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Reducing the computational complexity of circuit simulation algorithms is the main
stimulus for the development of numerical analysis methods, Conditionally resear-
ches in this domain can be divided in two categories according to their purpose. The
first one intends an improvement of methods and algorithms of simulation without
quantity properties of mathematical models of an object [1]. Without excluding re-
sults of this research, the main purpose of the second category is to decrease the al-
gorithm's complexity by speed enhancement in comparison to the growth of comple-
xity of analyzed circuits, first of all at large dimensions of mathematical models.
The main problem in reducing the computational complexity at circuit simulation of
LSI and VLSI circuits is the problem of dimension. The solution of this problem is
related to the use of the decomposition technique in modelling, the decomposition
modelling (DM), and to partially or completely refusing from principles of 'standard’
simulation [2-5]. Below the main directions of reducing the computational com-
plexity are given in a structured form, and also a brief characteristic of basic pro-
blems concerning the development of DM models and algorithms. Leading concepts
are hierarchical organization of computation and the hierarchy of models. Research
results concerning a method of automating macromodel forming are briefly cited,
also a new approach for economical representation of component equations and an
autonomous version of the multiterminal subcircuit method and its use for paralle-
lizing computational processes.

1. Structurization of the directions of reducing computational complexity

For the estimation of the timing complexity of circuit simulation problems the ini-
tial equation may be written as:

Tso) = Talg + Trme + TSmod (1)
where Ty - time for the solution of the problem,

Talg - time for the job of the algorithms for numerical solution,

Trme = time for formulation of model equations,

TSmod = summarized computation time for model characteristics.

In terms of computational complexity (‘comp') the expression (1) may be symboli-
cally presented as:
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N
COMPSpr = COMPAlg + COMPfme + = (:OmpMj (2)

i=1

Each term defines a possible direction for reducing the computational efforts to sol-
ve the problem (compgy,). These directions consist of (Fig.):
a) decrease of complexity of analysis algorithms (compag | );
b) decrease of complexity of mathematical models for analyzed circuit elements
(compm, | );
¢)’ cutting down timing expenditure for the formulation algorithms of mathema-
tical models (compyfe | ).
The consideration of equation (2) emphasizes another possibility of reducing the
complexity: by decreasing the overall sum Zj=1.n compy;. Decreasing would be
possible, for instance, by using simulation algorithms which work with a smaller
number N in the computational process step or by using simplified models without
reducing the overall precision of modelling. This direction may be defined as:
d) the choice of algorithms that allow the implementation of low complexity mo-
dels.
The characteristics of the formulated directions of reducing the simulation effort are

given below with a viewpoint regarding the application of the decomposition me-
thods [2).

Reducing expenditure at the expense of implementation of more efficient methods
for the formulation of circuit equations, firstly involves an optimization of the data
structure of the simulation software, the improved programming of algorithms and
the development of approaches that enable special ways of formulating for analyzed
circuits. This means, there are various methods of linear system generation in a co-
ded form by results of source circuit compilation. A lot of work is devoted to an elabo-
ration of such methods. As a rule, the best effect is achjeved by taking into account
the software realization in a concrete computer and its operational system. These
methods may be used together with decomposition approaches.

Various approaches of taking into account the structural peculiarities lead to va-
rious algorithmic directions of speed increase in the LSI simulation. These direc:
tions are:
~ sparse matrix techniques, which take into account that the greater part
of matrix coefficients of the corresponding linear equation system are
nullin the case of large sized circuits;
~ the multiterminal subcircuit method where an initial circuit modelling
is represented by the totality of interaction of subcircuits, and the high
dimension problem being reduced to a successive solution of the lower
dimension problem for each subcircuit;
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~ methods of timing analysis (MTA) providing a successive computational

subprocess for one or more equations due to the use of relaxation ap-
proaches,

Reducing of the complexity of mathematical models of LSI elements can be perfor-
med at component or subblock levels (fig.). It is worthwhile considering two aspects
at component level to decrease the computational expenditure:

~ an enhancement of computational efficiency of models by saving their
level adequateness and precision at the expense of economical program-
ming and special computational approaches;

- simplification of component equations by a corresponding decrease of
the characteristic precision (for instance, an implementation of look-up
tables, piece-wise approximation and so on).

It should be pointed out that as a rule in practice it is useful, to combine specified
methods at model synthesis, i.e. at model simplification to search for a possibility of
economical performance of their‘characteristics. Reducing computational comple-
xity at subblock level is achieved firstly at the expense of forming simpler models,
i.e. implementation of macromodelling principles that allow to decrease the order of
the circuit model considerably,

The existence of mathematical madel series, distinguished by complexity and preci-
sion, suggests new perspective directions allowing an effective use of models at va-
rious levels of complexity. Two types of methods for LSI simulation with various mo-
dels can be emphasized:

-~ mixed-mode simulation methods;
- methods of model adaptation to a simulation regime.

The idea of the first method type is the simultaneous use of simplified models to si-
mulate some VLSI blocks and precise models for the circuit analysis of the most im-
portant subbloeks.

Methods of 2 mixed electrical-logic analysis of digital and analog-digital LSI circuits
are the most spreading ones. The idea of adaptive simulation methods consists of the
thesis that there is no necessity to use complete and precise models for all elements
in all regimes to guarantee a given level of simulation error. For example, models
with precise dynamic characteristics are not required at static mode simulation, The
purpose of this class of algorithms is to reduce the expenditure value without lack of
precision at the expense of a successful choice of model precision characteristics in
correspondence to a simulation regime.

As a result of the organization simplicity the most widely used approach is the one
to be defined as a limit case of adaptive methods. The latent approach allows to com-
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pletely exclude calls to models of components or subblocks that do not change their
state in a simulation interval. This approach based on the concept of latency' has an
independent meaning and has already shown its economy in the simulation of the
high order models of LSI circuits.

Each of the above-mentioned directions for the LSI circuit simulation (Fig.) has ad-

- vantages from the viewpoint of complexity reduction in LSI simulation and relative
disadvantages, as well as mathematical and software problems of realization. FEach
of these decomposition simulation directions is an object of partial researches be-
cause of the variety of approaches to their algorithmic implementations. Note that
the family of the LSI simulation algorithms can be generated both by realization of
these directions (Fig.) and the successful combination of different approaches typical
for various directions. An adaptation of LSI simulation directions to parallel com-
putations is the important factor in the evaluation of their perspective implemen-
tation.

2. Basic problems of the DM algorithm development

Sparse matrix methods (pos. 1.1.1) were investigated to a large degree and there is a
considerable experience in their application. The multiterminal subecircuit method
(MSM) may be regarded as one of the possible manners of taking into account an ini-
tially modelled structure sparseness. The main difference of MSM (pos. 1.1.2) from
the sparse matrix technique is the subsequent use of one and the same memory
arrays for different subcircuits and an autonomous formulation of the equations.
The majority of work using MSM as a tool to solve the large dimension problem re-
stricts research to formal matrix partitioning at the level of solving linear equa-
tions. The most perspective direction of MSM development is an algorithmic organi-
zation of independent computational processes that allow to consider their pecula-
rities in a better way and in addition to reduce the simulation times. Computational
problems of this kind are related to the wide use of MSM for the DM in nonlinear
and timing levels [2,8,9]. Problems of theoretical researches and the practical
algorithms using compound iterative processes and compound procedures of nume-
rical integration are actual in this area. The elaboration of an autonomous version
of an MSM algorithm is directly related to solving known problems of numerical
character in using block methods at the nonlinear level, as well as in the
implementation of the multirate integration methods in the time domain. The latter
belongs to the most difficult in numerical ODE solution {10].

A perspective branch of LSI DM is the implementation of timing analysis methods
(MTA) [3-7] (pos. 1.1.8). Oceupying an intermediate position of precision versus pro-
ductivity between logic- and circuit- (electrical) level analysis, MTA provides a
speedup of calculations up to two orders of magnitude in comparison with traditio-
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nal approaches for circuit simulation. The algorithmic structure of these methods
corresponds to a decomposition of the initial system into partial equations and to ex-
cluding operations of the exact solution of a linear system. The specified decomposi-
tion is directly related with the use of relaxation solution methods of a nonlinear
equation system at the level of numerical integration. Due to their construction
these algorithms are close to approaches applied in the numerical solution of mathe-
matical physics equations. Their common disadvantage is that there is a guarantee
of convergence of the iterative processes only for the special mode system. The ini-
tial model matrix of analyzed LSI does not allow the assumption of symmetric and
positive definition typical for mathematical physics. Therefore, the use of compo-
nent models like these and maeromodels that would provide the required structure
of a simulating circuit becomes necessary. The main problem of elaboration and
application of timing methods is the enhancement of their universality, and a direc-
tion of perspective algorithmic explorations is an expansion of the domain of conver-
gence with saving stability properties of initial standard approaches. In the contra-
ry case, the software will be specialized only for a certain type of circuits, and the to-
tal computational gain of decreasing the time-steps will not achieve a supposed effi-
ciency in spite of the expenditure of reducing in each time step.

The branch of development of DM algorithms related to the application of various
complexity models (pos. 2.1.1) is actually in the installation stage and is one of per-
spective ways of reducing computing times under saving the finite precision of simu-
lation results. Problems of the algorithmic character to be solved at constructing
adaptive algorithms are related to an organization of computational procedures
with various complexity models and an algorithmic implementation of switching
criteria for models of different levels in the calculation process.

The so-called 'latent' approach finds a considerably wider implementation (pos,
2.1.2), thatit can be regarded, as already mentioned, as the limit case of the mentio-
ned adaptive principle of the work with models. Using this approach excludes the re-
quest of component or subblock models with unchanged states in the studied time
Interval, i.e. the 'time’ sparseness of simulation is taken into account. The popula-
rity of this approach is due to its simulation economy and the simple computational
organization. Computational problems to be accounted for in realizing this approach
are related to a potential appearence of unstability in the integration. It is necessary
to determine an effective and reliable criterion of the latent state and exit
conditions, organization of event dispatching for calculations.

The purpose of mixed-mode simulation methods (pos. 2.1.2) is to enhance the compu-
tational efficiency due to the use of various mathematical techniques for various
subblocks of the circuit. The mixed analysis may be performed at different simula-
tion levels. Logic simulation [11-13] is the most widely used one. Problems of algo-
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rithmic realization of these methods are especially related to the development of
mathematical and software interfaces which provide the combined use of heteroge-
neous models. The methods have already got practical spreading.

The synthesis of mathematical models, both for components and for LSI subblocks,
is performed traditionally on the base of a qualified consideration of the simulation
object. This tendency leads to model simplification, too. Much experience of theoreti-
cal and practical researches led to the requirement of component library models and
macromodels (MM) [15] . Together with these results the current level of circuit si-
mulation programs requires the application of formalized approaches of model
forming. First of all, it belongs to macromodelling and especially to obtaining
macromodels of LSI subblocks (pos. 4.1.3). The necessity of the operative deve-
lopment of these macromodels dictates the demand for methods and tools to auto-
mate this process. The problem of automating the macromodel forming is the lea-
ding one for the macromodelling of LSI subblocks, It is directly connected to the pro-
blem of formalized construction of nonlinear dynamic macromodels from an overall
component-level model.

Considerable resources of the computable effort economy may be used at the simpli-
fication of component models. The main direction in this case is a transformation of
the initial component equation to a simplified one (pos. 4.2.1) with a corresponding
lack of precison. In this case piece-wise approximation, look-up tables and other
forms of simplified representation can be used. A new definition of the problem to be
solved is the development of methods to enhance the computational efficiency of the
model due to the implementation of special economical methods of their characte-
ristic representation (pos. 4.2.2). The development of formalized methods for the

transition to simplified models may be included in the problems of algorithmic cha-
racter.

3. Autonomous version of multiterminal subcircuit method (MSM)

The main concepts of elaborating an autonomous version of an MSM algorithm
[2,8,9]) in distinction from formal methods of matrix partitioning are the following:

~ .application of compound computing procedures for organizing indepen-
dent numerical processes;

- decomposition of initial systems immediately at the nonlinear and time
equation solution levels.

To decompose the initial equations the vector of circuit variables x is represented by
the components of the vector of terminal variables y and the vectors of internal va-
riables z;: x={21,22, .., 2n,¥], i=1,..,n; n being the number of subcircuits. While im-
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plementing MSM in circuit analysis programs the behavior of the whole circuit is
modelled by a set of nonlinear algebraic equations relatively to the vector y:

fly) =0 (3)
and for i -st subcircuit with the help of the set of equations:

gilzi,yi)=0 (4)
By analogy while modelling dynamical regimes the differential equations:

fly,y,t)=0 : (5)

relative terminal variables represent behavior of the overall circuit in the time do-
main and the equations:

gilZi,zi,yi,yi) =0 (6)
describe the dynamical regimes for each i-st subcircuit. Here yj is a component of
vector y, playing the role of terminal variables for i-st subeircuit.

The multilevel algorithm of statical behavior analysis by MSM uses the compound
iteration procedure of the type Newton-Newton for providing independent computa-
tional subprocesses to solve equation (4) at each iteration step for the system (3). In
distinction from partitioning at the linear level the autonomous algorithm provides
additional economy of memory and permits to accelerate the analysis by taking into
account pecularities of separate subcircuits. To reduce computational times the
principle of agreed reducing the norms of the errors for subcircuit equations is used.
It means the establishment of a stopping criterion for subcircuits in accordance with
the predicted norm ||f]| or the norm |ly|| at each iteration step of solving equations (3)
for the terminal variables. For the hierachical organization of computational pro-
cesses while modelling the dynamical behavior by MSM a new conception of compo-
site methods of numerical integration is proposed [20]. The composite method uses
this organization of calculations when the steps of one method (‘outer’) include se-
ries of operations of another ('inner"). The possibility of using compound methods for
solving the problem of multirate integration of system (5), (6) in accordance with the
character of transient processes in LSI is shown. The algorithms that provide syn-
chronization of the whole process of integration with automatic choice of different
step sizes for different subcircuits are elaborated. In the class of compound methods
a computation procedure is proposed which involves semiexplicit Rosenbrock me-
thods at the upper level (5) and an implicit integration method at the lower level (6).
The computational advantages of its usage are shown. Also the possibility of imple-
mentation of integration methods with different order of accuracy in compound
methods is shown. The simplification of using the concept of latency at the subcir-
cuit level in the last case is stated.

MSM has pecularities of 'natural’ parallelism due to the character of its computatio-
nal organization and the initial data structure. It must be noticed that at the pre-
sent time intensive work is done to establish standard circuit simulators on
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computers with parallel architecture. Among a number of computational problems
to be solved one of the major practical problems is to imply efficient vectorization of
algorithms for LU-decomposition of sparse matrices, the possible approach is propo-
sed, for example, in the paper [14]. To a certain degree MSM is an alternative ver-
sion. It allows a simple implementation of the vector representation for basic nume-
rical procedures on vector computers, including different architectures. Using MSM
implies the execution of superoperations on operands of Nj size, where N; is the
number of variables of the i-st subcircuit. For providing the simultaneous work at
N; variables for each subecircuit vectorizable numerical procedures of MSM have
been developed. The upper estimations of the accelerated coefficient and efficiency
coefficient for parallel MSM realization on a processor matrix have been also
obtained.

The advantages of the autoniomous version MSM appear with separating the algo-
rithms into several flows of commands, i.e. with parallel computations for different
subcircuits on different processors. This approach supposes independent computa-
tional processes in the frames of asynchronous computations. It is known that the
initialization of the short timing processes can not only decrease but as well increase
the overall time of the program exploitation, because the additional loss in initiali-
zation exceeds the gain from parallel execution.

Various algorithmic versions of MSM were analyzed for asynchronous ¢omputa-
tions, among which the most widely used algorithm, the formal matrix partitioning,
and the discussed autonomous version of MSM were compared. The parallel sche-
mes of asynchronous computations for both MSM versions were elaborated for stati-
cal as well as for dynamical behavior simulation. Computational advantages of the
autonomous version of MSM have been shown and in comparison with formal parti-
tioning the estimation of relative efficiency has been obtained. It is as follows:

Eauvpar = (4 Koy + Ku) /(2 Kex + Ku) + ITER,y

where ITER,, is the average amount of iterations for one call of the subecircuit, Ky
and K¢y are the normalized time coefficients of waiting for data and data exchange
respectively.

The arguments given above concerning a lower number of exchanges on iteration or
integration steps permit to come to a conclusion of the perspectiveness of using an
autonomous version of MSM. for parallel computers including multitransputer
arrays becoming widely used as accelerators of workstations.

4. The forming of the macromodels (FMM) of L.81 subblocks

The main achievements in macromodelling have been received for typical construc-
tive completed MSI and SSI circuits. In distinction from such circuits for monolithic
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LSI circuits in many cases necessary experimental data are absent, principle
scheme and parameters are not invariant when changing from one scheme to an-
other. The above mentioned pecularities are the reason for special problems of form-
ing MM (FMM) of LSI subblocks and identification of their parameters. Among the
problems to be solved which determine the effectiveness of LSI macromodelling, we

must emphasize the automation process for the reduction of models providing ne-
cessary operativeness.

The analysis (17] defines the usefulness of constructing algorithms for automatic
forming MM by obtaining the reduced models of cireuit fragments from their
complete mathematical models. The method FMM has been elaborated [2, 16] which
provides the synthesis of nonlinear dynamical MM of the subblocks from their
initial complete models. The results of macromodelling in this case are the ‘input-

output’ relations received by the exception of the internal variables, i.e. vector-
function

In=g(y.y) Q)

which is obtained from the overall mathematical model of the subcircuit given by
the equations

fiy,y,x,x)=0
Iy =h(y,y,x,%) ‘ (8)

Here x(t) and y(1) are vector-functions of the internal and external circuit variables.
In case of the nodal analysis Ip is the vector of terminal currents of the subcircuit
and Iy is the vector of the macromodel currents, The dimensions of vectors f and x
correspond to the number of internal variables and dimensions Ip and y to the num-
ber of external terminals of the subcircuit. In the proposed approach the ideas of the
pertubation method are implemented for the purpose of the FMM in multiterminal
type. The approach gives in fact possibilities to lead the forming of dynamical
macromodel to a static problem. In this variant the computational efforts for solving
approximation problems in the time domain are excluded in comparison with the
traditional definition of the problem. In the work [16] the formula of calculating ma-
trices of terminal capacitances MM has been received in the following form:

Ceq = [6h/3y + ah/ax + ax/ay)- ah/ax = (affax)) [affay + afiax » ax/ay] (9)

The conditions for the application of MM obtained by this method and the estima-
tion of dynamical errors are determined. Due to the account of the peculiarities of
LSI macromodelling the method has some advantages such as:

~ the structure of the obtained MM is suited for circuit simulation pro-
grams;
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- while forming MM the circuit and parameter information at component
level is implemented;

- there is a possibility of saving initial physical and geometrical para-
meters of components that provide a practical application of such MM in
the design of LSI circuits;

~ indistinction from the majority of electrical macromodels for the analy-

sis of digital LSI circuits the possibility of accurate description of termi-
nal current is conserved.

An important advantage of the method consists of formalized computational proce-
dures, making up basic algorithmic provision for automation of the process of ob-
taining MM. This method was used for the construction of a number of MM, among
them electrical macromodels of digital MOS LSI library elements. The application
of the obtained MM decreases the computational effort of MOS LSI modelling by 2.5-
4 times in comparison with the analysis using overall models. The errors in determi-
nation of the transient response were limited by 10-15%:.

5. Increasing of computational efficiency of mathematical models for
integrated circuit components

The new approach to formalized decrease of model order with the exception of inter-

nal variables has been proposed. Two aspects of decreasing of the model's computa-
tional complexity are discussed:

- model reduction with admissible loss of accuracy;
- effective organization of computational operations for model equations.

These approaches were illustrated on the popular Ebers-Moll model for a bipolar
transistor with ohmic resistances from the transistor active region to its collector,
emitter and base terminals, respectively.

The inclusion of these resistances into the equivalent circuit adds three nodes for
each transistor. Therefore the application of nodal analysis to circuit equation for-
mulation leads to a bigger increase of the dimension of the system equations in com-
parison with the simple Ebers-Moll model. If the recommended approach is imple-
mented for formalized reduction from the Ebers-Moll model with resistances to the
simpler model then the possibility of setting full system parameters is served and
the computational expense is nearer to a simpler model. It is proposed for the excep-
tion of internal variables in a static model to apply special functions [19], in particu-
lar, the implicit function g (x)= ex-g() is applied for the Ebers-Moll model with
ohmic resistances. The single description of processes with linear and exponential
mechanisms is provided with its help. For elementary functions these equations are
not solved. The current-voltage characteristic of a diode with resistance is a typical
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illustration of the equation of the same type:y = x - A In y. The solution of that
equation with the use of the g-function is given by the following expression: y=A »
g(x/A - InA). The values of the g-function are calculated by the application of chain
fraction for interval approximation. The g-function is implemented to build-up an
economical static model of bipolar transistors. The computer time decreased from 20
to 50% already on the stage of the formulation of the circuit model equations.

The main problem of the evaluation of a dynamical model consists of forming the
matrix of capacitances for the equivalent circuit. This madtrix must take into
accountin a correct form the influence of exceptional resistances rg, r¢, rg. For this
purpose it is proposed to use the described method of obtaining the simpler model
from full equivalent circuits. In this case the expression (9) determines the
algorithm of calculation ¢capacitancies mentioned and has the following form:

ch (y) = dh/ox « (aflax)-1 [ Cipic ] (0flax)1 + ah/ox

where Cipj( is the initial capacitance matrix of the transistor model. The analytical
descriptions for the matrix values of terminal capacitances Ceq are obtained.

As a result of the combination of these elaborated approaches for increasing compu-
tational eéffectiveness the meéthodology of obtaining simplified models from initially
full models with the exception of internal nodes is presented. The main computing
economy is attained on a stage of solving systems of equations in connection with a
significant decrease of the dimension of circuit models. Moreover so, the excluded
internal nodes are sources of small time constants, then it allows to expect minimi-
zing the number of steps of integration due to the exception of internal nodes.
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