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Abstract. This paper presents a MATLAB toolbox for
multiple-precision arithmetic, enabling high-precision nu-
merical computations beyond the standard double-precision
format. The development step and functionality of the tool-
box are described, and how it integrates seamlessly with the
MATLAB computational ecosystem, offering a user-friendly
interface. The performance enhancement and usability of
the toolbox are demonstrated through four use cases where
floating-point arithmetic becomes an issue. These benchmark
results illustrate the toolbox’s computational accuracy and
performance, highlighting its ability to mitigate numerical
instabilities and roundoff errors in sensitive computations.
The toolbox empowers researchers and engineers to imple-
ment more reliable models, test advanced algorithms, and
validate system designs and a diverse set of operations for
applications that require enhanced precision, such as numer-
ical analysis, scientific computing, and applied mathematics.
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1. Introduction

Digital computers represent analog values as numbers
that approximate the original value, with range and accuracy
limited by architectural constraints. Fixed-Point (FI) formats
offer simplicity and predictable precision, while Floating-
Point (FL) formats provide extended range and flexibility at
the cost of greater complexity and potential rounding errors.

While the standard FL formats (e.g. single and double)
are sufficient for many computational needs, they are prone
to fail in applications requiring precision beyond the capabil-
ities of standard number representations. These limitations
become particularly problematic in numerical analysis, sci-
entific computing, and applied mathematics, where even mi-
nor inaccuracies can propagate and lead to significant errors.
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Multiple-precision arithmetic offers a compelling alternative
by enabling computations with arbitrary precision, address-
ing numerical instabilities, and minimizing roundoff errors.

To name examples, the calculation precision for
the Fast Fourier Transform (FFT), especially in a Field-
Programmable Gate Array (FPGA) environment, needs
a thorough analysis and adjustment so that the lowest pre-
cision can be chosen that still meets the system requirements
regarding quantization noise [1]. Higher precision is required
in thermal analysis [2] where the time constants that need to
be identified may vary on a large scale. Furthermore, in
neural networks, reducing the FL precision towards smaller
representations is a desired feature [3], which requires exten-
sive simulations and careful analysis.

1.1 State-of-the-art Techniques

If a researcher has to use a precision other than the
built-in FL precision, the following possibilities are currently
available as options:

¢ Ball/interval arithmetic (rigorous bounds): Represent
numbers as midpoint + radius (balls), provable error
bounds — powerful for verified numeric and difficult
problems (roots, ODEs). FLINT [4] is the leading,
widely used C library for ball arithmetic with rich
special-function support.

* Fixed extended formats (double-double, quad-double):
Libraries like QD [5] provide fast software emulation of
2x or 4x double precision balancing between the extra
overhead and the gained precision. [6]

* Arbitrary precision libraries like GNU Multiple Preci-
sion Arithmetic Library (GMP) [7] and the Multiple
Precision FL Reliable Library (MPFR) [8] are the stan-
dard solutions for FL representation with even higher
precision.

Furthermore, currently the MATLAB programming
language does not have a built-in format for higher precision
than the IEEE 754 binary64. Although with the Symbolic
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Math Toolbox [9], it is possible to use arbitrary precision.
This toolbox has drawbacks, including high cost and slower
performance, alongside limited support for specific functions
with the variable-precision arithmetic (vpa) class.

The Advanpix Toolbox [10] is a comprehensive, fast li-
brary designed for multi-precision computing in MATLAB.
This toolbox offers a robust suite of features that enable users
to perform computations with accuracy beyond MATLAB’s
standard double precision. However, despite its technical ad-
vantages and performance improvements, the premium price
can be a significant barrier, especially for smaller institutions
or projects operating under tight budgets.

The Multiple Precision Toolbox for MATLAB [11] of-
fers an open-source solution based on the MPFR library,
allowing MATLAB users to perform high-precision arith-
metic without licensing fees. However, it has a notable draw-
back: calculations are slow, which limits its effectiveness
in large-scale or time-sensitive applications. Our solution
builds on this library with the primary goal of improving
execution speed.

The presented MATLAB toolbox is designed for
multiple-precision arithmetic to bridge the gap between high-
precision needs and user-friendly computational workflows.
The toolbox integrates seamlessly with MATLAB’s ecosys-
tem, allowing researchers and practitioners to extend their
numerical capabilities without departing from MATLAB’s
familiar environment. It supports arbitrary precision for real
and complex numbers and matrix operations while offering
precision control and automatic precision propagation fea-
tures. The toolbox can be downloaded from GitHub [12]).

This paper, which is an extended version of the con-
ference paper [13], explores the toolbox’s design principles,
implementation, and benchmarking results, highlighting its
computational accuracy and performance. By demonstrat-
ing its effectiveness in mitigating numerical instabilities and
enabling extreme numerical accuracy, this toolbox can be
an invaluable resource for the scientific and engineering com-
munities. Multiple-precision arithmetic is increasingly im-
portant in numerical simulations and algorithm development
for signal processing, communications, neural networks, and
electromagnetic field modeling, where high numerical accu-
racy and stability are critical. The contribution of this paper
compared to the State-Of-The-Art (SOTA) can be summa-
rized as follows:

* The proposed architecture takes full advantage of the
MATLAB - C interface, leading to fast calculations.

e Full functionality with different basic functions of
MATLAB has been extended and overloaded to be used
with MP objects.

e Demonstration of the MP Toolbox on practical use
cases, including FIR filtering and FFT computations,
validating accuracy against theoretical predictions.

* Significant improvements in computational efficiency
compared to previous implementations.

The paper is organized as follows: after introducing the
current FL standard, in Sec. 2, the structure of the Multiple
Precision (MP) Toolbox is presented, detailing the used li-
braries and custom classes. A brief description of the FL
quantization noise is presented in Sec. 3. Section 4 presents
four examples, namely Hilbert Matrix, Quantization Noise in
the FFT, Roundoff Noise in Finite Impulse Response (FIR)
Digital Filter, and Foster-Cauer Resistor-Capacitor (RC) net-
work conversion, which demonstrate the merits of the MP
Toolbox. Finally, the paper is summarized in Sec. 5.

1.2 Floating-Point Standards

The IEEE 754 standard [14-16] defines a widely
adopted set of representations and operations for FL arith-
metic, serving as the foundational model for numerical com-
putation in modern hardware and software systems. It
specifies multiple binary formats—namely binaryl6 (half
precision), binary32 (single precision), binary64 (double
precision), binary128 (quadruple precision), and binary256
(octuple precision)—as well as decimal formats such as dec-
imal32, decimal64, and decimall28. These formats pro-
vide standardized representations for real numbers, enabling
consistent behavior across architectures, compilers, and pro-
gramming environments.

First introduced in 1985 and subsequently revised in
2008 and 2019, the IEEE 754 standard encompasses a com-
prehensive definition of FL behavior. It specifies how to
encode finite numbers, infinities, signed zeros, and special
values like Not-a-Number (NaN). The standard also defines
arithmetic operations, including addition, subtraction, multi-
plication, division, Fused Multiply-Add (FMA), and square
root, along with well-defined rounding modes and exception
handling mechanisms. These elements are crucial for en-
suring that FL computations are reliable, reproducible, and
portable across different platforms.

A central feature of the standard is its normalized repre-
sentation of real numbers, expressed in the form (—1) X 1p X
2¢, where s is the sign bit, p is the fraction (or significand),
and e is the biased exponent. This format allows for compact
and efficient encoding of a wide dynamic range. For example,
binary32 described in Fig. 1 uses 1 sign bit, 8 exponent bits,
and 23 fraction bits, while binary64 extends this to 1 sign
bit, 11 exponent bits, and 52 fraction bits. The most recent
revision, IEEE 754-2019 [16], introduced several important
refinements, including more precise rules for directed round-
ing, better-defined exception signaling, and support for ex-
tended and hybrid formats to improve interoperability across
heterogeneous computing platforms. Table 1 summarizes the
key parameters of each standard format, including exponent
width, significand precision, and encoded range.

TET Exponent (8 bits) Mantissa (23 bits)

Fig. 1. Bit-Level representation of IEEE 754 single-precision FL
number (binary32).
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Format Total bits* Exponent bits Mantissa bits Exponent range Range

binary16 (half) 16 5 10 —14to +15 6.10 x 107 to 6.55 x 10*
binary32 (single) 32 8 23 126 to +127 1.18 x 10738 t0 3.40 x 1038
binary64 (double) 64 11 52 —-1022 to +1023 2.23 x 107398 t0 1.80 x 10308
binary128 (quadruple) 128 15 112 —16382 to +16383 3.36 x 1074932 0 1.19 x 104932
binary256 (octuple) 256 19 236 —262142 to +262143 ~ 1077889 (o ~ 1078899
decimal32 32 8 23 —95 to +96 ~ 107 to = 10”°
decimal64 64 11 52 —383 to +384 ~ 107383 to ~ 1038
decimal128 128 15 112 —6143 to +6144 ~ 1076143 to ~ 100144

Tab. 1. IEEE 754 FL Formats. (* Sign bit not shown explicitly)

The influence of IEEE 754 extends well beyond general-
purpose computing. It is implemented in hardware such as
central processing units (CPUs), graphics processing units
(GPUs), and digital signal processors (DSPs), providing
high-performance support for standardized FL operations.
Programming languages such as C, C++, Java, Python (via
NumPy), and Fortran offer IEEE-compliant numerical types
and libraries, further reinforcing the portability and consis-
tency of FL computations. From computational fluid dynam-
ics and quantum chemistry to machine learning and financial
modeling, IEEE 754 remains an essential standard that un-
derpins the correctness, reproducibility, and interoperability
of scientific and engineering computations.

While IEEE 754 provides a rigorous and portable
framework, it does not cover all practical scenarios. For ex-
ample, domain-specific applications, particularly in machine
learning and signal processing, often employ non-standard
formats optimized for speed and memory efficiency. One
prominent example is the Brain Floating-point (BFloat16)
format [17], which retains the 8-bit exponent of IEEE bi-
nary32 but reduces the significand to 7 bits. This design
considerably lowers hardware complexity while preserving
the dynamic range necessary for deep learning workloads,
albeit at the cost of reduced precision.

Other custom formats, such as Google’s TensorFloat-32
(TF32) and NVIDIA’s Floating-Point 8 (FP8) variants, are
gaining traction for similar reasons. These variants often de-
viate from strict IEEE compliance but are tailored for high-
throughput, approximate computation environments where
exact numerical fidelity is secondary to performance.

On the other end of the spectrum, with the extended dy-
namic range and precision offered by the binary256 format,
specialized domains exist where even 256-bit FL arithmetic
proves inadequate. One such area is arbitrary-precision arith-
metic used in computational number theory, cryptography,
and symbolic mathematics, where exact results or hundreds
to thousands of digits of precision are often required. For ex-
ample, in verifying mathematical constants (such as 7 or e) to
billions of digits or primality testing of extremely large num-
bers, the limitations of fixed-width formats like binary256
become apparent. Similarly, high-precision simulations in
theoretical physics, such as lattice Quantum ChromoDynam-
ics (QCD), gravitational wave modeling, and perturbative
quantum field theory, may require precision far beyond what
binary256 can reliably support, particularly when dealing

with ill-conditioned matrices or subtraction-sensitive opera-
tions. In such contexts, software-based arbitrary-precision
libraries (e.g., GNU Multiple Precision Arithmetic Library
(GMP), Multiple Precision FL Reliable Library (MPFR), or
Arbitrary-Precision Ball Arithmetic Library (ARB)) are typ-
ically employed, offering user-defined precision at the cost
of significantly reduced computational performance.

Taken together, IEEE 754 and its alternatives illustrate
the spectrum of FL representations from rigorously standard-
ized to task-optimized, underpinning contemporary compu-
tational science. The coexistence of these approaches reflects
the evolving demands of scientific and engineering applica-
tions in both theory and practice.

1.3 Development of the MP Toolbox

Our research group first used and amended the Multiple
Precision Toolbox for MATLAB for a thermal characteriza-
tion application. Later, the communication layer between
the MATLAB and MATLAB Executable (MEX) functions
was replaced with a pointer-based solution instead of the
original string-based one to increase performance. In this
structure, the MATLAB class only stores the pointers for
the multiple precision numbers. The numbers are stored
in the C/C++ low-level layer alongside the data manipula-
tion/arithmetic functions. Thus, the original String < MPFR
conversation at every function call becomes unnecessary,
speeding up the execution. As the latest improvement, we
started using the MPLAPACK library [18] to take advan-
tage of the computation efficiency of the Linear Algebra
PACKage (LAPACK) functions.

2. Structure

2.1 Original C/ C++ Libraries

e GMP Library [7]: It is an open-source, C library for
high-performance arbitrary-precision arithmetic on in-
tegers, rational numbers, and FL numbers. GMP has
evolved through decades of optimizations to support
modular arithmetic, cryptographic computations, and
large-scale numerical simulations, offering precision
limited only by available memory and compatibility
across various platforms. It is integrated into many
other languages and libraries, making it an essential
foundational tool for numerical computations.
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e MPFR Library [8]: It is an open-source library, de-
signed for precise FL computations with well-defined,
correct rounding in compliance with the IEEE 754 stan-
dard. It ensures deterministic results across platforms,
supporting rigorous error bounds, and includes special
values (NaN, Inf) and directed rounding modes.

* MPLAPACK: The open-source multiple-precision lin-
ear algebra library [18] is designed to mirror the func-
tionality of the LAPACK Fortran package while extend-
ing support for arbitrary precision arithmetic through
libraries like GMP and MPFR. Its implementation en-
ables highly accurate numerical computations for dense
matrix operations, such as solving linear equations and
eigenvalue problems, catering to scientific and engi-
neering applications requiring precision beyond stan-
dard double-precision formats.

2.2 MATLAB Custom Classes

Custom MATLAB classes provide a structured and
object-oriented framework for encapsulating data and defin-
ing bespoke behaviors beyond the default capabilities of-
fered by MathWorks. This feature allows developers to de-
fine new data types, overload standard operators, control
access to internal fields, and implement specialized meth-
ods, all while maintaining syntactic consistency with native
MATLAB types. These classes are beneficial for extend-
ing MATLAB’s functionality in contexts where specialized
numerical behavior, data abstraction, or interoperability is
required.

We leveraged MATLAB’s class system to implement
a custom numerical type supporting multiple-precision FL
arithmetic. The custom class wraps arbitrary-precision nu-
merical libraries and provides overloaded arithmetic, rela-
tional, and utility operations. The interface was designed to
mimic native MATLAB behavior as closely as possible, en-
abling users to write scripts seamlessly using extended pre-
cision with minimal syntactic overhead. The custom class
ensures compatibility with scalar and matrix expressions by
overloading appropriate methods — member functions of the
class —such as subsref, subsasgn, plus, times, and disp.

2.3 MATLAB MEX Interface

The MATLAB MEX interface for C++ allows develop-
ers to compile source code into dynamically loadable shared
libraries, linking with the MEX API to invoke the resulting
functions directly from MATLAB through the standardized
mexFunction entry point. By exposing MATLAB’s internal
data structures (e.g. mxArray), memory management, and
runtime environment, the MEX interface makes it possible to
create high-performance, low-level implementations for spe-
cialized functionality while seamlessly passing data to and
from MATLAB. The structure is illustrated in Fig. 2.
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Fig. 2. General MATLAB External Language Interface for
C/C++.
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3. Floating-point Quantization Noise

Certain mathematical and technical details must be pre-
sented to explain the toolbox’s use cases more effectively. In
this part, the theory for FL quantization is briefly described.

The FL quantizer can be modeled exactly as a cascade
of a nonlinear function (compressor) followed by a uniform
quantizer (FI quantizer, Qg;) and an inverse nonlinear func-
tion (expander) as explained in Fig. 3.

The input-output characteristic for the compressor and
expander can be found in [1]. The quantization noise of the
FI and FL quantizers is calculated, respectively, by [1]

vV=y-=Yg (1)
eq=X—Xq. 2)

Assuming that the noise v of the FI quantizer is small com-

pared to y. Then v is a small increment to y. This causes
an increment e at the expander output. Accordingly [1],

eq =v(%) . 3)

The mean square of the quantization noise is given by [1] as

E{el} ~0.180 - 2777 - E{x’}. 4)

The variance of the quantization noise is equal to [1]

op = E{ef} - (1e)* ~ 0.180- 277 - E{x*}  (5)

where . is the expected value and p is the number of man-
tissa bits in the FL quantizer.

x —{ compressor Qpr expander (— Xq

Fig. 3. A model for the FL quantizer [1].
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4. Use Cases

This section presents four cases to demonstrate the tool-
box’s effectiveness and verify the results. The simulations
were carried out in MATLAB R2022b with the Roundoff
Toolbox [1] and the showcased MP Toolbox on a workstation
equipped with an AMD Ryzen 9 7950X processor and 64 GB
of RAM. First, the Hilbert Matrix is analyzed, then the FL.
quantization in FFT and FIR filter algorithms is verified us-
ing the toolbox, and finally, the effectiveness of the toolbox
is demonstrated through Foster-Cauer network conversion.

4.1 Hilbert Matrix

The Hilbert matrix [19] is a classical example in nu-
merical linear algebra, defined by
ij:i+j—1 with1 <i,j < n. ©6)
Despite its simple and well-structured appearance, the
Hilbert matrix is notoriously ill-conditioned, particularly for
large n. This makes it a canonical example when analyz-
ing the stability and accuracy of numerical algorithms for
matrix inversion.

One way to illustrate the effects of ill-conditioning is to
examine the deviation of the product H™'H from the iden-
tity matrix I. In exact arithmetic, this product would yield
I; however, due to rounding errors and the high condition
number of the Hilbert matrix, the computed inverse H! typ-
ically results in a product H'H that significantly deviates
from I, especially in the off-diagonal entries. This deviation
grows rapidly with the matrix dimension and serves as a com-
pelling demonstration of the limitations of finite-precision
arithmetic.

Figure 4 shows a representative example of H'H-1
(n = 14) for various bit length. The plot illustrates how the
deviation decreases for higher bit length, highlighting the
sensitivity of matrix inversion to numerical precision. Such
examples are commonly used in numerical analysis course-
work and software validation to emphasize the importance of
algorithmic robustness and conditioning in practical compu-
tations.

4.2 FFT

The Discrete Fourier Transform (DFT) of a sequence
x(n), wheren =0,...,N — 11is defined as:

N-1
X(k) = Z x(n)exp(~j2rkn/N) (7)
n=0
where k =0, ..., N—1. FFT is an algorithm used to calculate
the DFT efficiently by reducing the computational complex-
ity from O(N?) to O(N log, N). One commonly used way
to calculate the DFT is the Decimation-In-Time FFT (DIT
FFT). This algorithm’s calculations are based on the butter-
fly structure [20-22] shown in Fig. 5.

Implementing the FFT using hardware with a restricted
number of bits and finite precision arithmetical units intro-
duces roundoff error (quantization noise) at the output of the
FFT. In the case of FL quantization, quantization is needed
after each multiplication or addition. This quantization noise
can be found using (5).

According to Fig. 5, after the multiplication of x(j) and
Wé‘, quantization is needed. Also, quantization is required
after the sum of x(i) and x(j )Wé‘. The same procedure is
applied to the lower part of the butterfly (X(j)). Further-
more, when the value of Wl’f, equals to +1 or +j, then no
quantization is needed after the multiplication of W]’i, and

x(j)-

The Quantization Noise Power (QNP) at the N-FFT
output was derived in [1]. The result is given by:

QNPgpr g = 0.42 - logy(N) - o2 - 272 ®)

where o2 is the variance of the signal at the FFT output. It
is clear from (8) that QNPggr py, depends on the power of the
input signal. For the case x(n) is uniformally distributed in
[~1, 1], the value of o2 = N/3.

To validate the results in (8), the simulation was per-
formed 200 times, and the results were averaged. Figure 6
shows that the theoretical and simulation results are approx-
imately the same. The performance of the new MP Toolbox
compared to the toolbox in [1] is shown in Fig. 7. It can be
seen that as N increases, the speed gain becomes substantial,
reaching more than 9 times faster execution speed.

1025 = T I |
b
~q;.+.'.. -©- MATLAB
- "y |-+ MP toolbox
1074 |
=
T *
lee
s
5 1079 |
S :
o
10-152 ‘ ‘ J L ‘
24 25 26 27 28 29 gl0

Fig. 4. Normed difference of the Hilbert matrix (n = 14) and
its inverse H™'H compared to the identity matrix I for
different values of p.

x(i) m X (i) = x(i) + x(j)W§,
>< Wy = exp(~27i/8)
x(j) & 5 X(j) = x(i) ~ x(/)WE

Fig. 5. General form of the DIT butterfly. In this case, N = 8.
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Fig. 6. Theoretical and simulated QNP at the output of the FFT
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Fig. 7. Performance comparison of DIT-FFT implementations
across different MATLAB toolboxes. Execution time is
measured for varying input sizes N.

4.3 Roundoff Noise in FIR Digital Filter

The block diagram of the FIR filter with order M is
shown in Fig. 8. If roundoff is performed after each multipli-
cation and after the final sum, then total QNP at the output
of the filter is given by [1]

QNPpg = 0.36-272P - S - 02 9)

where Sy, = Z?;Io_ U|hi|? is the sum of squares of the filter
coefficients and o7 is the power of the input signal. To vali-
date the result in (9), a uniformly distributed signal between
[—1,1] is used as the input signal. The FIR lowpass filter
is designed in MATLAB using the command fir1(100,
0.35). The theoretical and simulation results using the MP
toolbox are shown in Fig. 9 for different values of p. The
results show excellent agreement between the theoretical for-
mula in (9) and the simulation results, confirming the accu-

racy of the MP Toolbox in modeling quantization effects.

QrL y[n]

Fig. 8. Block diagram of the FIR filter with roundoff after each
multiplication and roundoff after the final sum.
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Fig. 9. Theoretical and simulated QNP at the output of the FIR
for different values of p.

4.4 Foster - Cauer Network Conversion

A canonical Foster RC-network contains the serial con-
nection of n parallel RC-elements; hence, its impedance in
the frequency domain can be written as [23]

n

Rip
Z(s) = _ 10
(S) Z 1+ sR;gCip ( )

i=1

while an equivalent Cauer RC-network is a ladder whose
impedance is the continued fraction [23]

Z(s) =

1 (1

where R;p, Cip, Ric, Cic denote the i™ resistance or capaci-
tance in case of a Foster- or Cauer-network, respectively.

Conversion between different forms of canonical linear
circuits has well-known uses, e.g. in filter design. However,
specifically the Foster-Cauer conversion of RC-networks is
an important part of creating compact thermal models of elec-
tronic systems, the reason being that based on measurement
results, the Foster-form is obtainable, but the Cauer-ladder
is physically more descriptive and allows for the plotting of
cumulative structure functions [2], [24].
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Fig. 10. Cumulative structure function of a system using the MP
toolbox and double representation in case of the golden
reference.

In these cases, the continuous thermal flow is modeled
by a high-order system, whose time constants can span even 8
orders of magnitude; for precise modeling, numerous points
are needed per each decade, and the Foster-Cauer conversion
requires as many polynomial divisions as the order of the
obtained Foster- and required Cauer-network.

With the large number of polynomial divisions, con-
ventional standards, e.g., binary double, cannot produce sat-
isfying results due to the span of the values and rounding
errors. However, the MP Toolbox overcomes this problem,
as shown in Fig. 10, which shows the performance of double
precision vs. the MP Toolbox results for the cumulative R-C
structure function of a so-called golden reference, physically
containing a fourth-order RC circuit used for benchmarking
thermal measurement systems. Using a double represen-
tation, a system with more than 60 time constants is not
obtainable because the polynomial divisions cannot be com-
puted successfully. At the same time, the MP Toolbox tackles
the calculation of a 200™-order system, and the difference of
the two curves shows that a higher order model provides
a smoother structure function.

5. Conclusion

This paper presented a new, open-source multiple-
precision toolbox (available for download on GitHub [12])
that enhances MATLAB’s capabilities beyond double preci-
sion. Itillustrates the feasibility of integrating high-precision
arithmetic into MATLAB and is a foundation for develop-
ing computational tools for research with different precision
requirements. The development roadmap includes imple-
menting all built-in MATLAB arithmetic and trigonometric
functions, ensuring that the full potential of the toolbox is re-
alized. This advancement promises to offer MATLAB users
a robust, high-precision tool for addressing complex numer-
ical challenges in various research and engineering appli-
cations. The capabilities of the toolbox have been demon-
strated and verified across different use cases, including four

practical examples. These showcases highlight the toolbox’s
effectiveness, flexibility, and broad applicability in handling
real-world numerical problems with high-precision demands.
In real-world scenarios, the MP Toolbox can be employed in
applications such as signal processing, wireless communica-
tions, and electromagnetic field modeling, where maintaining
high numerical accuracy and stability is essential.
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