present invention.
. ) 1 .

MEMORY MANAGEMENT FOR HIERARCHICAL GRAPHIC STRUCTURES
The present invention relates to a graphics display system for
displaying images generated from hierarchical graphics data structures
and to a method for managing hierarchical data structures in a graphics

_display system.’

Graphics display _eystems are designed to interpret graphics
commands issued by an application program to create a graphics image for
display on a display device. ERarly ér_aphics display systems each had
unique interfaces and the application programs were required to
recognize and program to those unique interfaces. More recently several
graphics interface standards have evolved. For example, a Graphics
Kernel Standard (GKS), Programmer‘'s Hierarchical Interactive Graphics
Systems (PHIGS) and cGI each provide a standard method for li.nicing
applications programs and graphics systems. ‘A cons_istent interface
frees the application program of the burden of developing mailtiple and
different interfaces to wvarious hardware systems. i‘]!he app'lication
programmer can therefqre focus more attention on pfoviding features and

performance in his specific graphics application.

Several recent graphics standards use multi-level or hierarchical
datebases to cc;ntain the graphics models. This powerful concept
minimizes data replication in graphics models and fac_ilii_ﬁates '
interaci_:ive modification and transformation of data. Graphics
structures or models can be defined once and then referenced as many

times as necessary to create the final object.

The basic building block of the hierarchical graphics interface is
the structure. The structures contain graphies elements such as drawing
'Prlmltlves ’(e g., lines, characters, polygons), attribute selections
{color), modelln.ng ‘transformations, labels, and viewing selectlons.
Structures specify the sequence of elements that, when processed,
generate a specific effect on the screen. In a hierarchical graphics

environmeént, structures execute other structures wh:.gh, in turn, can

.t-
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. Fi | kT @ilagr am showi ng details of a VRAN sequencer for a
gr gpHLe tem according to the present invention. Fig. 4
i s{ a} state di agram rlepresenting the operation of the VRAM sequencer.

- A po tLﬁﬁM¢W'H9grﬁphics di spl ay system enpl oying the present invention is
shomE in Fig. 2. [THe graphics processor 150 decodes and executes graphics
orfders recelve ro a display list 152. sone of these orders involve
geperating araphic grimtives (line, characters and polygons), on the
di splay. Qther orders nodify the attributes of these primtives (color,
line style, angxbédels®lerttrbditraddelrhisngreaten af tresvlikermiataiche wierphi Cs
envi r onnent (V|em/1La S 0 rj | ppi ng
o2 ddi00 S ALIREL OB S8 8ealy |RRA WhrdoRHREne SN RGP P

w ndows, etc.). ese at es an trans ornatlons p the
structure stat ©paration. Graph:.cs scenes are created by traversing the structure tree

and proceeding down through various levels of structure as defined in
the hierarchical database. '

Fig. 1 illustrates the structure hierarchy. Structure A 100 is
composed of several primitives or drawing commands 102-114. Each of
these primitives or commands is executed in order from left toright.
The structure hierarchy is created through the use of “structure"
commands. For example, command 106 directs the execution or inclusion
of structure B at that point. Structure B 116 contains drawing
primitives 118-124. Structure B may, in turn, request another.
structure, for example structure D 126, containing further drawing
Erimi@ives. Upon the completion.of -all drawing primitives of structure
D 126 control returns to the "structure” cémmand 124. Ssince no further
drawing primitives exist in structure B 116 control is returned to
structure A to the command following "structure" command 106, i.e., 108.
108 in turn executes structure € 130: Structure E 132 is executed by
structure C. As shown by command 114 structure C way be repetitively

executed and included in different parts of the hierarchy.

The called or "child" structure inherits the attributes of the
"parent" structure during the execute structure operation. The newly .
formed child structure continues to execute until it encounters another
structure command or until it completes its list of display primitives
or commands. When control is returned to the parent structure the
previous parent structure state is returned and processing continues for
the remaining structure elements. Thus the following actions occur when

a "structure" command is encountered in a parent structure:.
traversal of the parent structure is suspended

the values of the parent structure are saved
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ideo RAMis a specialized formof dynam c random access
M contai.ns two input/output ports, one for random
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- the child structure returns control to the parent structure
- the parent structure state values ‘are restored
- the parent structure traversal resumes.

Hierarchical gra;;hic interfaces require that the entire state of
the graphics context be saved when the structure call is initiated. The
size of the graphic state can be 512 to 1024 32-bit words. A graphics
processor must replicate the state in order to give the child structure
the same attributes as the parent structure and must save the state for

resunption of execution when the child structure is 'completéd.

A standard 32-—1;5.1: processor can perform the tran'sfei- using a
read/write copy loop to transfer the structure state. A structure size
of 512 entries being copied through a typical copy 106p of .25-.5
microseconds per iteration would reqiuire 128-256 microseconds to
complete. Larger structures or slower processors would take
considerably longer. The speed of the replication frequently becomes a
major bottleneck in the ability of a grapixics processor to efficiently

execute a hierarchical graphics model.

An object of the present invention is to provide apparatus and

methods to speed structure state stérage, replication, and recall.

In accordance with a first aspect of the invention, there is
provided a graphics display system for displaying images' generated from

hierarchical data structures, said system comprisiﬂg:

first processor means for processing hierarchical data structures

to create an image;

//
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structure, s l(!:\]eliln%nt ln}g %avf’ncgmt aLn domly Accessed portion divided
jinto rows and columns and a serially accessed portion capable of

retaining one row of said randomly accessed portion; and .

memory control means for controlling said mewory means, said nemory
control means being respons'ive to said first processor means and
operable to transfer a first row of said randomly accessed portion to
said serially accessed portion and to transfer said serially accessed

portion to a second row of said randomly accessed portion.

In accordance with a second aspect of the invention, there is
provided a method for managing hierarchical data structures for
generating images for display in a graphics display system, said method
comprising‘ the steps of: .

generating a structure state based upon commands in a data
structure;

transferring said structure state to a randdmly accessed memory
device; '

detecting a sub-structure execution command ;

transferring said structure state to a second memory using a row
transfer operation; and

transferring said structure state to a second location in said

randomly accessed memory using a row transfer operation.

The invention enables a reduction to be achieved in the overhead
required to transfer the structure state to memory and to replicate the
structure state for child processing. It also leads to a memory
structure for state storage which simplifies the process of saving and

recalling the memory structure.
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r" menory cycle that copies the serial buffer into a

R@?EA EME}W SHEEE' random access nenory. The present invention enploys a
B T bt lh "read data transfer” ‘and "wite data transfer" cycles.
RﬁMm 160jcontrols the nmenory cycles of the VRAM array and nanages

g\gﬁﬁ%l lifnes, e.g., RAS (row address select), CAS (columm address
lect)  ME (wrei-tle lenabl e), OE.(output egable), during the nenory cycles.

e sequencer al soj|generates refresh cycles when needed. The sequencer

d sequences to performread data transfer and wite data
transfer operati ons partichkar\Védiviinent of thehémaboim deJes¢rtibel heveinpthesf er
features of the e LSRN arabings tidl khishAat e storage.
Structure statet}ﬁ'féorfreris?tgtlaoq:rsl> ?‘sé g?%dr;%d in int engaI rows in the VRAM random

access array 156. The structure state can be stored in adjacent rows if
nore than one row#®ig. 1 is. an illustration of the relationships between structures

in a hierarchical graphics database.

Fig. 2 is a block diagram showing a portion of a graphics diéplay

system employing the éresent inventiocn.

Fig. 3 is a block diagram showing details of a VRAM sequencer for a

graphics display system according to the present invention.

Fig. 4 is a state diagram representing the operation of the VRAM

sequencer.

] A portion of a graphics display system employing the present
invention'is shown in Fig. 2. The graphics processor 150 decodes a;d
executes graphics orders received from a display list 152. Some of
these orders involve generating graphic primitives (line, characters and
polygons), on the display. Other orders modify the attributes of . these
primitives {color, line style, and texture) or the modelling
trgnsformatlon of the graphics enviromment (view transformation
matrices, clipping windows, view mapping windows, etc.). These
attributes and modelling transformations make up the structure state and

must be passed to child structures as the hierarchical structure tree is
traversed. ' ,
Video RAM 154 stores the structure state for parent and child

processes. A video RAM is a specialized form of dynamic random access
memory. Each video RAM contains two input/output ports, one for random
access and one for serial access, and a single address port. Internally
each VRAM contains a random array 156 addressable like standard random
access memory and a serial buffer 158. The random array allows
addressing of any memory cell within the array. Like dynamic RAM, the

random array of a VRAM is divided into rows and columns. For example, a



I et mtgp he full description of the structure. The execution. of
‘a re" command requires that the structure state be

p Tcated for t hild structure. The VRAM t echnol ogy al |l ows rapi d.
copyi oz MAYt 850N r nore rows containing the structure state information.
Theluse of a read]ldhta transfer and wite data transfer operation allows a

tomtroll ed pfocess to first copy the state structure to the serial
byffer and then to-& new row address for the child structure. G aphi cs

rocessor 150 does not parti ate in t act ual ng._oper on; S
gccorrpl i shed b)mttﬁé wﬁﬁygéfﬁﬁ.é CCé:Intams gﬁ rows and §ﬁp¥ lugns %gr %Hn Each

memory cell contains 4 bits of data. Miltiple VRAMs are arranged with a

depth to provide a 32-bit interface to the graphics processor.

‘The serial buffer 158 is designed to sequentially shift the
contents of its buffer to the screen. Serial buffer 158 is filled by
executing a special memory cycle called "read data transfer" that.copies
an entire row of the VRAM into the serial buffer. External controls
allow the data to be ééquentially clocked out of the serial buffer into
circuitry that updates the screen. Video RAMs frequently also contain a
ntwrite data transfer" memory cycle that cppies the serial buffer into a
selected row in the random access memory. The present invention employs
a video RAM with both "read data transfer” and "write data transfer"

cycles.

VRAM sequencer 160 controls the memory cycles of tpe VRAM‘arraf angd
manages the VRAM control lines, e.g., RAS (row address:select), CAS
{column address select), WE (write enable), OE (output enable), during
the memory cycles. The sequencer also generates refrésh cycles when

needed. The sequencer contains speéiaIized sequences to perform read

data transfer and write data transfer 6perations-in the VRRM.

The above described row transfer features of the VRRM are used to
implement structure state storage. Structure state information is
stored in integral rows in the VRAM random access array 156. The
structure state can be stored in adjacent rows if more than one row is
required to store the full description of the structure. The execution

- of an "execute structure" command requires that the structure state be
replicated for the child structure. The VRAM technology allows rapid
copying 6f the one or more rows containing the structure state
information. The use of a read data transfer and write data transfer
operation allows a memory controlled process to first copy the state
structure to.the serial buffer and then to a new row address for the
child structure. Graphics processor 150 does not participate in the

actual copying operation; it is accomplished by the VRAM sequencer.
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VRAM 3 mis shown in additional detail in Fig. 3. Source register
163@1};@3@‘ r&iﬁ%&h address for the parent structure while destination

ns the row address for the child structure. G aphics
ilssue a command to transfer the data to the VRAM
gncer uses source row register 162 to address the random

arjay—amd—pertrorma fead transfer operatfion to copy the contents of the

pareht structure st

erowinto the internal serial buffer 158 of the VRAM

This™Step 1s imediately foll oned % a Wr'atpg dat %%ranff,er operation using
the destination r ¥A%EERepePTgtRy JR4TE™ AR I8N APty oW ud? es8FSEP t he
child struct uregiaesilag cohaidatthef roondieessaforh thd paragsstroctygecdyled to
child buffer SELMGLUGE Jegibded {ANAIL B’ e ARP address for the child

structure. Graphics processor 150 will issue a command to transfer the

data to the VRAM sequencer. The sequencer uses source row register 162

to address the random array and perform a read transfer operation to-

copy the contents of the parent structure state row into the internal

serial buffer 158 of the VRAM. This step is immediately followed by a
write data transfer oﬁération using the destination register to -

designate the random array row address for the child structure causing
the data from serial buffer 158 to be copied to child buffer structure

row in random array 156.

State machine 166 translates the commands into the necessary VRAM
control signals, RAS, CAS, OE, WE. The state diagram'of state: machine
166 is shown in Fig. 4. Each state is shown with a state name and
output. In the preferred embodiment, the ocutput coﬁprises sevén.binary
values, expressed in the diagram as a hexadecimal number. The seven
outputs are: RAS, CAS, OE, WE, RUN, MUX, REG. The f%rst state, Page
170, has an output of '04' or '0000 0100'B. Thus, all signals are zero
except RUN. » ' -

The RUN signal indicates the sequencer is active in processing a
command sequence. MUX and REG control the multiplexers supplying the
address to the video RAMs.

Three sequences are generated by the VRAM controller: COPY
STRUCTURE 172, CHANGE ROW 174, and Refresh 176. The refresh sequence is
injtiated when an internal timer times out and a CAS-before-RAS refresh
cycle is bégun. The CHANGE ROW sequence takes the VRAMs out of the
current page (e.g., row) they are accessing and allows them to access a
new row. This cycle is used in setting up memory pointers to the new
structure state contained in a VRAM row. The COPY STRUCTURE sequence
allows the VRAMs to copy an entire row into a new VRAM row (512

entries). The sequence performs back-to-back Read Data Transfer cycle



St at iﬁgﬂﬁfﬂ g Is| at es the commands into the necessary VRAM control
sig b 1LIAS WE. The state diagram of state nachine 166 is shown
innRid 4. Each statlelis showmn with a state nane and output. In the

. preflerk ed FapdedEent}, {t he out put conprises seven binary val ues, expressed

i n thej di agram as a {hgxadeci mal nunber. The seven outputs are: RAS, CAS,
CE, —RONTNVOX REG| The first state, ®Page 170, has an output of '04' or
' 000D 0100'B. Thus, .alll signals are zero except RUN. : The RUN si gnal

i ndi cates the sequencer is -active in processing a command sequence. MJX and
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Thr ee sequenceastdithe RRedlatregisbyr tahé tUBM\vbpy hbe Gltiadl: rég@PerSTRIICINGRE 172,
CHANGE R’C)/V174e andi Reft&sh 176. The refresh sequence is initiated when an

internal ti rrerdfl mes outf and a CAS- before-RAS refresh

In the preferred embodiment, VRAM sequencer 160 has been modified
to include control logic:to perform the combined read data transfer and
write data transfer operatién in response to a single command. This
added control logic accelerates the structure copying process because
the operation is performed totally in the hardware. ‘A similar result
could be achieved, however, by requiring the graphics processor 150 to
issue individual data transfer operation commands to the VRAM sequencer.
The implementation in the preferred embodiment reduces the structure
state copying time from the 128-256 microseconds required by the
graphics copy sequence to 0.8 microseconds by using the preferred
embodiment of the present invention. ‘

Completion of the child structure traversal requires that the
machine state be returned to the parent structure state. This can be
rapidly accomplished by simply reaccessing the parent structure state
using the source ‘row register retained in the VRAM sequencer. The
addition of appropriate address stérage logic associated with the
graphics process&r will allow the return to any previous structure state
in the hierarchy. The manipulation of addresses rather than data

transfers greatly speeds the hierarchy traversal process.
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CLAIMS -

A graphics display system for displaying imaées generated from

hierarchical data structures, said system comprising:

first

Processor means for processing hierarchical data structures

to create an image;

memory means for'ietaining a description of attributes for a data

structure, said memory means having a randomly. accessed portion divided

into rows and éolumns and a serially accessed portion capable of

retaining one row of said randomly accessed portion; and

memory control means for contrelling said memory means, said memory

control means being responsive to said first processor means and

operable.to transfer a first row of %aid réndomly accessed portion to

said serially accessed portion and to transfer said seriallly accessed

portion to a second row of said randqmiy accessed portion.

2.

A method for maﬁaging hierarchical data structures for generating

images for display in a graphics display system, said method comprising

the steps of:

generating a structure state based uypon commands in a data

structure;

trans

device;

ferring said structure state to a randomly accessed memory

detecting a sub~structure execution ‘command;

transferring said structure state to a second memory using a row

transfer operation; and
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1.y | ay system for generating inmages from hierarchical data

st lay by a display device, said structures includi ng a

p a child structure, said parent Iini ng

a 'g ?,%?lgt command for the execution of st‘ii\“im & re
ereby cﬁ es to said child structure befor L nimg st o*sai d

par I d system conpri si ng: nmeans for storing data
stJruct ures; ans for processinggaid data structures to create an

| MEge Tor dursptay—y said device, said structures having states associ ated
therewi th;. menory neans for storing said structure states, said
menory neans t\g;\éhageﬂlngamt‘synmes setpaid ia0Sedhindi Dtethtith Qi @wsd and

col ums ar}%n om Ei\rr Iag'éelélsegcxgeem % u:pJp rtlaol.pow transfer operation.

3. A method as claimed in claim 2 further comprising the steps of:

generating a second structure state at said second location in
randomly accessed memory based on commands in said substructure

generation command; and

restoring a previous structure upon completion of all substructure

: genedation commands.
4. A method as claimed in claim 3 further comprising the steps of:
repeating the steps of detecting a substructure through generating

a second structure state for all substructures in a substructure

generation command prior to restoring a previous structure.
i
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=‘capcLBEBLAel':'k‘/lﬂ\g’ SHEE'I he contents of one row of said randonly accessed

porgi on, i nformallpn representlng the structure state of said parent
stryicture3 hgiyngogtofed in a first * row of said randomly accessed portion;

“and nmenory coptyol neans responsive to 'said processing means for
confr ' ry means, said nmenory control means being operable
upop_t he processing said execute strqcture command by said processing

means to transter The contents of said filrst row of said randoml y accessed
portion to said serially accessed portion and then to transfer the
contents of said serially accessed portion to a second row of said randomy
accessed portion, whereby said informati on representing the structure state
of said parent

MEMORY MANAGEMENT FOR HIERARCHICAL GRAPHIC STRUCTURES

ABSTRACT

Video random access memory (154) having a random array (156) and serial buffer
(158) is employed to speed the replication of structure state information used in the
processing of hierarchical graphic data structures. Specialized circuitry in the video RAM
(154) and associated VRAM sequencer (160) are used to perform a rapid transfer of
structure state information from one row of the VRAM (154) (the parent row) to a second |
VRAM (154) row (the child row). The VRAM sequencer (160) is modified to 'perform back
to back read data transfer and write data transfer operation in response to a single graphics
processor (150) comd. The return to previous structure state can be accomplished by
readdressing the VRAM (154) row containing the previous structure state.
Fig. 2 " |
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- the chlld structure returns control to the parent structure
- the parent structure state values are restored
- the parent structure traversal resumes.

Hierarchical graphic interfaces require that the entire state of the graphics context
be saved when the structure call is initiated. The size of the graphic state can be 512 to
1024 32-bit words. A graphics processor must replicate the state in order to give the
child structure the same attributes as the parent structure and must save the state for
resumption of execution when the child structure is completed.

A standard 32-bit processor can perform the transfer using a read/write copy loop
to trﬁnsfer the structure state. A structure size of 512 entries being copied through a
typical copy loop of .25-.5 microseconds per iteration would require 128-256
microseconds to complete. Larger structures or slower processors would take
considerably longer. The speed of the replication frequently becomes a major bottleneck
in the ability of a graphics processor to efficiently e;xecuté a hierarchical graphics model.

SUMMARY OF THE INVENTION

It is an object of the present invention to ameliorate one or more disadvantages of
the prior art. |

According to one aspect of the present invention there is disclosed a graphics
display system for generating images from hierarchical data structures for display by a
display device, said structures including a parent structure and a child structure, said
parent structure containing an execute structure command for the execution of said child
structure, whereby control passes to said child structure before returning to said parent
structure, said system comprising: means for storing data structures; means for
processing said data structures to create an image for display by said device, said
structures having states associated therewith; memory means for storing said structure

states, said memory means having a randomly accessed portion divided into rows and

columns and a serially accessed portion capable of retaining the contents of one row of
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10. s-zillg 1 ng the steps of: (a) processing said parent

st ructjur eratelajstructure state based upon conmands in said parent
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structfure;3 1(-b)‘-§?‘27ri said structure state at a first location in a
randorl § _accessed nenpry having nultiple rows; (c) detecting said execute
structfure conmmand whi | ef processing said fiarent structure; (d) transferring
sai d $Hruectire-state.fromsaid first location in said randonly accessed
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parent structure being stored in a first row of said randomly accessed portion; and

memory control means responsive to said processing means for controlling said memory
means, said memory control means being operable upon the processing of said execute
structure command by said processing means to transfer the contents of said first row of
said randomly accessed portion to said serially accessed portion and then to transfer the
contents of said serially accessed portion to a second row of said randomly accessed
portion, whereby said information fepresenting the structure state of said parent structure
is copied to said second row for use while executing said child structure while being
saved in said first row for use upon the return of control to said parent structure.

According to another aspect of the present invention there is disclosed a method for
managing hierarchical data structures in a graphics display system, said structures
including a parent structure and a child structure, said parent structure containing a.n-
execute structure command for the execution of said child structure, wherebiy control
passes to said child structure before returning to said parent structure, said method
comprising the steps of: (a) processing said parent structure to generate a structure state
based upon commands in said parent structure; (b) storing said structure state at a first
location in a randomly accessed memory having multiple rows; (c) detecting said execute
structure command while processing said parent structure; (d) transferring said structure
state from said first location in said randomly accessed memory to a second memory
using a first row transfer operation; and (e) transferring said structure state from said
second memory to a second location in said randomly accessed memory using a second
row transfer operation.

According to still another aspect_of the present invention there is disclosed in a
graphic display system in which hierarchical data structures are processed to generate
images for display by a displ-ay device, said structures including a parent structure and a
child structure having structure states associated therewith, said parent structure

containing an execute structure command for the execution of said child structure,
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structur €. apparatus for managing said structure states comprising: memory means for storing said

—

structure states, said memory means having a randomly accessed portion divided into
rows and columns and a buffer portion capable of retaining the contenfs of at least a
portion of one row of said randomly accessed portion, information representing the
structure state of a parent structure being stored in a first row of said randomly accessed
portion; and means operable upon the processing of said execute structure command in
said parent structure for transferring the contents of said first row of said randomly
accessed portion in parallel to said buffer portion and then transferring the contents of
said buffer portion in parallel to a second row of said randomly accessed portion,
whereby said information representing the structure state of said parent structure is
copied to said second row for use while executing said child structure while being saved

in said first row for use upon the return of control to said parent structure.
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for display by a display device, said structures including a parent structure and a child
structure, said parent structure containing an execute structure command for the
execution of said child structure, whereby control passes to said child structure before
returning to said parent structure, said system comprising:

means for storing data structures;

means for processing said data structures to create an image for display by said
device, said structures having states associated therewith;

memory means for storing said structure states, said memory means having a
randomly accessed portion divided into rows and columns and a serially accessed portion
capable of retaining the contents of one row of said :randomly accessed portion,
information representing the structure state of said parent structure being stored in a first

~ row of said randomly accessed portion; and i

memory control means responsive to said processing means for controlling said
memory means, said memory control means being operable upon the processing of said
execute structure command by said processing means to transfer the contents of said first
row of said randomly accessed portion to said serially accessed portion and then to
transfer the contents of said serially accessed portion to a second row of said randomly
accessed portion, whereby said information representing the structure state of said parent
structure is copied to said second row for use while executing said child structure while
being saved in said first row for use upon the return of control to said parent structure.
2. A method for ménaging hierarchical data structures in a graphics display system,
said structures including a parent structure and a child structure, said parent structure
containing an execute structure command for the execution of said child structure,

whereby control passes to said child structuré before returning to said parent structure,
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said method comprising the steps of:
(@) processing said parent structure to generate a structure state based upon commands
in said parent structure;
(b) storing said structure state at a first location in a randomly accessed memory
having multiple rows;
(¢) detecting said execute structure command while processing said parent structure;
(d) transferring said structure state from said first location in said randomly accessed
memory to a second memory using a first row transfer operation; and
(e) transferring said structure state from said second memory to a second location in
said randomly accessed memory using a second row transfer operation.
3.  The method of claim 2 in which the structure state stored at said first location is a
first structure state, said method further comprising the steps of:
(f) processing said child structure to generate a second structure state at said second
location in said randomly accessed memory based on commands in said child structure;
and
(g) restoring said first structure state upon completion of processing of said child
structure.
4.  The method of claim 3 in which said child structure contains an execute structure
command for the execution of another structure, said method further comprising the
steps of:

repeating steps (c) through (f) for each execute structure command processed prior
to returning to a previous structure. |
5. In a graphic display system in which hierarchical data structures are processed to
generate images for display by a display device, said structures including a parent
structure and a child structure having structure states associated therewith, said parent
structure containing an execute structure command for the execution of said child
structure, whereby control passes to said child strucfuré before returning to said parent

structure, apparatus for managing said structure states comprising:
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Structure.of retaining the contents of at least a portion of one row of said randomly accessed

portion, information representing the structure state of a parent structure being stored in
a first row of said randomly accessed portion; and

means operable upon the processing of said execute structure command in said
parent structure for transferring the contents of said first row of said randomly accessed
portion in parallel to said buffer portion and then transferring the contents of said buffer
portion in parallel to a second row of said randomly accessed portion, whereby said
information representing the structure state of said parent structure is copied to said
second row for use while executing said child structure while being saved in said first
row for use upon the return of control to said parent structure.
6. Apparatus as in claim 5 in which said memory means comprises a video RAM
cohtaining said randomly acc;essed porition and a serially accessed portion, said serially

accessed portion comprising said buffer portion.
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MEMORY MANAGEMENT FOR HIERARCHICAL GRAPHIC STRUCTURES

ABSTRACT

Video random access memory (154) having a random array (156) and serial buffer
(158) is employed to speed the replication of structure state information used in the
processing of hierarchical graphic data structures. Specialized circuitry in the video RAM
(154) and associated VRAM sequencer (160) are used to perform a rapid transfer of
structure state information from one row of the VRAM (154) (the parent row) to a second
VRAM (154) row (the child row). The VRAM sequencer (160) is modified to perform back
to back read data transfer and write data-transfer operation in :respon'se to a single éraphics
processor (150) command. The return to pre\}ious structure state can be accomplished by
readdressing the VRAM (154) row containing the previous structure state.
Fig. 2



