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Design behavior may be simulated at many different levels of detail. Abstract models
of design behavior, with comparatively little detail generally simulate comparatively fast. By
adding more detail to the model of a design, the predicted and actual design behavior
generally converge while the rate of simulated and actual design behavior diverge.

25  Equivalently, simulation generally becomes increasingly slower as the accuracy of detail
increases.

The most abstract simulations, and thus faster simulations, generally approximate the
design’s state to discrete values in both value and time. Such simulations are commonly

known as “digital”. Simulations with more accurate detail represent a design using

30 continuous values and time. Such continuous simulations are known as “analog”. Due to the
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system behavior using terminals, branches and equations representing an implicit relationship
between quantities (the implicit relationship embodied as Kirchoff’s laws for the analog and
mixed signal or Maxwell’s and continuity equations for full-wave modeling). Terminals,
25  sometimes known as “nodes”, represent the connection point between two or more branches.
The network formed by terminals connected by branches may be represented as one or more
disconnected graphs embodying terminals and branches with associated across quantities,
such as voltage, and through quantities or contributions, such as current.
Figure 1 represents the relationship between terminals (such as 152, 154, 156, 159,
30 162, 164, 166 and 168), branches (such as 153, 155, 157, 158, 163, 165, 167, 169) and
implied quantities such as through quantity Q2 (172) or across quantity Q1 (151). Well

known techniques provide for partitioning analog models which do not share terminals,

branches or quantities, such as the partitions marked 150 and 169 in Figure 1. Recognizing
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digital inputs, analog tinme domain behavior and anal og o
can readily be described using an algebraic equation system. A perfect capacitor integrates

change over time, requiring an ordinary differential equation to describe an idealized voltage
source driving a resistor and capacitor design. A pair of conductors in close proximity,

25  driven by distinct signal sources generally requires a partial differential equation to model the
voltage induced by one conductor on the second conductor.

The behavior of an analog partition may be modeled in the time domain (primary
independent variable is time) or in the frequency domain (primary independent variable is
frequency). For example the behavior of a voltage-controlled oscillator may be most

30 conveniently modeled in the time domain whereas the transfer function of a filter or amplifier
may be most easily and compactly captured in the frequency domain. The prior art

effectively addresses many aspects of modeling in either domain, however prior art does not
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i nperative processes, the case of physically distributed term nals
discontinuity. For example, the model of a digital to analog converter commonly has such

instantaneous discontinuities explicitly corresponding to changes in the digital value which is
to be converted by the design into an analog value.

25 Behavioral, mixed-signal modeling languages, such as VHDL-AMS and Verilog-
AMS, interleave or alternate simulation of analog and digital design partitions, increasing the
opportunity for discontinuities between quantity values at two successive points in time.
Digital values may be referenced in an analog partition by direct reference (such as VHDL-
AMS) or by explicit interface mechanisms (such as Verilog-AMS). Analog quantities may

30 be referenced in a digital partition directly, via threshold language mechanisms (such as
VHDL-AMS) or via more complex interface mechanisms (such as Verilog-AMS).

Although common mixed signal modeling languages provide a wide variety of lexical

and syntactic abbreviations which expand during analysis into equivalent sets of equation
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resolution function originally associated with the signals sub _
automatically conditionally introduced into the design representation in which the remainder

of the system has been represented, using languages such as VHDL, VHDL-AMS, Verilog

and Verilog-AMS. VHDL already provides a descriptive language mechanism by which

25 physical phenomena such digital phenomena as tri-state and open-collector/emitter

interconnect technology may be semi-transparently introduced into simulation while being

ignored during uses such as the synthesis of hardware. The mechanisms are known as
“resolution” functions.

VHDL resolution functions for digital interconnects, well-known prior art, may be

30  associated with an existing type to form a new, resolved, subtype. The new, resolved subtype

may then be used to define a “resolved signal”. At a specific point in time, the signal may

appear on the left hand side (assignment target) of digital equations. After all assignments

have taken place at each identifiable point in time at which any equations assign to the
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zero or nore analog partitions and zero or nore digital partitions. Each
During a particular instant of simulation time, the exact number of drivers will be known.
Unfortunately in the prior art, code implementing the resolution is commonly fixed prior to
elaboration or at best prior to simulation. Thus the code implementing resolution embodies

25  efficiencies associated with the more general case rather than the actual use. In the average

case, this flexibility slows simulation.

Most analog design partitions of practical interest are non-linear. Non-linear systems
include terms within their system of equations which depend on quantities or expressions
involving quantities taken to powers other than one. For example, a non-linear component

30 model may depend on the square of the voltage across a pair of terminals.  Systems

comprising non-linear components are computationally more complex to simulate and thus

slower than linear system simulations.
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space or an 20 Operating context (by which it wll be subsequently known).
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various inplenmentations relating across and through quantity vectors by a
spar se mat ri xDupng intervals time during simulation of a design’s behavior, the observed object
values can be contained within an operating context. Within the operating context, the non-
linear system of characteristic equations can be approximated by a linear model. Techniques
25  for deriving such approximations, known as “linearization” techniques, are well-known in the
literature. At any point in a simulation, the analog partition is operating in a single,
identifiable operating context with a corresponding linearization of an equation system
(currently) representing the analog partition’s behavioral model.
For the models of most designs, over time the analog partition will evolve during
30 simulation through multiple operating contexts, corresponding to multiple linearizations of
equation system(s). However as simulation continues, the total set of operating contexts

being traversed typically develops a working set of operating contexts which encountered

repeatedly, generally to the exclusion of new operating contexts.
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machi ne i nstructi on.sequences for a specific operating context.
simulation accuracy, most analog and mixed-signal modeling languages and simulators

accept a tolerance within which left and right hand sides are considered to match.
In prior art, models implemented in programming languages, such as C or Fortran, are
25 commonly compiled before execution. Compilation results in compiled assembly or binary
machine code common to all operating points and across all discontinuities. Compiled code
may refer to multiple lookup tables representing the relationship between across and through
quantities. However in prior art, compilation completes before simulation begins and thus
cannot benefit from any contextual information know only during and after simulation, thus

30  decreasing simulation performance.

Prior art also teaches techniques by which the current and voltage relationships within
~ an operating context may be approximated by one or more tables. Such tables are

constructed prior to simulation, then interpreted by machine instructions common to more



I f an anal og solver is split across nore than one processor

(mul tiprocessor), the lack of contextual information encountered when
practici nyopsioes77@rt has an even nore severe 5 perfor man®eTiUgp61352 han
with a single processor. In a sparse rix inplenmentation, it is difficult
or |np055|ble to predict and schedul e reference patterns so as to

effectiv schedul.e nulti rocessor.s or .functi.onal t 0, execufion
i 5t 1 net b nF REAURE P RSHRGTS, HegTaeioRRas s Al cptmizatameo
confli Ctt$1e%achﬁw@ﬂs@ﬂu@h&@%h@xg:e@i‘orcﬁ%@clﬁ& b E&Hga&n(é‘k'@d thus performance
degradation due to contention). As a result, speed-ups in the anal og sol ver
10 resul ting Hrasranategisolvsnad snclﬂrt eelossmL thae ogeneqcmsby (laultlemce@or)ntheﬁeclpn or
art as s t. Lzed (.and near eed-

cur ve. of?&enﬁél)&rp lk%rm? ﬁé, %goﬁgfe(r)er a#l " prafcgm?g pﬂn(%eagsg?’s ;I?e%(fh{né’rea evgﬁal og

si nulsat i getforinafiteOimhgact eahlwitls b Giville pR@Bssonelfldaphreé nidigx idpRmedfatian,Sit Ag! €
processor.. Electronlcally re-configurable |ogic devices, such as field
progr armiifi@ligerimpassible 0 predict m@sgtydular%erémwtt@%cwaé toeffeqtivelytsehedule

St mul at | e befssdts o Arfbndi Qs So U BRRI GSHAR horfors S the e EnGf M Of

emul ators o mul ation accelerators e para iI'sm avail | e 1 nsi
such  desoleesta esuitl teachentes odphit anohflets sipeeaupd loddieg bf dawegmentésaland thus

si mul ati on executlon hrou h the execution line.of a sjngl rocessor
or a rrod%"srfor?i’l?rﬂ‘ffeﬁje%'f‘ 8- OnfGnfipR %fﬁ ﬁfpfnféééwn t%r Arglog spVEbos

not feachsafig Gfdnl QﬂﬁﬂBnﬂ‘%ﬁ‘B&s§&§ attd gén'e?dllﬂ}gact:aﬁed)ﬁf fle! SidrsiR & sigfificantly
el ectronically re-configurable |ogic devices for the sinulation-of andlog,

m xed- sibglaw the idealized (and desitabla) ducirospetdvplcgrveAtFdrexemptenavidl the tprioniagal | y
- fi b h t I
"o cont 1 Gt BRcEaRa G wihar4eE S cadt Sieplferly Hokeudn B e s e,

st andpouma Qﬁglglpmb@uon use, this device substantially | acks accuracy,
noi se-i mruni t 25 dynam c range capacity and flexibility required for
ef fective si niicaronipllyf rezgonfisurablei lepg dexicgmancivps figh| progrpemably gate rays .

F“”dl%ma”(iﬁdp‘(s) dre Bﬁ%ﬁ%ﬁg§ : ‘fé'r@-&[e s qlé(t?dn%‘%&lgg?atgcg 1(‘5%{3}' reatg@stré’cfihnlk'ee?th&at her

than as thelr equi val ent's
current mahmﬁclsrnus@cmmlbers‘ od shmva/langn watdeleratefse rrheqaaﬁﬂraﬁsmdﬁuﬂab%maidb fmcﬁlsgdfh t he
ref erences . are under st ood Igpggaeral ze to the broader cl ass.

el ect r orHes FoRls it s iah seFepliRn tElaas SEwien Ao AIteR SYASKIoR Hegopgh the
archit eCé)&éE@tll A l})%’llh@tofpgsélﬁglg riﬁr@ge)ssor-r&e a’ BlRE&NEGAbACF Bt elofs WA S 0od

to enbrace e ronically re- configurable interconnects, nenory arrays and
vari ous mohipropsssari dmor aft doeginat teedH anyf ¢fﬁmemn©8150fb611ﬂezm§'mam’ayle§iﬁﬁﬁaf 10

| nt b DBl T SRRty 1S SRR B SRR AndRe e Sl

Lar ge degh@shstre@@aewdid.y when nodel ed at anal og, m xed-signal or full “wave

| evel s
At least one electronically re-configurable logic device has been fabricated with

electronically re-configurable analog modules, such as amplifiers and filters. From the

standpoint of simulation use, this device substantially lacks accuracy, noise-immunity,

25 dynamic range, capacity and flexibility required for effective simulation of analog, mixed-

signal or full-wave abstractions. Fundamentally it represents quantity values as actual analog
values rather than as their sampled digital equivalents.

For ease of reading following current common use, the following will refer to FPGA

devices although the references are understood to generalize to the broader class of

30 electronically re-configurable logic devices (no matter what their architecture or market

positioning). The references to FPGA are understood to embrace electronically re-

configurable interconnects, memory arrays and various configurations of logic cells from
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Although the pins of electronically re-configurable logic devices are becoming a
limiting factor to effective design size and cost, it is also difficult to implement mariy
25  arithmetic operators with both high precision and wide dynamic range on a given
electronically re-configurable logic array. Frequently designs must accommodate the worst-
case precision and range requirements in an operating specification. If the configured device
in operation operates outside this specification, overflow, underflow or loss of precision may
lead deviations between behavior of a design model and a realized design, ultimately having

30 the potential to cause design failure.
Quantity values in the prior art rely almost exclusively on floating point
representations (consisting of a mantissa, implied base and exponent). Since general purpose

processors efficiently execute a small number of numeric representations (corresponding to
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export models representing the behavior of these components while restricting the level of
implementation or realization detail exposed. Previously such models either used code
compiled into assembly language, such as the Synopsys Smart Model or inserted actual
25  devices into the simulation, as in the Logic Modeling Real Chip product.

Compiling component models into an assembly code format is only useful when
executing simulation on a general purpose processor for which a compiled representation
exists. Such models must be decrypted before simulation begins, leading to the potential for
disassembly of the model’s assembly code representation and thus compromise of the

30 owner’s intellectual property. As an alternative to an assembly code model, prior art
describes how to insert actual devices into a simulation.

Inserting actual devices requires an expensive test set in order to operate the isolated

device with a suitable speed, timing, power and cooling. Prior art capable of introducing an
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range. ThemelQdimgNihfatish br BafdieoRe! B #8Yt powerful prior art available to compare

analog, mixed-signal or full-wave models relies on exhaustive simulation of a reference and
comparison model under a wide variety of operating conditions.
Comparison of analog, mixed-signal or full-wave models via exhaustive simulation is
25  both time consuming and ultimately fragile. Since it is not possible to simulate all operating
modes in a bounded time, the risk of missing a key difference in the behavior of reference
and comparison model must remain. Even the time required to conduct enough simulation to
approach a given confidence level increases beyond practical limits as the complexity of
devices being compared increases.
30 Textual comparisons of reference and comparison models are especially fragile.
Models with closely related lexical and syntactic constructs may exhibit'radically different
behaviors. For example, a function which approaches positive infinity from one side of a

critical value and negative infinity on the other side of the critical value will be extremely
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Programmable Processors or Electronically Re-Configurable Logic (FPGA) devices, then for
each Programmable Processor or Electronically Re-Configurable Logic (FPGA) device, it
constructs a Schedule.

Figure 24 illustrates aggregation of logical partitions into two Embedded Schedules

25 (900 and 920). Each schedule is bound to a specific Programmable Processor or

Electronically Re-Configurable Logic (FPGA) device. The processor iteratively executes

each partition on its schedule using one of three operating modes. For Programmable

Processors the Digital Operating Mode has previously been taught by the present inventor

[Willis, 91]. The Analog Operating Mode is taught in an associated patent applicati;:)n

30 entitled “Incremental Compilation Method for Optimized Simulation of Analog and Mixed
Signal Designs Using Programmable Processors”.

Given sufficient logic capacity, Electronically Re-configurable Logic Devices may

execute more than one partition in parallel. Figure 14 shows the innovative Analog



| ogi ¢ enul ati on and behavi oral synthesis techniques which are well-known to
those skilled in 5 the related arts. The Anal og Operating Mde for

El ect r oniwaloBy4d?ee Confi gurabl e Logi ¢ Devices, illustrate@crrush/guse 14,
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W t hisn tibkeglawdeasts.go to Step 5, otherwise go to Step 8. 5. Update
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oot o FRSTRELF Eibfe QMG On BB FpRTIing Bkt Mo B o8 45T 4En

t he d obRdrtibe:t a for each Quantity 25 9. Apply the dobal Delta to each
Quantity 10. Eval uate . the erati nt ext and dat e Copt ext - Specific
Anal og Sol ver™ %PY_IY?I?‘?‘?e"%‘HP%‘%‘de%S@ i &éjeﬁﬁaf‘r&gR%_%’It‘ﬁebglegtsnﬁfmc ‘gﬁﬂgu ng
or tier emkMoANtoetBlake iifternal R2kn ERRBYniBNRORELDnEanbic No@d DRkl VRt fuantity
Val ues to external nmenories, trap to a "nore conventional anal og sol ver,
then confPGAe(6A h the Digital Sinmulation Cycle, Step 6. 30 12. If the

Cont ext - Speci i ¢, Anal Sol. el L. S,.e0nvergin ont | wi.th Step. 2. T
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i 1] ust r ag@eessionétederegeidg ObfenValiego@) the fol | owing primary steps applied
to each Full-Wave Partition: WO 03/046776 PCT/ US02/ 37352 -15 1. Copy
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4. Compare values resulting from the left and right hand side of each Inequality to
determine if the Inequality is within tolerance (603). If within tolerance, go to Step 5,
otherwise go to Step 8.
5. Update integrals and differentials derived from quantity values while copying
20  exported quantity and derivative quantity values to external memory (606); synchronize (632)
to avoid copying a derivative before it is updated.
Execute the next partition (609)
Iterate with Step 1 (600)

Compute the Global Delta for each Quantity

© o N o

25 Apply the Global Delta to each Quantity
10. Evaluate the Operating Context and update the Context-Specific Analog Solver
11. If the Context-Specific Analog Solver is not converging or there is an explicit
break, copy exported Quantity and derived Quantity Values to external memories, trap to a
more conventional analog solver, then continue with the Digital Simulation Cycle, Step 6.
30 12. If the Context-Specific Analog Solver is converging, continue with Step 2.
The Full-Wave Operating Mode for Electronically Re-Configurable Logic Devices,
illustrated in Figure 17, consists of the following primary steps applied to each Full-Wave

Partition:



2. Duplicate Object Values to enable sinultaneous conputation of all
expressions 5 referencing Object Value (753) 3. Eval uate expressions

corr espormaong/oi@7each expression referenced within MaxwelPiCTaSh2/&1362
equations for each infintesinal vol une_lépnt ained within the regions of
integration (756, 757) 4. Conpare finite elenents of the field equations
agai nst convergence and contl nui t 1 criteria (758). ILf . within tolerance,
go to Step 5, Lotypeywaeesyef tl@pgt%% pra Objisgtst and HigiglaPbiesisaframs exeedt i al s

deri ved ﬁlenahg%bgawagy iyehes xmh&usﬁewﬁe @aﬁngﬁ;asﬁ ﬂb@@tnévycea@@cc as an

derivative values to external nenory (768 and 769)
(781) toF%GADCVSdQ)pyl ng a derivative before it is updated. 6. Execute the

next partitio ute the G.ob Delta for .eac antit 770)
5 hopry t et Shifbuk et ViR, Scirafle 1 fanreys somp{itacs sMPstbnt | ng
Cont ext RRGentpstadBjcb@alz® (193Xt - Speci fic Ful | -Wave Solver (778) 10. If the
Cont ext - Specific Aznal og Sol ver is not convergayg or there is an explicit
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menorie I oI Ve i_nu h
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conver giinggrationt(7fMgsm th Step 2. Commn Br eakp0| nts i ncI ude failure to
approach tol erances during succes |ve sinmul.ation cycles (failure to .

converge), fafl &o8nag s epgentsof the feld sriafipnsgasheRiverenesAdseninuibey| ver
cyclgs géﬁtgjﬂ;fgﬁ%mfwﬁﬁnme&ﬁoe 24 erbps GhaRES dd 6 Skd QJW; point or matching a

speC|f| access pattern sources of” Breakpoints are comonly
known fromthg sljnduteammfgrals)ranprdjﬁ"emmldebiqgmm@om marattw\ahandwlateeccbmmmm to

th kill ed th | terf d
des on. PPRTFS Baniipydes (FuBhi SR LR RhraeeupOReRDs (YbiEd 1o
enpl oy edsyhehro g7EN ko aé’&dt:&pﬁng@amtwé\ba@wl@e dpadedAnal yzer (1) conpiles

textual or graphical nodels of a design to a Post-Analysis Representation
(2). A Stati co-ElExbortathsrnezhppriiaon ¢df) (3) conpil es the Post- Anal ysis

Representati o i nt ion (4). An Increnental
Comp %Iser/Asse O)n) u(t)% er ?%I%P?ta%r%ﬁ%?ﬁﬁ?@ﬁ%ral Pur pose Processor
Instructl ons $50§)pmheﬂlegﬁﬁeﬁtawddﬂ$@.%8w25) 16 and 509) used to

i npl enent Cont ext - Speci fi ¢ Anal og_Sol vers Execut abl e Di
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needed tQ %h@ % t he execution of Context-Specific Anal og Sol vers (7)
and Execu? gital Partitions (8).
10. If the Context-Specific Analog Solver is not converging or there is an explicit

20  break, copy exported Quantity and derived Quantity Values to external memories, trap to a
more conventional analog solver, then continue with the Next Partition.
11. If the Context-Specific Full-Wave Solver is converging, continue with Step 2.
Common Breakpoints include failure to approach tolerances during successive
simulation cycles (failure to converge), failure to converge after a specified number of analog
25  solver cycles at the same time point, reaching a specific time point or matching a specific
data access pattern. Other sources of Breakpoints are commonly known from the simulator
or program debugging literature and are known to those skilled in the art of programming
language interface or debugger design.
Figure 6 illustrates the set of software components typically employed to implement
30 this method. A Source Code Analyzer (1) compiles textual or graphical models of a design to
a Post-Analysis Representation (2). A Static Elaborator and Inliner (3) compiles the Post-
Analysis Representation (2) into an FElaborated Representation (4). An Incremental

Compiler/Assembler/Loader (5) then generates General Purpose Processor Instructions (508
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at the b(@@Sﬁ;B}bﬂﬁlte@General Purpose Processor with resources required for local operation. The

Interconnect Controller (263) provides for communication with other Accelerator Cards (268)

using an Architecture such as that taught by US Patent 5999734. A Peripheral Controller,

such as a Universal Serial Bus (USB) or FireWire (IEEE Std. 1394) i)rovide for optional

25  attachment of storage devices for logging simulation activity and attachment of secure

encapsulated models using the apparatus disclosed in the Patent Application “Apparatus for
Secure Distribution and Simulation of Digital, Analog and Mixed Signal Components”.

The apparatus using a Compilation and Simulation Method disclosed in Patent

Application “Incremental Compilation Method for Optimized Simulation of Analog and

30 Mixed Signal Designs” on the General Purpose Processor (264) and “Incremental

Compilation Method for Optimized Simulation of Analog, Mixed Signal and Full-Wave

Designs Using Programmable Processors and Electronically-Reconfigurable Logic Arrays”.



5 end of partition evaluation. As shown in Figure 16, Delta encodi ngs
represent either the transfer of fundanmental units, such as Electrical
Char ge ( 7W0)o3/oud1es si gned change in object value (703 throwgh/uR0%}373627 t he
time-division multiplexed change in ob_jlg_ct val ue (706 through 708). These
encodi ngs across pins of the Electronically Re-configurable Logic Device
both m nim ze scarce pin 10 resources and power assocjated w th changi ng
the driving steRdergp mpksimpre Rgﬁscaqqt yee efgnfsrqogpects into gl QU ob Kidastrapicalby g@t

val ue odifiguRlblls Lol DRMACECHN iferBdtichisOR Pt NPNLAOUE,ER BENGTBEE, and
apply Delta~val ues. "Techni ques for 1 nplenmenting and optimzing logic for
gener at i engodiagdasaplpiwn iy Hieure al 6y akeeps forr tdrdmgaandEluattadingi cpdrityons between

Re- conf igur.abl.e i Vi r er.al Pur,ppse Processor .are well - knpwn
to. t nosegRrTiEn e Canhki i oegP e sy M EPun MmN ot o Seakffing o
enmbodi nm}m,of?janitfyﬁcavamhu@l,rret hod is taught for the efficient nodeling and
sinmul ation of electronic interconnects within the context of a nore conpl ex

model . The nd8showyin Bigurn Huddncasedings epresenisibienibe dinaster of Sindamenfat ed
abot ract o b d FLRIE ShBRECARTRE LR RO BE BT A 0RO e,

use contthxttinddivisiddl endtipléxed dhange of otgeal wahies(70@ @hrehigb GO | Dhesecamdedings

generation or simylation to chogse a_specific.technology for sinulating
Pt er corfifiess RiBt &f (the cﬁam&%irn Brrcon{girabls) Loz %§H§F3}f§’i NYPINES (5EATEE PHh

ti mg oeN3RERFESind POl hﬁgci%g%lﬁh H2hBige SRNYBAh %é'oflaa’}ﬁb.oﬂeﬁﬂde i sk &t gnal

nodel i ng constructs wth sone oss of “eventual sinulation performance.

Usi ng cowhiehtenawdzidl Qbjkest \chive orgtheques, gecrsr mtiion additiorsil wnichip wgicetoagenemtan

i nnovative optim zation t ni.que di scl.osed. Thi ddi tional .25 )
ot by Dt veBios, TEERHNS 6 HaneReRine i efiigins Gic fof Zenerating
I nt er conACIppIRAE Delta THIBedWithiAthnCRIB& oHical19 R d-UnEi@uiaBRAVGHI¢ PRviet 8P Sendral
Means for nodeling interconnect behavior usi ngw{t uFFeid | stributed or

a

ful | - wavRurpesearocassor@pe Wehdnowe snthososkillekindhe CeleBIEsiang OpHAIZEHSN.
appr.@pri ate del  duyi 30 S| i . i ans f flkCl ly
i rrpl1 menting %nerrgnslpoc{z}%lﬁ?togpi%I{Beuaﬁ%%g‘%ﬂggr ﬁ}éu& gﬁi)rrru at %}%ﬁ]eg\%ﬁg§§lglf6%%

PCT/ USO iddBiidn -dlfSelddi@nid nsdrc@inests asigig itkd esntegpfentioat compexnmbilelneDhes
statenents with the declaration of each term nal. The nodeling | anguage
def i nes BAjelBrRateghNIpe CAAPEREE Jugped RIS g disHibUsde Baragstes cangt BAL-WRYH t he

St ot enorP st ARG foch Ry BN Aol SBE SRS oI B
st at enendweratbaedded aliedhmglogrst frody thea @sd mbm]extoavmgablet et imo tiogey of camalysgous
to \é DL eﬁal;o?gt?oln?tciogg g];rlfeggtgc;nogrs simulation to choose a specific technology for simulating
interconnect detail. Using context available at analysis or elaboration time enables re-
emitting models using conventional analog and mixed signal modeling constructs with some
loss of eventual simulation performance. Using context available during code generation or
simulation enables an innovative optimization technique disclosed. This additional
25  optimization also accelerates performance of conventional digital interconnect models.
The method consists of three innovative steps:
1. Means for modeling interconnect behavior using lumped, distributed or full-wave
detail
2. Optional means for incrementally choosing the most appropriate model during
30 simulation

3. Optional means for efficiently implementing the most appropriate model during

simulation



nodeling digital interconnect technology. Since many interconnects may
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paramet eorfS an%)i/str?t?ution Procedure or Distribution Procedural must be a terminal interface
declaration of unconstrained array sub-nature (sub-type) having an element nature (element
type) which corresponds to the sub-nature (sub-type) of the terminal to which the Distribution

25  Procedure or Distribution Procedural is associated (such as Line 219).

Some means to constrain the dimensionality of this interface declaration must be
established to reflect the degree of distribution required each time the procedure or
procedural is dynamically elaborated. During elaboration, if the dimensionality is zero
(VHDL null array) then the terminal is effectively an open circuit. If the dimensionality is

30 one, the terminal is a lumped parameter (default VHDL-AMS behavior for a terminal). If the
dimensionality is greater than one, then the Distribution Procedure or Distribution Procedural

represents a distributed interconnect model. A large array would support a finite element

model used to implement a full-wave model of the interconnect technology. In VHDL, the



associ ated (actual to formal) at the point where the procedure or
procedural is associated with a sub-nature (sub-type) to forma

Di stri butwo :Sobs7at ure (Di stributed Sub-Type) such as Li meTAKB2/0135Fi gure 4
or at the point of termnal declaratiofRgsuch as Line 219 in Figure 4. For
exanple, a three dinensional lattice of "term nals may be constructed to

represent the parasitic 10 quantifies. wthin i ntegration volune. The
|attice 5! t@ﬁbvggg%aasa%e%abglaﬁﬁwé{i@ﬁnsew tytngs'ﬁﬂ@CrtioB fsites witlb Hgriategface
Distri bU&éc%at%n%ﬂ%ﬁ%}:ti%&ll&@qﬂivtaféﬁt t'orht‘@HD@}t&B@cderJekk'iB’n fulL ST, otRAh B S

may | ocate the term nal being declared within the parasitic lattice.
| nt er conlaegitages wdhsugizogpthammeansiotaghievé theisamelgealDi st ri buti on Procedure or

Distribution Procedural may t.hen e ntriputions.framthe parasiti
Pacti ce of t el MR e et odtihar 1R Bith B inbiiscdtubRion ot e
supers NPRstdiird dF PeddetiGral @sdd’ tdHodaNmiterédmABRt bidaPidf.aSTHek € phidinetede nayObd he
i nt erconnect nodel. The ap r? riate nodel to use for an interconnect

usual | y ¥eprasted (astial feforal at the paing mhererthe progadhIe or Proseduselds awapiated withiel
whi ch ve 1 f j At er E : I y be
ont i el yb SHEBAHEL b8 0Bk, 4 DhERRISE e AR AKELE RO BEF A0 HEY
(used asLibk 2t 8 bbHiguon4 Br aicthe poms df emlinpl deciadationl sticlf asBthe@d 9 bh Bigurddit Fon
Procedural s) may, i nclude.conditio copstructions, s as VHDL- AMS case

al ch _
st at ementSTHIS, BiTACIT YN EEICe of LBHar a2y Rhernsipied I SRS 8 Rigaiifong
excl st Vaiaatiti&l RhinVESinfYatiohNoluttle ThOTaufXaR) 63 psoBRsh ?%Heﬁe‘{ t&h ke
first paranmeter, a gl obal” frequency paraneter ‘or even a function of the
par asi t i ieibnodrs Proegdure eorpRetebiitips  Brocedinil mothan theriategtasion BrlameheOther 25
the condi tional may,inpl nt .l ed, , di stribut or_even f.ull-wave npdels
(per hapshaerigrs Y Jore RE e mira PREaiqsrlafed Wtiefe Bl Tl PR GhafoEm
execut ableghdolgNBR1IemERBd TR kHIDishbutivh [Pré@agfeadd Distrikttion Mbeidusdl may
resolution function (VHDL), a Distribution Procedure or a Distribution
Pr ocedurthen usheontsibptionssiremciya magsitic| latiicp of demppals 4x dnflugnce theyinsereonnect
i nv ti of . su Hols[s ”» taital.r |yt . i i one
ari o oRoRshe Sy sipRHBRIAR oRRR g el hdiBhs BER M BHatHE AP Jft
Di st ri buinted¢coniectaaetiel.e or Di stribution Procedural using a high- frequency
nodel will usually enmploy the same podel  repeatedly. Th ref(gsrse when a
resol ution fuhg RBROPPAScBALH elootseptos g iftterronnsct ppually depgndsson thediSRER i on
functio |, St K | P
D19t 1§ DTSR P SESHTAP, Ta o AR RN Hachuaiely (RER MFCaliest # ou
i nt er nal orteocytcie peupeEbnd M@y bp rotelumacqutate ed tdng wilioni gyckshwegaentd. Both

in-ljnin so as to determne .. which gl ohal objects, .interface_dec| arations
o Al [ hearGe il 5 D siont P Giree arad Thpetirals chfed g hgRbecH ' ©"
during apaédurals) Ifgw indlRRYconditiofial coHGRCABAEL Ghich asd@HDAL AM D Bise Qfat@hdnitd But €S

5 becone a part ‘of the enclosing partition's Operating Context.
conditional case statements. The expression choosing among exclusive alternatives may

include (for example) dimensionality of the first parameter, a global frequency parameter or
even a function of the parasitic noise lattice passed as an additional parameter. Branches of

25  the conditional may implement lumped, distributed or even full-wave models (perhaps using
a finite element technique).

While the a compiler may emit executable fragments implementing the full generality
of a digital resolution function (VHDL), a Distribution Procedure or a Distribution
Procedural, the same basic control flow is often taken by frequent invocations of such

30 subprograms. A digital resolution function with one driver on the first call often has one
driver on subsequent calls. A Distribution Procedure or Distribution Procedural using a high-
frequency model will usually employ the same model repeatedly. Therefore when a

resolution function, procedure or procedural is first used as a resolution function, Distribution



The code generator may then generate executables, such as instructions for
an instruction set processor or an Electronically Re-Configurable Logic
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Use of global or local state to represent debugging levels, assertion checking levels or

assertion classes can be incorporated in interconnect (and other models) with less concern for
possible performance impacts. When not required, the additional debugging, assertion or

25 related code ceases to degrade performance. Removal of assertion checking code can even be
included directly in the emitted code, such as code for text case evaluation or profiling which
triggers recompilation need to remove the assertion checking code from the effective
executable by changing control flow variables whenever particular criteria are met, such as a
path through the HDL code being executed.

30 Modeling language innovation provides a powerful language representation
capability; incremental compiler and execution innovation helps to insure that only the
interconnect modeling detail actually required by the simulation context need be evaluated.

This innovative combination allows a technologist to create generalized interconnect models



di stribution of conponent nodels for rapid insertion into a sinulation. The
met hod avoids the need to neet the integration requirenents of actual

devi ces (woah/oaw7@ower, speed or cooling requirenents) amdTamn2/bmsstnserted
into a running apparatus. The apparat u? shown in Figure 13, uses
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Configurable Logic Arrays”.

20 Peripheral Controller (271) interfaces to the Apparatus Disclosed in “Apparatus for
Optimized Simulation of Mixed Signal Systems Using Hybrid Programmable Processors and
Electronically Re-Configurable Logic Arrays” via live-insertion protocols such as the
Universal Serial Bus (USB) or Firewire (IEEE Std. 1394). Messages transmitted via the
Peripheral Controller (271) include:

25 * Means of identifying models incorporated in the apparatus

* Means of initializing the apparatus
* Means of transmitting interface values to models contained in the apparatus
* Means of receiving interface values from models contained in the apparatus
* Means of running models contained in the apparatus for some period of time
30 * Means of saving state embedded in the models
* Means of restoring state embedded in the models
* Means of encoding such messages are well-known to those familiar with simulator

implementation.



except for the beginning and end of a simulation run, when full val ues nust
be saved or restored to or fromthe Miultiport Menory (262). Delta changes
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addressing and transfer operations between the Multi-Port Memory (262) and each

20  Electronically Re-Configurable Logic Device (603).
The apparatus of Figure 13 may be encapsulated with tamper-resistant shielding such

that any effort to probe internal connection points (other than the Peripheral Connection (271)
port) will result in erasure of the models. Means for such controlled erasure by interrupting
power or active erasure using an internal power source are well-known to those skilled in the

25  art.

| In one embodiment, an innovative method is disclosed which reduces the impact of
overflow, underflow and loss-of-precision for arithmetic operations implemented using
Electronically Re-configurable Logic Devices (such as FPGA). Prior art suffers from lower
density and power efficiency (resulting from use of floating point representations, an integer

30 domain intended to handle worst-case arithmetic range or extended precision software
implementation).

The method consists of five steps:



3. Increnentally load new logic into the El ectronically Re-Configurable
Logic Device, nerging previous state (805 and 806). 4. Either re-run the
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shifted range is anal ogous to gar ection and nmenory Tonpaction
t echni q@wxmlmergmg\mnmmstsm&(wmdBG@)I enent progranm ng systens with
explicit storage.mna . 25 Arithnetic operatjons, suc as _iterative
0T 51 on, *ayY CEHBEn A8 TD e B RAngPIIE: O HGRErs L eae LSl AR B e
desii@n toRbiRuBRkdp. Stability actually requires. To elinminate the
potential for unbounded logic growth, the trap handl er and | ncrenental
Conpi | ati on sh.efamtipue ogesativmne of nore of the follow ng strategies: *

Desi gner - di regt ed softwaean r of. a~data tvpe 30
S Balanci ng. rataite LERUERRTT oE Berraitdp K GRS L Bin D MR ¢
appr oxi rweﬁiuﬁuyqbgﬂbteraeslmbn@leglcvvméreomfeapmeﬂ@rﬁmw pih@édutces. IfemGRERMkAfal ON
requires substantial tinme and power consunption relative to | ogi
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handl er s ducing time required to aC|eveare system
desi gn). DesiHowevayto eadmk:vﬂldsprobaﬂmh@ afahe¢ mcmttyommanagearequnedatwwmpﬂmenbs

whi ch devi ate substantially fromthe desjgn's initial operating
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20 and serial scan changes well known to logic designers and already incorporated in logic
designs for other purposes may be used for sampling. This sampling a subsequent re-
compilation with lower or shifted range is analogous to garbage collection and memory
compaction techniques well known to those who implement programming systems with
explicit storage management.

25 Arithmetic operations, such as iterative division, may continue to add many more
significant bits to the logic design than numeric stability actually requires. To eliminate the
potential for unbounded logic growth, the trap handler and Incremental Compilation step may
use one of more of the following strategies:

* Designer-directed software and hard limits for each range of a data type

30 * Balancing resource consumption so that all growing representations share

approximately equal resources
While trapping and iterative re-compilation requires substantial time and power

consumption relative to logic operation, it can reduce the probability of a design failure



extracted fromthe El aborated Representation as a Post-Analysis formor
saved directly as textual source code. Alternatively the El aborated

Repr esentwDio346776 Post - Anal ysis form nay be conpared dir ectriysonsishz t he
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taught hes@iaktomst ati ¢ scheduling is used. 25 The Pseudo-Static Technol ogy
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bal ance sinmulation load. 30 Figure 24 illustrates the integration of

Execut abi*prashigns. aCopananly seshisexpeaseinnaichide thgpartidon’s legal closkhaying asydes i ¢
Anal Rart.iti 905 and 906) into a parallel Enbedded

Pr oclggsolrggsé%:l{)]%gﬂ%eu%ﬂéggﬁg%})%gvfa}%usebr has a schedul e of such partitions as
managed by aUnklengriof aRseidrre teaddtical tabjden obfogyncdibyda ipnsaxd-Spedifd Anabag
(451) included within the. 03/ 046776 PCJ/ US02/ 37352 -25 | ncrenental .
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cache misses and cache to cache transfers. Techniques for formatting and using such
instructions are evident to those skilled in the art of multiprocessor software design once the
innovative technique taught here for static scheduling is used.
25 The Pseudo-Static Technology Binding and Scheduling (451) software monitors the
relative idle time for each processor during both the analog and digital phases of simulation.
The Pseudo-Static Technology and Scheduling functionality alters the scheduler data
structures or instructions so as to move execution of partitions from one processor to another
in order to more effectively balance simulation load.
30 Figure 24 illustrates the integration of Executable Digital Partitions (such as 901 and
902) and Context- Specific Analog Partitions (such as 904, 905 and 906) into a parallel

Embedded Processor Schedule. Each processor has a schedule of such partitions as managed

by a means of Pseudo-Static technology Binding and Scheduling (451) included within the



it updates the | ast Anal og Object Value. BRI EF DESCRI PTI ON OF THE FI GURES
Figure 1 is a representation of partitioned, m xed signal design

il lustratwog3ieteel 10 signal objects such as term nals, mBcansh®si3ssignal s,
shared vari abl es, across quantities ang t hrough quantities. Figure 2
illustrates that instantaneous val ues 6f objects referenced within a

| ogi cal _ anal og sol ver partition correspond to a pojnt in the partitiaon's
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functi onlgglegi(ﬁages tﬁ?is%s?#ﬂﬁltgggfloj%?ggggw es may be increnentally reconpiled to
nore efficiently reflect spBRIEFDESCRIPTIQN OFTHEIRIGERESSt racti ons of
physi cal properties, operating.frequencies, external Boi,se_ 25 and ot her
factors al t erFighreopes & TepFeseRtatianeotipatiganedrimgved signpl design dustrating myyed o |
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and exedhtdugh quamdidsonal ity for optim zed sinulation using innovations

taught herein. 30 Fi.gure 8 illustrates the nodificatiaon of si.qul atjon cle
ol orrent at | RS > dOUUHS At T PR SEOYUE STHPIGL HlTRS logibal”
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03/ 046776 PCT/ US02/ 37352 -26 Figure 10 illustrates the managenent and

al | ocat imoay b¢ diiidad ut intmopsrating, copfeyisr Eaght contexisontatrisgheseppintywvhisbtmay be
sinmulation state reference fromaddressing fields of nachine instruction.
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one or nore enbedded conponent nodels into sinulation. .
into distributed parameter representations of the same terminals to reflect requirements for

greater behavioral detail.
Figure 4 illustrates that incremental terminal expansion may be achieved by
20  associating a distribution procedures with terminals. Technologist may then supply suitable
distribution procedures representing specific kinds of interconnect and parasitic behavior.
Figure 5 illustrates that during simulation, implementation of resolution functions and
distribution procedures may be incrementally recompiled to more efficiently reflect specific
driving conditions, abstractions of physical properties, operating frequencies, external noise
25 and other factors altering operation of the design.
Figure 6 illustrates the overall steps required for optimized simulation of a design
using innovations taught herein.
Figure 7 illustrates the detail of incremental compilation and execution functionality
for optimized simulation using innovations taught herein.
30 Figure 8 illustrates the modification of simulation cycle implementation to
accommodate optimization.
Figure 9 illustrates the detail of operating point key generation within analog solver

cache.



Figure 14 illustrates the anal og solver mapping directly onto
electronically re- configurable logic array. Figure 15 illustrates the

anal og sowoas/omapei ng directly into electronically re- 10 pcanfSogarabl e

| ogic array with enbedded nenory. Figune 16 illustrates the digital mapping
directly onto electronically re-configurable 1logic array using delta

representation of signals interfacing with another. el ectronically re-
conf i gur abl e Tiggrectt Pwteaﬂgemaeawq%w qkoaet&i Qisimylalon s@se sol ver

nmappi ng dir eCFi'ngre_Oﬂlt ARSI Ané 8Rbd: KirhRatikPsta@NEfetiHca ot h&%é‘sir@ﬁ&b{s ggi ng
delta representation of value propagation with another electronically

r e- conf i gachaig wstreggion. array. Figure 18 illustrates efficiently extending
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cinder 11 ow, ol erF o Bieissabe Bieta) BepiuseBiic SEF SBls SR afP kPl PR st eps
in the met hodribare SeMustaatéiiB pedplexilrfacink@tioR bf oRslel morlerhbeddedediaydhel

sinmulation. Figure 20 illustrates the steps in the nethod of sem -autonated
ext r act | ®AdYs ifpsiarulationom act ual devi ce operation. Figure 21 illustrates an
interactive r sept at i f | j - {L@n using
araph cal usel B avy ePhst vl SRude SRIPRARAE UrclRF Sive MRRRAE HE 100
for fornadnfigorpRrlbgiorarafy. two m xed signal nodels. Figure 23 illustrates

t he enbedded schedyli of m xed signal designs far effjcient sinulation
on mul tiple prgtEs &@l%stﬁ_éw eeﬁnﬁegd%lm RS Ff%a@ﬁme@ Eﬁ?em'&gﬁvrgego In
or defp t O AFiERIBIAbSiclaRay HitAiddae REmd/SI gns contai ning digital, anal og,

m xed- signal or full-wave conponents, i'nter-related innovations in

nmodel i ng | angtigges]6 dusprateeithe digitalwanrppifg dirgeilyr ente relestrovigally Feacandigurable
conput er, software .for, sinulation and hardware. WO 03/,.046776 PCI/ USQ2/ 37352
-27 appaPBlu¥ Porsieg r‘?ﬁ‘l%%f%??eﬁt@@%‘? Q?eiigi“%lﬁ iedaciag AUt aagihe f‘égcgic’ﬂ’fc&ﬁytréac hes
the pref@mnfigdrabRTbgian@pt of such inter-related innovations. In |unped
paramet er nodel i ng | anguages, term nals denote a point at which |

cont ri but i onsFigpesnd T ilbussiatasothe il aravieessives ivanpig dyetly erfotdectionipgly re-

ot o SN (P2 el A0S R BaShNEe oc APBLGRIE I, e
f r agment eledtidnidalig ré-echfiguratdy logiqpdreayent i ng an i nterconnect (nodeled as a
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incremental recompilation on under-flow, overflow or loss of precision.
Figure 19 illustrates the steps in the method for semi-automated extraction of model
20  from behavioral simulation. _
Figure 20 illustrates the steps in the method of semi-automated extraction of model
from actual device operation.
Figure 21 illustrates an interactive representation of design comparison or model
generation using graphical user interface.
25 Figure 22 illustrates the steps in the method for formal comparison of two mixed
signal models.
Figure 23 illustrates the embedded scheduling of mixed signal designs for efficient
simulation on multiple processors.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
30 In order to accelerate the simulation of designs containing digital, analog, mixed-

signal or full-wave components, inter-related innovations in modeling languages, computer

software for incremental compilation, computer software for simulation and hardware
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provide for nodeling explicit induced noise or parasitic couplings. Values
may be adssosptainddnguagh dedign dilbteadibyigérsralize from ba'imphehtstamal aray @p#pinle 5

t t th i nt.wh .t he. nat i. i.ated with I f
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type, digfuatipttdiog, function paraneters and constraints nust be

syntactically distingui shed. One neans for distinguishing the
Figure 4 illustrates the corresponding fragment within an extended VHDL-AMS

syntax. Lines 210 and 211 declare a very conventional definition of current and voltage.
Lines 212 and 213 define a comparatively conventional nature and unconstrained array of

25 natures. Innovatively Line 214 defines a procedure (or equivalently this could be a Verilog
task) implementing the behavior of a distributed transmission line. Innovatively this
procedure may then be used in the formation of a distributed subnature analogous to the
association of a function and subtype to implement a digital resolution function. The
subnature may then serve as the nature of a terminal declaration, as in Line 219.

30 Parameters to a distribution function must be a terminal interface declaration of an
unconstrained nature followed by zero or more interface declarations used to customize the
distribution procedure’s behavior for a specific terminal declaration. For example, the

constant or variable interface declarations may represent a specific dielectric constant,



di stribution function paraneters and constraints takes advantage of the
need to provide a constraint for each unconstrai ned di nension of the
nat ur e atwohe/opareait where the nature is 10 associ ated w t rca/user/sisnal .
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the distribution function. To the system designer using the termnal wth
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body, th@niB6MPXeThId 1a6gMge@ksighdte dynam c 30 degree of distribution, the
nodel i ng nechani sm and even the parasitic couplings not explicitly denoted

by interface Quaditicathedrislento taminady (pnd Khesy @St@ﬁ@smfsqisttiwﬁgaamﬁsm% fogms
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facilitating the independent, efforts of m xed-signal system designers,
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an i npl enentati on expense spread over nany application donains. Therefore
it is a losdfzall or plobuldtgramd”5 Those skilled in the art of nixed signal
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SO drivers immediately contributing to the resolved signal’s value. As an innovative step, the
terminal subnature’s distribution function must internally impose a constraint on a specific,
unconstrained parameter based on the terminal’s immediate modeling requirements chosen
25 by the technologist who created the distribution function. To the system designer using the
terminal with a nature having a distribution function, the terminal appears to be a lumped
parameter with all the modeling ease of use commonly associated with a lumped parameter
model.
Internal to the distribution procedure body, the technologist controls the dynamic
30 degree of distribution, the modeling mechanism and even the parasitic couplings not
explicitly denoted by interface associations at the point where the distributed nature was

associated with the terminal through definition of the procedure’s body. This degree of

flexibility cleanly and orthogonally separates language design from modeling methodology,
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value for VHDL. Comparable language extensions can readily be identified for other mixed

signal languages, such as Verilog or Mast, by those skilled in the art.

Second, some mechanism must be provided to address the association between

25  elements of the first terminal parameter to the distribution procedure and external quantities

referencing the first terminal interface declaration. In this case VHDL’s resolution functions

are not of direct help. Indeterminate mapping between external signals and resolution

function input elements for digital VHDL are one of the major sources of non-deterministic

behavior within VHDL. Such non-determinism is generally recognized and somewhat

30 reluctantly accepted as a compromise to achieve higher performance and language simplicity.

One means of addressing both the digital resolution function parameter association problem

and the more immediate need for association with the first parameter of a terminal

declaration’s distribution procedure is to make the unconstrained array explicit at points
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i npl enentati o e procedure representing interconnect functidnality.
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instruction sequence or configured logic matching the conditions actually occurring during a
simulation and continues execution.
In the context of an innovative distributed terminal, the technologist may directly or
25  indirectly include several implementations in the procedure representing interconnect
functionality. If a quantity or variable rep-resenting frequency is below a threshold, the
terminal may remain lumped. If the frequency exceeds the first threshold, the
implementation may use a relatively coarse transmission line model. At still higher
frequencies the procedure may use a full-wave model implemented using explicit finite
30 element techniques. How-ever it is very important to note that our innovation simply
supplies a very flexible and efficient method for a skilled technologist to implement many

different kinds of condition-specific interconnect models; our innovation does not embody

any specifics of device or interconnect technology and thus is extremely general and flexible.



The Source Code Analyzer (1) is a nmeans of increnentally translating from
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compiler optimizations such as subprogram inlining, loop unrolling, constant propagation and
related transformations.

The Elaborated Representation (4) consists of constructs denoting digital objects,

digital partitions, analog objects, analog partitions and full-wave partitions along with back-

25 annotations to the Post-Analysis Representation (2) and eventually textual source code.

Back-annotations are used for interactions with the designer such as source level debug,
profiling, timing annotation and related functions.

As changes to an Elaborated Model Representation (4) resulting from previous

Design Epoch(s) are reflected in the Elaborated Representation (4), the Incremental Compiler

30 / Assembler / Loader (5) may begin compilation into an executable form, ultimately resulting

in Executable Digital Partitions (8) and/or Executable Analog Partitions (7). Compilation

cycles by the Incremental Compiler / Assembler / Loader (5) may ultimately be triggered by
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execution scheduling.
Incremental compilation operations resulting in changes to Executable Digital
Partitions (8), Executable Analog Partitions (7) or Executable Full-Wave Partitions (not
25  shown) are often transient. Common examples of such changes include breakpoint insertion,
callback insertion, optimization of digital resolution function implementations, linearizations
of an equation system at an Operating Context and substitution of various interconnect
components within an analog partition. Processor instruction sequences implement these
changes by changing the target of instructions such as jump, conditional jump, branch,
30  conditional branch, call and return or substituting an existing instruction by one of these

jump, branch, call or return instructions. Re-configurable logic implements these changes by

re-configuring one or more logic cells or altering interconnect configurations.



10 imedi ate | oading or optionally via the cache (20/21 or 29/30). If the
cache is involved in the path fromconpiler to executable, the rel evant
cache | owbuwpopiracess is shown in Figure 7. Bit fields whipch/used/s1ss2 a
partition's Qperating Context from obj,gcts, their subtypes and sub-natures
are extracted fromthe current object values to forma Cache Key (309).

Bit fields jch define a particular pojnt within an Operating 15 Context
are not usemnn OfrE tRei'/chk?F%tngﬂr.a“%eijr BEEYIUP ngSKAORpQF E%E*%%%C%ﬂ? Wiy

for Cachgreyib@@ldRudtDhOtaghients 6Hi 1686 tHay¥mblts HRTRIM RS 1AL REGHdd iR A dHard¥RRE or

function (311). Due to the large nunber of "bits often involved in a key,
sone neasidtvalte canbkudnavdel terage¢lomte Lagnengdoakuhast subsequetttingorporpticre in el

requi rengnt .. Looku hen, uses h the ke 310 nd j,ts _hash (312) for
| ooun: "SRRl SOk Gk ANt Frag Rtk T adhalth e Rt s Shalrte
i mpl eyrenddchgs such2 aathbd Ofilal dragtitlonoPaginents NS L of Kiel Cathell Mdallés 8blver The
anal og sol ver sinulation cycle is shown in Figure 8 Conceptually the sane

sequencel@gments {8). o dragrestiiempasiiallyi ighed fiagmants dutie he dowed jdirsetlvide ithhs or

re-confi e ogl.fe ¢ p g if i 26 j on
of 1 nor oty s, By (A8 Ept BBdhfl nL GRSy B Jabila iF e BRREREN T
conpi | ercdcba(li’/26)j flowingwal teehe compilerus theorrse afid cacheabiss OFi/2])u Tdle| conlpdlgt ¢
configurations. Depending on a partitjqn s executable inple tatij on,

hot 1 dcrmh e i Rappe e g enene Al TeRre e TGS dmestate oY PEE | on
(as @ SCan&Hate AN dribphiBRalBONk Bl cadlic (0BT 28)30).Usi ng wel | - known sof t war e
or hardware cachi ng techniques, Operating Context Mtch Logic (351)

det er - mi nes i If thercactiess iimnplyadsinrthe pathrirera poamwder tr exegyiablec thefrelguanit Gaghe i s

30 alre avai l abl.e .t o i .ene h artition. s behavi or A n _i.he

par 1 4+ ool Blop B e g O, ) et B PRI S P BoliPE Fomisyt o
(351) Wi frbmtpebiss; Qhé?ﬂ@ulﬁflpd‘s hihe SubibRieese ekiigeted Bbin the @AITéntCdbidceWhlues to
instruction sequence or logic configuration is a suit-able inplenentation

of the foamta Gashe KepeBAY oBiti ficldhavhishedefineny pedict sk poim ogithie #8i Qperetnzse) |
it ab a5 ol . . . e

? hzufcstaghgg?t%gf(??égﬁ%%% gl%y)%%{rlﬁ&%sﬁﬁ g%}lfélggrlfg ru@t |€Iol?1§gd Ig gaﬁ ncotlra@r)?lﬁs? | Be

conpi | edL¢ckep (B E@dir igditedtl b4 compotatteah addittoniahHastefihetiqri3(301). ebul toght tar@d5)

and | oaded for execytion (371 leading to 358}. Once a, current_ anal ogrésol ver

i s | oadePrbsriohpite AieR INValNd dhakey SpRFmMend AL ek peselemtionssuch as ehastads ng

Cont ext {32y Jcheal%gﬁﬁ)%uéﬁl M@Jkugxtﬁﬁphse% Both ?&eﬁéy' EMopeHe YRIndgs 8519) for
associ at ed WI{pFI anal og objects. Ih the case of an“analog partition's
sol ver, IohkusolAs eride pdatty ofacimiquey forv abropgingehash uahesons edntl inpdemémgimg dhand

e oL DTG SRR RL P 1l LT opce againet ne
5&523 éane Zkggﬁ@ﬁmlbgf@oﬁﬁﬂaﬁﬂtﬂﬂibni &R SHRIAIUOB PRutd 81 QorkptublBs $hd Bae a
sequence of steps occurs when executing using a sequence of instructions or re-configurable
logic; the primary differences are in the implementation of Incremental Compilation (354)
and Evaluation (352). At start (360) the compiler loads initial values, instructions and re-
25  configurable logic configurations. Depending on a partition’s executable implementation,
instructions or logic implement a means of Operating Context Determination (as discussed
above in the context of Figure 7).
Using well-known software or hardware caching techniques, Operating Context
Match Logic (351) deter-mines if an existing instruction sequence or logic configuration is
30 already available to implement the partition’s behavior in the partition’s current operating
context. The Operating Context Match Logic (351) will produce one of three outcomes: the

partition’s current instruction sequence or logic configuration is a suit-able implementation of

the partition’s behavior in the operating context (363 leading to 356), a suitable
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pseudo-statically scheduled on multiple processors and/or re-configurable logic and
immediate offsets into the memory layout may be incorporated directly in instructions or
logic.
25 Figure 9 details the means of Incremental Compilation (used at step 354 in Figure 8 or
the equivalent step during the digital simulation cycle (359)). Post-Analysis Design
Representations (2), changes in a partition’s Operating Context (27) and Design Epochs in
the Elaborated Representation (4) all result updates maintaining a revised logical view of
digital or analog partitions. Such partitions are logical in the sense that compilation may
30  further schedule the partition for execution on multiple processors and/or logic devices or
multiple logical partitions may be combined on a single processor or re-configurable logic

device using Embedded Scheduling.
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technol ogy, eRARSIE! h@r logic using a multi-valued logic system may be abstracted into a
processor’s add instruction using a two-value logic system based on the (validated)
expectation that only zero and one values occur and that the adder logic is correct. A
comparable analog model abstractor might replace an amplifier circuit with an equivalent
25  behavioral model.

Digital (454), analog (456) and full-wave (455) code generators create an intermediate
representation which is exported to a sequence of back-end code generation steps for an
instruction set sequence (483, 484, 495) , re-configurable logic (485, 486, 487) or both.
Generators may emit an intermediate format such as C, EDIF or XDL suitable for an external

30 compilation or synthesis step. Such external steps attain an equivalent end result, generally
with substantially higher compilation latency.

The incremental assembly step consists of an Incremental Assemblers (457),

Incremental Linker (458) and Incremental Loader (459). The Incremental Assembler (457)
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and objects where the subtype constraints are dynamcally el aboratéd are
only sl iaichtgd o objects using bins which provide for block memory copies from the read/write
version of one or more objects to the other, read-only copies. As the optimal layout changes
over time, either memory overlays or other techniques may be adapted to minimize the time
25  required for memory to memory copy operations.

The same processors and re-configurable logic may be used to execute more than one
compiled model. For example, to accomplish fault simulation a primary model may be
spawned into two or more models with specific faults. Alternatively, an abstracted model
(resulting from 452 or 453) may be simulated in parallel with the original component to

30  explore equivalence of the two models.

It is understood that analog solvers for two or more Operating Contexts may be

combined into a single logic configuration, potentially with parameterization, at the potential
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The following will then focus on explaining one such Accelerator Card (268) with the

understanding that such discussion generalizes to apparatus where more than one such card is
found on the same Host Processor Bus (261) or via interconnects in a cluster (267).

25 The switching controller (265) allows either other cards attached to the Host
Processor Bus (261), one or more General Purpose Processors (267) present on the card or
devices attached to the interconnect fabric (267) to access local Dynamic Memory (272), one
or more Multiport Memory (262), other devices connected to the Host Processor Bus (261),
other Accelerator Cards (268) attached via the Interconnect (267) or a Peripheral Bus (270).

30 The Interconnect Controller (263) and Peripheral Control (271) respectively implement
transmission and reception protocol for their respective Interconnects (267 and 270). Timers
and I/0 devices (260) support operating systems or real-time executives executing on one or

more General Purpose Processors (264).
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follows such models running on the Accelerator Card. Since operations on the Peripheral
Interconnect (270) do not allow retrieving a compiled model from the apparatus shown in
Figure 13, the implementation of models contained within the Non-Volatile Configuration
Memory (600) or burned onto FPGA devices is as secure as the dev1ce package. The
25  package may be encapsulated so as to erase the model configuration data if the encapsulation
is physical interrupted.

In order to avoid the need for incremental compilation, models contained within the
encapsulated simulation peripheral shown in Figure 13 must have suitable logic
configurations compiled for any supported Operating Context and contained within either the

30 Non-Volatile Configuration Memory (600) or retained in the FPGA (260). Comparable
techniques pre-generating logic for all supported Operating Contexts may be used for FPGA
devices on the accelerator card at the expense of substantial pre-simulation compilation time

and usage of persistent storage capacity.
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Conversely, if the result is greater than the tolerance (605), the analog solver will continue

iterating (623).
For each quantity, consider the set of all characteristic equation expressions
25  referencing the quantity. For each such reference, some means of computing a delta change
in the quantity value must be chosen to tend toward convergence with minimal overshooting.
One such means is to combine the sign of the characteristic equation inequality, the
magnitude of the left and right hand side difference, the slope (dependence) of the expression
on the quantity (simplified by the implied linearization) and sensitivity of the expression to
30 the quantity to arrive at a delta change in the quantity value implied by the expression. Other
means with functionally comparable result will be evident to someone skilled in the art of

numerical analysis.



Step 601. This re-evaluation was previously described using Figure 8.
Re-eval uation (611) conprises the constituent Steps 350, 351, 356, 357,
354, 355 wpd3858376 Fol | owi ng re 15 eval uati on the anal og secrarsomssssronti nue
with another iteration of the FPGA-basggd anal og solver (629) or may

conpl ete the current anal og sol ver using a software anal og sol ver (629)

via sonme nean nrtra of tware_intervention such as ap. Tra

t he softwar e- angm 17 ?e‘%ﬁg V\ﬁgeﬁﬂﬁéﬁwcfssmfu% Vtel"l"‘epﬁ‘fé‘g]u‘S I3 BAY g
over a Wrghr clcAPtRGA re%?&elﬁ%@re Lhdtin) ey thﬁermeAd@éncéseMgt rrrwqaiaﬁﬁw a
discontinuity in quantit ues or a failure to converge 20 after a

speci fi e@slriurmelr a@iob@ydﬂ@s(@ﬁ} Bughcipaudntioron catheryclehed tbgfan&lag e@llmsdd thﬁnal 09
sol ver etes tinues th ex 0,

Q/CI e (G(BE)U W & ec{ ng(r;e: Opice 8W|the sa %&A Re %eltg 091 ?

anal og solver "conve

i nt egy al appioptiatdl e highet dlefzhtidgfwhéadhd dan ig uatrseqmemryadxpeﬁemmp) beeu@dalfued
(606). Concurrently a@% quantity or derived quantity values nust bhe copied
(607) f ramtheneimmogiad ( )anfieomquﬁeryrelqk/eﬁeworlzee%lta Vﬂéuez@r SR AURGLET OR he

edut T eduagli by RaERbNER MSAliL AL Ui camLe d g ipyed

digital sinu atr on cyc may begin t he new grt ues result
f rom t heusig aghantityoor @gpofted adee- mmrte@ demndimg onytbé aamyvd)kaglhmy afjdmna-s{dbd 4)
unt i | reaciJ_Jt, an | d, or cr break oint int ot her val ues.

| deal |y At Q ok 9 e fBe d?IFP s st nroréter?awea E’Faéé?rl St B*SEPRY down
30 cg;mt@fr@/ddvr;h‘g{aqggst FheSn @@alﬁ@‘é@éﬁ for larger designs than could be
directly inplenente in countéer logic, 'Figure 15 shows how both explicit

and inplicit &Bpequastifieschavedderf globalky and| consistantdy updatedigpi), theohnatey Sblyer

partially or. t ed into nenor a 650 an 60) associ.at ed
Pth ¢ neteranef 16l BPRRRES ol Corl T BE bRV 1 Sy BBy dhalse P g B o
03/ 0467 7%ep@bh US02d #eldhRiatifd wmrﬂaéwo@ry ayssrib@y udife idues Bake- emhﬁfdns(m 1)
contained 1 n the arrays may_ incl ude Read-onl Lrteral S suc as tal erance

val ues (@maprisesitighgpnsiidnane Sterss330, Basas Yok b e ewB P58 dirlinvwing a§-
654), T, QE?
( ?1;5' %{?g]r?ﬂ?}rl] tﬁ(lae(r Al c)g[ ?[\2(%9%?&%&1%% %t%) an@ﬂl%r litgrcaﬂlm Q)rf tl'ga' ?p@A IBQJ:& Qha\f ues

(65 are
be used sfdbrferpéél%lolrﬁnhaﬁc(ﬁ\qﬂétﬂahé ourrent aﬂo@tolw LfSygt aasnfExzpe easlbg) lslvéxﬁ@zy)

expressi on conpari sons. (60 Delta values (601 and nputi ng the
Oper at i nY2 EORE EFY %flliljtlatl%ﬁ9ftWéﬁerlatFWGH%O‘bW Ké 2 Fgg; E‘Iei ﬁdoé rreﬁwérqg c

| ogi ¢ um&lvé@gwﬁ&ﬂlfre@m@fr&é el decl %o @UhAREE oVt 4 hA3E Sdphict Sthdenbhignar

of processor desi Pins used to interconnect logic internal to an FPGA
(260) wi lnaIndw@xgrproredcserrmltmgcerme digOnFREA, ingvehtitysvadres ton @r fafireao (crz@@)rgw

o S SRR P W ST B, Mo BRSSP o
si mul at i @ymplElas tticentimick WithrextORiod @ tHRXDig@hl Sl Bién Ty (@09)0n m xed
stmulation OrV\}chlél:L Ithe FPGA-based analog solver converges (604), any integral or differentials
derived from quantity values must be updated (606). Concurrently any quantity or derived
quantity values must be copied (607) from the FPGA (260) to Multiport Memory (262). As
25  copying of the required quantity and derived quantity values completes, the interleaved
digital simulation cycle may begin (628). As the new digital values result from the
simulation cycle, the analog solver cycle may begin again (614) until reaching an implied or
explicit breakpoint in time or other values.
Ideally all quantity values in the FPGA would be mapped directly to up/down
30  counters. In order to simulate models for larger designs than could be directly implemented
in counter logic, Figure 15 shows how both explicit and implicit objects required for

simulation of the partition may be partially or totally mapped into memory arrays (650 and
660) associated with the FPGA. The FPGA may contain the memory arrays internally or the
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consist of a sign (such as 703) and one or more bits of value (one bit shown at 704, a range of

bits shown as 704 to 705). Furthermore, the several delta representations may be time-

25 multiplexed on the same pins and interconnect using either synchronous time division

multiplexing (the same delta appears at regular intervals on the pins and interconnect) or may

append an additional field to transmit a specific delta value on demand (where the field

indicates which delta value is on the pins and wires on a given cycle).

Implementation of the full-wave solver in Figure 17 closely tracks implementation of

30 the analog and mixed-signal solver in Figure 14. Quantities implement elemental electrical

and magnetic field intensity. Expressions reflecting finite element implementations of

Maxwell’s equations (and continuity) replace expressions implementing the left and right

hand side of equation system inequalities. Continuity comparisons and delta computations
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implementation error, require additional gate delays to implement. Designing using a
numerical representation with a larger domain reduces the probability of underflow, over-

25 flow or loss of precision at the expense of addition gate complexity, power and size (all
usually undesirable properties of a design).

With a suitable initial choice of a numeric representation, the probability of overflow,
underflow or loss of precision can be made arbitrarily low, however external factors such as
the number of iterations actually taken by an algorithm often remain beyond the designer’s

30 control. Therefore most arithmetic implementations provide some means for executing trap
or exception software to handle such cases with a more complex (but slower)
implementation. In the prior art, once a value is outside of the range efficiently supported by

hardware, the software implementation (trap handler) continues to take longer to implement
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processor with data on the most probable value ranges currently being encountered. Ranges

and precision of logic may be immediately decreased in other areas to permit an incremental

25  recompilation as long as the immediate values present at the time of recompilation can be

fully and accurately represented. However if decreases in the range or precision of some

logic immediately trigger a recompilation then the innovation may not be efficient. Therefore

profile data on the range and precision of each value and arithmetic logic unit over time
enables more efficient overall changes to the Elaborated Representation (4).

30 Particularly in the context of analog, mixed-signal and full-wave simulation using an

FPGA, this innovation facilitates accurate and efficient use of an integer representation rather

than requiring the size, latency and power requirements of a floating point representation

within the FPGA. The resulting integer logic implementation can retain the same range as
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directory hierarchy using FTL Systems’ AIRE/CE File Intermediate Representation (FIR)
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30 readily be adapted to the method.
The means of Template Selection (850) iterates between a refined specification of the
required template (870) and iterative probing of the simulated (>853) or actual (855) reference

via the means of Test Model Generation and Analysis (851). Template selection evolves
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consisting of a value for each probed quantity at each time step. Other, equivalent formats
are well known to those familiar with SPICE simulation. The test set interface (865 and 866)
uses the same protocol as 863 and 864. An interactive test set (written in Perl with network
extensions) converts the SPICE inter-face to a set of equivalent General Purpose Interface

25 Bus (GPIB) commands. Other, equivalent interfaces are well known to those skilled in the
art of test equipment instrumentation.

Test Model Generation and Analysis (851) uses a parameterized, in-memory
representation for the preferred embodiment, such as FTL Systems’ AIRE/CE Internal
Intermediate Representation (IIR). Other, comparable representations are known to those

30 skilled in the art of intermediate format design and implementation.
Finally, IIR may be converted into a textual format (867) using an IIR to source code

printer. Such a module is included with FTL Systems’ Tauri source code analyzer, however
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aggregate value (average over space and time) of each attribute. When the two halves are of
the same color, there is no aggregate difference (953). Conversely a wide disparity in color
visually calls attention to the difference (954). A color bar associated with the user interface
allows the designer to manually force the attribute value (955). The designer may then

25  initiate re-computation of the comparison in order to manually perform a sensitivity analysis.
Those skilled in the art will further appreciate that the present invention may be
embodied in other specific forms without departing from the spirit or central attributes
thereof. In that the foregoing description of the present invention discloses only exemplary
embodiments thereof, it is to be understood that other variations are contemplated as being
30  within the scope of the present invention. Accordingly, the present invention is not limited in
the particular embodiments which have been described in detail therein. Rather, reference
should be made to the appended claims as indicative of the scope and content of the presént

invention.
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2. An apparatus for increasing the steady state simulation speed when simulating a
design with analog, mixed-signal or full-wave components wherein gen-eral purpose
10 processors and electronically re-configurable logic are interconnected by multi-port memory
representing a base configuration, changes in object value and zero or more cached solver

logic configurations.

3. A method for adaptively representing interconnect behavior within an electronic
15  system simulation is claimed wherein a subprogram associated with branch or terminal types

allows user-defined behavioral modeling.

4. An apparatus for enabling introduction of one or more analog or mixed signal
component models into a simulation without exposing the internal implementation to
20  examination. The apparatus embodies analog solvers with parameterized or operating
context-specific analog solvers embedded in a combination of electronically re-configurable

logic, general purpose processor and memory.

5. A method for adaptively adjusting the representation of numerical types via re-

25  compilation or re-synthesis of logic in response to arithmetic underflow or overflow.

6. A fnethod wherein digital, analog, mixed-signal and full-wave partitions are pseudo-
statically scheduled onto specific general purpose processors and electronically re-
configurable logic wherein a means is provided by which comparative processing load on
30  each resource is monitored during operation and the scheduling adjusted within a single

resource and among resources so as to maximize steady- state simulation performance.



