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Abstract

Problem Statement. Accurate and efficient circuit modeling is crucial in modern electronics. A key part of circuit simulation is solv-
ing large systems of linear equations generated using Modified Nodal Analysis (MNA), where circuit behavior is represented through
Kirchhoff's laws. Efficient and accurate numerical solvers are essential, especially for large-scale circuits with varying sparsity and
condition numbers. The challenge lies in selecting an appropriate solver that balances computational efficiency, memory usage, and
accuracy based on matrix properties such as symmetry, sparsity, condition number, and size.

Objective. The main goal of this work is a comparative analysis of four numerical solvers: LU decomposition, Sparse LU, Conjugate
Gradient (CG), and an adaptive method combining CG and Sparse LU. The evaluation is based on performance and accuracy analysis
using C++ Eigen library solvers, considering execution time, memory consumption, and numerical accuracy.

Results. Direct solvers (LU, Sparse LU) provide high accuracy but suffer from high computational and memory costs, making them
impractical for large circuits. Sparse LU improves efficiency by leveraging matrix sparsity, making it a preferable choice when exact
solutions are required. Iterative solvers, particularly CG, exhibit superior scalability for highly sparse systems, achieving the lowest
execution times. The Adaptive method dynamically switches between CG and Sparse LU, offering a balance between efficiency and
accuracy.

Practical Significance. The obtained results enable engineers to make correct decisions when selecting solvers based on their cir-
cuit characteristics, ensuring both computational efficiency and numerical reliability.
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Introduction

As is commonly known that accurate and efficient circuit simulation [1] is essential for circuit design validation,
optimization and performance evaluation, which helps detect potential issues at early stages [2].

Once the circuit model is made, it must be converted into a mathematical representation to find solution to
the key quantities such as node voltages, currents, and power dissipation. SPICE (Simulation Program with In-
tegrated Circuit Emphasis) [3] plays a central role in this transformation, converting the circuit level representa-
tion into a system of equations that can be solved to analyze the circuit's behavior.

Modified Node Analysis (MNA) [4] is the most common method of converting circuit representations into
mathematical equations . By applying Kirchhoff's Current Law (KCL) and Kirchhoff's Voltage Law (KVL)
circuit equations are derived and formulated as a system of linear equations expressed in the classical 4Ax =B
matrix form for linear equation solving.

The article focuses on how these equations are formulated, solved, and optimized using LU decomposition,
Sparse LU [6], Iterative Conjugate Gradient (CG) [2], and an Adaptive solver [2,5,6] (that combines CG and
Sparse LU), with particular focus on DC analysis. It also shows the effect of matrix size, sparsity, symmetry,
and condition number on the process’s performance and accuracy. By understanding these factors and employ-

© Melikyan V.S., Ghazaryan E.S., Harutyunyan A.G., 2025

Dynamics of complex systems / Dinamika slozhnykh sistem, V. 19, N2 2, 2025, p. 7-11 7



Performance and accuracy analysis of linear solvers in circuit-level simulation

ing appropriate techniques, engineers can ensure that performed simulations are both accurate and efficient,
leading to reliable and optimized circuits models.

Performance and Accuracy Analysis of Linear Equation Solvers

In this section, performance analysis of LU decomposition, Sparse LU [6], Iterative Conjugate Gradient (CG),
and an Adaptive method for solving the system Ax= B is implemented and as well as different strengths and
weaknesses [7] depending on the characteristics of the matrix A are shown, including its size, sparsity, and con-
dition number. C++ Eigen library which has an efficient implementation for matrix operations is used to analyze
the performance and accuracy of the given linear equation solvers.

Performance comparison across matrix sizes

This section represents the dependence of each solver’s running time on the matrix size. To ensure the par-
allelization [5] of matrix operations, experiments are conducted using 4 processor cores, which allow parallel-
ization of both LU and Sparse LU factorization [5, 6, 8].

In order to reflect realistic problem scenarios, randomly generated symmetric matrices with 50% sparsity
and an average condition number were used for the analysis. This analysis provided insights into how each solv-
er scales and when it is most appropriate to use it based on its execution time.

Fig. 1 shows the dependence of execution time (in seconds) on the size of different matrices:

The results show that solver selection depends on matrix properties and computational constraints. For
small matrices (<500), LU decomposition or Sparse LU [6] is suitable for exact solutions. For large matrices,
LU becomes computationally expensive and less efficient, reflecting its O(n*) complexity. For large, symmetric
positive-definite matrices, CG is the most efficient due to its scalability and low computational cost. For large
matrices, the Adaptive Method shows an average runtime that reflects the combined behavior of both solvers,
depending on the matrix's convergence behavior.

In addition to execution time, memory usage is a critical factor when selecting a solver, particularly for
large-scale simulations. Fig. 2 illustrates the CPU memory consumption (peak memories in KB) for each solver
as the matrix size increases.
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The analysis shows that LU decomposition exhibits the highest memory consumption due to full matrix
factorization. In contrast, Sparse LU reduces memory usage by leveraging sparsity but still requires more
memory than iterative solvers. The CG method stands out with the lowest memory footprint, as it only stores a
few vectors. The Adaptive Method begins with a low memory profile similar to CG, but when switching to
Sparse LU, memory usage temporarily increases, though it manages overall memory efficiently by releasing
matrix A after factorization.

Analysis of execution time based on matrix sparsity

Fig. 3 represents how by keeping the matrix size fixed (1000x1000) and maintaining a medium condition
number the sparsity level of the matrix affects the execution time of different solvers.
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The results demonstrate that direct solvers such as LU and Sparse LU are suitable for denser matrices, while it-
erative solvers like CG and Adaptive are more efficient in case sparsity increases [5,6]. For highly sparse matrices,
the CG and Adaptive methods emerge as the most efficient choices due to their minimal execution time.
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Fig. 3. Execution time vs. matrix sparsity Fig. 4. Execution time vs. condition number
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Execution time dependence on matrix condition number

Fig. 4 explores how the matrix condition number affects solver performance while keeping the matrix size
fixed at 1000x1000 with 50% sparsity.As the condition number increases, iterative methods require more itera-
tions, making them slower. In contrast, direct solvers maintain a constant running time, which makes them more
reliable for ill-conditioned problems.

Accuracy comparison of direct and iterative methods

To evaluate the accuracy of different solvers, used LU decomposition as the reference method, considering
its ability to produce exact solutions without approximation errors. The accuracy of other solvers is assessed by
computing the relative solution error with respect to the LU solution:

”xsolver_ Xreff "

Relative Error =
||xreff ||

Since symmetric matrices are commonly used in circuit-level simulation, 1000x1000 symmetric matrix
with varying sparsity levels are generated while using a moderate condition number, to investigate the impact of
sparsity on accuracy. For each generated matrix, the system is solved by using different solvers and computing
the relative error between their solutions and the reference LU solution.

Table 1 presents the accuracy results of different solvers by measuring the relative solution error compared
to the reference LU decomposition method.

Table 1. Relative solution error across different solvers

Sparsgltsy lev- 0,1% 0,3% 0,5% 0,7% 0,9%
Sparse LU 1,66269-10 13 1,72294-10° 13 1,56812-10 13 1,11647-10° 13 13816810 13
CG 1,0687-104 1,10202-10°° 1,6532-107 1,00013-10 8 1,085-107
Adaptive 1,456-10° 2,1533-10° 1,005-10°6 1,6643-107 1,7324-10°°

The results highlight that direct solvers (LU, Sparse LU) provide the most accurate solutions, while itera-
tive solvers (CG, Adaptive) are less accurate in their computational efficiency [7]. The accuracy of CG and
Adaptive solvers improves with increasing sparsity, making them more suitable for highly sparse matrices. The
Adaptive method provides a balance between efficiency and robustness, although its accuracy remains slightly
lower than CG in some cases.
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Conclusion

The analysis of linear equation solvers for circuit-level simulation emphasizes key aspects of computational ef-
ficiency, memory usage, and accuracy. The performance analysis showed that while the LU decomposition is
robust, it is computationally expensive for large circuits. Sparse LU improves efficiency when matrix sparsity
level increases, making it a preferable choice for structured circuit matrices. Conjugate Gradient and Adaptive
methods achieved the lowest execution times due to their excellent scalability for highly sparse systems.

The memory usage analysis for LU decomposition demonstrated the highest memory, limiting its adapta-
tion for large systems, whereas Sparse LU reduces storage requirements but still exceeds those of iterative
methods. Based on results CG is most memory-efficient solver, while the Adaptive method initially follows
CG’s low memory profile but temporarily increases storage when switching to Sparse LU, balancing efficiency
with stability.

Direct solvers, such as LU and Sparse LU, maintain high accuracy, making them suitable for applications
where precision is critical. However, CG showed increasing accuracy as matrix sparsity grows. The Adaptive
method balances speed and accuracy, offering a versatile solution for engineers seeking both computational
efficiency and numerical reliability in circuit simulations.
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AHHOTaUus

B coBpeMeHHOM MOAENMPOBaHWUMN CXeM TOYHOE U 3ddeKTMBHOE MOAENUPOBaHNE cMCTeM UMeeT Bonbluoe 3HadyeHne. OgHUM 13 Kito-
YEeBbIX MOMEHTOB MOLENNPOBAHUS SIBSIETCS pelleHVe 6ONMbLUMX CUCTEM JIMHENHbIX YPaBHEHWIA, KOTOpbIE FEHEPUPYIOTCS C NMOMOLLbIO
mMoancuLMpoBaHHOro y3nosoro aHanusa (MNA), raoe nosefeHvie Lenu moaenupyetcs 3akoHamun Kvpxroda. [ns pelieHns sTux ypas-
HEHWI HeobXoaNMbI 3(DMEKTUBHBIE M TOUHBbIE YMCTIEHHBbIE pellaTenyn, 0CO6eHHO Ans KPynHOMacLLTabHbIX CXeM C NMepeMeHHOW paspe-
XXEHHOCTbIO U Yncnamu 06yCnoBAEHHOCT.

MpobnemMa COCTOMT B BbIGOPE MOAXOAALIErO METOAA, KOTOPbIM COANAHCUPYET BbIYMCIUTENBHYIO 3((EKTUBHOCTb, MCMOMb30BaHKE
NamsiTM anropuTMa M TOYHOCTb Ha OCHOBE TakKuX CBOMCTB MaTpuuibl, Kak CUMMETpPUS,, PaspeXeHHOCTb(Sparsity), YMcio 06yCroBNEHHOCTH
(condition number) u pa3mep mMaTpuupl. B paboTe paccMOTpeHbl NpsiMble U UTEPALIMOHHbIE YMCIEHHbIE MeToabl: LU, Sparse LU, conpsixen-
Hbli rpaaveHT (CG), a Takke afanTUBHbIA METOA, KOTOPbIN MpeacTaBnsieT cobon kombuHaumio CG 1 Sparse LU. Mpon3BoanTenbHOCTb 3TUX
peluaTenieif aHanM3VpyeTCsl Ha OCHOBE BPEMEHW BbIMOHEHWS anropuTMa, UCMOsb3yeMoi NaMsiTU U YACTIOBOM TOYHOCTU.

MpsiMble peliaTenn, oCHoBaHHble Ha pesynbTaTax (LU, Sparse LU), obecneumBatoT BbICOKYO TOYHOCTb, HO CTPAZaOT KaK OT BbICOKMX
BbIYNCNIUTENbHBIX 3aTpaT, TaK W OT 3aTpaT NaMsaTh, YTO AeNaeT MX HeMpakTU4YHbIMKM Ans 6onblunx cxeM. Sparse LU nosbiwaer
3(PeKTUBHOCTb 3a CHET UCMOSb30BaHWS Pa3peXXeHHOCTU MaTpuLbl, YTO AENaeT ero NpeanoYTUTeNbHbIM BbIOOpOM, koraa TpebyroTcs
TOYHbIE peLeHns. MTepaumoHHble pelaTtenu, B YacTHoCcTM CG, AEMOHCTPUPYIOT NPEBOCXOAHYIO MacluTabupyemMocTb ANt OYeHb pas-
PEXeHHbIX CUCTEM, AOCTUrasi KpaTyalillero BpeMeHu BbINOMHeHNs. AJanTuBHbIA MeTog, o6beauHsiowmin CG n Sparse LU u cnocob-
Hblii AMHAMUYeCKW NepeKoYaTbCs MeXAyY HUMM, npeanaraeT KOMIPOMUCC MexXAay 3PdEKTUBHOCTBIO U TOUHOCTbIO.

Pe3ynbTaTbl MokasblBaloT, YTO MNpu BbibOpe pelatens cnegyeT PyKOBOACTBOBATLCS XapaKTepUCTMKaMu MaTtpuubl cxembl. [ns
HebonbWwmnX MaTpuL NPeAnoYTMTENbHBI MPSAMble pellaTteny, Takme kak LU u Sparse LU, ecnv TOYHOCTb SBNSIETCA NPUOPUTETOM, B TO
BpeMs KakK Ans 60MblUMX, PaspeXXeHHbIX, CUMMETPUYHBIX NMOSIOXMUTENLHO OnNpeAeneHHbIX MaTpul Hanbonee 3pPeKTUBHLIM BbIGOPOM
apnsitotcss CG U aaanTUBHBIA METOA, KOTOpbIM obecneunBaeT 6anaHC Mexay CKOPOCTbIO M YCTOWYMBOCTHIO 3@ CYET AMHAMMUECKOM
ajanTauum K CBOMCTBaM CXOAMMOCTU MaTpuLbl.

MonyyeHHble pe3ynbTaTbl NPEeAoCTaBNSIOT MHXEHEPaM CUCTEMHBIM Moaxof K Bblbopy pellaTtenel Ha OCHOBE CTPYKTYpPbl CXEMbI,
rapaHTUpys Kak BblUMCANTENbHYIO 3(PHEKTUBHOCTb, TaK U YNCIIEHHYIO TOYHOCTb.
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