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wall clock time, perhaps consuming days to simulate a mere second in the lifetime of the

realized design. Delays before simulation results are available incur an expense in time, an

expense in computing resources and delay initial design realization or modification.

Therefore methods for improving simulation speed and accuracy, such as those taught in the
20  present invention, are useful and valuable.

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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A conventional programming language or behavioral modeling language represents
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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the key differences. An idealized voltage source and resistor tree used as a voltage divider

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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simulation or may be explicitly denoted, as with a “break™ statement denoting an expected
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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the si gna;lherr{g%cna (lumped, analog and full-wave views) are transparently, selectively and semi-

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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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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within a single context have closely related values.

During 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 fof 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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terminate after reaching an iteration or time limit. At the possible expense of long-term
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
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wave abstraction levels.

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 referenccs 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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electronically re-configurable logic devices, requiring more devices to partition a design.
Dividing a design into additional devices increases cost and slows simulation.
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 many
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. 1f 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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simul ati on on a general purpose processor for which a conpiled
r epr @8ent at i orDesigns typically embody existing intellectual property, such as cell libraries or even

entire microprocessors. For business reasons, owners of this intellectual property want to

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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the Q@ha\éérﬂfauﬂicmaftféﬁl@y Gélfé%pmg a new analog, mixed-signal or full-wave model corresponding
to an existing simulation or actual device. The most 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 nmodels 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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schedul e i's bound to a specific Progranmmbl e Processor or

Technology Binding and Scheduling (451) allocates logical partitions for execution on

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.on
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
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(603). If within tolerance,. t o 5, otherwse go to Step 8. 5. Update
i ntegral sexa’f?aS‘%‘?sfngfﬁﬁﬂga(s eg(e)Y‘?]%gt]gfom quantity val ues while copying 20

exported quanty t gvaRdle d8prédbhy @oAEPBhERY t6atHee Rl An® Hight "iind "RADTf &4LA6) ;
synchroni ze (632 to avoid copying a defrivative before it is updated. 6

Execufe tlhequabtytintizer syinthiesized 6@jion Fystem éi08) e with Step 1 (600) 8. Conput e
the G obal Del4t. aCfor%Bar%av%?ueg'%gsrLtlt%ntgy 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.
6. Execute the next partition (609)
7. Iterate with Step 1 (600)
8. Compute the Global Delta for each Quantity
25 9. 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:
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(774) 15 7. %ﬁ b ( t he
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Cont ext - Speci fi Sol ver. i s nat convergin there is an explicit 20
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B L dur 'Y p%U(fh eé?o'bvleDelta to each Quantity (775)

9. Evaluate the Operating Context and update the Context-Specific Full-Wave
Solver (778)
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 Elaborated Representation (4). An Incremental

Compiler/Assembler/Loader (5) then generates General Purpose Processor Instructions (508
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(265) provide the 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) brovide 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”.
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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 mode! during
30 simulation
3. Optional means for efficiently implementing the most appropriate model during

simulation
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used in the definition of a sub-nature (Line 218) or a sub-type in other AMS languages. This
sub-nature or sub- type with associated procedure or procedural may then be used to declare a
20  terminal declaration.

Analogous to the single argument of a VHDL resolution function, the first parameter
of a Distribution Procedure or Distribution Procedural must be a terminal interface
declaration of unconstrained array sub-nature (sub-type) having an element nature (element
type) which cormresponds 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



decl arati on of unconstrained array sub-nature (sub-type) having %M%?m
nature (el enment type) which corresponds to the sub-nature (sub-type) of the
term nal R §dAisgfst Ne Distribution 25 Procedure or Di stridgdli®rzRsocedur al

i s associated (such as Line 219). Sonme nmeans to constrain the dinensionality
of this interface declaration nust be -18stablished to reflect the degree of

distribution required each tine the procedure or procedural is dynamcally

el abor at owst iDtitivgmeansiso establish the dimehsiontiliteissi fonetiantagsdciatedwish therBtface| |

i monai oteieeyon G SRuchily Gl B 65 VDL B RaRls it el P macitne

VHDL - AVS 1dhgbispes Vil fsaggest dtBérThébab Jo achfeve iR saffieg@asi onal ity is greater than
one, then the Distribution Procedure or Distribution Procedural represents

a di stri but ed Teshnolegssinaray provide additipes) dmoze thep enshlinteefegspéactaration for tthe

el enmeqt e ' - WAy | _of i C
Fechnsl oBiPeeqe i ot kTS Bk M G BB o idf 2 BbRESE MgChe o,

i ntui tivessoeiard (hauslsd dihiadhat tHeepoihit WetRed the phdcedure Sr prdcedurhi ie Bssasiandivatied
with the interface declaration and syntactically equ_i valent to a VHDL type
conver si riuPTRENE dub-ppkio fRsme? g ribited guhgiaturg (Distahuigd Stubokype) spdaas t o
achi eve . ' [ Lt : h one)
ntert ace o b Epde 4ol B MR HOAROF e FRY (AU GRS LI o i FRe L 2

i nt er coneeatplbehthveeatimeiitias Ignacaftirsim]amyy becorssacted & Bpresent thmparasitic

Sub- 4t uALery 8 RO Lo PR BIGR WP AP IV Gts R0 ORBFIFR % PSR ed D

Sub- Type)risitieR Bfocedirtor? BistAbutfindPr&edural withif e PRIt LSLffieNal Other
decl aration such as Line 219 in Figure 4. For exanple, a three.dinensional

| attice phrametens maldoeass thedemmnaltheing deglares withingtbe parasitic 1pticas Intersonrgct

quantities, wi.thin an in r.at.i ]| . The lattice. be passed.as_a
o arret efepibIbEy Bl P b 3 BiReiEiop Pigredite b BidfivsRD RTRER e
the int egHeatisercon@ibitions @ohtthe pradstitelattice dTamhingitie inflericenné Natrcb@ied

declared within the parasitic lattice. Interconnect technol og{é I npl emrent ed
wit hith t medel sueh Ast SupSrimpesiag haEastic eandribytions i(Fampithsc parasisr latige) thdbe use

contri buglhgr@&_f%’%p%a{]e parasitic lattice of termnals to influence the
I nt er connect nodel’, such as superinposing parasitic contributions (from

t he parasi ti cThatdppespriateonfodel to nfee farcam @énércometel usddily d¢pendgponathe usegel to

use for an interconnect usually depen n.the ugage . context. For exanple,

an i nt er EOMRECtF %aémplﬁmw‘% ry‘eﬁdﬁﬂqdfitwgﬁlﬁb Y&y Iaa?ﬂngl%_f“gf‘@éﬁ%wn%ﬁa 3bne

hcond BT B8 e e B e ST P BR M b

(used0 as pRicsduredbuiuseah asPDostsbutioal Proasdyres)n@hddprocedwdalsi ised asod¥stributiorons,

such as W&@'&&ﬁ'&’ﬁ) ?n%?ﬁnc%get gor;)%ﬂ;[o%alogonstructions, such as VHDL-AMS case statements or
conditional case statements. The expression choosing among exclusive altermatives 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
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incremental compilation.

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 concemn 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
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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.
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Controller (271) message above and the Multi- Port Memory (262) as well as controlling
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 Jower
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:
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previ ous statgn&SOS and 80%. 4. Either re-run the failed operation or
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Device will eventually deplete available logic, interconnect, nmenory and
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points i&rﬁﬁ‘lﬁatiloﬂgﬁi%gérﬂlé ges%.i.efqﬁem re-compilation trap, a general purpose processor or

dedicated logic may periodically sample the values at various points in the logic to identify
resources which are likely candidates for reduction. Techniques, such as shadow registers

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 shified 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
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not known until the solver executes, the innovation disclosed here enabl es
static the sequence in which partitions execute and the processor on which they execute varies

20 slowly over time. As a result, processor instructions intended to prefetch and flush data may
be inserted into the instruction stream so as to minimize processor idle time resulting from
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
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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.
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Figure 18 illustrates efficiently extending arithmetic range and precision using
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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Figure 3 shows a conparatively sinple expansion froma single termnal to an
array of either be associated by default (as with resolution functions) or by explicit reference to
elements of the terminal array (such as 202 and 206). Those skilled in the art of hardware
description language design will readily generalize from the implied terminal array (204) into
20 a two or three dimensional lattice suitable for finite element implementation of a full-wave
equation solver.
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 Venlog
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 vaniable interface declarations may represent a specific dielectric constant,
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function’s input dimensionality is imposed external to the resolution function by the set of
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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di st 20 budimegmsion rather than transforming the value. Syntactically this may be accomplished by

methods such as allowing the ‘length attribute to become an (assignable) right hand side

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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execution traps on the exception (230), potentially re-uses a cached implementation of an

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.
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compiler optimizations such as subprogram inlining, 100p 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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20 instructions and re-configurable logic implementing models of design components with

processor instructions and re-configurable logic implementing event transmission and
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 retumn 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.
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The analog solver simulation cycle is shown in Figure 8. Conceptually the same

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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dependencies are known at the time code is compiled, all of the operations may be efficiently,
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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of badi ngasgavently replaced (via re-compilation) and the more complex implementation restored.
For example, adder 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 mode] 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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20  locations (only one of which is generally read/write at a specific instant in simulation time).
Furthermore since memory is more efficiently copied as a large block, storage may be
allocated to 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 énalog 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 1/0 devices (260) support operating systems or real-time executives executing on one or

more General Purpose Processors (264).
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banks mayfdilewsastiph inseizisofunning @r thenXaeelerator 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 burmed onto FPGA devices is as secure as the device package. The
25  package may be encapsulated so as to erase the mode! configuration daia 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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literal in storage or embedded in logic configurations). If the magnitude difference between

20 left and right hand sides is less than the tolerance for all equations in the partition, the current

object values result in analog solver convergence for the current cycle (604) and partition.

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.
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completes it continues with execution of the Digital Simulation Cycle (609).

When the 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 intemnally or the
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especially efficient for full-wave and high-frequency analog simulation. In general deltas

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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consisting of a mantissa, implied base and exponent. Arithmetic operations involving such
floating point representations are more complex to implement, are more likely to contain an
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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efficiently available to implement a change in the Elaborated Representation (4). Periodic

sampling of actual values, perhaps during the system’s idle time, provides a general purpose

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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30 PartictABPIME @P k he context of analog, mixed-signal and full -wave
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appl i cati giged il ddndRion a1 4hA rkRfbhcS 18 Gfgital interface objects) and the other view as a

structural model in which the components are drawn from a small set of generally accepted
terminal components. The preferred embodiment specifically uses the set of SPICE
25  components augmented with BSIM models and RF/MW models such as transmission lines
and specific antenna forms. The initial Template Library (868) must begin with a library of
existing templates. In the preferred embodiment this library is read in from files and a
directory hierarchy using FTL Systems’ AIRE/CE File Intermediate Representation (FIR)
however those skilled in the art will recognize that other intermediate representations may

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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tenpb@t € jnterfaces 863 and 864 generate a well-known SPICE deck format and accept a table
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’ Taun source code analyzer, however
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20  with a distinct color assigned to each segment (952). The color represents the comparative
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 centrai attributes
thereof. In that the foregoing description of the present invention discloses only exemplary
embodiménts 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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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-
compilation or re-synthesis of logic in response to arithmetic underflow, overflow or

potential loss of precision.

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

resource and amonp resources so as to maximize steady- state simulation performance.
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sol vers enbedded in a conbination of electronically re-configurable |ogic,
general purpose processor and nenory. 5. A nmethod for adaptively adjusting
the representation of nunerical types via re- conpilation or re-synthesis of
logic in response to arithnetic underflow, overflow or potential |oss of
precision. 6. A nethod wherein digital, analog, m xed-signal and full-wave
partitions are pseudo- statically schedul ed onto specific general purpose
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devices, wherein the configured logic represents a paraneterized anal og
sol ver.



