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BACKGROUND

Integrated circuit (IC) design and development is presently a very difficult
and expensive process. An ever-widening design gap is appearing as the stringent
constraints of today’s ASIC (Application Specific Integrated Circuit) methodologies

20  and EDA (Electronic Design Automation) tools are causing designers to fail at
effectively using all the extra gates that each new fabrication technology offers.

Full custom design has become extremely expensive, even when those
designs result in massively regular structures, such as cache memory, because the
exponentially increasing complexity in the low-level details of each new fabrication

25  technology do not allow much new design in the available time. IC speeds are being
limited by present day architectures, which have an ever increasing need for long
wires and more and more interconnections between chip components. This
increased amount of interconnection is causing a new manufacturing paradigm
where defects in the wiring dominate.

30 As fabrication technology continues to advance to transistor densities near
one billion transistors on a single die, it is becoming apparent that the steeply rising

design costs, exponentially increasing verification effort, inherent limitations of



present dayodemidseg ool s, and the inability to effective = t has
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gone before w Il make future devel opnent extrenely expe

available to few Illustrated in FIG 1A and 113 is an exanple process to
create an IC using ASICs and FPGAs (Field Programmable Gate Array). The
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more software is used to place and route the functional gates, using semi-automated

hardware layout tools. Once laid out, the generated patterns are optimized to account

20 for optical effects in the manufacturing process. It should be noted that there are
many iterations needed to optimize the process, and some of the optimizations are
manually performed. Finally, a mask set is created and used to make the particular
designed ASIC.

With reference to FIG. 1B, similar processes occur for creating an FPGA.

25 Againan RTL description and synthesis is used to develop the logic gate model.
Several iterations may be required to ensure the design physically fits onto the target
part. Once the mapping is known, the design is tested to ensure the timing
requirements are met. If the timing design requirements are not initially met, the
structure of the RTL must be altered until both the mapping and the timing

30  requirements are satisfied. For example, it is quite often necessary to have multiple

repetitions of the same logic which run in parallel to ensure the timing constraints



2 can be net; this can only be acconplished by altering the RTL descri ption.
Finally, the logic mapping for every elenent on the FPGA is |oaded into a
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25 FIG 1B is a block diagramillustrating typical processes used to design
FPGAs. FI G phradigm, pérfiorngnek ia draded-offlagainstatsinggoftwaed mntungresf er pr ot ocol .
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© software and hardware co-exist to create the solution, is a problem that has been

15  explored extensively in the last twenty years with little success.

Extensive re-use of hardware and software components, essential to ensuring
that large, complex designs can be executed and verified within a reasonable time,
has proven to be unachievable and has only been managed in a limited sense within
small, tightly-knit design centers.

20 Embodiments of the invention address and other limitations in the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1A is a block diagram illustrating typical processes used to design
ASICs.
25 FIG. 1B is a block diagram illustrating typical processes used to design
FPGAs.
FIG. 2 is a timing diagram illustrating a data transfer protocol.
FIG. 3 is a block diagram illustrating an abstract view of a protocel register.
FIG. 4 is a block diagram illustrating another abstract view of a protocol
30 register according to embodiments of the invention.



WO 2004/ 1:d6604R4d1l66/S2004/ 019510 FIG 5 is a bl ock diag ocol
regi ster that includes conbinational 1logic. FIGS 6A- GEEQ‘?}éﬁ%qogngJs?I agr ans
illustrating a behavior of a data pipeline fornmed of a series of protocol
registers. 5 FIG 7 is a block diagram of another protocol register
according to enbodinents of the invention. FIG 8 is a schematic diagram of
a protocol register according to enbodinents of the invention. FIG 9 is a

state transition g . r | regi-ster of FIL.G 8. .10.Fl 10
I Tustrates two b SER Mg ARERR R opd SR Eabnelyot otmvideln
menbers. FlQogikl illustrates how two data packets can be conbined. FIG 12

Is a block di agrggl show ng ho traditiognal FIFO elenent can be integrated
into the inventi oftO%H52pp: arqﬁoglsdlag!@n@éuusaqaagg abebHao ofg detapinelingr dwar e
object can b G | : col registers. FIG 14 is a schematic
di agram showﬁ%@gﬁ%égﬁég#p}:’%ﬁ%@ﬁ 1@%{%’5 of fork, join and protocol

regi stersi FI G 1BIG.9 i3 abitekndiagramdifagothen mhtwebhggidter asgoiding emous

i npl ement ati on, of. 20 rotocol register. FIG 16 is a timng di agram

showi ng pseutfB? Eﬁﬁgﬁ&l@vﬁ‘?%k generation. FIG 17 is a block diagram

showi ng a pseudo- ARY HCRARAL At BAGHRYFS prBcol A gidtePAQDRARE td €91 Ster. FIG
har % Zg

18 is a bl ock diagram of an exanpl re object. 1% 19 is a bl ock
di agr am i | | uembatimentsodthdimventione obj ect s can be defined from existing

har dwar e obj ects. . 20A-20C.are_ bl ock. djagrans illustratj di fferent
types of hardwar eFF(%%S’é@t .e%‘h%dlﬁga‘é?kfﬂ@@&’r‘g@%ﬂrrﬁﬁ?wPﬂé@gti ng anot her
type of hardware pig e ilustAlestwe bléck diferdmP bPs Hald B A Shéwing $ivaRiiida@ how

har dwar e obj ects can
members.

FIG. 11 illustrates how two data packets can be combined.

FIG. 12 is a block diagram showing how a traditional FIFO element can be
integrated into the invention.
15 FIG. 13 is a block diagram showing how a hardware object can be
constructed using protocol registers.
FIG. 14 is a schematic diagram showing equivalent combinations of fork,
join and protocol registers. "
FIG. 15 is a schematic diagram showing an asynchronous implementation of
20  aprotocol register.
FIG. 16 is a timing diagram showing pseudo-asjznchronous- clock generation.
FIG. 17 is a block diagram showing a pseudo-asynchronous implementation
of a protocol register.
FIG. 18 is a block diagrém of an example hardware object.
25 FIG. 19 is a block diagram illustrating how hardware objects can be defined
from existing hardware objects.
FIGS. 20A-20C are block diagrams illustrating different types of hardware
objects.
FIG. 21 is a block diagram illustrating another type of hardware object.
30 FIG. 22 is a block diagram illustrating how hardware objects can

communicate with one another using messages.



comuni catwowoedn 19¥é anot her usi ng nmessages. 4 WO 2004/1

PCTI US2004/ 019510 FIG 23 is a block diagramillustrati %Jfg&%%“é’s"g’é’ﬂ%g fork
object. FIG 24 is a block diagramillustrating a nessaging join object.
FIG 25 illustrates an exanple re-configurable chip having a nunber of
physically fornmed hardware objects. 5 FIG 26 is a bl ock diagram
Illustrating an object library used in conjunction wth a re-configurable

chip for devel opi s : Yo I: ' strating
sof t war e obj ect h?g(r}:l%% %@%7%&%§&|lgha EI g%%%ﬁ%%’?gﬁg}oﬂ?%'rati ng a

sof tware nodel of F3Ght idwchleck dingtanmilludttativp @ maSaging joibbbjett. di agr am
i1lustrating how tyware objects are ma d opto, . a re-configurable chip.
FIG 30 is a bl ocﬁéi %%ﬂliﬁﬁf?f”r %?ﬁaﬂﬂ?ﬁﬁ‘%ﬁgﬁagkﬁhmm‘ﬁ?&ﬂp ek¥at can be
attached to oapdicalithMRéEnRBWaRiobfeat em FIG 31 is a flow di agram

illustrating proceSses used In_devel opi ng software 15 systens for
i npl enent ati on onFiGr26 sartfiogudiagiam ilhstating aesbjedtlilaaryaused di eqrjantion

illTustrating_apn exanplke systemthat can be created using enbodi nents of the
i nventi on. Dﬁ%i@ﬁ%@@%é’ﬁ%@i‘%%‘: BEHTS of the invention include a
system for an int Gl aAilbGdihgraHEVESRIRAE Bo AW IFRRL Ricpfrchyne devel oprent

system i nclude hardware and software objecCts. These objects can be

i nst anced, or der ef1Gpf ismdhlesk diagranvillustrating e soBwarermadel of i hwmivarenvi r onnent
to i nmpl enent Sggéferent functions. Once in software, the description defines
t he topol ogy r%dn'properties of a set of objects. These objects are 25

hi erarchijgal 'y co msﬂisfam&l@&iﬁgﬁnﬁhhﬁﬁaﬁﬁ%hlﬁ%oﬁw%jb&ySﬂe thdppedl 8nto

hierarchy is denoted a primtive object. By using a piece of hardware that
can both irrplaéﬁréﬂ@ﬁg'lfﬁéeﬁ@ﬁction and nmaintain the essential properties of a

sof twar e obj ect, I . erd | : . d ription is
all that is requi ?;Jg% %@ﬂ%e@?égcemg&%@@g&??&kﬁg@%%élgﬁ {oﬁ%%%@%ﬁb%a?x?ogr m t he
desired functattashed tdsdchgoftwardobien kgstah. t he

FIG. 31 is a flow diagram illustrating processes used in developing sofiware

15 systems for implementation on a re-configurable chip.
FIGS. 32-35 are diagrams illustrating an example system that can be created

using embodiments of the invention.

DETAILED DESCRIPTION

20 Embodiments of the invention include a system for an integrated circuit
development. Elements of the development system include hardware and software
objects. These objects can be instanced, ordered, parameterized, and connected ina
software environment to implement different functions. Once in software, the
description defines the topology and properties of a set of objects. These objects are

25  hierarchically composed from other objects. The lowest level in the hierarchy is
denoted a primitive object. By using a piece of hardware that can both implement
the function and maintain the essential properties of a software object, the topology
and properties of the software description is all that is required to define a piece of
hardware that can perform the desired functions. Using embodiments of the

30 invention, circuit designers can design hardware systems with little or no knowledge

of hardware or hardware design, requiring only the software description.



30 invent ivwo201lig1g6t desi gners can design hardware syst i th little or
no know edge of hardware or hardware design, requiring gﬁ@%@émisggﬁ war e

description. 5 WO 2004/ 114166 PCT/ US2004/ 019510 Conmmuni cation Fundanental s
Fundanment al | y, hardware objects forned on an | C conmuni cate with one

anot her using electrical signals. States of electrical signals are defined
to represent 5 data. For instance, an electrical signal having a voltage
val ue above a m d-point between an operating voltage and a ground reference
vol tage can be considered to represent a "1" or H CGH value, while voltages

bel ow t he m Qomaiunication Famaneamlpe considered to be a "0" or LOWNvalue. To
ensure signal integrjty, qnly limted _voltage range near the ground
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asserted; a LOWvalue is,a de-asserted val ye. The _active sense, of any signal

is not dete Wﬁ%a“o?l’e_?%gt"éﬁtﬁﬁe W‘iﬁ%@@(#@feﬁ‘? Yahtege panebaconsidereddan pe

transferred REtERR bl HIGHA MY whilsbRhEhe3 Ao Bifpoitfiofldldnps data to
y froma first p

be transm tted sinmul taneous olnt to a“secon point. The
anount of datansideted to be bE0Y pahOMEvalad. Thtehsure sigpalrihiegritya onlyi animitad

determ ned by .the data wi dth of .the bus, and .the_frequ a ich the data

atate |- upteliaga s tep s oed relgpss s CaRSEd e bLONbeals Srileed 1 o

govern wygen &ﬂ?aﬁﬁﬂYted‘Wlﬁ élsankéﬂ?a%ftﬁéé atﬁgloféﬁhﬁgeﬁn RsiliSred ANOIGH ¢hiRgol s are
hensel ves 0 ual "data

typically not I art t he "act transm ssion, but rather
i ndi cat e quaBnyivelagetio between thidimiteis anaypdefinadipgie statee t r ansmni ssi on of the

data. F I | ect i ndi cat it is.b d
data For examDler 1 S35 S S5 o S RSB A Y0, e
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indicates its availability to receive data by asserting an Taccept” signal.
Simlarly, adsemihetbyothiedermsili{ilEat E®Whether the data it is sending is

valid or lg nvalid. Murft\{p ¢|3 Isid g%gn geaﬁartls%(r?ed%%ge%lo (Jeec g orilg a?)gr\éﬁtral data bus,
which allows data to be transmitted simuitaneously from a first point to a second
point. The amount of data able to be transferred within a particular time is
determined by the data width of the bus and the frequency at which the data state is
updated.

20 Oftentimes, data transmission protocols are used to govern when and how
data is transferred between objects. The protocols are typically not themselves part
of the actual “data” transmission, but rather indicate qualities about the data or
synchronize the transmission of the data. For example, a receiving object may
indicate when it is busy and cannot receive data.

25 FIG. 2 is a timing diagram illustrating a relatively straightforward data
transfer protocol in which the receiving object indicates its availability to receive
data by asserting an “accept” signal. Similarly, a sending object indicates whether
the data it is sending is valid or invalid. Invalid data may take any value and is never
used.

30 Referring to FIG. 2, 2 HIGH accept signal indicates that the receiving object
can receive data. A HIGH valid signal indicates that the data has a useful value.



used. 30 Rebewssngiggo FIG 2, a H GH accept signal indi C"i’%ﬁﬁl
recei ving object can receive data. A H GH valid signal indi Stz{;@én%%gt t he

data has a useful value. 6 WD 2004/114166 PCT/ US2004/ 019510 When the accept
and valid signals are both HGH a data transfer occurs between a sending

object and a receiving object. A clock signal is shown in FIG 2. The cl ock
triggers the valid, accept, and data signals on its positive edge. The data

signal s may ' Y ' everal bjts of ta
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accept signabatabustiniitths die powerseyfitws] gohlas 8pK5, GRioyéd. H GH  on cl ock edge 3,

i ndicating that the_receiying object is ready tg receive. At clock edge 4,
|
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i ndi cates readiness to receive Wt a priori owledge the state of
t he sendi ng obgleck ed@93,Andicating thatdhdteseiving et in readyuttreediva gAclpekot ocol

regi ster 50. The, regi r.i.s,a .set. of storage ele t.s between an input
interface an %ﬁ&%@@ﬁﬁ%ﬂ%ﬁ%ﬁé ed#@%%ﬁ"&ﬁ%@b’f%ﬂ}? tEF @ceg%%bj?qjie same
protocol as detaidveididates i trahsfel OB dAAP B dISUKEILEES, 7, HAEH althBisfeP 0QREEP!
signal to indicate that the storage el ements 52 -and 54 can be updated. If

in accept i sbedats¢ baththenpdideind aecept sigrals arerRIGHOw all othepdlochedgesap and 25
st or age enents. 52 stqre the value op i.nvaljd. Not t..stgrage el enents
52 ang 84 maTE PR EeOPsRGRE O Y ptveliR i armiareLPE. The@oftRout
interface pr@aaRihediMeIG. 2 to facilitate discussion by showing transitions on clock edges.

The transfer protocol shown in FIG 2 is one of the pre-emptive class of protocols

where the receiving object indicates readiness to receive with no a priori knowledge
of the state of the sending object.

20 FIG. 3 is a block diagram illustrating a prottI)col register 50. The register is a
set of storage elements between an input interface and an output interface. The
interfaces in FIG. 3 use the same protocol as detailed in FIG. 2. The input interface
uses the in_accept sié;aal to indicate that the storage elements 52 and 54 can be
updated. Ifin_accept is HIGH, storage elements 54 store the value on in_data, and

25  storage elements 52 store the value on in_valid. Note that storage elements 52 and
54 may hold one or more (valid,data) value pairs. The output interface presents the
oldest value of storage elements 52 on out_valid and the oldest value of storage
elements 54 on out_data. The values on out_valid and out_data are changed to the
next eldest (valid,data) value pair when the signal out_accept is HIGH, otherwise

30 they do not change The storage elements 56 contain the history of the out_accept

signal and are used to calculate the next value of signal in_accept.



ol dest val ue of storage elenents 52 on out valid and the ol dest val ue of
storage elenents 54 on out data. The values on out valid and out-data are
changed to the next eldest (valid,data) val ue pair when the signa

out _accept is HHGH, otherw se 30 they do not change The storage el enents 56
contain the history of the out-accept signal and are used to cal cul ate the
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52, 54, and 56 of the.pro oL, register 50 of FL , | gh . .operates
simlarly. [ﬂog%eusgosr enel%i‘m%sgsés%"ﬁcg#éﬁt%%cqr%to‘b%ﬁtgfsﬂsﬁt‘?f%gﬂv ! The storage
_eljema_n]'g_ 78 eogemmdl simxlae]‘R yr B@cﬁﬂsﬁog of?eélze:bgﬁiegﬁ i§61ﬁitﬁdd ﬁ)rlbi-e%tt@ryhdh?or@cr_eé g

pai rs: ¢ he rOgPEE 2 Mgzt toplsp e Wy of ey Mediiter vaus, | 1)
(valid, (dat cRépastes s of H)C. 3tstdréd Hfistorydf QALY faks theére st T0/eHEId, ¥ al ue

i ndi cat es V\hzﬁérgseqr_]&&;e g(%?t, ,gaackekeé{l_i%&%?%rm\r/al uﬁ%iﬁfaﬁgﬁégﬁ‘%@l}e If the

val i d val ue ; ‘ﬁa%ﬂ? ) alnyeacty , an
undefined r eggicites WietRs @i (data, JdRRet (idPhad ARGKEhedrihpfillS IRhHRIE vilIe e t he
packet id val ue indicates the position of the data value within a |arger

group of datBOWdhe (fataspapiet id) paiiyannnt bf nied. 95 98 padetipdeadomay 6P contain nore

data than cametzeatﬁ,bm&t_mymhmefmﬁa%@d vhlde RRlicalel fle podtiich dffie MESSage
wi |l be broken up 1nto séeveral "words" of data. The term nol ogy "nessage

packet " and dafpyadre vaithin g lageer group phdata onglats peckat pPEentings packekmessagsdiest sense,

and does  nogicAREaM Rord Qita B ch bl ﬁﬁul&h&dﬁ@&%ﬁsfe&é&riﬁgémn&rmhitﬂ@ tations.
Therefore, nultiple sets of data, or words, may need to be sent to transfer

a singl e meswergegeyal e brokemupinto sevasd fwamlat of datre Tha éduainolagy Vakssegsi s a singl e
bit, but co ) Brplel | ' ershipin a
| arger grou ,ag}gert %é&é%%easgg ete?eq?{tr?ﬂggﬁtp %#%%?gp&gﬁgg%%%éﬁd%g? LOW val ue of
t he packet imbticomioteseng partitnelar strirctivs, fotat) axdimitationsd Therefarqyemliipipsepacket Al |

ot her words d i I cket-id, i this indication,
the first wor {lahorrz}gorrrgssignaa élg%gat}é%lé?&%%)n be aaes?%grl%%ﬁsé%gléffﬂc%aet ecting a HGH
packet -i d val ue tlhahe éembrelitnett,che/patiodt |id waluais a@ngledditbutfcould tdfeourswr d t hat

Phe packet B PHATHaPT obite de SPOhr Y el romt AT Re BRI | nal cat es
the first vepdtidularambedif@fea pOVKediue dDile\patiee id indRhteathelt &k Bshe gtr d can be
determ ned | \]:vor Sllll 2 gnegsage packet. All other words would have a HIGH value for packet_id.

Using this indication, the first word in a message packet can be determined by

detecting a HIGH packet_id value that immediately follows a LOW value for the

word that precedes the current word. Alternatively stated, the first HIGH value for

the packet_id that follows a LOW value for a preceding packet_id indicates the first

word in a message packet. Only the first and Iast word can be determined if using a

single bit packet_id.

FIG. 5 illustrates a protocol register 80 that includes combinational logic.

The protocol register 80 of FIG. 5 is similar to the protocol register 50 of FIG. 3, in which storage

elements 82, 84, and 86 correspond to storage elements 52, 54, and 56, but

includes logic 87 on the output interface. In the embodiment illustrated in FIG. 5,
the logic 87 is a two-input OR gate. The logic 87 combines the negated out_valid
signal from the register 82 with the out_accept signal to ensure that, even if out_valid



single bit packet-id. FIG 5 illustrates a protocol register 80 that

I ncl udes conbi national |ogic. The protocol register 80 of FIG 5 is simlar
to the protocol register 50 of FIG 3, in which storage elenments 82, 84,
and 86 correspond to storage elenents 52, 54, and 56, but includes |logic 87
on the output interface. In the enbodinent illustrated in FIG 5, the logic
87 is a two-input OR gate. The | ogic 87 combines the negated out - valid

si gnal from BAOW < BoteolgeeisierdA abwmas wrdetentodbprexs eldeshivaiddati paik-e t hat, even

| £ out-val i dprafticaBuskd ¥ sulch 8etiahf RBIstrit&Lin YL@l bEBwal Ways updates to the next
el dest (valid,data) pair. Practical uses for such behavior is illustrated

in detail bel ow HPE8AE weblorkdipgrgpsiliysttipsghehayipy ofseriss 9§Prtosehavi or of a

series of prepRRAJSO, 48GhHEFHR aibelifSTHE Mk Bthelit 9 iRclePRink RGisBS, The pi peline
90 i ncludes nine re%:gsters | abel ed. RI-R9. Each figure 6A - 6E illustrates
a different iaPeied RERSoFachfigurepA T illusirates|aidiffereny tie periadnB-t§uThaccept si gnal

from the nexbiphged At bl aslepf sl KUE hext EORRLlect RAThKII DI et , “as
descri bed ab%]\llje, drives the ou?_a(_:cept Si t?lxalr L V\#I(é‘t::](‘ It ?ﬁéﬂ)unabl eto
recei ve dat alThersst 1seriving elipnt a8 fopauled jahovierdirivet g evciecent siggal LOW a| ways LOW

i ndi cati ng 1 Gfitn it RRNAECR deRB AR T out SoddBl sigRCRId AGuedtl ti Rist | -15. Wth
reference back to FIG 5, the storage Tocation 86 coffputes an _in accept

si gnal, and aeydOW; indigatingthat thegecsiog obisgl is netreceiving tt&. Withe i n_accept

si gnal of regrstRE bidk tb FI1G. SNEe Riag@BERIBh 86 LAResQh if 8&eflsRhalgand so on. In
this manner, the out-accept si na{g fromthe receiving object Is

sequent i al | ysesgnit bagkmthe pextpeginar Fer esgnpleytheinaseept prpbof wgiptpRl BA, at tine
tl the pipel LI IstlAalldPEpfireY Rb bl 0 $n (¥ mALRine Fuf acc%Filggﬂd D3. The

pi peline 90 hol dS other data that is considered iInvalid™ data is
i |l ustrated fomdhprdesiviagobiest jsiequeetiafly santderrathe pipelinst®8r s, while invalid data

is illustrated a = : . ' | cle, the
SwiHR re AL to PR)X 64, aé ﬁ%e ‘E'fnrig ?niptpl%% 9BRBNE thrddVaR@GDrds Y

pi peline 90 uses_an out-accept si next receiving object. The
pi pel i ne 90 of datp, DaJedand DInGhepipeling 80 heldsidhes fata thiat isensidereddnvebdhdi ng obj ect
(not shown) . yhfg EhGs -]g{%ﬁa | hy iof (R E Al o st ook R b I's being
sent to the pl_peﬁ ne  90. t%]%sre ore?xeg!tn.t%nggﬁd] rt%%‘\rﬁg’ are _t‘ﬁ?%gat%)\grds of

val i d data Dis, illpgatedds unaghadeddrongse ds descrlendabeneeinsadt eyelel the pigelie@Ps R2, R5 and

Stgnal 15 1 e o Rt gl Rt ol bt TR S Pt cccent
accepts another (valid,data) pair from the sending object (not shown). In FIG. 6A
(time t1), a fourth valid word of data D4 is being sent to the pipeline 90.

Therefore, at time t1, there are three words of valid data D1, D2, D3, all

~ stored in separate protocol registers R2, RS and R8 of the pipeline 90. In each cycle

that the intermediate out_accept signal is HIGH, the (valid,data)‘ pairs progress to the
next register. In cycle tl, logic 87 of FIG.5 allows register R1 to be updated even
though out_accept presented to R1 is LOW. In cycles 2 and t3, the intermediate
out_accept for R2 remains HIGH because R2 contains invalid data. The effect of
logic 87 of FIG. 5 is to remove any invalid data words in the pipeline 90 and to
ensure that each register R1-R9 in the pipeline 90 only stops processing if it is
storing meaningful data.

The action of logic 87 is repeated between all registers R1-R9 and allows all

of the invalid data between D1 and D2 to be removed by cycle t4, and all of the invalid data
between D1 and D3 would be removed by cycle t6 (not shown). Note that this



next register. In cycle tl, logic 87 of FIGS allows register Rl to be

updat ed even though out accept presented to RLis LON In cycles t2 and t3,
the internediate out accept for R2 remains H GH because R2 contains invalid
data. The effect of logic 87 of FIG 5 is to renove any invalid data words
in the pipeline 90 and to ensure that each register R-R9 in the pipeline

90 only st Oﬁﬁvdhﬂfblﬁﬂsﬁds'i'&mxfedle%dﬁougﬁ&ﬁdu@&c‘%ﬂg%rmbféken@éﬁtt@mm action of
logic 87 is rggeated bet ween all registers and allows all of the

i nval i d dat & e indisating, thaythe regeipipg phigeveag nplacespting deta, Inawketal | of the
i nvalid dat ayodkebipErensedt vi3ftd Dﬁclam&,@bd!aﬁerﬁ@my@gvmﬁ Exﬁ{;]ﬁs &:@P{p@mie shown) .

Note that this 9 invalid data was renoved even thoug e out "accept signal
present ed tJOWntWﬁsmﬁ@chPrQWBBMCatl ng that the receiving object was not

accepting data. V\.h,tghe s pe ﬁgg%&oipg%%%slﬁ)gg?ﬁ?g%ﬁﬁ% }ggg dol ments of

the invention allo I ne cont i processi ng dat a.
FIG 7 is a thtpotocd ragistanTOFIG. 4 mothdbologic&Fiof FEG. Slﬂ(hen:imacobmgistenes aspects

o ot ocol "1 gt DisHdBteER 10biteS 12, 484, 1067 eba 108 5 96H o Wbk bigeei® 0 0g 1o
store the resdestibedwith gafatsce t@BIG ds @rlopie dlewiehih] 07dfichides ae OROfufdtion 4. A | ogi c

& Scourse. |t epBipondita s YA TIN, Ofbumty e eBriamt X BRR: on of gat o
that provi defotrhed cFARP cdribifationdBftésthat prdwidedhé s fHeARAAIY.C di agram

illustrating an inplenmentation of a protaocol regl ster 110 with a single
hi story, accor di AgOtdisasekrmatic diagregy illnsimting snimnlapentation opp Brobesl  regi st er
110 of FIG 8 includes storage registers illustrated as edge-triggered

cl ocked, " [}egisbépﬁl Ofbithoa Jiﬂg‘l’ﬂﬁsto&déycérﬁﬂg@é dnvbod HRAR o?fhetuh@ntﬁdn ﬁ?ef dr@BS1 1 ncl ude

an enabl e %ﬁg only allows the input.value to transterred to the
out put on areﬁ f 1§t F |8da$éu<k¢ag@mamﬁls&emll@ﬁaa¢@sque tHiggried The descri ption
here uses a rraster synchronous clock (not shown) to explain the operation,
but the CII‘CIt c t Lo run usi chro S C ks as
illustrated® ﬁkeﬁ’ fgﬁglﬁﬁﬁ ddipionally, soms, r}& @ﬁ?@ﬂ%" ‘féfﬂ "“1‘%’%" and 138 form

a fi Irst rTﬁgu:qﬁewmton@an&bémemfputx&hﬁmmxsﬁﬂe%b\ﬂ@dmﬂmaap@?g)get Tihd) Dval ue
triple. s, re et t side register” . e type
flip-flops 52129“‘9&5 ¥heg e fef%ﬂ?f% f‘@c‘gﬁ P%‘g%l%‘?'éﬁe L ppster

synchronous clock (not shown) to explain the operation, but the circuit can be

adapted to run using asynchronous clocks as illustrated in a below example.

"The D-type flip-flops 132, 134 and 138 form a first register set capable of
storing one (valid,data,packet_id) value triple. This register set is denoted the “side
register” 130. The D-type flip-flops 122, 124 and 128 form a second register set
capable of storing another (valid,data,packet _id) value triple. This register set is
denoted the “main register” 120. The multiplexers 142, 144 and 148 form a logic set
that allows the main register 120 to be loaded with either a (valid,data,packet_id)
triple from the input (if signal in_accept is HIGH), or from the side register 130 if
signal in_accept is LOW.

As stated previously, the width of the data value can be any number of bits.

Logic functions 127 and 137 correspond to the logic 87 of FIG. 5 and the
detailed function is not described here. The register 126 creates a copy of out_accept
delayed by one cycle that becomes in_accept (ignoring the action of logic functions
127 and 137).



capabl e ofwebtemiings@not her (vali d, data, packet _i d) val ue ' '

register set is denoted the "main register” 120. The nu {:#@Fg’gzgg@%ﬁlﬂ, 144
and 148 forma logic set that allows the main register 120 to be | oaded
with either a (valid,data, packet _id) triple fromthe input (if signal
In-accept is HGH), or fromthe side register 130 if signal in-accept is
LOW As stated previously, the wdth of the data val ue can be any nunber of

bits. Logic functy . nd to the Jogic 87 of 5 and
the detailed fun*(I:‘ ?(E)iﬁe ggzsrlltot é’éﬁ"ﬁﬁg‘%ﬁﬁ@&e‘?m%‘gpree‘a#  ACP5R 1&}'@5{ s a
copy of out _aihenyite thedaideyregistey retsints thy@k@iéd%%l@&f&\%ﬁ?ﬂ‘ﬂe%oﬁibﬁﬁﬁbn of heor i ng
the action of [ogic fu ctigns 1@7 and 137). (O 2004/ 114166

PCT/ US2004/ 0 Xerh ke L 4% apd 8 and ing apgeptand entisgcant epntrql éhe aegign of thep| e
when i n_accepiaid 0 | i hster. ret.ains the previous
value triple. T %%e?b#?%a??@%wo%gfvhgﬁ O}ue%ﬁo%ﬁg%rrgﬁﬁ%afﬁ4 and 148 and

I n_accept5and out accept control the daABldblof the main register 120. Table
1 shows t herepe+rat+oen—oef—+he—rpin—+egi-ster-—5 TABLE 1 Miin Protocol —out

N Rl v

accept in-agcept cf i ption, Regi d¥aip 12 Regi ster 110 No i ngut setagol
registers 126’%21‘?8&%30 E&ﬁ%@&\ﬁsiggg%@-e fu||bﬁ6°f1 Bt nainregiafen 1420
is full and{ LONH . GH iside reqijste | § bei ng STOPPI NG upde{tg% [?p_éa ed
Data from side register 130 Hi|GRb lxphit f r onBsibdegiRyLE2( ndEBON rlegi ster 120
STARTI NG r égi 130 UgdW™ ed | nput and|out put interface are|H S&FOPPER f1om
mai n directly connectfed through NORVAL | arefull

No Input Main register 120 is full and

LOW HIGH side register 130 is being STOPPING
updated

Updated Data from side register 130

HIGH LOW | from side moves to main register 120 STARTING
register 130
Updated Input and output interface are

HIGH HIGH | from main directly connected through NORMAL
input main register 120

Table 1 shows that there are four states for the protocol register 110:
NORMAL, STOPPING, S'fOPPED and STARTING. The NORMAL state is when
the register is operating normally - transferring the next value triple from the input
10 interface directly to the output interface. The STOPPING state occurs when the
output interface out_accept signal goes LOW, indicating that the receiving object
cannot receive data, and the input interface in_accept signal has not yet gone LOW.
During the STOPPING state, a new input value triple may be accepted — this is
stored in the side register 130. The STOPPED state is when both input and output
15  interfaces do not transfer any data and both registers 120 and 130 are full of valid
data. The STARTING state, is when the output interface transfers the oldest value
triple, but the input interface has stopped. In the STARTING state the next eldest
value triple, held in the side register 130, is transferred to the main register 120. The

11



I nput nmain register 120 Table 1 shows that there are four states for the
protocol register 110: NORMAL, STOPPING STOPPED and STARTI NG The NORVAL
state is when the register is operating normally - transferring the next
value triple fromthe input 1o interface directly to the output interface.
The STOPPI NG state occurs when the output interface out accept signal goes
LOW indicating that the receiving object cannot receive data, and the

state. a et arOST BleR 87 Mo diiteiheler Mt Svn o G Subringn (he
si de regi st egtatdBhd the BaBTESRRD s @it_gadcgpt\M@m a9 dubdaRidbh stk t0'¢ 15

interfaces do not_transfer any data and both registers 120 and 130 are full

of valid data. THE. $¢ahewnwGpesible vigwnnbncambinatiomef (valid.data.packet idnsf er s
STARTI NG st s irples ot fuekabhy b BEcchBMbped o2 BoRR T il aF B Gled plh St er 130,

I s transfser reokd WI-WsS. MHeregie@t siedr shbd@ thal b ga&&et%bﬁéi@tsbf Bothivali@andli agr am
for the protoco| ra?gi ster 110 is_given in FIG 9, showng the states and

the transi tigrahidyaliefaples; wib thesbadedhnxes shoxfing theswlidsassh When themvelid hange.

s
FIG 10 sho ' Vi i i of: |4 ,hacket id)
val ue tripl \tla\% Lmt ﬁ?r?ﬁ%ﬂs&ﬁ%\ﬁ pag %é?%&r%ngﬁe@tagé%%yéawggﬁﬁpﬁe S
| abel ed as asignaliwakinglé bitBignahwhere JiGWedndivatesths ansvokd i the peckeacket consi sts
of both val isﬁand ilnvalid value triples, with the shaded boxes show ng the
valid case. dssembediabove pitensition ofpgekehid FamdedW t9 BIGH detersingnthsfitsied, as
are the gatagsi %'p%cke he packet _id signal is a single bit signal where LOVN
i ndicates the last "'word in the packet. As described above, a transition of
packet id from LClemmckitGitwlef BIG0 ifdms abdrabied she valid sigiall state by qadg ket . The.

packet view of EIG .10 has ghstracted the valid signal state by only
drawi ng val | awEedelid For 'iﬁ“? RSt copmctaRew of amulti-word pagket.\or g

PoCkEL o phss L PSS B9 R0l KRB IRB 6 5y i ot S €2 o
the action iwords,caudeygosbinedevorddywondr dn & packetrbiewest FIGp a0 diecdcyion 5 make a
the Fogl & orvery SRR epiavord s Chmblied SpRRaSly B Ak @ P PO GRREN f cach
packet af f ecife &fdfe-BREHM bR S ABre complex, and the register view of FIG. t
illustrates how the valid signal in each packet affects the actual operation.
FIG. 11 uses two packets, A and B, each having 5 words and labeled
consecutively as A1-A5 and B1-BS, respectively. In the example of FIG. 11, the
20 combination results in a new packet of length 5, each output word being A1+B1,
A2+B2, ..., A5+BS.
FIG. 11 shows the operation during each cycle from T1 to T10. On cycle T1, both
input words Al and B1 are accepted and the sum A1+B1 output. The output
(valid,data,packet_id) value triple in cycle T1 is (1,A1+B1,1). In cycle T2, no
25  addition can take place because B2 is not valid, so A2 waits for B2 until cycle T5
when both A2 and B2 are present and can be added to create the output value triple
(1,A2+B2,1). In cycles T2, T3 and T4 the output value triple is (0,X,X), where X is
any undefined value, because there was no valid output. In cycle T6, A3 and B3 are
available and the output value triple is (1,A3+B3,1). In cycle T7, B4 is on the input,
30  but must wait for the A4, creating the invalid output value triple (0,X,X). In cycle
T8, A4 and B4 are combined to create the output value triple (1,A4+B4,1). Incycle

12



FIG 11 uses two packets, A and B, each having 5 words and | abel ed
consecutively as Al -A5 and Bl-B5, respectively. In the exanple of FIG 11,
the 20 conbination results in a new packet of length 5 each output word

being Al +BI, A2+B2, ..., A5+B5. FIG 11 shows the operation during each
cycle from o gsas &1 BYGhR: hit foPAS brealiAPAHE 10 Agifle ar e accept ed
and the sum Al +BIS ouggﬁt The outlpSt \r/? “Fg)ﬂ{d;ant a dpj)(glc et 1d lﬁ\?al ue triple in

cycle Ti is (1,Al+B1,1). In cycle T2, no 25 addition can take place because
B2 is not val@®&,Xpdn &Z1aEi0f soth AS 2fROB LIcuhibk agytbdto theateviieefinabwddd A2 and B2 are
present and ¢ IASQE Qijded to create the output value triple (1,A2+B2,1). In
cycles T2, T3™and 'rT’ the output value tripleis (O X X), where Xis any

undefi ned val ue, heEifu3E thelpacket | v@ﬁelahcnmbahmbymfh;ﬁwtthelpmkcymMrﬂG A3 and B3

are avail able t +B td! cycle T7, B4
is on the i nﬁaf@%%hgg’t ﬁﬁﬁ%ﬁ(’%gﬁor t org\ﬁhe(lné%l r‘f’gs"g"%?‘e i‘nval i d out put
va![ uet tri IpI e ‘tgeﬁb,uxqﬂi):packets ompstibe of ebBal lehdthdn thisBkamaple. Elfhidi simd/sﬂlowdteeat;a tBet
out put val ue C pu u
nmust wait for" ver ez]gf t%tgﬁé)cfir?\l?ge%%&%g 1% Jﬁ?utgéctk&u?o@dm%%t@g In
cycle T10, bablatmﬁaoamdn mhmmlﬂdwoalsamthbédommgpam&hmefpmﬂ word

h h h
packet A wor d°Tas bl HEIpRREIF R okl B S Bl T

situation is sym#iG.ile shdmdmwsetraﬂhmnqﬂadmgt@dﬁmsﬂnﬁmstﬁutammelémgt hinthis
exanple. FIG 11 shows how the invalid words are not destroyed, but

re-arranged in the output packet accordi ng to the relative position of the
i nval i d wor &Y qan be iansforaeshinteghgireteq! segistn 80 of S pek traditionabiJEO retsthentd 42 onbi ne

the packet Scdnghe @*d’éﬁ%ﬁo@t usirAhas®? c b8 & ch%&ds%% Bgftglr?rtérrf]atcg %&ouﬁ% shows

how a traditionally designed First-In Fi
t r ansf or medinfasfaes arheeppratg kechégngsmd@pengent,omm@ cl@ks. Ahe traditienabrlf0 FI FO

el ement 147,64 19PusSY PHREQ 9&1% dslm a master clock, or asynchronous where
the input interface and out nte ace are separately cl ocked using

i ndependent, unrelated cl ocks The traditional FIFO elenment 147 uses a push
signal to pusiatajuﬁmuieMaTheiEEOtgam&hﬁﬁmﬁgmlﬁhEﬂhg@m atfals Bhef ul | si gnal

when the FIFQLS. Lubl clhgy BEbaul 0t 0l (3R3RI4H Wbl RYShu/ gng! vhen ful

implementations discard the input data and some simply ignore the push signal under

these conditions. Similarly, the traditional FIFO element 147 uses a pop signal to

outpﬁt data from the FIFO. An empty signal is provided when the FIFQ is empty.
Similar to the push/full problem, asserting the pop signal when the empty signal is’
HIGH is undefined, because some implementations output undefined values while

others ignore the pop signal under these conditions.

FIG. 12 shows how the FIFO element 147 is transformed into the protocol register 50 of FIG. 3
by adding logic functions 140, 141, 143 and 145. The in_data and out_data signals correspond
exactly to the FIFO element 147 input and output data ports. The inverter 140 ensures that
out_valid is HIGH if the FIFO is not empty, i.e. there is data in the FIFO element 147. The
inverter 145 ensures that in_accept is HIGH if the FIFO is not full, i.e. there is still space
available in the FIFO element 147. The two-input AND logic functions 141 and 143 ensure that
any possible undefined behaviors of the FIFO element 147 are precluded by removing

)



I npl ement ations discard the input data and sone sinply ignore the push
signal under these conditions. Simlarly, the traditional FIFO el enment 147
uses a pop signal to output data fromthe FIFO An enpty signal is provided
when the FIFOis enpty. Simlar to the push/full problem asserting the pop
signal when the enpty signal is H GHis undefined, because sone

i mpl enent at i otk Hegapirtes mslstHIGEhilgIFIEQ elphpitd47 istfulbars! pogridiGH white thop si gnal
under these ceme Lie@Bs-1471s@mp2 shows how the FIFO el ement 147 is
transforned into the protocol register 50 of FIG 3 by adding |ogic
functions 140, 141, 143 and 145. The in_data and out data signals correspond

exactly to the RIGF( dlustrates hdw thei prptotol aegisteriS(poft FiGaBar pthiet 6f thdhe i nverter
140 ensures that out-valid js Hi if the FIFOis not enpty, i.e. there is
data in tHSaEp r%%ﬂéﬁ@s@ﬁﬁeseﬂk@gﬂ’?ﬂ?e?rt‘@m@%loéﬁgﬁﬁhéﬁmﬁﬂe pseddcept is

HGHIif t ' I j ' ' : I | e in the
FI FO el ene}bﬁ%a%l%a.m%ﬁgﬂ ie\/‘\;oisulﬁrlllglﬁét)p %CND og?:(:IGf'S 5%?:]%‘%‘46%@@% péﬂ%ﬁlﬁ%gé’nsur e that
any possi bytereithdes is noe inpahport andsorefpottite thel HaRivedre wbjett 1507 The kardwerel uded by
removing 13.t | 1|l egal. sta ush=H GH whi l.e FI FO el t 147 is full and
bopotl G \atiteb 0 tertniesief lafin USRS s b3jte eaeRIRER B3 ot oo how ¢ ne
protocol regithictdd fethgtthe phdRet Hindihg GédtEbedin RIS 10 LXROB e hRd HERIurk € St ers

descri bed above, or conbi nations of the sane, are used to create hardware

obj ects. THéha Bpssageismobdicigter by the packpidiipding i FiSH 10, pindenyferms efige,  where

there is ' . t .e.0blL e 150. The
har dwar e q@%%%%?ﬁ%@nﬁ&%ﬂg&g 8s c%edtﬁgﬁ?]glgthﬁ%gl %?L@Itggg entlahsi ng nessages
whi ch can dperandqmesuits,aoatnand, ifistiudtonariueihg diractions, miesagei shagk flapsFI G 10. The

content and structure of the nmessage is not dictated by the packet binding
in FIG 10,mﬂﬁ@e‘5‘ﬁilsml9m¥?éﬁeﬂuﬁg§-sage and content is easily constructed,

L0 U B 0 k8ot BnBnen AR M FRAIE oS,
struct ur e memmsbeingabk.to Adeivensaesgegs ahagy time atthelony potidw i timispyt. For the
TN R O T N T
2?5 egﬁ i \%?gs E;ﬁ;{iéxfbdll{y%gpfolf&oi RBidter 135 dSvink $ts %p_fah@ewgigm LW iPEBIFO! register
g its in-accept signal LOWif any part of a nessage cannot be
consunmed ot ymessagestadnotibgconsumedunr pracessed.t Lx'maby rufpribprsts gsynchronous
means being able to output a message only when ready to do so — the only action if
the output message is not ready is for the hardware object 150 to output nothing.
This is achieved‘by the protocol register 156 driving its out_valid signal LOW.
Having asynchronoits messages controlling the actions of hardware object
150 is useful to create hardware objects that directly correspond to the behaviors and
properties of a software object. The circuitry 151 inside the hardware object 150 can
be any combination of circuits because the protocol registers 155 and 156 isolate the
circuitry 151 from any swrrounding circuitry and thus having unanﬁcipated side-
effects. Further, using asynchronous messages removes any timing issues created
externally since messages can be received and output at any time.
Included in FIG. 13 is an alternative implementation of the hardware object
150. The relationship between hardware object 152 and hardware object 150 will be
described below, but it is important to note that protocol register 157 and 158 can

correspond directly to protocol registers 155 and 156 respectively. Further, circuitry
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means bei ngoabdsaii@sout put a nessage only when ready to = nly
action if the output nessage is not ready is for the ha?g\{/aﬁfrg%mé}&r%(l: 150 to

output nothing. This is achieved by the protocol register 156 driving its
out valid signal LON Having asynchronous nessages controlling the actions
of hardware object 150 is useful to create hardware objects that directly
correspond to the behaviors and properties of a software object. The

circuitry 15%cknsi 1 he. WA e Q _can any. conbi nat i of
circuits becéage ﬂ’g 1%%}10 G(Q)g%)% T egﬁygttyér gﬁz_’fég'aﬁen%ﬁl%gg?%%maﬁ :r?lef uitry
151 from any 154 andamektrgprotdcolicgisyer 459, Thuﬁcm\ﬂfmgﬂ%ﬂtah&?)ﬂﬂb&ﬂ régifier
effects. Further, using asa&chronpus messages renoves any timng issues

created ext éPR# teypuiichand delay apisputmessazes o Bop synchionus sysean, this delay ti ne.

I ncluded in ' i | jon of. har dwar e obj ect
150. The rel E‘{Q%dns .E%@%@%%%ﬁ%ﬁﬁé@%@@%ﬁ%Of?,lg?t raheélbj ect 150
wll be descompaddbehadwatadbiedt 166, burpenuldtaive ne effebtod thidughp@tiaqecol regi ster

157 and 158 can ., correspond di rectlty to protocol registers 155 and 156
respect i vel y funetipny, & an asynekpopeys sysfeqytherg dsina strickwrtipopftiomony latensio 153

maybe i denti {ﬁ,%ﬁ,}q' . r&: obj G l4ns:.a sinmple FIFO
154 and an e%‘?gégarrgt oco Hjéaéélggt%gcrlE%gmﬁé&ggﬁ%%%gﬁc%f@% 10gshd pr ot ocol
register 159 is (lhelntbmal prbetotimgiyerd 69 in Figitl 3rshowages prdtocad repystabcanous
system this | af ency. i h operation of

del a uld result jn.,a change of
har dwar e obj #8Ye ussiul ogs ¥ithina baydygre J%Wgnﬁb]“éﬁttﬁ%b?“‘ﬂﬁrﬂe d have
ff . f o . 1
no eftectjgon R}éﬁﬁé@&ﬂbﬁm&&?& df'ﬁféh@éhtlog%g%ﬁﬁ?gor%ﬁﬂfe%(es?%}gﬁfclﬁéﬁﬂg WhERRLE | S nO

strict notion of time and latency, an ject 1 and har dwar e
obj ect 150 hatvie bembdicial tambisemmbhairegister. The i nternal protocol register 159 in

nar dwar e obj ect, R HRR SERPIS A 5O ORI A0 Furetn, sl ol |

enbodi ment s @bmbhRtibAVaYrbRRoLREiskLt 0col registers exclusively whenever it
is beneficial to use such a regrster. FIG 14 shows a sinple join and sinple

fork function, eadbejinfundtiohd6@rperates whiwhwld messagés which cowespoadjicsthers. The
join function 160. pper at ol e nmessage I ch carrespond to the 15
acket i RACESF bBREE O 10N ek 3eGuPer & GrRGRITIR deral 1 APCHIs cpag G,
description g8, A fgin function 160 in its simplest form has two input ports 161 and 162, one

output port 168 and synchronizes messages received on the two input ports 161 and

162. The synchronization is performed by only starting the output message when
both input ports 161 and 162 have the first word of a message, and by only
20  completing when both input interfaces 161 and 162 have received the last word of
the messages that started the synchronization process.
The fork function 163 operates on whole messages which correspond to the
packet binding of FIG. 10. A message is described in detail in the description of FIG.
13. A fork function 163 in its simplest form has two output ports 165 and 166, one
25  input port 164 and duplicates an input message received on the input port 164 to both
the output ports 165 and 166. The duplicating process is performed by only starting
" the output message when the input port 164 has the first word of a message, and by
only completing when both output interfaces 165 and 166 have sent the last word of
the message that started the process.
30 A protocol register 50 of FIG. 3 is shown on FIG. 14 as a filled rectangle. As
an example, rectangle 167 represents a protocol register. FIG. 14 shows all
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13. Ajoin function 160 in its sinplest formhas two input ports 161 and
162, one WOpMipwst 168 and synchroni zes nmessages r eceip¢gi;9iafolidy1§ WO

i nput ports 161 and 162. The synchroni zation is perforned by only starting
t he out put nessage when both input ports 161 and 162 have the first word of
a nessage, and by only 20 conpl eting when both input interfaces 161 and 162
have received the | ast word of the nessages that started the

synchroni zati on process. The fork function 163 operates on whol e nessages
whi ch correspgida : e ek ,}gﬁ nlE SRS S | ri bed
in detail in fqﬂe lglgst gék?g%lig%%ﬁg%m%egﬁg ﬁ%ﬁ’?%g\%ﬂg’]ﬁ unéttlclﬁ_%n ]%%gfe%:ﬂﬂ?‘?%é:

si nmpl est f or theretopoloegistepudoep oot changsthefunctiof, AsrexpRinddripuetapidn the164 and

duplicates an_jin recei-ved .,on.the i nput port 164 to pot t he

out put port S'&ﬁ%g&éé:agﬁé]gﬁq‘?h@s B PECPT) Leeliicrs du an WB‘FW&QH@IOSN y
starting theopaffRtiimimssductidpen the input port 164 has the first word of a
message, and by only conpleting when both output interfaces 165 and 166
have sent3the | astTbadifferent topdlegippindife 14 bhaw thahtheattciston tpiusegsiprotecolA

prot ocol regist f_H 3.1 hown._on, Fl.G ..14 as f.illed rectangle. As
an exanpl e, #%%n%ﬁggme%bﬁﬁ}@%@hﬁgpgg eodt%%%qdupgﬁtﬁé’f&?ﬁ.mﬁ”gon’ltﬁeshom al |
15 WO 2004/ 1t<gisiérs BieTplaledWdnOOnI4 to ettt ¢dre ProtbObgsieEBaviehat create the
sane fork and join functions - in effect placi n_g etthe protocol registers

does not chaABRroxmRtely saeal slectringl opdingjand thus 5 imhing ghampeterigtiss c Bypt i on of

ai fect 1 m nanior iy BERAC e GRbBH e AR SRS e 00, TR

t he deci g0on hiklwarseljéctaatercohsitted usip sroREolGepisees 8BStk Bhdwdin F1G. | n
preferred enbodi nents of the invention, the registers are placed on an IC

so as to nakd3cheinpubant tput nostyiod therhardware ohjspt will haveddentisal fanctisnaedy | cal
>0 & o SLF or e OR RS ! o
every o ot oc Sl icE! Brlofnahdell ol EBHAH Al FblciSol Rbis PR RERHE > L1 o
obj ecth s are celasted tocieplemerit g M?Wmﬁaibjdtegnﬁk aﬂag;ﬁhaxﬂw??tﬁﬁctssﬂmm de-i n Fl IG
13, the input and output ports, of tk rdware object wi ave identica
functi on alrcl)d ocgfable; qrir ‘gms%@Fé H’r“%é}?c%‘,fc %ﬁ‘&@p%‘hg’éﬁ’ﬂr{%f W%ﬁ’rﬁ’%}%%l .
register %sonrﬁda%g%% ¥YRare ® jg%fg‘_ﬁgsetiﬂstbﬂgéé SRR o R VA B RBlIF S any T S

al | ows har dwar e cts to
time in any place.
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FIG. 15 shows how the protocol register implementation 110 in FIG. 8 can be

extended to create a protocol register that uses asynchronous élocks, clkl and clk2,
for the input and output interfaces respectively without repeating or losing a

20  (valid,data,packet id) value friple. The D-type flip-flops 171, 172, 173 and 174
perform a synchronization function whereby a transition into the synchronizer could
create a meta-stable input voltage and the action of the synchronizer is to (randomly)
resolve that meta-stable voltage into a valid HIGH or LOW voltage. The resolution
of the synchronizers can be random because the original transition will remain stable

25  over at least two cycles and so the true logic value will always be sampled correctly
on the next cycle after the meta-stable event. In many systems more than two D-type
flip-flops (171, 172 or 173, 174) can be cascaded to reduce the probability of a meta-
stable output voltage, or particular synchronizer elements can be used in place of the
D-type flip-flop 171, 172, 173 and 174.

30 FIG. 15 shows that the valid and accept signals are explicitly synchronized.
The in_data and in_packet id signals are sampled synchronously and the action of
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| ocat abl e W6 2@ripsEanced with no side effects, an inpor feature for
hardware 15 nodeling a software object whose instances a%gqélssgwgs'ﬁ(b behave

identically at any time in any place. FIG 15 shows how t he protocol

regi ster inplenentation 110 in FIG 8 can be extended to create a protocol
regi ster that uses asynchronous cl ocks, cikl and clk2, for the input and
out put interfaces respectively wthout repeating or losing a 20

val i d, data ket val ue trij The D-type flip-flops 17 172, 173 and
(174 per f or 8§‘ﬁ@hg£g’r SOFYRS #@L@F.%&%ﬂé&}l@%@&d@.%ﬂ@# ‘4101”& % the
synchroni zer cmgbq,heﬁroﬁ@ygh@aﬁaa(g@ Wla& HigHtan el ¢ e?ﬂq‘?& Hetion of the

synchroni zer is to (randon res that neta-sta voltage Into a valid
H GH or LQNmbwam:rotﬁhelmgs@r(nqtehnwmf t he synchroni zers can be random

because the origi nsg tion,w.l | |n st abl ve |
cycles and so the[}ﬁ?ﬁ %Ué#aé’ Il?ﬁcﬁf Isv%%esdaeleénﬂgﬁﬁ{’ﬁﬁﬁ? {;’H on the
next cycle albilgeid dﬂI&h@ eﬁé@rm& hrdiizeFRENd S5 @sasregam@w*lﬁa D-type
flip-flops (171, 111:571123 or 7 cgjr}lﬁobe cascaded t% reduce the g%%bu lity

of a neta- s@@mseomwﬂGHomﬂ@gethwthmcmwcrrsymmedm zer eI emants can be

used in place of th | p-.fl.op .17 173 G 15
shows that the Vah@“’éﬁ&{é‘%%e“é}?‘:&‘&ﬂggg ]E7é éﬁP@F?Léggﬁﬂ% Ec? The
in-data and qie HRBHK ©ThisGs e G@ fés@eneéﬁteﬁm@iﬁcu&yrlﬁfft{&gﬁé&bﬁ{tsw@ tﬁ&e action of
16 WD 2004/ 114166 PCT/ US2004/ 019510 the logic in FI 15 ensures that the

out data andPBEWErpRIEHRES ouﬂvﬁi@ﬁmwomdnmacc@mg&m@m is ke xegisted imnd

out acce a e. t he t ocol
regi ster 9‘% no1"§lgﬁ‘l aga)r%@ﬁg ‘%'ﬁ F}ngmlge@@rl‘b%gin&mﬁ El}gf%e 5%98{)%‘13 BERL | at ch,
wher eby a | o igreldhad m&e\@leseent%tap@smwh&hgm%@ﬁ@&fcumﬁexsmnemdugue;ers and
cannot be reset LOWNuntil the correspondl ng H GH value in theé other

synchr oni zng@Hsﬂﬁlélwmg&\(Vtahédﬂ@ﬁ@@ o tid) @ﬁuﬁh‘@%rﬁtst&t%{regrﬁMé@l?ﬁ and 176
i rourt, it bl 7 FlbS O Be i} 0 aBpfRtE et By nid 'Bw and

in accept i seducdd thithtmbre mmﬁda@@hﬁbeacdepteaommowmer&aﬁneuw gtart.
Havi ng out _val i d=LOW neans_that the state of out accept is irrelevant in

t he qui eszensynsheanizedmsingfliR+flops 47 bardih7% svepteallyresuliegin nlLAQW dn gods
178. With both nodes 176 and 178 LOW, out_valid is driven HIGH. A state register

180 records the time when a transfer occurs, that is, when out_valid and out_accept

are both HIGH. State register 180 ensures that node 176 will go HIGH on the next

cycle following a transfer. Having node 176 HIGH forces out_valid LOW so that
20 ﬁle transfer of data is not repeated. The HIGH value on node 176 is synchronized

using flip-flops 173 and 174, eventually resulting in a HIGH value on node 175.

The state where the critical nodes 175 and 176 are HIGH and 177 and 178 are
LOW is a rest state where a transfer has completed. In the rest state, having node
175 HIGH starts a chain of events whereby node 177, 178, 176 and 175 eventually

25  all return their respective quiescent states of LOW, LOW, HIGH and HIGH. At this
point a new transfer can be started when in_valid goes HIGH.

FIG. 16 is a timing diagram showing how different clock frequencies can be
constructed from a master clock. In FIG. 16 two “asynchronous” frequencies are
generated, in_clk and out_clk. The frequencies are always lower than master_clk,

30 and do not necessarily have the same mark-space or even coincident clock edges. In

FIG. 16, there are 4 positive clock edges on each of in_clk and out_clk for every 15
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H GH, thus inputting a (valid, data, packet_id) value triple. A state register
179 ensures that node 177 will go LOWNWalong with in accept on the next
cycle. This ensures that no nore input data can be accepted. The LOWval ue
of node 177 is 15 synchronized using flip-flops 171 and 172, eventually
resulting in a LONon node 178. Wth both nodes 176 and 178 LON out_valid

is driven Fﬂ;@ihve&l&k%agesro@ﬁiaﬂhewc (IFRKE JeBEMCE abRdnelltGRpedIRTHas t r ansf er

occurs, that is, when out-valid and_out accept are both HGH State

regi ster 1sBedidbatdhe frmﬁnoar@ébothmcvmdogacm@b@h%lﬁéhmﬁmuen@wﬂ e fol | owing
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175. The state \é\ﬁgq?%}%&v tcio%ﬁi Qtoaggfsgé:?t %r%?%{gug%an d 177 and 178

are LOWis ar ere a rans é’ rest state,
havi ng nodeeabﬂﬁbelﬁhte&ﬁamtmaBt&thmdhmmbummm&ﬁ&h&bwuheﬂﬂ:&i? 178, 176 and

175 eventua 25 .al| return their c i.escent states, of LON LOW
M G and. b BpiuRsY difjson 5 ok ahatpitBRE: b B bE S FRHE nval | o
goes Hl GH. kibfal (ébﬁcﬁr&ncﬁwttd Hibdte: SicpBAEN SR cElﬂthBﬁB‘%(aﬁlvé E@gfe%&ft cl ock
frequencies can be constructed froma master cloc In FIG 16 two

" asynchr onothaster flkapd fepasedas @ magk ferapAND fimetion with mpstgtuclidtpereaten o
frequenci esuRig Gl Viitlal PR out BkEn teﬁéu&élgual aﬂ&ﬁgt&ﬁastaeaﬁ)ssar' ly have

t he sane mark-space or even cdi nci t cl oc In FIG 16, there are 4
posi tive cl tekissampled onﬂnan@tﬂﬁ edgc_afltﬂl@»swn_(tllwﬂ thm@sm)as aamaslc/fon@a 17 positive

cl ock edges S ' e ' ) rep d..:This
reans that (NP FREGwE Satrby kRS RREHEUE oS ARRIRER e Ohck R rbea
frequency oinFItheGMaio%a@béeuddnmynbﬁlemﬂisfcfoemg.t pl acerrent of the edges
between in_clk t, cl di cate that both cl ocks fectjvely
asynchr onous toaglg:bﬁ!'}é% 0 E%Pmi‘é:og’f‘?gﬁﬁﬂﬁ%!?mﬁt}t@tq?sl Fﬁthrgecaﬁ §ent ially
asynchr onougxigidd k& thte ¥ protocob Aogistey tHABudek & phcddohsNohRnsBINE CLRYAR@Nr onous
clock, and further, with arbitrary frequency division ratios for each

out put cl OCQUTLﬁ:Lﬁ@'t@annlﬁéndW@tk@ms@hpeéh‘éﬂﬂé’lth%qummﬁg(}fnchronous to

t | k t dth d
e ok 1P GRERELEL o RN Bt e RO ELEART then use
Simlarly th’]b_mLﬁ:darkgmanﬁechfnommMASTERgabK, ifsgikentand oy slkemasast er_cl k)

described in FIG. 16. The logic of FIG. 8 is replicated in the region denoted IN_CLK and creates
a protocol register 196. All D-type flip-flops in the IN_CLK region are clocked using IN_CLK.
The additional logic in the middle region denoted by MASTER CLK serves to ensure that the
protocol is re-formatted so that the output interface shown in the region denoted by OUT_CLK is

correctly

formed and aligned to the OUT_CLK signal. The D-type flip-flop 190 is clocked
using the MASTER_CLXK signal.

The logic in the MASTER_CLK region of FIG. 17 is arranged in a manner to

ensure that the operation is identical to the implementation in FIG. 8 if IN_CLK and
" OUT _CLK are identical, even at the fastest rate where in_clken and out_clken are

HIGH permanently. In this case the operation of the logic is clear. Logic gate 191

always outputs a LOW value, as does the D;type flip-flop 190. Logic gates 192, 193



that is sanpled on the negative edge of master clk and then used as a mask
for an AND function with naster-elk to create the out clk. The cl ocking
schema described in FIG 16 is known as pseudo-asynchronous cl ocking. FIG
17 shows how the protocol register inplenentation 110 in FIG 8 can be
extended to create a protocol register that uses a pseudo-asynchronous
IN_CLK and  @hdl193\dfe {tRfefbrlan theRidls Ak MAdiiN Kttt BF 6t ACEH B DREGHIVELY W thout
repeating or _losing a (valjd, data, packet id) valu€ triple. The

pseudo- async Ay sentrofled by theprotasplregisier 196 gener ated from a MASTER CLK, in

cl ken and out _cl kpiy 8 oRS6lkb BBkt ] Grerhts SpLAUEnf oFhend | S

replicated in the reglion denote crea a pro Geol regi ster

196. All Mﬁﬂ{al i,)pf lops.in the IN CLK region are clocked using I N CLK
The addit n gy} % the gaten b thy MASTER SIS reaipa s controfipd stbete CLK serves to

ensure that the protocol is re-formatted so that the output interface shown

in the regi b I t. f or med d.aligned to the
OUT_CLK si g%g?—%%ﬁ&et%"g‘gﬁé F%%égfi%%ﬁ‘sé the ot aert et e PRRESNASTER CLK

si gnal . The régitérd 96 nlotked byASTERK GirKin they carrecodtaté:|6gic gafe 192 rembenaieed i N a
manner to nsure that .the operatiaon is identical, to the inplenmentation in
FIG 8 if l%o%ﬁggup&%n&oﬁﬁggléd %@ﬁ% 4 ]fl—%geé‘rpaﬁfmttyﬁgbefggﬁsg% rate where
i n_cl ken andydtiving bitevalia EOWHridHogie pai@ [93ndnkytes thix thdfout @acpt"tihe operation of
the logic is clear. Logic te,191 | ways qut puts_a LQWval ue, as does the
D-type fli p-ef‘%‘%%iw.mgﬁ'&s%sﬂﬁ?lége @%ﬁsefé%” °#’8—°§?‘?ﬂ by §rving the b ore in the
pass node anggitheosHHIE of out-accept and out valid are directly controlled
by the protocol register 196. For the other case where the in clken and out
cl ken are not permanently HGHin FIG 17, the gates in the MASTER CLK
region are controlled so that the out-valid and the output of |ogic gate
193 (which iis the qut _accept for the protocol register 196 cl ocked by

1IN CLK) ar e Hapdwareobiedly oct st ate: | ogic gate 192 renoves the possibility of

duplicating out pmd.i1f ii3&htes HRinbERbI diékrzﬁﬁb%‘hdi‘&ﬁar@%je&f.ehsla&%ﬂb&isse”ed by
driving out valid LON and Io]%hc gate 193 ensures that the "out-accept” is

ext ended ( ardboveohardivars elyets meiude ¢ifraityydennded by pmuwheryif pratoce] tegistersy dri vi ng
the output @t pA#lBI Eidtel! difbe the same registers as described above. The presence of

registers does not affect the logic flow of the circuitry at all, but rather are nsed to

balance electrical loading by segmenting long signal wires. Each hardware object is
completely encapsulated and is not affected by the state of any other object. The
hardware objects communicate with one another by sending messages or message
packets. The packets can contain instructions or data, or both. In some
embodiments, an internal state of a hardware object may only be interrogated or
altered by using messages. Once a hardware object receives instructions and
appropriate data, the receiving hardware object can operate on the data to produce
output. The output can then be sent to another object.

In the described development system, hardware objects are generally
medium-grained, i.e., not the most simple function, such as an AND gate, but also
not an overly complex function, which would tend to destroy the universal nature of
the collection of hardware objects. Some examples of medium-grained objects
include IO structures, micro-processors, RAM, and Finite State Machines (FSM).
Some objects are extremely genefa.l purpose; others have a fixed functionality.
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Har dwar e apbesdspithlég> 18 il lustrates a functional diagra re
obj ect. As described above, hardware objects include ci ?rgglhlts?‘i/&@([)%%ed by a

nunber of protocol registers. The protocol registers can be the sane

regi sters as descri bed above. The presence of registers does not affect the
logic flow of the circuitry at all, but rather are used to bal ance

el ectrical |oading by segnenting | ong signal wres. Each hardware object is

conpletely e t ei SN0t aff Ly th tat e of gt her
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can oper at o gt is¥eAR boBRREMY o | et gl BRoch RS HethOa 1l ° 201 T,
anot her obj ewutput protdvel rhgisteriX16d InlFi@) I@pmmitiple priteus] rdpistelna 1€ arlyresehts ar e
general ly m?gi um.grained, .i.e,, not the nost sinple function, such as an
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exanpl es of umgrafrn bjects Inc structures, 0- processors,
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affect circuit operation, it is possible to have a hardware objecf that has
no protocol miggnaltvéiile otherivegistetionay havendditionaldbjturss og capahditieon or ability

N L .
ability to pliagecad sheltehsly Bahstte ExddPlPdsiinBarmblude several types of
protocol registers of iiax'ying types.
Hardware objects 300 may stand alone, but it is much more useful to
associate several hardware objects together. FIG. 19 illustrates nine hardware
20 objects 300, labeled Ul — U9. Two of the hardware objects 300, U4 and U7, are
independent and not associated in this example with a hardware object. Multiple
hardware objects 300 can be associated to create other hardware objects having more
functionality than is capable, or preferred, by individual hardware objects alone. As
iltustrated in FIG. 19, hardware objects U1, U2, U3 and US5 are associated with one
25  another to create a hardware object 320. The hardware object 320 could have been
simply formed as a specific stand-alone circuit, with internal communication
between its component pieces. However, using embodiments of the invention,
individual hardware objects do not lose their generality simply because they are
associated with other components. On the contrary, building more powerful
30  hardware objects from collections of smaller hardware objects is a distinct advantage

of using the inventive concepts contained herein.

20



be used t av@hboahnake | ong signal wires to be forned W'tth /%s?d@ 1990
choosi ng physical |ocations that bal ance resistive and capacitive 'l oadi ng.

The protocol registers 310 nay differ from one another sonmewhat, in that
sone registers may be mninmal while other registers may have additi onal
features or capabilities. 15 Typically, protocol registers wuld be
differentiated by the nunber of data signal's they can sinmultaneously

of varyi ng & ypes. Fir g N i Bl R0 Rl RSB o e
useful to atedridige 8Bj6CKE a5, Wd}%éﬁ ubj Ffdﬂatfﬁkﬂﬁﬂoﬁﬁrstanﬁb&nt 1ddek st rates
nine hardware 20_objects 300, abeled U - Two of the hardware obj ect s

300, W4 and @piterthat U isaepmbeg of: Mh@ﬂwmmwwasﬁdnmmsmeth a

har dwar e obj 0 Create
ot her har dvvag%{ro E@I&@’wdr%scr}#o@ﬁeﬁaﬁg%%ona &pg&t %Ot? ?sggog%?%g:atbf)e
pref erreds bharldwdw/andwabh hﬁlhd\cmnpoméajt éaictiond Gﬂlﬁrdwﬁ-e object 320 ﬁid&ﬁrd\#erEl G 19,

har dwar e obj eﬁ]& lg u2,. U3 US are SSOCI ated with one 25 another to
create a har ANSFS QMP%F“‘%?E‘H %ﬂC}P&F Wareo in aeetherxgse s ePmRARENbeen
sinply forne Wﬂ | QarNi cation
between its g'gérrgonent pl‘idéggﬁﬁ vveveraq’gﬂ&é#iﬁguté]#%t n@?]f)ggg%rg?he I'nventi on,

i ndi vi dual hmﬁmhadwﬁneebjest UG ﬂ"mﬁsharmgtﬂumttongﬁwe:naétlbbpresmmﬁaﬁh&wse they
are associ at he one ts. On the contrary, building nore
powerful 30 H&F%ﬂé‘ng 3§°P ﬂQItPGE%“F%mt@PhWW%PWW%éV‘%J ects is
a distin H&II—I]I] concepts contained herein. 20
WO 2004/ 141%@%&9%3,%%%% %w%ieﬁﬁso i Ilustrates another hardware
obj ect 330 f or ned FEyS.2420e20@ illhustratehexatnplechandveare bpjects S00beach/of whitch lasd U9.
F f t mat t F:‘t::h t mb f
roma func | angpoi n e a menber o
both har dwar & ?%GF@I%?E"‘:‘H%H 3§%0g?(l‘3'r?0rs}b{]r]é‘5%t§%% ﬂ@”%‘ﬁ?%gosm?Et ionality
cones from hg ]ﬂﬁe FurRiBioR G it L re and
each of the COI’I’%%?IEH'[ gct | onsq%% yéerﬁ%v\llrgi?e %g?gjét?g@%ﬁﬁw&fﬁ& g\;\aﬂarﬂieé? obj ect
?30 ?per ati pbﬁ ungllemdntpd tftfzgtadltardm?%?dmﬂm%her gr bn ot‘tﬂeﬁmeﬂmﬂe asoisrveelblmqmrmnt .
uncti ons_of har e 0 ardwar e, obj.ect. 330 run on share
har dwar e 15 wi £ 4 Vﬁ?ecmﬁ &Jﬁﬁlé r9Yide 2 Sptprm gatp infe P‘Eﬁﬁﬁt\"?‘? st be
present in hga@warEobject 300 and other objects. FIG. 20B illustrates a hardware object 300

that includes a memory and a shifter in its central circuitry 304. In this example, the

memory and shifter communicate with one another directly, without passing through
a protocol register 310. Communication within the central circuitry 304 may use

20 internal protocol registers 310 in addition to protocol registers used at the boundaries
of the hardware objects. Or other forms of communication can be used within the
central circuitry 304. For instance, as illustrated in FIG. 20B, the memory and
shifter may communicate directly to one another using a direct bus protocol.
Additionally, the memory and shifter could communicate through a serial line, if

25  desired. For purposes of assembling hardware objects and developing systems that
can be implemented, it is relatively unimportant how components within the central
circuitry 304 of any hardware object 300 communicate with one another. The
hardware object 300 of FIG. 20B also includes protocol registers 310, to facilitate
communication between objects.

30 FIG. 20C iilustrates an additional example of a hardware object 300 having

yet other components in the central circuitry 304. In this example, a memory and
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obj ect 320wandosraLfear e object 330 to ensure that the har shar ed
P E0RRRE

with |0 any appropriate priority or performance criteria. C

il lustrate exanple hardware objects 300, each of which has a different
central circuitry 304. FIG 20A illustrates a hardware object 300 that
includes a nultiply function in its central circuitry 304. The nmultiply
function may be inplenented by a hardware nmultiplier or by other nethods as

is well kno ' . Filroes ol .registers . 310 ovj.de a i.form
data i nt or f adefupchibl SelabiielN SR, fESThR R s ARRaKiE pBe it S0
i I'lustrates gARGNHdPaiseexamphailludfifies thitaiot All 6obmPGTent: STRAPEtANErckiteyBh4 er i n
its central circuitry 304. In this exan@_e, menory and shifter

] t he ]
conmuni cat e Weshioposimyycse with;ane apether difacHy andthatsomynunigasion Hsing apy ot ocol
regi ster 310 ' ' i1t il 7 L GUILL T e 20
I nternal pr ofn%)eco r es ?s %@gc%flwﬁdaagﬁ ‘ﬁﬁ%#\l t?%p ag#l%@%c%ﬂr&r"%g#@[%%s@s ed at

t he boundari ¢isemselveshin darodtall eases) howter, includingairotooslegistersc310MAY tiecat i on can
be used within th entral circuitry 304. For instance, as_illustrated in

FIG 20B, thé‘eﬁlaéﬁﬁ% rantralicreyidy 304 yacldnies fruaseragphien of hardwarsobiesiot her
using a di reqé]c%vgg)%@??gﬂw@gghb%e?%ggcﬁést he menory and shifter could

communi cat e through I ne, I red. For purposes of assenbling
har dwar e obj ect s &iG. 2kilkistrptenthashatware dbfeats doceot baee forhe bmdddsly thet i S

relatively uni rtapt. how conpopents wthin e central, circuitry 304 of
any har d\/vareS%‘gFBEFn S%ﬂ‘ﬁﬁ%&‘i‘? e\ﬂpleﬁtsoﬁ%FhEo_qlh e handwargohiefinie obj ect
300 of FI O F Aced B ) hl 44
conmmuni calth oﬁm%gtﬁ #/Icgl'er%:1 ogﬁ?%gfﬁ?e%gécﬂ Gedg(ﬁ}%hﬂﬁ?%@?srﬁé%eagé gﬁi’g%’l ﬁ%na exanpl e
of a har dwar 848bjAaxibj&® 050 munarde from telententr ofthephjeetn 842,i344} drel TéntThel

[ [ 304. . | | I d 2004/ 114166 .
P bbb o i3Sl et SR ot UL R0 Bt SBoaimater 111 o
and an Arit hagd higediaguc s 'iﬁcaltﬁm&ob'egg'mﬁ@é@&mzﬁeﬁa&lm@lﬁn&m;m not all

conponents of the central circuitry need to comiuni cate with one
anot her di r edtlllys ofithd centeal ciroritry 304 af therhavdvarg ohjest 34de INodel thabthembircbcol s can

be int t i.thi,p, th ti I har d bjects 300 5 t I Lo
oot e casttis SnDhorhael By proitial hegires SR oSt s cotal sl et B gas-
of | the cent r alardhbdiré Ubjob3 Altrehdbllided Rtin BRAGHIAE OB AMICE] B B6RLFIT

can use the protocol register 310 that was inside the central circuitry 304 of the
hardware object 344. The remaining ALU from object 344 and the whole of object
348 are unallocated here, but can be used to form another hardware object.

20 Objects communicate to one another by sending asynchronous messages,
which can be implemented using message packets in preferred embodiments of the
invention, to one another. The message packets do not restrict the content or
structure of the message, which may include data, instructions, addresses, and/or
information about the message packets themselves. FIG. 22 illustrates two hardware

25  objects 360, 370 that communicate with one another using messages between their
respective protocol registers 310, Embodiments of the invention do not dictate any
particular message format or require that messages adhere to any certain protocol.
Of course, as a system is being designed an understanding between the sender and
receiver of message structure must be formed so that the sender and the receiver can

30 interpret the messages correctly.
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to create wergogawesful and conpl ex objects. FIG 21 ill ygk
har dwar e obj ects do not have to be bounded by the sane g%uﬁgﬁagg% ot her

har dware objects. In FIG 21, five hardware objects are 10 illustrated.
Four hardware objects fixed on the |IC substrate are 342, 344, 346, and 348.
An object 350 is nade fromel enents of the objects 342, 344, and 346. The
obj ect 350 includes the conplete objects 342 and 346, but only includes a

portion of the oly 4 hbd - i.ect . 350 uses, . ry and
only one of the M@&g@‘i«%ﬁ@g@gp %%I%%ﬂla%ﬁ%nté W‘ﬁ%ﬂﬁ S%tlﬁgé{??gefdd&gﬁg%})ect
344. Not e t hdhisdxamply metsagd3Hbbegirs with & routingrdmehday, whith@eold beagi sters 310,
because the central circuitry, 304 of the  har, e _obj ect 344 already
utilized t heﬁ\#ﬁﬂﬁ?‘?‘né‘iﬂ’?ﬁs Q¢ ipgpdgo Fueh as %QFTQSM%?}SX%@ phe
rotocol regi ; A % ke Ul t he

p 9ihgidarSb)ettB A 1iMRA ahd FxEEoh ?&E&iol:{guﬂj ealgéléfg,udasn(%x%rﬁgévl\)ﬁfovs}

har dwar e obj ect 344. “The renai ni ng ALU from ol é of
obj ect 348 =ach hardwhrecdjeeti oh hredC substratemap be asegheda dniqua akdcdshier har dwar e

obj ect. 20 ects co icate to,one another, by sendi ng asynchronous
messages, %Sﬁa&?aﬁ%nggawﬁﬁgﬁwﬁéan |WQ¥¥§% %3@3@31@ ﬁt%mﬁgef erred
embodi ment s Qbmubiads, VSRS . AREr tﬁ@?otﬁﬁi@fiﬂ%fmatﬁftﬂvmﬁﬁi gﬁg%am k&fgesdo not

restrict the content or structure of theé nessage, y i ncl ucfe dat a,

i nst ruct i ons flagsithabeandss usad to tlentifyrthotypaof trformipdion cohtained 35 Hhpanesaageatrs

t hemsel ves. FI G ,22.i.llustrates t har dwar e .25 objects 360, 370, that
communi cate W ?%%%%‘E?WL%@H?%&?@%j @éﬁ%&é@%ﬁ?&eﬁ acq0K E"[t'tll]‘ﬁe
protocol 1pegipsétBéd sekQveHeQHlhtaBsllregiftbrs 310 chil¥epidseRikedral\@rettinb tpee any
particul ar nessage format of require that nessages adhere to any certain

protocol .  Oflagscanshe vsgd tayinsjeatewhich tipss A wWedi ‘Theflagamanihdicatethe forgrabet ween

Sender and  RCIGRERO frdatl AARERE ek BhG. MibAE6RRERS Ry 5 vo

2004/ 114166 RedblazRd 1301dF FIOM P Riadiet BcRisS2 88 e8 30 ins&fticsAhd#g 10 words,
is also illustrated in FIG 22. This exanple nessage 380 be7g|ns wth a
routing comm@perandsandvasious dagethat willdstusadby the raeriviag obiget 376G i lnsemeonmand

Such 25 EOTEhET ine 00 34 S Sl D1B68 TSR BREHBIERET | 15
| C substr at e opBndicredéised ioth Dsentlingwbjedtidi@@bther object. Pass-through messages
are used where a first object sends a message to another object that is not directly
connected to the first object.
FIG. 23 illustrates a “messaging fork™ object 400, which includes a number
20  of elementary objects 402, 404, 406, 408, and 410. A single data-stream A is input
to the object 400, and two outputs, Al and A2, are generated. The fork can operate
on any data or operands included in the data-stream A. Within the fork primitive
object 402, the message stream A is split into two component sireams Al and A2. In
its most basic form, the fork object 402 simply duplicates data from the data-stream
25 A to make two streams Al and A2. In other embodiments, the fork object 402 can
perform operations on the incoming stream before parsing it into component streams.
For instance, the fork object 402 may accept a mixed number stream in the data-
stream A and split only integers into stream A1 and floating point numbers into
stream A2. Other embodirnents of fork objects 400 can simply split streams without
30 operating on them, for example all addressed messages within a specified range can

go into output stream A2 and all other messages into output stream Al. In this
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Messages oad 20@/18416€ct ed based on the uni que address, OrPEi‘ﬁJ@E’ooQ/&%g}ee” ng
commands, for exanple. After the routing information, the nessage 0

i ncludes flags that can be used to identify the type of information
contained in the nessage or even the higher-|evel structure of the nessage.
Because nessages according to the 10 protocol sent over the protocol

regi sters 310 can represent several different types, flags can be used to

i ndi cat e whi pes._ are.used..The.fl ags i ndicate the foromt  of the

nessage, for 8%('%%1)7@ SNy ioﬁém&g{l%g%ﬁ@%ﬁ#ﬁ?ﬂPW?ﬁP?&é@?@ﬁ@? etc. The
exanpl e messpgelld§fobses] @théPtybed bihferksiildthditcerimaT8iisSohioh steétJathetd inons and
operands and varioqus flags that will be used by tf%e recei ving object 370. In

sorre i S i nst aﬁéééshrménmékéﬁwwgingmogénandw&mmpqsygmketfmfm@nwfnﬁ, abf . het
I nNsStructi ons 103 [O (0] C -0 an er opject.
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anot her opj eotlytchaiting $wo edsultiniteiatd stream ANeaidcA2 [raukes fork sbjeeiPlgtbe FI G 23
illustrates a "nmessagi ng fork” object 400, which includes a nunber 20 of

el enentary ongéf‘@ttg generateany aumbenet reggnistpama, sj ngl e data-stream A i s i nput
to the object 400 R . rated. _The fork can
operate on any dg @allyérél%%gl%g&ﬁdg&?dr?ﬁ%d@g%ﬁap %g&g%%g&stoﬁég?ﬁnﬁss%t hin the
fork prim ti secanoAp ¢etredfdXery bemples Sagdusdioalitied -Simiiay, lobjedtsal08\wad conponent
streans Al anii A2. In its nost basic form the fork object 402 sinply

dupl i cat es dA{Hcanepsrateen gucssags sHeamAdoo Araals Tyeker upetionaliiessIh® and A2. In
ot her e di ﬂﬁéﬁr%n | §%bi : Q&gj§ r | e

i ncom ngtfgt rea e?%?f;m%gﬁg?tﬁgy It i]e%?%()dég?r%gnen éas@rtggﬁg&%@%?‘tlﬁ%s@ghce, t he
fork object 402 408wnddt@ s that tiexnessmendresms Al eathAarke vpeitddaupoati eam A and
split only integers into stream and floating point nunbers into stream
A>. Ot her enBualiFe Hos SRley oaﬁﬁéfésgtrm i fRgraRbiy\plagkerls the eihsnsteam t hout
30 operati ng Qinb c Sgjrng_exarrpl e all addressed nessages within a specified
range can go I nto output “stream A2 and all other nmessages into out put
stream Al . | n-t hi FIR23\ideR f6dlithit4AhERnBR D aisp 60the QiBais) in paricelar itaohldr ge

vol ume of incom ng data gcan be split _acraqss unber of separate. parallel
processegd? Cﬁﬁ E%Sﬂgfiﬁg&méﬁe PBIPRES Wﬂéﬂg@e‘%ﬁ%&m f;pgglsmp%ﬂlogglégycy packet s

in a fixed QefHdth fYok8d By in Inpul HebddBe OMERAe bl tHRSRAGFILACKEL 1S

encount ered, at

),

FIG. 24 illustrates a “joining” object 420, which accepts two input streams

and joins them as a unitary stream. Similar to the fork object described in FIG. 23,
the join object 420 can take almost any form necessary to implement a desired

20  function. A common join function is synchronizing on the two input messages. In
this case both input messages must be present before any output stream starts to
generate, and once started, the synchronization process cannot complete until the
entirety of each input message has been received. Another common function is the
“alternate join™ function, which copies the first input message to arrive to the output.

25  Once an input message is accepted, another message on the other input waits for the
copy to complete. Generally the “alternate join” function arbitrates fairly according
to a least-recently-used policy, but other variants that have fixed input priority or act
on priority encoded in the input messages are commonly used. The join function,
and its analog the fork function, is extremely useful in an asynchronous compute

30  system because the function can be used to create a computation order between the

outputs of parallel processes.
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whi ch poi nvotbhr/séeeri ng fork obeys the routing conmand ' strated
as 5 only creating two resultant data streans A, and Az,ﬁtm{g?@g@ys#d;rk

objects can be I|inked to generate any nunber of resultant streanms. FIG 23
al so shows that objects 404 and 406 can operate on the nessage stream A2 to
create very conplex fork functionalities. - Simlarly, objects 408 and 410

can operate on nessage stream Al to create further functionalities. The 10
i mportance of the r r f l.ect. 400,. being formed of. .the five objects
402, 404, 406, 45@5'%%&’8}1’%%8‘?‘#2?‘1?%%%@&&& e ey dRmoRE, o

oper at ed Upohardwaredstjédts RigethE0r TiRXf@BdHack tdrins ADS afd 4361Betfilele abects 322
tenmporarily blocked, the other stream continues processing. FIG 23 does
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necessary to.j : ' Lo , join function is
synchroniyzi ngowggﬂﬁ@g%hv?\lgltlgg%#%ﬁ@é’é%&%ﬁaﬁ&n{j%e%agge@g Jbot h i nput nessages

must be present b&#fasing hardware bbjetts shatesreasilpcsrmbined, dperits Midependeadt]lyoacie
started, the synchroni zati on process cannot conplete until t entirety of

e

each input nEYBENBIRIEISHIZATYREEPIONE Joessarss pedeseiabsdon HlGRcl.dd and 2ie

"al ternatg j Qhia i | | BaxibddE $oh | SEfTc] - grrive to
t he out p&? gg %:éeéglg ﬁ(ﬁg%%w ssagllgéeylﬁs acce%{ggfp%ﬁ% eér'?@nessgateug%lgr t he

ot her input ‘oaebBtheeariddieprotoeplyrefBtetoapdestibed@boes edshyestthat eveadyt er nat e j oi n”

function arbitrates fairly gccording .to a |east-recently-used policy, but
ot her vari antempeRgnt AkGeE Wlﬂ%@&syﬁa&?wlyﬁoawwowcg& gat%ﬁmeﬂrlr Bi5e Ilf‘éﬂafoded in

t he i nput ne%ﬁ’ﬁﬁ‘?@{eﬁip&mﬂ ‘Efﬂﬁ&is @%fk@fi@ﬁ%‘gpct ion, and its analog the

fork function, xtrenely use I'n an asynchronous conpute 30 system
because t he funct (Tha abave-descritxeichardwan: ebjeetsaar befertvediin silicon er obatoiken t he

outputs of parall el, . 2 /114166 PCT/US20Q4/019510 FIG 24
ohove that b avENTale iR BSRIEGPT S FRET, d1ChES LFSErEyahRERRIE CRPAY)

having a number of physically formed instances of hardware objects 454 and 455.

The objects are interconnected by data lines linked between protocol registers, which
can have the properties of other protocol registers described above. Input and output
pins 458 provide an interface to the chip 450. Standard communication protocols,
20  such as USB or Firewire could be connected to the chip 450 by including
particularized hardware objects 454 programumed to perform the particular
connection protocols. |
The particular mix of objects 454 and 455 formed on the chip 450 can vary
depending on the type of application served by the chip 450. However, modern
25  technologies can support very large numbers of physical objects, thus making the
applicability wide-ranging. Because the hardware objects on the hardware chip 450
can be relatively easily configured and re-configured, the chip 450 can be referred to
as a Re-configurable Standard Part, or RSP. The total number of physical hardware
object instances implemented on the RSP may be on the order of 100 ~ 100,000 or
30 more. The total number of different physical hardware objects (in this example only

two) will be much fewer, for example on the order of 10. Of course, any number of
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har dwar e abpesismidigget her. The feedback terns 429 and 43 | ects
422 and 424 allows very conpl ex conbi nati ons of i nput ngg?gfgéﬁg@}%gdm 431
and 432 to be inplenmented. Simlarly object 428 can be used to post-process
the output of the 5 basic join object 426, nmaking the final join object 420
very nmuch nore conplex than the internal basic join object 426. Simlar to
FIG 23, the essential quality of the join object 420 is that its conponent
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can vary depending on the type of application served by the chip 450.

However, nod 25 technol ogi es can support very | arge nunbers of physical
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course, any -
Once programmed, the RSP system is complete and ready for operation.
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To create the system of interconnected hardware objects, software
descriptions of the hardware object definitions are stored in an object library. An
20 example library is illustrated in FIG. 26. Tlustrated in that figure is a collection of
. library objects, A, B, C, and D. The library objects are pre-defined collections of
primitive object descriptions. The existence of the unique messaging protocols and
encapsulation of each hardware object as described above enables software object
descriptions of the hardware objects to be already built-in to the hardware object.
25 Essential properties of a software object that are embodied in the invention
include independent execution, asynchronous messaging between objects,
encapsulation and insensitivity to context.
Independent execution is a critical quality that removes software from the
operation of the underlying hardware it runs on, allowing many different software

30  architectures to be effectively implemented with no hardware restrictions.
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WO 2004/ 1 dQ604H4d166/S2004/ 019510 types or total nunber 9&1%5&%59%1(9“ ects
can be inplenented on the RSP without deviating fromthe inventiveé concepts

descri bed herein. By selecting which hardware objects are nade on a base
RSP, particular RSPs can be optim zed for particular markets. A common
exanple is trading-off on- 5 chip nenory capacity for conputation hardware.
For exanple, an RSP having a nmultitude of conpute physical hardware objects
such as adders, shy 1l d bhe useful in the DSP
(Digital Signal P%&%@%‘?ﬁ%{%%n%égg 2 éﬂl@ggg?n%t%ﬁggmﬁi{s%wﬁ&@? SRS o on- chi p
nmenory woul d deseriptiefi ¢ bé indepéndentofiall wf thrgtradiidria®iiting RIS i hardvag | ar ge

dat a-set s an%ebuftﬁeri ng.nfetwork p%fk_ets .S nore 10 1nportant than_pure

mat hemat i cal EBFHISDER At forgss ank real-aBeseftwarsfunctionalitydo baerplighy definedar e

devel opi ng o Heser et HAR GRS SRl aoRiRl TS hReFafbibbdssd ey,

t hi s deschi pteiyeles.i s | oaded onto an RSP, descri bed above, and a fully
programmed, very ﬁeci fjc. syséem i S..Qproduced, ing a very general
architecture. On °?RSH&§‘QH1?B InsepahryiyHo contextgliow thespitwete abirststedeye f or

operation. T ieat i gﬁ@?%{] j: sof tware
descripti ons%@hﬁﬂﬁgﬁﬁa\g@gﬁe gé#%%?l niti onsggﬁtggé%glq%ghﬁag%fect
library. An hagivexeimplemkntation yn asIC hidimtependentiof the gartidfiar 10 fypatOmiead in

that figure is collection of . .library objects, A B, C and D. The library
obj ects are b‘?@d’é??l?iﬁﬁ%lgfsg’@m%‘ﬁ% of primtive object descriptions. The
exi stencggof the woi gy ARASAR rotocols and encapsul ation of each

har dwar e obj ect as descri bedﬁgg{%@%&enabl es software object descriptions of
t he hardwar e ob¢ edd msémitbe talcogtegly built-in to the hardware object. 25
Essential properties of a software object that are enbodied in the invention
i ncl ude i ndepentiefperaies dedapendentlgy nchr onous nessagi ng bet ween obj ect s,
encapsul ation and insensitivity,to context. |ndependent execution is a
critical quali t§/ PH@“@%@&%"H‘E%&& fromthe operation of the underlying
hardware it runé @germine®diRpcaabiy, di fferent software 30 architectures to

be effectively inplénented with no hardware restrictions. 26
15 ¢ can be any size,

¢ can be any complexity,
it is relatively easy to build hardware object inheritance, polymorphism and
modularity by simply using a software description that supports Object Oriented
Programming (OOP). Thus the hardware objects have software descriptions that
20 rigidly adhere to the OOP principals.
There is no functional difference between an object in a hardware view and in
a software view. All hardware objects can be considered purely as instantiations of
the Object Library software primitives. All software objects can be considered as
pure descriptions of fully encapsulated hardware objects. In embodiments of the
25 invention, there is a full, provable, one-to-one mapping between the hardware and
software views. The hardware/software dichotomy in the described development
system is a true bottom-up construction based on rules and relations of the protocol
registers and the base hardware objects. All the software behaviors and all the
hardware specific information of the hardware objects are contained within the

30  object definition - they are stored centrally and can be inherited. This allows new
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WO 2004/ 114166 PCTI US2004/ 019510 Asynchronous messaging i s inportant
because it allows the software description to be independent of all of the
traditional timng issues in hardware design. Further, it forces any

real -time software functionality to be explicitly defined in the software,
rat her than having "real -tinme" defined by a nunber of processor 5 cycles.
Encapsul al | 3Bjedtd t be\3ene, kit i1t faldiRfleiifes ld QbR YelitififtaRILCL S 1 O
have identical functionality and performance |ndépen ent oP t he physi cal

| ocati on of thershild instagegsr e i npl enentation on an | C and i ndependent of the
particular I1C ty | . be built,that. 10 has
built-in encapsu@'izgr@ugﬁegﬁﬁ%s nstﬁi?%gﬁ%éf%%n?ﬁme%m@ge

I ndependent loyjects,dlmerufiivhish esing pyimdtiveayyeH| and one bBwhieh being kppee:- | ocat abl e, 15

can be an | ze,, . n, be any complexity,.it. is.relatively easy to build
har dwar e gbﬁ?&?°?J?fﬁ3rﬁ5ﬂ’§?ﬁ8‘£¥“§6[}€fﬁﬂ’p&ﬁ%§mﬁa S yatebie to ‘H?‘?gﬁ' nply using a
sof twar e degigthePstjedts. (Ftlex Odtf &t BNk tPobRed £ds aleh Qvaaiang (OOP) . Thus

the hardware objects have software descriptions that 20 rigidly adhere to
the OOP pri felasEpnof ofhes pamitiveebiecthwhilophicct ) is peplertion b ohjednAgndobj ect in a

hardware vi gw, ' Ee/ig,r- ' L WAL erphi be
consi der ed pﬁ?lgp’smgs@ o?%éo?g%t | tlﬁsoﬂnlg;g\gﬁy ﬁ{u%ﬁ?{%ﬁé@ts Eﬁ%%g%ﬁglg war e
primtives. redtionships preseevecdd) the OOPmopentiescsunb asimheritams fopexampttescri pti ons of

fully encapsukat ed, har dwar |ects. | di. ts.of. the 25 invention,
there is a ?8 are P&%B&%‘ﬁi}ﬁ@‘?%%H&%ﬁ?ﬁﬂ“‘g@?%%‘t&vﬁeﬁﬁ ‘dwar e and

sof tware vi @s@evel NThivds dSGaLs Bf dHRE € sHefiitibs Whithint e ias et ggrydevel opnent
systemis a true bottomup construction based on rules and relations of the

protocol  r &giceiBbplengith serae pddidongbintareonpeciad peispibive abjpcti.he sof t war e
benavi or s and al bolige objekihfny R kil B FR. 91k bilfger duar e obj ects

are contained within th 0 object definition - they are stored centrally
and can be nnmberiof primitivei abjents collecteibvierarchically into a software object 460. The

softwate object 462 is simply a single primitive object, while software objects 464

and 466 are made from two and three primitive objects, respectively.

New software objects for the library can be created by defining a new level of
hierarchy and abstraction. Since all of the hardware specific rules and relations are
inherited from the children, the hardware information for the new software object is
automatically created. In practice, the Object Library can be developed in C+,
Java, or any other another OOP Language.

Svystern development

An example software model of a complete system is illustrated in FIG. 28.
That figure illustrates an MPEG2 decoder object 470 assembled from a collection of
hardware primitives and pre-defined software objects from a video decoder portion

of an object library. The video decoder library 480 includes the individual primitive

objects P1-P7, along with a motion object 472 and a decompress object 474. The

motion object 472 is created from two primitives P3 and P35, while the decompress

object 474 is created from three primitives, P2, P4, and P6. The P6 primitive is a
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27 objects to be created, since all the hardware rules and relations can be
I nherited from the child instances. FIG 26 illustrates that object Ais
made of four interconnected primtive objects, three of which being
primtive type #1 and one of which being type #2. Once object A is placed
in the library, the object itself is available to be used by further

objects. For, & ﬂ@s@rete%?ﬁtrrﬁsfgﬁi @%ﬁ“mﬁ@% gtjﬁéct.%ﬂ'ﬁﬁv@é ﬁoan?'%'?"‘“ as a

collection o primtive obje ect s a collection of
obj ect s A andre itput/owipyt prisitive dbjssts.ndsseniblirggzhé decodes ¥ Ahade iaclydgsmingt i ve

obj ects. The | %Eg i ref.af i hi reserve a %ﬂg . properties,
such as i nhe?’? )génrggel olrgs%géaﬁgi g@@ﬁg%?%ﬁgggo&é%? %:‘faél%gf"g%cet |lrlllg§§e l'ibrary

need not be Ekhipineswryt Fuphérmietaily e givprebd®y in raferonseeto thefimpEniestatidr afst rat ed i n
object Cs d?ﬂ‘cidni tion, which includes another library object B along with

sonme addi tional mfc’r‘li "r connect ed primtive objects. Software object hierarchy

i's al so ill ustr atHksoftwitt Godelin FIhi28lis ssthev@OBdestrtiptiaa of the systéniritid ve obj ect s
col l ected hierarchically .into sof twar.e nbject 460, .The, software object
762 te oi rpl SPRERGREbepapd e ho iR ey ltatsR PromaT flishe a64° and 466
are made fr oMntewsystent i deseribef abifig fuck @ sefbyREMBdel [iEiS Potileckstatayle aNgwW sof t war e
objects for the ltj bﬁ@frgg cqal_p B]e created by defini n(? a netﬁ/le | of hierarchy
and abstract PBfE %'SP gpq hag the;spuciyral 2H0D Sequire (o map thgm rel ations are
i nherited fr efficichgy 6416 hddwate, t he hardware information for the new software
object is automatically created. In practice, the gg%eqt Li brary can be

devel oped in C++, Oncg2seitwae systign thetis collssianat sefoysre andypitigiatelysy st em

devel opment  ARdG%RFBjefts RQEaWA! e mﬁﬂme@d%ﬁ%g@ SYerieMmsgei | lustrated in
FIG 28. That figure illustrates an M decoder object 470 assenbled from

a col | ecti onmgke a hardwaprodpsti I apetptian. ahan e systrat dasigaerissignsdhe obj ects from a

vi deo decodegypaf kbl he @ siidly BitgSbpelticd écty frbBAhY OFRA [6:aQ0Rhich,| brary 480
i ncludes the 1ndividual primtive objects Pl-P7, along wth a notion object

472 and a dedvfpy wees getrrated dizpptly frampropagies efthepidedyingimyysical herdsgteed fr om t wo
e ves R P QRS Rt B uhfd i 0 rom e

properties of the desired system will already have the properties of the underlying

physical hardware objects built-in. This direct correspondence from the desired

system to the underlying physical hardware objects makes mapping onto the RSP a

relatively simple assignment process.

An example mapping system is illustrated in FIG. 29, which illustrates the
MPEG2 decoder object 470 of FIG. 28 being mapped onto the RSP 450 of FIG. 25

to yield system chip 490 programmed to be an MPEG2 decoder. Each of the primitive objects P1-
P7 of the decoder object 470 is assigned to one of the hardware

objects 454 and 455 of the RSP 450. The properties of the underlying physical
hardware objects 454 and 455 when configured to be the primitive objects P1-P9 are
the same properties used to develop the decoder 470 from the object library 480
(FIG. 28). Object P1 of the decoder 470 and the programmed physical hardware

object 455 labeled “1” on the RSP 450 are both input objects, accepting input messages to the

system. Similarly, the object P7 and the programmed physical object 454 labeled “7” is an output

object, which delivers the decoded video.
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I nver se DiwgnedsA145@s1 ne Transform (DCT-1) primtive obje L.t d.yes Pl
and P7 are input/output primtive objects. Assenbling tﬁnggédog)gid%d;O al so
i ncludes using an external frane store 476, which in some enbodi nents can
be effected using off- chip nenory. Further details are given belowin
reference to the inplenentation of the decoder. The software nodel in FIG
28 is a true OOP description of the system the objects run independently

and the code is sigply. a.coll.ecty of j ect instances. (Once. a temis
described using s Pémg‘a‘mm cgs %g’é@d%?qo?%ﬁmtg?(ém?sé °§J§°5ﬁ‘€i ece of
sof tvar e andafalirebiiP nibpstbfolifit phikieil KRidware SI5ELS [BElcl ©2BR” bike«grodel
efficiently onto hardware. Once a software syStemthat is a collection of

sof t war e andrtespeativekyrasl the RSRA5@udihe hispgrehicel frepertiessafdbie dedempsgss object s mapped

onto an RSP . (El.G . 25) t har dwar e, product . | eratign, when
the system dgi‘f)gr#%%l%&eléd’ﬁstﬁ? ﬁgﬁl&gg)/’zs(hgﬁan%% Shgﬂ r(?gwgh‘gg'i ggﬂg?rﬁ?b%bdr operties
directly £ rOﬁiiﬁﬁtﬁveQﬂgﬁﬁé P b P§ YompiNisgthe mdtionWhisct 492 B GRBEY AlaBpedior ect |y
fromproperties of the upderlying physical hardware objects. Therefore,

Wﬂendt he syést@m]@@éqﬂéh?ﬂwd@s@ﬁ%@e@ Qlcsb;ﬁ@dr“éargys@tm%y.timhimgmhﬁoay es of
physi cal ' har BRPEC B B e T2 el BRSH GRS asb ST B e

desired systleded gedidte4Tmder | yi ng physi cal hardware objects makes mappi ng
onto the RSP a relatively siggl e_assi gnnent process. An exanpl e nmapping

s%st emis illustrahedams stared7@of Fighi28is this exampde wes matked ppbeing ofcddp r
iect 4 ' R f FLG .2 i el d
ool ect 410l S e AR Mo By BERAPRC LR iR B 1

obj ects Pl - hiferfifcetsipmatienatied “tolffone frathé@tore’, assi gned to one of the hardware
objects 454 and 455 of the RSP 450. The properties_ of the underlyin
physi cal  har dwar &obpi e rhysical hardwars obigpts 454 and Add pr tha RSHAS) arsused ni t i ve

obj ects Pl -P ti ) . 470 from
he obi ect | sty il BHflbaff (it L BAERR, MARIACERAGR " |
programed pbljects atillmet bavaded. Tb afilised phydicdlbheivard dbjects bfag UBIMNESOffase bot h
i nput obj ects, accepting input nessages to the system Simlarly, the °

obj ect PP anthayive sprlograahedrepelsiopsglodptes to 58 POBSEl ed " 7" is an out put
obj ect, which del 'ﬁ?é?fe?cr}br%ﬂ agg&e?ﬂﬁqlai{dvgﬁg objects inherently contain the software

object description, function and properties. Additionally, the hardware object has

additional property requirements, specifically: a configuration binary program that

makes the hardware perform the desired function; the amount of hardware resource
20 needed; and the connection rules that govern how the hardware is connected. In one

embodiment of the invention, there is only one version of the object with one

Iﬁossible underlying physical hardware object topology. In other embodiments, there

are many different topologies and mixes of underlying physical hardware objects that

can be programmed (using the configuration binary attached to the object) to create
25  anobject. In the latter case, the object is said to have different incarnations.

Each incarnation of an object has exactly the same software object built-in,
but each has different possible hardware topologies and mixes which then creates
different performance and resource utilization which can be traded by the user
choosing particular incarnations.

30 FIG. 30 illustrates the additional information that can be attached to one

software object incarnation. A software object 490 is illustrated, which could be any
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29 WO 200493 3ghdap 5T/ US2004/ 019510 The primtive obj ecf,@yﬁ’?’ oobithodfdd PG
conprising the deconpress object 474 are directly mapped To %ree physi cal

har dwar e obj ects | abeled "2", "4" and "6" respectively on the RSP 450. The
hi erarchi cal properties of the deconpress object 474 is nmaintained on the
RSP 450, shown as the shaded region 474. Simlarly, the 5 primtive objects
P3 and P5 conprising the notion object 472 is directly mapped to two

hysi cal h bjects.|l ab d"3" d,"5" | h ' hi cal
Dr oper i es. o RLOBBET Gerit ol or pranple gespder TR R IOHES Faptieoitvicoun | n-
the shaded plsgéta904y ﬁgve-fcﬂ%df 4 piRical Rr@waré@bRict gdplgloggﬁsd Hoskiliafd 81RFRK € was

mar ked as being off-chip 0 in the software nodel, SO i's not nmapped on
t he RSP 450, cameetionmilesrase gerratee Thernoaneciion releg spdcify the teximum/andom f r ame

store”. Not all. the.ghysic ar dwar lects 454 and.455 on the RSP 450 are
used for ev%‘fny'mé@g?gﬁ% ‘hﬁﬁbﬁgﬁwg%%ﬁl? 9‘19}?{%%&8 meeta F%ecff?‘k%qr &@ﬁ‘éﬁe B

physi cal far givbinst beith@Giifenthé brifitivelidjdetatle mhpfed Mivseld dalydk hatdwass dwar e

obj ects may be turned off, or 15 nay be set to run at éextrenely |ow clock

rates to ?] av@f?é\B&P. 450 Aiedeseribaigvitlbrefaenaetie theshasduiars objgctsoabove, thase it | y
' | . _.0bj i ption, f. | d i es.
Adai i onal | y2 e TR B8 opBECOr dtbotd] settR bl o B aRog Bt b o

speci fi cal | yharawadbjestr TheRforb) thére Ys DétspondiiplimittB iasletdlefhar dwar e
performthe desired function; the ampbunt of hardware resource 20 needed; and

t he connect i BYiereenmsstiemfnr egelvkardwarsabiese Inpthrrarasds, ét is dikelydmpdssihlethehe

enbodi ne 0 [0V .on, .t j 3 Fon o e .obiect with
ohe_ pocdd bi EveRBamsrbnisdon S Ad0 S MABNOANELEY By i RS

enbodi nent s, objeetBed & Bie¥BRAWafd dbieRt. eTHeré foRy) kiRdise of edtthebliotPled49D igigsellyi Ng
physi cal hardware objects that can be programred (using the configuration

bi nary att acifeensuis thaoobinsstbat mug be nearane aBothar Gy exemple to mead | atter case,

obj ect has ehularobflitfntiol bR R IR R SO T RRGRR &
di fferent pogstHive idbé svedmetiepOReRaE tarke Hitoesomtbctibn FeyUor EFIES30,
different performance and resource utilization which can be traded by the

user chddsi Hghpas that thedink hetweanad dgnd A.d (two hardware objects’ port “d””) must be
directly connected, i.e., have a connection length of exactly 1 hop. Other objects

need not be so directly interconnected, and may be separated by up to 3, orup to 7
connections, respectively. In practice, if hardware objects that are not directly
connected need to communicate with one another, they send a message with an
20  address or routing commands to the desired hardware object.
A resource list 494 indicates how many and what type of the physical
“hardware objects on the RSP 450 form the topology of the software object
" incarnation. When the system is being designed, a design rules checker can be used
that tracks available resources on an RSP 450, and prevents the system designer from
25  exceeding in the design the number of resources that are physically available.

Both the connection rules 492 and the resource list 494 can easily be inferred
from child primitives in a software object using inheritance. Only primitive objects
have a defined topology.

A binaries list 496 is a list of micro-code or microinstructions that is loaded

30 into instruction memory or configuration registers in the physical hardware object,

and controls how the particular physical hardware object should operate. For
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30 FIG 30 illustrates the additional information that can be attached to
one software object incarnation. A software object 490 is illustrated,

whi ch could be any 30 WD 2004/114166 PCT/ US2004/ 019510 type of object
description, for exanple the decoder 470 of FIG 28. As the software object
490 i s devel oped, a physical hardware object topology is chosen, and a |ist
of connectian rules are nerated. The connection rul es eci fy the maxi mum
and i ni mumB¥SS et“ﬁ&"f"cgﬁeecaflgﬁﬁtf’@%“ T%ch?%l%‘?eéﬁ‘éthﬁtowh‘é’égg a specific
performance thafdg@te obfeciis thitiited] thb GrstiBitrosti@itedd 16 the dbdied FikCingthjcBed S are mapped
directly ont % the h@rdm%ettof he RSP 450. As described with reference to
the har dwar e U VargoRiEt QBFEPIL s 4 practical limt to the nunber of
prot ocol regi st er Bedaigithcameldaomemoshjat mddeMstitoneatic willathd Watwarebj ect .
Therefore, there is _a rr ondLn 140 f..ta,the | evel of.interconnection
for each har d&&f%%ﬂ'}e&%ﬁ; .45§’§£eo$°ﬁ§5"g9d3¢§s%soi"fmf’%er‘?t??@F S5l e that 10
every har dwartee gbie@aeiodeln an RSP 450 is directly connected to every other
hardware object ysed. in the soft Qbject. Therefore, the. list of
connection rul es Eb‘?‘itfe’ﬁlée &WEDM%W@MYB%?@E‘??SPWSWW& be near one
anot her (for mensiplbe iBEPROM, flagh, bosthise Bpe of ROM, siienitler typaof Memorgnd obj ect s
t hat need not, be directl n t ave to. be.so .connected.
Referring to lf’??gedlefﬂé@f °'6f"y @gﬁﬁggﬁ f‘g(ﬂ %@é@%‘%’f’wﬁ’%‘m g’(f)t,‘ah”%gni t shows that
the |ink bet vweeamnrssAird imitidlizés «ll dfthethatdaad \whjeets lin@itial'stafe0 I0ne physjcalmust be
directly connected, .i.e. . have.a connection |ength.of exactly I hop. O her
obj ects nee Webogjegﬁjm@f}feecePﬁig}“?%rﬂlé'?sﬁtéﬂﬁeé’(??"gﬂ?mﬁﬂ?f‘Wl e separated by up
to 3, or up tantormaticallp e inidd dnstricisome dhe indtiay insthittipdsacd theeexedutedhar dwar e

anot her . 1 ney et ap-frud Birgute i RIS SR we BB Ao Hheitedithands to the
desired har dvan e ditiiBtéd toAhe indioidadt bartwart objests ushgitbah&sagepucksmny and what

o sof t ar e TBHPELAECHIRA AFHA DB LoREPorAG S oparm Fons P BEEi gnod, &
desi gn rul es iafieiaks bbjeds) teebitse dan dtddiatb opdrae, kwitmy dorl faki ligput &OUr ces on an RSP
450, and preventsétﬁe g%g_?teg.des%fqner from,25 e>t<ce§lgi n% in the design the
nunber of resour c SIFAFT SKPIFIIRR RF PRFeRsFs Uvd 1 FHIELR UBEPRERREEonnect i on rul es
492 and the rgsauigitusied 6. 8RN Aas 500/begms bynpatitathe the goblehidte primtives
in a softwar eits%l?) ggntentupsé{'tg %alprllcr:]c%gsl Stla.nﬁeeit, 1%93':}’ oé_:])écltsrgret: {n}/p%rtgci) i!n%%es

design system in a process 520. As the design is being developed, the designer

determines if there are the correct soflware objects present in the library in a decision
530. If necessary objects are not present, for example the object does not yet exist or
a new performance incarnation is needed, the designer can create them in a process
532 and store the newly created objects in the library. After the design is complete
and all the necessary objects are included in the library the design is tested in a
process 540. The design is checked in a process 550. If the design does not pass the

design test, for example the connection rules cannot be met, the flow 500 loops back

and new object incarnations can be created in a process 555 and the design tested. Once
the design is complete, a list of hardware constraints from the RSP 450 is matched with
the design features to be mapped onto the programmed RSP in a process 560, as

described above.
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have a defyW@eshs19Ags 00y. A binaries list 496 is a |list of,.m - or
m croinstructions that is loaded 30 into instruction ne%%%gg)@‘”gggﬁ]

configuration registers in the physical hardware object, and controls how
the particul ar physical hardware object should operate. For 31 instance, the
m cro-code can be stored in instruction order so that, when the hardware
object is initiated, the first instruction read is the desired first

instruction for th ar dwar bject. to perfo Because 't he. syst em sof t ware
obj ect nodel is i?@%ﬁ%ﬁ”@sﬂ o4 ﬁ“’?‘iﬂﬁ?ﬁ\?m%‘?uﬁ%bj wel §‘_11geﬁ fPhﬁlg%?"a%o, the
confi gured RfFodiuidpplicatitikbetagiealié tollcafio bihdralae dbibctsdifths RSPapnodel .
In practice, the binaries list 496 will typically be stored in sone type of

nermory, be i funEgsprghvpncuskyswith massyhparaliglism. oFhirarates mcredibinpetentialtfgpe of

menory | oca ' n . RSP_450 en the RSP.is .powered, an
initializati g%(} I%ﬁ%ggsé%'gﬁ F‘B@‘F’gﬁt“h}l@:’ﬁé@@ﬁs 0%3%%“%:9&%&18%? 88¥s to an
initial s$atSomepertichlaslycadil suited gmﬁﬁal(a?? tiohPinchle aton®etidsti@Nforeset to
become a function that will _ automatica load initial instructions. The

initial instVigee epepsing bighrdefiniioncyidesencoding sud pracessing pastesatgoriimafores | i st
496 to be lo L: Lparies,list an | stributed to

the indivi du%%l%mfsg?%&g%ﬁggttéﬁg Er%@%‘ﬁgﬂ%%%% °rz‘§c"é§?'5°°8‘$%?”o°§?61“°8escri bed
above. Once stomgkiareatnepasrks, HDTWeviddowealigs FEC ot 802l¢8 ahdBO2.1 1ieird othérdi vi dual

obj ects, the obiects can start to operate, waiting for first 1nput data. A

flowchart explsless pgtacels, SNOWRS mawsion detection; aad tesiperalvidsp iplemplationdar system
is illusygat ﬁﬂgiagr%:tkghar%%s,f@tﬂﬁ%éoo begi ns by partitioning the problem
nponent par

into its co in a process 510. Next, library objects are

i nported into theA migst gspestysitepibodimentpoihe iisrehiéh isAsnipheterdss iviith 4ns bei ng
devel oped, the desigper diah;er_{ﬁ nes if there are the carrect software

obj ect s pr esEherenhalily toibgthbujid lgh-parfermangs inteprated choyisandda phangsj ect s are
not present, "ﬁg%ﬁ ol | [ er f ormance
i ncarnation F%mnee ,b?%%&%ee’si@é)n rletgg‘%g{rég%st%%tﬁg)r%%a% h&f‘g‘ﬁée}gg"%e,z and
store the nedéesigicprebleadisehijpindtad by otlyarsiniglarsafiyvare’ddseriptidne design is conpl ete

and all the necessary ohjects are included ip the library the desjgn is
tested i & a procggglgﬁ’g’."%-’ﬁ‘@tﬁ%&hﬁ@Y@tl%&ﬁ%’arei5\‘5‘%’%’?"%@%’?@5@.‘1 $'t he
design does BQLieRRREtibAGre one and the same, This allows the user of the development

system to write programs using standard tools and languages and then to directly

implement them in hardware, with all its attendant performance benefits,
Users of embodiments of the invention do not need to have any hardware

20 knowledge or expertise. Such a user simply writes or manipulates software to create
a systein, which can be as complex as very high-performance systems that only a
custom IC can provide today. Once the system is defined in software, the software
definition is used to configure a general purpose IC that is created with a collection
of pre-existing physical hardware objects. The combination of a unique general-

25  purpose chip, the RSP, coupled with a software library of objects allows the user to
quickly design and test a systemn that could not be designed nearly as easily, or with

as much performance, using present day tools.

30 Example Implementation
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desi gn t esyo 200118%aPl € the connection rul es cannot be 500
| oops back and new obj ect incarnations can be created In@&ﬁﬁ%@é@@sg@% and

the design tested. Once the design is conplete, a list of hardware
constraints fromthe RSP 450 is matched with the design features to be
mapped onto the progranmed RSP in a process 560, as described above. 32. WO
2004/ 114166 PCT/ US2004/ 019510 Enbodi ments of this invention are

particularly well Lt o} ' 0 ut | i .1 Qns IP}tyglecause t he
col l ection of har V\g?eﬁcjilgjgb%k 'J'js}{%jr}; iﬁﬁge Ek%g?é%gﬁ?ﬁﬂﬁ‘g@?ﬁgﬁﬁ%ﬁ%ﬁg i th
massi ve par abbjeti cambe Buils using sigde dbjectedThd exapiledbjedt is bAs whichlcpnyalvae
systens that manigul ate | arge anou {s of data using conplex algorithnms. 5

Sone parti culf%P Fyeame togsthen ta greatn 2 Rkerad versioniof 19 Evesstieams u fenyiutiemin

estimation f Ry s ' LWL ' |

o ocessi ng,  Hhedkt A5RaBE Bl Dlencth SR1GRIckbl |1 Hle Hel e a5 RHE adflsed

hi gh- speesl win appixstiorstwitar& multiglé fikers arswascaded,r syph koih wirsle@r age ar ea

net wor ks, HDTV vi deo ,scal i ng, TEQEC for, 802.13 and 802.11 g and ot her

wirel ess pr oP%muﬁcaéﬂwt?qgﬁr 287 i thedasign s toraate digrnnyplutipy gbject so

I nterpolatio | Il ' : | aspect of
enbodi nent s %aiﬁ}oge %%?Pgﬁﬁa{;@%gl%pet en?gsgeﬁﬁ"kmﬂﬁ%?%‘@%%%‘m lity to
bot h bui |l d hicotmeptordsowhieh bevaicasetheatmd value coiany amtipogent bbjecte at theeamesi ng
only softvvarﬁmﬁOorrpl et eness neans that the software-hardware co- design
problemis e nated by only using a software description. 15 Using

enbodi nepys of thgld-;nyp&d"@r& oaobit; ﬁnﬁﬂg, : ferk afVGx ?c{fgc hei r

i npl ementati on, are one an tcheg?saﬁrrgiﬁrl T |S%%§ﬁq}? 1‘léé User o tolile

devel opnent  regisiere fomntingatireeinpntpprisriabeled ng v tad g add thved sutputpoktanguages and
then to direcgt | npl ement, themin, hardware, wth al| its attendant

per f or mance g‘@h’é?‘??@!’%@f‘ yﬁB' ?ﬁﬁ&ﬂ?‘r‘?ﬁ'ﬁfgﬂ'{?fhaf Fﬁbﬁﬁﬂsé’ﬁe %td?"f’@{e. need to
have any har eiigticf dnk BRULRIECTRY cAitBGidus # the Hifdivide HERE b DBl iEutEd fo°S Of
mani pul ates software to create a system I ch can be as conpl®ex as very

hi gh- per f or nperfesns thetfellewingaperatibys:a cust om | C can provi de today. Once the
systemis defined in software, the software definition is used to configure

a general purpose WG ¥t is created with a collection of pre-existing

physi cal hardware Bbj gc&s. The conbi nati on of a uni que general
15 Y

Yin =¥ W, +y,
FIG. 32 also shows a schematic view of the object which illustrates the input
and output ports and the primitive labeled as “CP”.
FIG. 33 shows pseudo-code for convolution primitive object of FIG. 32. The
ports are declared as being INPORT or OUTPORT connections of type CHANNEL.
20  The local variables ui, wi and yi are declared as being type integer. The first code
line in the procedure is a join function of channel a and channel b. The join function
does not complete mntil both channels a and b have valid inputs. The value received
on channel a is assigned to the variable ui and the value received on channel b is
assigned to the variable wi. The next two lines copy ui and wi to the output channels
25  dand e respectively. The line “c—yi” is equivalent to another join function with the
output of the multiply hardware, and could have been incorporated in the first line by
using “join{a—ui,b—wi,c—>yi)”, but separating the two as shown in FIG. 33 allows
the multiply hardware to proceed even if the input on channel c has not yet occurred.

The final line indicates the value ui*wi+tyi being output on channel £.
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25 pur poseyghadiidlge RSP, coupled with a software |ibrar j al | ows
the user to quickly design and test a systemthat coul d¥ﬁg{USgJ(§L/§@t§fogned

nearly as easily, or with as much performance, using present day tools. 30
Exanpl e i npl ementati on 33 WD 2004/ 114166 PCT/ US2004/ 019510 FIGS. 32, 33, 34
and 35 illustrate an exanple of how a relatively conpl ex object can be built
using sinple objects. The exanple object is one which convolves two streans

together to create a fi &l . - Cony j in
the tinme domain is equﬁ%%‘ﬁ%ho}é‘%%&?ﬁﬁ@gﬁféﬁﬁfﬁﬁ{eﬁiﬂnﬁ%a %'H’g%iu}c]%e in, and
is used 5 i aredpye!(oftheisdnavailablelprotdcol riBtes formite MEinpauad€ibeledah as in
W rel ess comu iéati on systens. T(i]% %oal of the desirf&p is to create the
convol ution BJBSPE" 1and three Rutpuiperts (398lRd dva, Waradddie)- nlhe sivouitsr indbh be kept
busy wi t hout j ist SRNREED j.ch t- SR lue to
many corrponeﬁ%l‘a\é’| ] ec‘gé&gﬁuﬁe sarr@drfg?ﬁrr%w‘fg' EP%%%%@@%%V@?% conv%?uti on
prim ti vesobjpbett ard benfiguacdtospexfopmdieofolibwingagpesdtions: f or m ng t hree i nput
ports (labeled u;, wi and y;) and three output ports (labeled w +i, ui+l
and y,+,). The ci My ¥W; in The hardware object is one hardware nmultiplier
and one adder. The connections in the hardware object are configured to
performthe foIIovﬁ’imlg"éberations: w+l =W 15 U+l = U Yi+ =ui * W +
Y; FIG 32 also shpws_g, sgpematic view of the object which illustrates the
input and output ‘Pérts‘and the primtive |abeled as "CP". FIG 33 shows

seudo-code for ¢ ' AT b B OB 32 : re
8ec| ared as bei ng?%lg%%lb@éhw& céﬁﬁgﬁﬁfﬁoﬁ%&mﬁé%ﬁgﬁﬁﬁéh%g@me

| ocal vari abhadoutput purtsaand the pamiivedatieladed “XS, twirthgnd foré'multigig’er . The first
code line in the C re i.s a join functiqn of, a.and channel b.
The join functi on%[i@crigsth%"fs b@%’ﬁgﬁé‘f’%pﬂm‘“ﬁ %B‘F‘ﬁs E’mgé aﬁdgﬁﬁr% have valid
I nputs. TFhe ‘é@ﬁl\dﬁmﬂ%f@'tc‘;@ﬁorggﬁﬁ gf%&iélﬁ@l:o:ﬁro’hﬁioﬁ%ﬁij&@.eﬂo{%&t% ofqhd abl e ui and

t he value recelved on ¢
connections remain point-point which keeps the wiring simple and allows the

performance to be dictated by the primitive objects, not by the connections of the
global wiring. _
The function of the convolution object is given by the equation:

15 y(j)=§u(k)w(j-k)' 0<j<7

In the FIG. 35 example it is assumed that w(7) and u(i) are zero for >3 for
simplicity, but in a real streaming system more input values than the first four can be
used. If we expand the series, each of the output terms is given by the following sets
of equations:

y(0) = u(0)* w(0)
y (1) = u(0)* w(l) +u(1)* w(0)
Y(2) = u(0)* w(2) +u()* w(l)+u(2) * w(0)
20 ¥(3) = u(0) * w(3) +u()) * w(2) +u(2) * w1} +u(3) * w(0)
y(4) = u@)*w(3) +u(2)* w(2) +u(3) * w(i)
y(5) = u(2)*w(3)+u(3)* w(2)
y(6) =u(3)*w(3)

To show that the topology of FIG. 35 generates these terms cotrectly, first
examine the output y(0). The output y(0) is created by the yi+1 output of primitive
object 600, which is simply u(0)*w(0) as desired. Next examine the output y(1).
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assi gned twop bdsenyaké abl e wi. The next two lines copy ui gggy '00%,9 ggp,e out put
channels 25 d and e respectively. The line "c-*yi" is equivalen 1to anot her

join function with the output of the nultiply hardware, and coul d have been
incorporated in the first line by wusing "join(a-*ui,b-*w,c-ayi)", but
separating the two as shown in FIG 33 allows the nultiply hardware to
proceed even if the input on channel ¢ has not yet occurred. The final |ine

s ndi h X W Vi i . f 4 . 114166
pCTI Uszo04/ 0186 10 (L) skisc Py R R bl YRR Shicky 01 wHREER B T 1 <

exanpl e. Thefumctiom five (of the six available) protocol registers formng
two input ports (labeled ui and wi) and thre » ouf put ports (I abel ed w +l,
ut+1 and y,+l). The circuitry i o(Drmeys mw@iawe opuect is just one hardware

mul tiplier. gﬁpgﬁgnecti gns in the hardware 5 object are configured to
performthe Yryeangtien thesypersenigt indigates the particylar gijeqt thatgreatgs thatc, 34

al so shows a 1N ' : | a%hl% jllustrates the input and
out put p\(l)\/?tsogﬁgﬁt J%r%%\?’fgj*gg%?@ﬁ%% ' _,Glsshorthand for "multiply".
G 5 onS fow fhe tio prim i veyhanty in IG5, 32 ang 5 e 10
conbined in a topology to create e69_v8U|p obj ect. e that all o
the connections remain point-point = keeps the wiring sinple and al | ows
the performance to be dictated by sbord_Lhwve objects, not by the
connections of the global wring. THe fU#ction of the convol ution object is

gi ven Dby theBgGeabiithe lak? ot jelmtionk it seetithft<- | <7 k4 In the FIG 35

exanple it is assuned that w(i) and u‘gi) are zero for i>3 for sinplicity,
but in a real streaning system @) ewpwmOva(@Fswlhan the first four can be

used. If we expand the_series, each of the output terns is given by the
fol | owi ng Seﬁ‘gﬁ 1;59ce§§]%§plbs,q@p elp(:r@atlgn&eg’gnues \mr@i-{e rest for the outputs

10 y(2)...y(6).

Implementation of the described system is straightforward to produce in light
of the above disclosure. As always, implementation details are left to the system
designer. Individual selection of particular hardware objects, protocol registers,

15 message formats, etc., are implementation specific and may need to be discovered
empirically. This invention represents a pioneering paradigm shift in the way
systems are designed and implemented compared to present methods.

Thus, although particular embodiments for an integrated circuit development
system including hardware and software obj ects has been discussed, it is not

20  intended that such specific references be considered limitations on the scope of this
invention, but rather the scope is determined by the following claims and their

equivalents.
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Al) =u(0) * w1) +u(l) * w0) y(2) =u(0) * w(2) +u(l) * w(l) +u(2) * wO0)
20 y(3) = u(O * w3) +u(l) * w2) +u(2) * wl) +u(3) * w(Q y(4) = u(l) *
W3) +u(2) * w(2) +u(3) * W) y(5) =u(2) * w(3)+u(3) * w(2) y(6) = u(3) *
W(3) To show that the topology of FIG 35 generates these terns correctly,
fi r sWhatsixélniinee ist he out put y(0). The output y(0) is created by the yi+i
output of primtive object 600, which is sinply u(0)*w(0) as desired. Next
exanj ne t . 14166 PCT] UUS2004/ 019510 The out put
y(l ;q'i s cgz‘grtqg%ﬁgéf‘%‘{{é@’;“ﬁﬁ‘o‘;ﬁ?%%?‘gtgé&%rﬁ?"rﬁ%{“?{/‘se‘}‘%bj ect 601, which is the
function: Y(1) = Y+tl = u(l) * W"' + yc02 In the above equation the

super scr i Hiirst plerplity ok gompreelesaents for stering gisptef datp,1ga indiqatos fos signifying a wlidity piithe

Cbj eqbre® RN ofdith, A AGAAIGR? f&m‘ggﬁyiﬁg AembQLHIPWS: erdip of /s Dset FARa elative fod UM
wz _ 600 * V\(fl) Yr+1 - ur+i X conbi ng the last four equations It Is seen
t hat prexipys)setof data pnd-a sbsppugnt et ok-dajy, and apppdatpinptdadicagr fergigaByinmthal yaeniatthon
cont &t&ug‘éqlélﬁﬁntstcaﬁbéx%a&cem? tﬁe!kﬁbéa?ueaweﬁofdl{a; y(2)...y(6). Inplenentation of

t he described systemis straightforward to produce in light of the above

di scl osure. As, al s, inplenentation details are left to the_system,.
desi gner . ® FRRITARHIEILY OLRPBRR IR OFAng & GPAYsot o e 5o SRS Aty of

r egi the etofed cdffy seRFdagfantl @ tdicator SjifyingaienbeRRip &R Blboap biahe &ip9 éthof SatDRMALIEY
need@&o be flciscovered enpirically. This invention represents a pioneering

par atiPYHFEAT 442 i n t he way

an additional storage element structured to store the update input indicator and to generate an update

output indicator that is delayed from the update input indicator by one cycle;

a first set of one or more logic elements structured to cause, when the update output indicator is
asserted, a new set of copy data, a new indicator-signifying membership in the group, and a new indicator

signifying a validity of the new set of copy data to be loaded into the second plurality of storage elements; and

a second set of one or more logic elements structured to cause, when the update input indicator is
asserted and the update output indicator is de-asserted, the copy set of data presently stored in the second

plurality of storage elements to be loaded into the first plurality of storage elements.

2. The hardware register structure of claim 1 wherein the first and second pluralities of storage elements

comprise edge-triggered flip flops.

3. The hardware register structure of claim 1 wherein the first set of logic elements comprises an OR

function having:

a first input coupled to a signal output of the indicator signifying membership in a group of the copy set
of data relative to other sets of data,

a second input coupled to the update output indicator, and
an output.
4, The hardware register structure of claim 3, further comprising a multiplexer having:

a first input coupled to an output of the second plurality of registers, a second input coupled a primary

input to the hardware register, an output coupled to an input to the first plurality of registers, and an input
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systens are designed and inplenented conpared to present nethods. Thus,

al t hough particul ar enbodi nents for an integrated circuit devel opnent

system i ncl udi ng hardware and software objects has been discussed, it is not
20 inten&ied t hat Sgtﬁh pecific references be considered [imtations on the
scop@UBFd Porthesoutpyt obtie PEAUNGAR- r at her the scope is determined by the
followng clains and their equivalents. 36 Wiat is clained is: 1. A

har dwar e Tlediasiware registercstruetareioficlaim 1, fiirthgr @trpeisiog arcOR tfuncdantpavingi ng: a first
plurality of storage elements for storing a set of data, an indicator for

si gni fyi ngfist i}i}%‘tb&lp_le‘d t©4 ndgiRd o o? the Iicalk sigifAng MEEbRMiY iHQ'gﬁﬁPBF thf Qbred
signifying nmenbership in_a group of the stored set of data rélative to a
prev"teb‘?f!sdagéflatﬁ‘fd’t‘tl%tt?%fsatﬁﬁf%ﬁt"subsequent set of data, and an update input

i ndi cator for signifying that values in the storage elenents can be

repl aced dgecdnddnphuomelzd enthe selatedhiputl Aitl2atogasiecond plurality of storage

el ements for storing a copy set of data, an indicator signifying a validity
of the siqheficopy set of data, and an indicator signifying nenbership in a
group of the copy set of data relative to other sets of data; an additional
stor age e,h% nt stryctured to_store the update input indicator and to
genefat e Atedegiyien sPuttute QbR Hvherein thejoutpytds sgupledte yrinpyief the additionpl put

i ndi gahgeldhenone cycle; a first set of one or nore logic elenents structured
to cause, when the update output indicator is asserted, a new set of copy

ncl Fat or TeBfef e K B VERGR set  Bor bl Susaf e o e e

i nt oplhdabtyo€stomge ¢gi¢rumss. i ty of storage el enents; and a second set of one or
nore logic elenments structured to cause, when the update input indicator is

assegted andi.ler pkaintimy Rofocdl 'isfggi\’tc;gﬁlp'ﬁf{?%j_e-asserted, the copy set of

data presently stored in the second Pplura y of storage elenents to be
| oaded into e first plurality of storage elenents. 2. The hardwaje
regi ster wpyls i G 'E'@Oéi faﬁ%tfn%%eﬁe}dﬁe&%éwﬁgf glemeniy ﬂ?éi?@ri’éFel“ﬁﬁ‘lﬁra&I“i“{“ia@é obf
st or fg @alRlitg BEhé Bata, GADRELGIAg BURIBTCAE! FFUPO&GHor dfitR data®Rfg aaembBfofagkdipar e
regi ster structure of claiml1 wherein the first set of logic elenents

conprises_an .OR ~function having: a first. input coupled.to a signal ou t
of "he"t riabahah ot REde: St Miicfie B ablitr 1OV ra R 6l Safy R R sl
r el athe petdeol registano sebg dath; dat a, a second i nput coupled to the update out put
i ndi cator, and

receiving a second accept signal indicating an ability of the receiving object to accept data, the second

accept signal received after the first accept signal;
comparing the first accept signal and the second accept signal;

retaining the data in both sets of storage elements when the first accept signal and the second accept

signal are both de-asserted;

parallel loading new data into the first and second set of storage elements when the first accept signal

and the second accept signal are both asserted;

loading data from the first set of storage elements into the second set of storage elements when the first

accept signal is de-asserted and the second accept signal is asserted; and

retaining the set of data in the second set of storage elements and loading a new set of data into the first

set of storage elements when the first accept signal is asserted and the second accept signal is de-asserted.

9. The method of claim 8, further comprising;
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an output. 4. The hardware register structure of claim3, further conprising
a nultiplexer having: a first input coupled to an output of the second
plurality of registers, a second input coupled a primary input to the

hardware regi stey, an _output coupled to an jnput to the first plurality of
regi ster sa,lw’g’ﬁ ioagﬁg e deta o &‘6 6";99&’0“% of storage slGTRRIE When & Henabmdicipcthatdhe daty. The
har dyesely se@édSin @e s8éoht 64t 8F Stor@fe 1drdnd id invillar t her conprising an OR function
having: a first input coupled to a negated output of the indicator

Si gnjfyi rship g [ . of the stored set of data relative to
ot hgfro'se{]gwo eﬁ%ﬁtog?'a% %g?:%r?gcol%ﬁlﬁ'flg'coupl ed to the update input indicator,

and an output. 6. The hardware register structure of claim5 wherein the
out put i shvdyafRediae new dafa intd e figt set plestorersielemspigwher ¢ sigea) indispienthpfithe data The

har dyeyefiy 8iédih e ﬁgtrsw%ﬁgggleﬁg@g SiRaitherein the output is coupled to an
enabl e input of the first plurality of storage elements. 8. A nethod of

the
i npl gnment.i.n rotocol .reqister,. conprising: parallel |oading data into a
firs 'andh'ﬁ%%%h"gﬁgd@&é’g?'%gfWé‘é‘“%‘l ements, the data including an indicator

of the validity of the data, and including an indicator of a position of

t he dat a dbeaysdpadinguerhdata gito the firsosgpof starageielemegts avhen a signadodeptes thatghadata

i ndi j abi | 4 r 1ving.obiect that is connected to an out put
of }%}%%htg%(t)oﬁgdc@:a{erﬁerg%éest%g?tg{aggglg%léeﬂﬁ{]g(%‘f?iéa? receiving a second accept signal
indicating an ability of the receiving object to accept data, the second
accept sifgﬁaﬁpw@e@ielmntamwmmae first accept signal; conparing the first
accept signal and the second accept signal; retaining the data in both sets

of st or agm iggue iearfase wbleding N first st Stdamaegiqirs i sy plandtyididata eigadlg] accept
signal are both de-asserted; parallel |oading new data into the first and

second sef a3 A8 EhE RN AR (gi*ag%ié Ishls, BOAGPD o HdlcaoPBndille iECONT

accept signal are asserted; 1oa &atatrom IrTst set of storage
el enmembershiptof thetdatasignaln ih sgroupoind 9 relativg ositicard Hitesiatalsignals mghé growt, accept
signal is de-asserted and the second accept signal is asserted; and

retai ni Nt thi@regRier Rfstoddi FalidRighMQo MR theSBhidiQfof HeAAIZnAL 2AENt s and | oadi ng
a new set of data into the first set of storage elenents when the first

accept i gnal, L5 @PRYchesh 0% % RIRRNT ASGRRurehgSPhad SR 2P RS M igna

can be replaced with a new plurality of data signals.
13. The data pipeline element of claim 12, further comprising an output interface.

14. A data pipeline comprising a plurality of the pipeline elements of claim 12 connected in sequence, the

pipeline capable of having more than one data set value in transit, wherein:
the pipeline is logically empty if all the valid signals of all the data sets in transit are de-asserted,
the pipeline is full if all the valid signals of all the data sets in transit are asserted; and
an input interface accept signal to the pipeline is de-asserted only if the pipeline is full.

15. A join element, comprising:

a first input interface including a first set of data registers to store a plurality of first data signals, a
second register, separate from the first set of data registers to store a group indicator to indicate the membership
of the first data signals in a first group and a relative position of the first data signals in the first group, a third
register to store a valid signal to indicate the validity of the first data signals, and a fourth register to store an

accept signal to indicate that the plurality of first data signals and the valid signal can be replaced with a new
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9. The nethod of claim8, further conprising: 38 always |oading new data
into the second set of storage elenents when a signal indicates that the
data presently stored in the second set of storage elenments is invalid. 10.
The r]'et@?d gf ‘fl ai,m]9_, further conprising: always | oading new data into the
firstvady opfrstqahysigpalse| ement s when a signal indicates that the data
presently stored in the first set of storage elenents is invalid. 11. The
met hod ofa staidin®t inferfateniecludingipsecwidrsgt of dhtaeagitersota diorecn plealitsl af secondtdatat he

firsg t Qr ng s _wh i gnal. .indicates that.the data
pr essté%ltsﬁ'i féya @éholr%é'g‘el?%%? %lee #ol r%? S?scgg ] °§dtaorr%%s er%f‘i)esﬁ?éen? gropg indjcgtey tlod“.ad'cfftheA dat a
pi pehemizrshiperfdrtsecond dyta sighalgin aaecond grotip amitage hivegpokitiod ofthagceandidata Signalein tinf

dat [ rs..t tor lural ity .of data sSi I a se d reqgister,
soparcedd OBl D Suba st Flngfele BedoMF T Pe B REE et or 10
i ndi eatnth repister tratoteamsbéept Ggnat loendiateathaittgpdirslity of ecoidda@ siznsls andrtied ailid vignal
position of the.data signals in t roup, a third register to store a valid
Si gn%laf'%f(r)eplfaﬁe |“(’:‘f’;llltae"etW gur\glgyiogfefﬁndo(ggtsk%&ata signals, and a fourth register
to store an accept signal to indicate that the plurality of data signals and
t he val i dansjuipbinterfaegnarde repl aced with a new plurality of data signals. 13.
The data pipeline elenment of claim 12, further conprising an output

i nt er f acejoinkdrcuifly SaipRd @b he kipHEin @GRS i t6 the duPliihRHhdeYin®btrichedRd BRdtdishly on

el ements of claim12 co ;YLTeCt e&l i‘F gequence, t he pipeline c?tpabl e of having
mor eSO FPuPs ghilate reesiv either the HrsCinput infgrace the seqand inpnpiatertace. erbofhdhg firgh | y
enpt 3hdisécodd Inplitimerfakd d signals of all the data sets in transit are
de-asserted; the pipeline is full if all the valid signals of all the data
sets, in transit, are asserted:. and an input .interface accept. si.gnal to the
o polt e TR el of BRI horf e iy o A Bl s pARER R a by

c onpeainsbimaton @ the getp ofijatatonitingt ferstfisyee intenfateumhid g ghoulpi of dita 6 the eéconkhinputiefaé.er s
to store a plurality of first data signals, a second register, separate

from4 he fjidish eRfentQf clq{?l; 76, Whele Rl e Binth}ct?iﬁf fs%&@%tﬁ%@%ekigﬁe%ﬁng&aﬁ& lpgdi cat e
the menbership of the first data signals in a tirst group and a relative
posi efaingd fitshdate dleneent fiem shegiroppaif dath pn thi &irst inputtintgrfasg pnd afitshdataklemeagfreméhre t o

stor 0@%&%&3%%{&&%& uof ildisgat e the validity of the first data signals, and
a fourth register to store an accept signal to indicate that the plurality

of first data signals and the valjd signal can be replaced with a new 39
pl ur 8. tyTlgrjgipie g‘lpl’ltd)(;fl&ir%i%ﬁ&tp@% the josmcrcuitry(l;sstructured topﬁnis% the gc\)nmbination on\l% after

receiving a last data element from the group of data on the first input interface and a last data element from the

group of data on the second input interface.

19. The join element of claim 15 wherein the join circuitry is structured to perform a selection function on

the group of data on the first input interface and the group of data on the second input interface.

20. The join element of claim 19, wherein the join circuitry is structured to select the group of data from

whichever input interface earliest presents a first data element.

21. The join element of claim 19, wherein the join circuitry is structured to make a new selection only after

receiving a last data element on the selected input interface.

22. The join element of claim 20, wherein both the first and second input interfaces present a first data

element simultaneously, and wherein the join circuitry is structured to arbitrate the selection.

23. The join element of claim 22 wherein the join circuitry is structured to select the input interface that was

least recently used.
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a second input interface including a second set of data registers to store a
plurality of second data signals, a fifth register, separate fromthe
second set of data registers to store a group indicator to indicate the
menbership of the second data signals in _a second group and a relative

posi 4 on EJ?IHe'eg'émﬁalawa%%lwgqrgn%egom RITGUEEY is stEtchiRyl 19 seienb thednpyt aterfageali st er
to siadgm.a valid signal to indicate the validity of the second data signals,
and a seventh register to store an accept signal to i ndi cate that the

pl ur |ty a and t he.val n aced W th
a ne€vg pl u]rﬂal*'m{Ei slef 'qrsogc%ndi%% %elrslfll SA SreuEy i St g’tr ?cgg'c?énpugﬁg i n
C|rcmxmﬂmgunmyhm¢rto t he i nput |nterfaces and to the out put interface and
structured to operate only on conplete groups of data received fromeither
the 34 rstairRefemeft! &npASHg the second input interface, or both the first

and second input interfaces. 16. The join element of claim15 wherein the

join canU|t str ure forma functio pai r

conbi nat i EB‘n‘“ i ‘H@cb’l"glﬂé‘“%ii g'Eféfeé tatrﬁ%!“?"? Fosstore B('}fa?lfyrﬂ%éiﬂaét%al%l AdECRE gr oup
of d@pisteR) SephR& FERACHO Hrst §p Ui datd e Gkthd &bstore 4 group MRick@F 1 ifdi€NENE mehb&ing) R,
mhersln the join circuitry is structured to begin the conbjnation after

r ecefai yigna "f 2 propp grdratelativeopition ofdhs datpsiggrls drpth BSTOH&taéhWeglﬁtértf’|5Y°§°ca‘iaH15ut

i nt egifrAce 1@?&&(’%5 wn.a&y sltaraadaed SRR antiraqmrﬂlh@glsté}rt@ s-tsreqf. aétapighal tb iRicacapnd
|npuéP|nt join element of claim16, wherein the j

ci r ctif PRl é?tﬁﬁ'(&{“ﬂ-“rfé’dﬂﬂeo"ai‘f‘ﬁlﬁ%cw reRlarsd Wik 2 agw glyralinzgfdaia mgfwée'e. ving a

| ast data elenment fromthe group of data on the first input interface and a
| ast dat aa ek eﬁfarkingfcﬁromitxy baupled nothp inpfit idtetface@nd stivetussdaooerateymly on angpldiace. 19.
The join re|n the join circuitry is structured to

per f 8PS 8”3?%68?'?""3’ ﬁ'ﬁfﬂpgtamtg “t he group of data on the first input

interface and the group of data on the second input interface. 20. The join
el ement of fics| qutpnt ngerfapgiendsi n the join circuitry is structured to sel ect the
group of data from whichever input interface earliest presents a first data
el ement . Zdecontiitpubinkerdteenent of claim 19, wherein the join circuitry is
structured to nake a new sel ection only after receiving a |ast data el enment

on t?? Se#’ﬁctto ele P of c'lalra (%f %gr%inl ne[zfoFkg;lh ec1 191 Dis% n{@r@& Jugﬁéa%a@aé&a c\)’f‘?lgta%hn

bot h"t'he second T nput ces prese enent

Si nutht anpeniusifyce aaahub sudimtheduphbdlted groupnto dherfastiotitpyt interfadeand totheesbcdnd oatpbi t r at e

t he SEEFctlon 23. The join elenent of claim?22 wherein the join circuitry

is stU8%red to select the input interface that was |east recently used.

40 24. The join elenent of claim22 wherein the join C|rCU|tr¥ is structured
1ca

t o so¥.ect Thenfork ql;emmt ofrelaim 23 svhiergin the ferkingraircuitry is structured to begin duplicating after

receiving a first data signal of a group on the input interface.

29. The fork element of claim 27 wherein the forking circuitry is structured to end duplicating after sending
a last data signal of a group on the first output interface and sending a last data signal of a group on the second

output interface.
30. A data interface for accepting streams of data one word at a time, the interface comprising:

an input for simultaneously accepting one or more pieces of data as a data word from a preceding stage

that is coupled to the data interface,

an input for receiving, simultaneously with the data word, a message packet identifier that indicates

whether the data word is associated with a previous data word,

an input for accepting an indication of a validity of the accepted data word,;
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25. The join elenent of claim22 wherein the join circuitry is structured to
select the input interface according to a priority. 26. A fork el enent,
conprising an input interface including a first set of data registers to
store a plurality of, data signals, a_second register, separate fromthe
first setandtPubief accersiyean indication ofpp akility fRfrasypseysat dage diat seomnkd te thedatehe

me Mgkt o Ktept bR dad ot SdrdRRALSHrbM R herRRd a rel ative position of the
data signals in the group, a third register to store a valid signal to

i ndi cate the.validi of .the data,si ) nd._a fqurth ister tp store an
nccept sighingtei ibediod W Fubheudh ARG 1w BP9 s Pt e \Ordh B Bhst FrelT
si gnaeitheathe indicatioplofi thedbilityt for the mésequbntstagd tocw@pt thkadaa worgnapsitive os fttheof

forkin te@i rcwotc{ignctou]%_eddto the input interface and structured to operate
onl y*° SABMOL® "4l data received fromthe input interface; a first
output interface; and a second output interface. 27. The fork el enment of
cl ai m 26 afseletfgtect piecuit siradtyred woidetectithe sfart of agev umessageppckes frymthe weassagethekelr oup
of dat@sgn the input interface and to send the duplicated group to the
first output interface and to the second output interface. 28. The fork

el enent clai.m 27 rein the, forki circuitry is structured to begin
duplilcat ?ﬁ@datﬂff&?r%m?\ég lwﬁg"harcm %Pacg%dsre‘gwﬁaﬁ i ﬁfucsere&rtsﬁﬁe%ﬁg%gatﬁnput

i Nt afdn@fich in AR mekkipe bavkkt i@n@IBIYS a Bihst GdtaivBRdAhd WRSHeBdaPe pdiRetidntifidd Of £ickEildidatay | S
structured to end duplicating after sending a |ast data signal of a group

on t¥&¥9irst out put interface and sending a | ast data signal of a group on
the second output interface. 30. A data interface for accepting streans of
dat &320ne Therddtaatterface bidaimtidavhiereirethé packet detep ciraiitng strn@turedrip identifoa de-asserted

si mul t aneousl v.,aceeptin ne or,.nore pieces, of data as a data word from a
pr ec‘g%ff%ﬁpgﬁ(gége"%ﬁﬁ'gafailagtéc)aéau‘ﬁ?rgdn?gests Paci‘te% interface, an input for

receiving, sinultaneously with the data word, a nessage packet identifier
t hat33 ndi thetdews inteufse pieglaimiPe vidwredn e patketdetaed ssevitis atrpciyredHo ideptifyon engertedat a

wor drhes@d%a 'pmgtt idén%ﬁeﬁﬁsft ?(B#Oiu@ GheAkht nggli ifr Qme%g%ﬁfacl?et Xsazl f'ugﬂ ord & %gugﬁq@&n ﬁlgstsﬁ'éi

data wo 1 an 1 nput for accepting an ihdication of an ability tor a
subspagksént stage that is coupled to the data interface to accept the data
word transferred fromthe data interface; a loading circuit structured to

caus;a;,theAqa{jamidmégeﬁéraﬁﬁttﬁre,doﬁ;@ﬂsi@g;next data word fromthe precedi ng stage
if either the indication of the ability for the subsequent stage to accept

the data a 11'rstd se osf dgtg%gtislté{'se o s%li‘e z!lcfiatg \Qgrd;

a second register to store a group indicator to indicate the membership of the data word in a group of

other data words;
a third register to store a valid signal to indicate the validity of the data word; and

a fourth register to store an accept signal to indicate that the data word and the valid signal can be

replaced with a second data word and second valid signal.

35. The hardware register structure of claim 34, further comprising:
a second set of data registers to store a replacement data word;
a fifth register to store a replacement group indicator; and
a sixth register to store a replacement valid signal.

36. The hardware register structure of claim 34, further comprising an OR gate having:
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accepted data word is not valid; and a packet detect circuit structured to
detect the start of a new nessage packet fromthe nessage packet
identifier. 31. The data interface of claim30 wherein the packet detect

circuit is st.ructurfg to detgct a data state transition in the nessage
packet i ceiistPRULFouBed L0 # pegated gropp indispigt and t he nessage packet identifier of

a second data word. 32. The data interface of claim 30 wherein the packet
det ect ciassednd inpyt enupled tatheatceps sigodnilf y a de- asserted nessage packet
identifier as a |ast data word in a nessage packet. 33. The data interface

of cl ai maa2uiiedotpled tolike fRafkREis@et ect circuit is structured to identify an
asserted nessage packet identifier that follows the last word in a nessage

pac asnpa,first word in a sphsequent nessage packet. 34. A hardward
regrﬁ;t‘ er serhﬁréif”ﬁ?eé?gl%?fﬁh\"ft%ﬁcﬁ ‘.Ba' q#’r E‘§tP“§8‘f‘p PEjata registers to store a
data word; a second register to store a group indicator to indicate the
menber shigfirgimuxroupled betwrsn dhs firstzetpf datp ragistersoint the seeand satof dita registetsi r d
register to store a valid signal to indicate the validity of the data word,

and a f ouf debond egixSb@led R tvided R seldndFRRE arkll tB @k leisteNdhsat e that the data
word and the valid signal can be replaced wwth a second data word and

second val gl 51,008l 1ea Bowedf e B MALS JfPL SEETShLuct ure of claim 34,
further conprising: a second set ata registers to store a repl acenent
data word; a fifth register to store a replacenent group indicator; and a

si xt3¥- r egihsthardwars regigerstracturg of dlaimmdnfurtpericprpesing famux Swtrolis eoupladdmthe &rst

I egi S 5ecohd Mint, UhEthRi niek@i m 34, further conprising an OR gate having: 42 a
first input coupled to a negated group indicator, a second input coupled to

t he gcce i gnal , and an output coupled to the fourth reqgister. 37. The
har ke o QAP R TSt B QEmaf iyt bosein s A pnteg e icatinged By AmOuput ofe

couplb6ith legikteemad ah Betpiitiof He sk regiftedat a regi sters and the second set of data
regi sters; a second nmux coupl ed between the second register and the fifth

;gg:@;gr_;Aﬁg}gwg‘e%pjieétgco%%(isi é):up| ed between the third register and the sixth

an input interface coupled to a sending object and structured to generate an input accept signal
independent of any information from the sending object, the input interface structured to accept one or more
message packets from the sending object over a communication bus that includes a data channel for data, a
separate validity channel for a describing validity of the data, and a separate packet channel for indicating

whether the data is a data set component member of the one or more message packets;

an object core coupled to the input interface and structured to change states only after receiving a data

set in any message packet; and

an output interface coupled between the core and a receiving object, the output interface structured to
generate a data valid signal independent of any information from the receiving object and structured to send one

or more message packets to the receiving object.

41. The hardware object of claim 40 wherein the one or more data packets sent to the receiving object are

identical to the one or more message packets accepted from the sending object.

42, The hardware object of claim 40 wherein one of the message packets from the sending object includes
data, a signal signifying a validity of the data, and a signal identifying membership in a message packet and a

relative position in the message packet.

43, The hardware object of claim 40 wherein the message packet includes more than one data set
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38. The hardware register structure of claim 37, further conprising a nux
controller coupled to the first nux, second nux, and third nmux. 39. The

har dware regi ster structure of claim 38, wherein the nux controller is
controlled by an output of the fourth register and an output of the sixth
regi SYHPNe%0. A hardware object, conprising: an input interface coupled to a
sendi ng object and structured to generate an i nput accept signal

i ndegptndeTie lafdvargyobijaet effateirh 40 wherethd dbgecs anelis mguonbediotreceivh @ niesyagd packdt er f ace
strug}u&g&lﬁﬂnggﬁgggﬁgggfchqgre nmessage packets fromthe sendi ng object
over *4"¢0 nE&FoN buSYEH&T™i ncl udes a data channel for data, a separate
validity channel for a describing validity of the data, and a separate
packél chibmhardwassy obiigstiofecdaim 4§ whepsint thepbiecheorelig studtueditogendzn message orpkenent

e b ey n QhonofiEio ARRRbf IREGViIIESHAYE Packets; an object core coupled to the
input “Interface and structured to change states only after receiving a data

set ipn an ssage ,packet; and an, output interface coupled between the core
and ﬁgrec%"‘{ﬁaﬁgvag%?béﬂ?&ﬁ%%w‘ﬁﬁl“ ‘h‘ﬁ’é‘?cf%i’é%coéllﬂ”ﬁ?,sf ured to generate a data
valid signal independent of any information fromthe receiving object and

st r uct ur edfitsbcaeputiomnguctored toeperatemdagidnfparckien;s t o t he recei ving object. 41.
The hardware object of claim40 wherein the one or nore data packets sent to
the recei yi fgnRPhBotoI b Tack BGiplcd the FiRt LiEpaHaGH; @d NOT € Message packet s
accepted fromthe sending object. 42. The %ar dwar e obj ect of claim40
wherei n one of the nmessage packets fromthe sendi ng object includes ata, a
o gnal st BT SREF RO S o fpEmal o dhe e BRCHAFIeq hPReTa igecond
menbeifshiation. N @ nmessage packet and a relative position in the nessage
packet. 43. The hardware object of claim40 wherein the nessage packet

i ncl ydes . ! j gct  of
ol ai 40 PRl RRERHAR & hereling GIRATERNG:1 inifece KIEanhBN WG BE, |
asynoipnionedset 0 a cl ock of the object core. 45. The hardware object of claim
40 wherein the object core is structured to send a nessage packet

asynggr ongRShdrdivare wj&@lgf HimA 7R RINMhOBiteRfl ﬁeiogolﬁx_ﬁeﬁié% Lafigimieo 80k &ebndf

claim40 wherein thé object core conprises: irst core portion structured
t o opwrtinterfeng tg the bardware ebigeit i on; an internal protocol interface coupled to
the first core portion; and a second core portion, coupled to the internal
pr ot agol Thé Rirdve€otdatl oSdlditClioUvhetkin the DRETaBHrOt00s] iREERRB 6 identical in structure to the

output interface.

50. The hardware object of claim 49 wherein the internal protocol interface is configurable to be a second

output interface to the hardware object.
51. A system, comprising:
a first hardware object;
second hardware object formed on the substrate; and

a protocol register coupled between the first and second hardware objects, the protocol register
including a first data register for storing message data, a second data register for storing a validity signal, and a

third data register, separate from the first data register, for storing a packet membership signal.

52. The system of claim 51 wherein the first hardware object comprises a protocol register as an output
register.
53. The system of claim 51 wherein the protocol register is functionally separate from both the first
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information. 47. The hardware object of claim46 wherein the internal
protocol interface is identical in structure to the input interface. 48.
The hardware object of claim47 wherein the internal protocol interface is
configurable to be a second input interface to the hardware object. 49. The
har g srebjestand dhe seronr hpdwargieBleet n the i nternal protocol interface is
identical in structure to the output interface. 50. The hardware object of
cl ai fmé 49 Weeyﬁérmoﬁ&lhﬂr;misn twehiereal thé)prﬁfo@@l@égidtdﬁﬁs!hﬁxaﬁﬂd Ec?_paﬁfz\ﬂf dcdpt flaProleR: fa6r
secqn output. I.nterface, 1o e hargwar e obj ect. . system conpri sing:
a fﬂ?angaﬁea‘?&’g"\%'f’gwﬁwjgéllﬁa,g'l'éye?,ftéﬂetfrﬂtg? \'/‘\%fséerﬁ%ic&?fd?‘%r nmed on the substrate; and
a protocol register coupled between the first and second hardware objects,
t he P ot obwisystesypisdaim 51iwheteindthergreept fignal is gtadrated bygthe seond lardvarootijery message
data, a second data register for storing a validity signal, and a third
dat a5¢. egiFHe8stens BMiRtse WheRih thfectpt kighal thafeRerhtBdbysthe hotcfcelrre%i&tauﬂe&h@pl%%ﬂet
menber ship signal. 52. The system of claim51 wherein the Tirst hardware
obj getercdAfli-pSeted yalid $ign8k ol regi ster as an output register. 53. The system
of claimb51 wherein the protocol register is functionally separate from both
t he ¥4 r stA hdrdwiraobiectcemptijirgct and t he second hardware object. 54. The system
of claim51 wherein the protocol register is structured to pass an accept
signal tao,.t: i i L6l Gatd ng Lk d: ocol
Cegi ot or Pangs bhkite AR PoRphBake LRI el oMb cfipe Lok
si gndescribingyalidityaf the distg, anH @ sepatatapicked stdiage wctidy) focindic8ig whkberdlysdagnis aflatg bati m
51 i | Jd.s;generated by the protocol register after the
pro%@%ﬁﬁéﬁ}é%@gg;ggﬁgée%sgﬁ’tﬁ% valid signal. 57. A hardware object
conprising: an input interface that includes a data storage section for
data, a sEpagrap@edoniecpary ceuplse igyie nputintsriace gpd structyesd de changgpiaferionlyiafigr of t he
dat Greceifh PdabEREALEMBAGIHaciet, HeABREB frdfahiféd bRUSRHAMDbIVDEL BRkalk REjedat a
is a data set conponent nenber of a nmessage packet; and a programed obj ect
core.gcoupl.ed to the.inpug.i rface and structured to change states only
aft et rgt}giq\"ﬁdﬁ'ﬁreé’% 8&02"&5? gf’ﬁ"rg‘r‘wcor?ﬁ%@'ﬁée packet, the object core
programmed to execute nethods of a software object.

one or more protocol registers, each including a first data register for storing message data, a second

data register for storing a validity signal, and a third data register, separate from the first data register, for storing
a packet membership signal, wherein each of the one or more protocol registers realizes a separate software

method interface.

59. The hardware object of claim 58 wherein the object core is coupled to the one or more protocol registers

and structured to parallel execute software methods.

60. The hardware object of claim 57 wherein the object core comprises one or more internal protocol
registers.
61. The hardware object of claim 60 wherein one or more of the internal protocol registers are configured to

realize software methods.
62. The hardware object of claim 61 wherein more than one software object can execute in parallel.

63. The hardware object of claim 57, further comprising one or more hardware objects executing in concert

to realize the software object.

64. The hardware object of claim 57, further comprising a second hardware object having one or more

internal protocol registers that are configured to realize software methods, wherein the entire first hardware

45



58. The hardware object of claim57, further conprising: one or nore
protocol registers, each including a first data register for storing nessage
data, a second data register for storing a validity signal, and a third
data regi ster, separate fromthe first data register, for storing a packet
menb@hiesh s agrogtigof thepseroad hardwar object exreuts Hecopseriip realizs B sfyare ekt er s
realizes a separate software nethod interface. 59. The hardware object of
cl ai 63.58 Windraedward dbdecoddj odaith 6¢ dfughdr somrisplg@dedond haréwara ebjest hawngLongOMOEO|

regi ster nd structured t aral l el execute ftware nethod 60.. The
nar clsFeT RRRRR TS I 47 eorRaiEl BiseTom SRR R LR P LELT e, o e
i nt ehaxdvarpolgea el a portdmi of tlersscond hardWire objact dxeenie imtjneat tooéalizd the sofGRAredbiscei n
one or nore of the internal protocol registers are configured to realize
sof t yare Sfrmi Yainr=Yy j . |8 i ne
softﬁre gﬁ?@@’?%ggn exgl?%tfgﬁihn pa?sl I‘glq@éngfwgl’sha?hﬂ%lr \Rﬂ%&‘g%?% t 6?]%?% gllo'?n
57, tamprisve sodingreiyachrgnays mespagasty eneron mawent dheabjraldy of haxdvent ohigstsitpingoecert  to
real [ ARt BicsOhidigye obj ect. 64. The hardware object of claim57, further
conpri sing ) seconé har dwar e obj ect having one or nore internal protocol
registers that are configured to realize software nmethods, wherein the
enti P& fi ABdnteesgtefelicutt doyslopment systemh OmPHEILt i on of the second hardware obj ect
execute in concert to realize the software object. 65. The hardware object
of cl ai m 8librafylof tiEseriptoasniplia durnlity af sedweandotjeiscbactr @ructoied ¢d ofead Onakege pickamr e
i nt er nal }prbot fﬁOl re isé,er S, thﬁl}, .arlmonfiagUée.dt.tp Eeal i ze software nethods,
wher 1528 Pt TR inedriay ey SPpilas plecistl RAding chaacleliptiesi®da portion of the second
har dwar e obj ect execute in concert to realize the software object. 66. A
met hod of a peddlerthat rierencesithe library apd isgtrugiuredinaceeat a ¢amunand dscreatpiningirice 9f g
har dYPHEQBAGHS and B Sc Bl dMhma @RI ShO6 RERYF RPCRRIRHARBOUS Messages to
the pi ar voke

one or nore o e plurality o ware objects to In sof t war e obj ect

met hgds. 67. An integrated circuit devel gpnent system conprising: a library
of d&&cri phe %glom%ssﬁrcm%fwfw 66@?{5%%&&@%6{@&@@5%%? estion i defoyase
oper gbjgct@n nMessage packets and each object having relatively simlar
el ectrical |oading characteristics; and a nodel er that references the

lib [ t t d . t dt te. an. i nst f
IR
Cr eaphrehliynFipamitds objedls at Biteitoia \veihe pierindhy Syiskameaoh primaiveobjéctidmscelared twith one

1 r AL LS o RG] RS GAdiect on of sof tuareobj ects.

70. The development system of claim 69 wherein one of the collection of software objects can comprise any
number of a plurality of primitive objects, wherein the association of the one software object is created by

aggregating the associations of the primitive objects.

71. The development system of claim 67, further comprising an output module structured to generate an

output file of all the created instances.

72. The development system of claim 71 wherein the output file is executable without compilation.
73. The development system of claim 71 wherein the output file is a software object.
74. The development system of claim 71 wherein the library comprises a collection of software objects and

wherein the output file can be added to the library and is useable as a software object.
75. A method for programming a collection of physically instanced hardware objects, comprising:

accepting a collection of software objects which themselves are collections of abstractions of the

46



69. The devel opnent system of claim 68 wherein the collection of software
objects is hierarchical having a plurality of primtive objects at a bottom
of the hierarchy, wherein each primtive object is associated with one or
nore portjqns of physical hardware objects. 70. The devel opment system of

cl ai yﬁ‘@“lbéﬁ’éﬁmé‘f’?‘? %ﬁé"aﬁ" e ok paftrerabisst incladingia dist Qfhpudweses obiksets Bspy e e any
nunbgifiwafe odjepd ural ity of primtive objects, wherein the association of the
one software object is created by aggregating the associations of the

primn i ' , ) Vi P stem of claim®67, further
corrg??il;"!st¥ﬁr§%gjrf1°?%%ﬁﬁﬂﬁﬁ%dﬁ%g%gﬁd%%f%% a?% generate an output file of all
the created instances. 72. The devel opnment system of claim 71 wherein the
out pit instiuction; file tohe depdsthinto thy listed hardwsreibiestsi on.  73. The devel opnent system
of claim71 wherein the output file is a software object. 74. The

devel opnmemkesiyig b desciption lofithncallectidrasf dherphiydialll instanted hadwareiobistsa col | ecti on of
software objects and wherein the output file can be added to the library
and s UsQRDLRoas; {VREROfA St tfhodBHa RO r '

col l ecti on%ogf Ehylsdl%réa Ffv]@ns? anéclgigglﬁaa{]ﬁnv\s/are obj ectefsofﬁﬁcggnﬁ%g{‘ggr%?%ag%‘%aé%ti ng
a cobbjests psh of software objects which thensel ves are coll ections of
abstractions of the 46 physically instanced hardware objects, each software
obj ect i ngbaif B initAlikdtioh fiRffofBé EMRERNOPINE physicdFERsthited RAIwWSObb¥AL Qidhect . a
list. of rules for connecting.the |isted hardware objects, and  an

i nst Mgettfierdo replage ymbplic népsmation;im thg inseetiop §leed har dwar e obj ect's; accepting a
description of the collection of the physically instanced hardware objects;
al | og@t i nGheanethalisoficlatm 25, fiirtheeamiprioing tthengthy Bitiatirdtign fikeSh afeadnhar dwar e
objects fromthe list of hardware objects; and creating an initialization
filesfor Yhensh ;e '%eﬂﬂ%ﬁ&i I ¢ ; Qﬂ{ng | 86 usi ng

t he ’lf'dentfb??er(lsdot?gfareg? g’&gglgynbo |(§§?r? %?n@%é@%giﬁ The ?ﬁf‘%‘ﬁ%{(ﬁ%ﬁ%ﬁ | e.

76. The nethod, of claim 75, further conprisipg storing. the initialization
file’¥n alhpghed ofplpim %afh?felﬂmfdnmor&rSéin%f;%&emﬁlanélﬂ%%ﬁ@uﬁg’a%ne of
the physd.cally instanced hardware objects. 78. The nethod of claim76
wherein the nenory is separate fromthe physically instanced hardware

obj ect s. . _The hod. of claim erein one qf the physi.call vy 1 nstanced
nar cidsr o 50 mEpE Tl e Rhertin Tt PG e Hrdsbf SRR RN e 0.
The Neivofoafainitgdoot-upSnataeticns.n one of the physically instanced hardware
objects is reset to be a state

80. The method of claim 75 wherein one of the physically instanced hardware objects is reset to be a state

machine structured to load boot-up instructions.

81. The method of claim 75 wherein the hardware objects are structured to operate independently from one
another.
82. The method of claim 75 wherein accepting a collection of software objects comprises accepting a list of

rules for the hardware objects to communicate to one another by passing asynchronous messages.

83. The method of claim 75 wherein creating an initialization file comprises creating a signal that sets an

operating speed of one of the hardware objects.
84. The method of claim 83 wherein the operating speed is zero.

8s. The method of claim 75 wherein at least some of the collection of software objects are formed solely of

lower level software objects.

86. The method of claim 75 wherein creating an initialization file comprises creating a file that will be acted
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machi ne structured to | oad boot-up instructions. 81. The nethod of claim75
wherein the hardware objects are structured to operate i ndependently from
one another. 82. The met hod of claim 75 wherein accepting a collection of
soft e obj ﬁﬁ% rises accepting a list of rules for the hardware

obj Tt ‘P8°t§ vu&PYess one another by passing asynchronous messages. 83.
The nmethod of claim 75 wherein creating an initialization file conprises

cr eal’ ng Amethgd &ir ptdgeamnsieg an mtegragd eiratii af ghwpelyinsthned bardhvart bjediq colwgmisig:
objects. 84. The nethod of claim83 wherein the operating speed is zero. 85.

The net hogde@tingh Rbrdy 67 sd@hﬁf@éﬂ"ecﬁﬂes&rﬁﬁ%ﬁs STaPRirdity Stitfardald cﬁafetc{sQQntBLedle f;hte"var e

objects are forned sole | evel software objects. . The met hod
of ciMgpHed sirepifesagh pf thy %la{aflwg?f aﬁdwme pbiasts stctugsd to Pneéatwﬁmen@e%y @frtbmthqw; a
file that will be acted 47 on by one of the hardware objects. 87. A nethod
for prog ramp’lin@a avilettivh@g spetifid hardward irdsowrfes(iilty 8éscritlel tiie infegiatd cREhiabewar e

obj ect s rising: accepting a library of software object descriptions of
a pI%?%?T? ‘of hardware objects contained in the integrated circuit, each
of the plurality of hardware objects structured to operate independently of
t he ot herasceptingegdasigndormed of 4 plutalityrof ofterenpaestediseftiare diyest descoptons, dleesietipat

descihky ﬁn%ﬁg?%ﬁﬁﬁg&ﬁgggoge&g&%hdgg be programmed; accepting a design forned

of a plur I nterconnect ed software object descriptions, the design
including nonspecific hardware object identifiers; associating the
nonspeci f3s8cREg e penspis é’é’t"fq“@?tﬂbi'qci idgnsifiers tq ingividuel sagcifichrdwarerespaicania the

I €S OdHlIe®Bn bfhardiire €&k R tah@n of hardware resources; and creating an
initialization file fromthe design and the associ at ed speC|f|c har dwar e

resour ces f i,m 87 erein o |caIIy

| et ancecHIPEALPERRPEL e Hou bf pieh apd e e Tl Pebp T ReeRs: T ons. 8o,

The nmethod of claim87 wherein accepting a library of software objects

conp¥8. s esTheaeathpdiofiglaim $7 wherein one afithesphysigally instaheed dardwerembjeets isstrogured tortordi cat e

to QQﬁtﬁﬁﬂhﬁﬁﬁmRy passing asynchronous nmessages. 90. The nethod of claim 87
wherein creating an initialization file conprises creating a signal that

sets_an operatlg% speed of one or npre of the hardware objects. 91, The
met b8 of Themgthadod clame$ v herein accepiimg aibrgy afisefbvere gbisets epmpaises argeptinge iwbef of

cl ai mped ?orme{awareaibjelc@@&éonﬁma&fm bun6@bd B GhisH aWncBBhdud@lcSsagld] ects are
formed solely of

90. The method of claim 87 wherein creating an initialization file comprises creating a signal that sets an

operating speed of one or more of the hardware objects.
91. The method of claim 90 wherein the operating speed is zero.

92. The method of claim 87 wherein at least some of the collection of software objects are formed solely of

lower level software objects.

93. The method of claim 87 wherein creating an initialization file comprises creating a file that will be acted

on by one of the hardware objects.

04, The method of claim 87 wherein creating an initialization file comprises creating an initialization file

that includes instructions for the hardware objects.

95. The method of claim 87 wherein associating the nonspecific hardware object identifiers to individual
specific hardware resources in the collection of hardware resources comprises associating at least one of the

hardware object identifiers to one of two hardware resources having identical function.

96. The hardware object of claim 57 wherein the hardware object is structured to invoke the software object
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| ower | evel software objects. 93. The nethod of claim 87 wherein creating an
initialization file conprises creating a file that wll be acted on by one
of the hardware objects. 94. The nmethod of claim87 wherein creating an
initialization file ises creati initialization file that includes
| st ¥ CESHRE T iR gt e 0o e RV aRetiBl of cf ai m 87 wher ef n
associ ating the nonspecific hardware object identifiers to individual

speciti c MAmpepphieation dexslopmertsystem fdren avderasest ditowit, dfe shisierlwemprisings our ces
conprises associating at |east one of the hardware object identifiers to
one of twaednafdidescabings phralifcofhandivag obemit i cal function. 96. The hardware
obj ect of claim57 wherein the hardware object is structured to invoke the
sof tware sgage that is asynchronous to a

cl ock of @%1“? orrfmg?cggot%%%&ﬁé%ggd&c llonCatl on devel opnent system for an
integrated circuit, the systemconprising: neans for describing a plurality
of har dwaieans fjr eeqepting icalection pf sofivare ehiesth gachisefthare abisstanchisingetlistfbaidwerei ons:
neangb;cgacsaﬁﬁlgpg.l ng a collection of software objects, each software object

i ncl Udl ng a |ist of hardware object descriptions; rreans for assom atl ng
each software _object with a_collectiaqn of refer rdwar e obj e

descri pt i Q&S for BC‘WB’éﬁé‘n‘fSBﬁwErFé’ ?tr’f‘dth%"}l?ﬁ'?‘? rF'% 2“1‘?‘#"‘1&’5’ Obiss S%‘ﬁt‘?rﬁe
assogidati ons of the collection of software objects and t he referenced

har dwar e obj ect descriptions. 98. The application devel oprrent syst em of
claim 97, r. LR ilein a
remory. oo Sleaf R BRI Rt on B¢ Reocoh T ol SR G o o

t he dtmlrthh/wafee:noddjlmﬂt\n@relcﬂueatd'éeaqbn@sly Menory cont ai ni ng boot up instructions.
100. The application devel opment system of claim 97 wherein one of the

har dygr e ma‘f)ﬁﬁétlbrﬁde@eléﬁtﬁélﬁ sySReT UG 57, riteeHEcathrishg hRAt eros%rm rt’he initialization

i nstructions. . The application devel opment sys%em of claim97 wherein

t he ﬁkﬁrﬂ@jmrf'@%fbj ects are structured to operate independently from one

anot her. 102. The application devel opment system of claim 97 wherein each

sof t ymr e Dhy Hplicatioh dRSOpAETBYsteREST claird 97 ivhiérei@foné off tRShdr@vars stjavecit k Read@iI@dvar e
objects in the list of hardware object descriptions; and an instruction file

to bMemgnfoptaingbootp iPYIUELQRS. har dwar e obj ect s.

100.  The application development system of claim 97 wherein one of the hardware objects is a state machine

structured to load boot-up instructions.

101.  The application development system of claim 97 wherein the hardware objects are structured to operate

independently from one another.

102.  The application development system of claim 97 wherein each software object further comprises:
a list of rules for connecting hardware objects in the list of hardware object descriptions; and

an instruction file to be loaded into the list of hardware objects.

103.  The application development system of claim 102 wherein the list of rules includes rules for the

hardware objects to communicate to one another by passing asynchronous messages.

104.  The application development system of claim 97 wherein at least some of the software objects include

descriptions of other software objects.

105.  The application development system of claim 97 wherein the initialization file comprises a file that can

be acted on by one of the hardware objects.
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103. The application devel opnent system of claim 102 wherein the |ist of

rules includes rules for the hardware objects to comrunicate to one anot her
by passi ng asynchronous nmessages. 104. The application devel opnent system of
claim97 wherein at | east some of the software objects include descriptions
of offfer Abfevriopmersisyden for an preerafsqeeirgyippfihardwats pbissls OMPHERE system of claim
97 wherein the initialization file conprises a file that can be acted on by
one of t helibratydfisafevaedbdert descrip@ioddF a phinal sesfhanivardbjests sbamédoin tierintegritedr at ed

circuit.of, hard bj ect onprj.sing: a library of software object
descPBHD F?%S%BW AAQ{'%T @Pljﬁﬁg’t"?f h?fgw%gf’ @ﬁ%% %"818188 & %peE%%‘Pg"ipﬁ'é nﬁ\i\ﬁof °e°t+eﬁs[’ egr at ed
Ci r cwhérgin at ledsesvate of e softwdrk ebjpit desatiptiops afntaivalodecle ] soffwaed sbiest des@tptiog t o
operat e i ndependently of the others, wherein at |east sone of the software

obj ect deggliyph RGich QRh@iRark BEIrcds %?&ﬁ%eél‘é@ét?g@gﬂ ?

. .0t i ;o a list
of a collection of hardware resources that e ﬁ%nt?ﬁ?ﬁ%@%x&@@% rcuit

to be programred, gﬁdesj gn space for storing a design fornmed of a plurality

.Ng ¢ [
of i nt er cHAFFERSRAE IS stofag adestep dermed ek pipmtity of iterconpectedsefiyare phiggt descrigfions,

nonsn@g&d’ig'rﬁné]@dia%/]\ﬁing)e@imﬁﬁ’ﬂwhré@&feétfideﬂﬁﬁérs;a | i nker structured to associate
t he nonspecific hardware object identifiers to individual specific hardware

resources_i.n the collectio f hardwar.e resources; .and a. nodul.e structured

t o out put agrrlr;\(ef %licﬁléﬁdit% %%S?%ﬂe g’f’ resp ?c\é% htaﬁdémgeos?eéﬁag}@efsﬁ%mg@ é‘%‘%‘i Sg?cé%; specific
har diadeare ressunees rethe cdll@dtion bifibardeare keapurennfandy st em of cl ai m 106 wherein the
library of software objects conprises a list of rules for the at |east two

har dwar e 9%@% %tﬂjtecﬁxapgﬂ GRifeidliQatR il Bg rdeéi% R TR D ARY WL AM Kare

nmessages. vel opnment system of claim 106 wherein at Teast sone of
t he sofurewar e obj ect descriptions are forned solely of |lower |evel software
obj ect descriptions. 109. The devel opnent system of claim 106 wherein the

i B! t h;ﬁi. | Z@hd QRelbprhéht sRehstRirh 168 WhiGih R Siblaf) oflsh@warb bbjedd dmprisds ahf F¥@ée
oP) e%or ?h'e at least two hardware objects to communicate to one another by passing asynchronous messages.

108.  The development system of claim 106 wherein at least some of the software object descriptions are

formed solely of lower level software object descriptions.

109.  The development system of claim 106 wherein the initialization file includes instructions for the

plurality of hardware objects.
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