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Abstract

Hardware–software co-design is a balanced strategy for computationally intensive algo-
rithms such as decimal computing. It can provide several Pareto points for the development
of embedded systems in terms of hardware cost and performance. In this study, we propose
an efficient and accurate evaluation framework for decimal computing. The framework
was designed and developed for hardware–software co-design decimal arithmetic using the
RISC-V ecosystem. New binary and decimal-oriented instructions supported by an acceler-
ator were developed. The framework can perform cycle-accurate analysis for performance
and assess hardware overhead for co-design-based decimal arithmetic. Unlike previous
studies that focused primarily on implementing and evaluating individual co-design meth-
ods, the proposed framework enables exhaustive hardware–software partition analysis at
the building-block level, facilitating systematic exploration of the design space. We also
evaluated the decimal floating-point multiplication Pareto points and identified a new
Pareto point for hardware–software co-design-based decimal multiplication (Method-A)
through an analysis with the proposed framework.

Keywords: hardware–software co-design; RISC-V; decimal hardware accelerator; decimal
floating-point arithmetic; decimal multiplication; Rocket chip

1. Introduction
Decimal arithmetic is widely used in financial and scientific applications, and most

numeric data in commercial databases are stored in decimal format [1]. Traditional bi-
nary architectures introduce conversion and rounding errors that are unacceptable for
such domains. To address this, IEEE 754-R was revised to include decimal floating-point
(DFP) formats and operations [2], with the 2019 update [2] supporting implementations in
software [3–8], hardware [9–19], or hardware–software co-design [20,21].

Decimal arithmetic is implemented in many programming languages using a flex-
ible binary hardware unit. In such cases, there is no additional area overhead. These
software languages have their own packages or libraries for decimal arithmetic such as
Java [3,4,8] and C [5,6], and are used in nanoelectronic technology for future computing
facilities [22–24]. Recent studies have also explored decimal arithmetic in emerging com-
puting paradigms [25]. However, software-only implementations are often insufficient
for large-scale and computationally intensive applications due to their limited execution
performance.
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IBM introduced the first decimal accelerator in its mainframe computers [26] and
later implemented it in the System z [27] and zEnterprise series [28]. In [10], Fujitsu also
introduced decimal floating-point (DFP) in the SPARC64 processor. However, implement-
ing this solution in hardware requires additional area overhead and higher hardware
costs. Furthermore, hardware-based decimal computing can be designed using a binary
floating-point (BFP) unit via hardware sharing [19,29–31]. Such a design can reduce the
area overhead; however, it increases latency toward the binary floating-point unit. This
occurs because the BFP and the DFP numbers have different bit widths and encoding [30].

A balanced hardware–software co-design can overcome the limitations of software-
only or hardware-only solutions, offering flexibility and optimization opportunities (see
Figure 1) that have gained increasing attention in both academia and industry. In previous
work [20], we introduced a hardware–software co-design approach for decimal multiplica-
tion, combining a software routine with a dedicated hardware unit. However, its evaluation
required a special environment: the software part was tested on multiple platforms with
the hardware replaced by a dummy function, while the hardware part was separately
assessed using CAD tools, providing only an approximate estimate of overall performance.
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Figure 1. Area–delay trade-off with optimization scope for hardware–software co-design.

The RISC-V ecosystem, built on the open-source RISC-V ISA, provides tools for devel-
opment, verification, and evaluation, including the Rocket chip and the RoCC interface.
As shown in Figure 2, the accelerator communicates with the core and cache via RoCC.
By integrating the accelerator into our framework, we enable comprehensive exploration
of the design space for hardware–software co-design solutions [32,33].
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Figure 2. High-level architecture of the proposed RISC-V decimal arithmetic accelerator. The accelera-
tor communicates with the Rocket core and cache through the RoCC interface and consists of a register
bank, control logic, and an execution unit for hardware-accelerated decimal arithmetic operations.

Table 1 summarizes the evolution of our previous studies and clarifies the novelty
of the present work. In our initial conference paper [20], we introduced the hardware–
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software co-design concept for decimal multiplication, proposing four co-design methods
and demonstrating their feasibility using software execution with dummy hardware func-
tions together with separate hardware synthesis. Subsequently, we proposed an integrated
open-source RISC-V evaluation framework [34], enabling cycle-accurate implementation
and evaluation of hardware–software co-design solutions within the Rocket-chip ecosystem.
The framework was then employed in our journal paper [21] to implement and comprehen-
sively evaluate the four proposed co-design methods using actual hardware accelerators.

Table 1. Comparison of the contributions of the present work and our previous studies.

Item [20] [34] [21] This Work

Hardware–software co-design methods Proposed Used Evaluated Extended

Framework – Proposed Used Extended

HW implementation No Partial Complete Reused and Extended

Exhaustive partition analysis – – – Yes

Building-block analysis – – – Yes

New Pareto point – – – Method-A

Benchmark evaluation No Framework verification Method evaluation Extended

Software-level parallelization reference – – – Yes

In contrast, the present work builds upon these studies by extending the framework
beyond method-level evaluation. Specifically, we introduce exhaustive hardware/soft-
ware partition analysis through building-block-level area and cycle evaluation, identify a
new Pareto-optimal hardware–software co-design solution (Method-A), and extend the
benchmark-level evaluation by providing a software-level comparison between software
parallelization and hardware acceleration.

The rest of this paper is organized as follows. Section 2 outlines the hardware–software
co-design process, and Section 3 introduces the proposed framework. Section 4 presents
evaluation results, while Sections 5 and 6 provide design analysis and a new Pareto point.
Section 7 discusses overall evaluation, and Section 8 concludes the paper.

2. Co-Design for Decimal Arithmetic
A classification of the hardware–software co-design-based decimal arithmetic process

is shown in Figure 3. According to the IEEE 754-2008 standard [2,35], two types of rep-
resentations (encoding) are allowed. One is the densely packed decimal (DPD) [5,36,37],
and another is the binary-coded decimal (BID) [6,7,38].

Densely packed decimal (DPD)  

Binary Special 

Binary- coded decimal (BID)  

BCD
internal
format

Base-billion/
Base-thousand multiplication

(Binary)
(Decimal)

Software- Hardware
Co-design

Figure 3. Decimal arithmetic and hardware–software co-design-based classification.

In the BID-based co-design implementation, the embedded binary arithmetic hard-
ware is used with some additional supported hardware components. However, in the
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DPD-based co-design implementation, both software and dedicated hardware (BCD or
Binary) components are used [20,34], where some parts are calculated by embedded binary
hardware while the remaining parts use dedicated decimal hardware.

One of the primary objectives of hardware–software co-design-based decimal imple-
mentation is to take certain advantages of using the existing embedded binary arithmetic
hardware. A highly optimized embedded binary arithmetic already exists in the system
(ALU), or in the case of a field-programmable gate array (FPGA), there are also a variety of
IP cores available with binary arithmetic. A decimal co-design solution can then use this
arithmetic to reduce the area overhead.

3. Proposed Evaluation Framework
Decimal arithmetic can be implemented using software, hardware, or hardware–

software co-design, requiring a common platform for fair evaluation. Hardware implemen-
tations are typically assessed in terms of area, power, and delay [39–42], whereas software
implementations are evaluated based on execution performance on a target processor [36].
Therefore, a unified evaluation framework is essential for objectively comparing different
implementation approaches.

Several evaluation platforms have been proposed. FPGA-based decimal floating-point
coprocessors [43] provide hardware acceleration, but their performance is often limited
by PCIe communication overhead. Alternatively, extending an open-source processor re-
quires dedicated decimal hardware, custom instructions, compiler support, and simulation
tools [44].

An effective hardware–software co-design evaluation framework should support flex-
ible hardware/software partitioning while enabling seamless interaction between software
and hardware accelerators. The RISC-V ecosystem provides an open and extensible plat-
form for this purpose through customizable instructions and tightly integrated accelerator
interfaces [32]. Therefore, this section presents a complete open-source framework for
designing and evaluating decimal arithmetic hardware–software co-design, extending our
previous framework [34].

3.1. Overview of the Framework

The proposed framework uses the RISC-V ecosystem, a decimal library, a decimal
benchmark application, a decimal arithmetic functional verification database, randomly
generated verification test cases, and a set of test programs. The software, tools, and hard-
ware used to develop the proposed framework are described in detail in [34].

The software part of the proposed framework can adopt certain existing processes
from [5,6] by replacing certain expensive and suitable parts with hardware as described
in [20]; moreover, a completely new software part with new instructions can also be
designed. This design includes base-billion [5], base-thousand [5], DPD encoding [37],
and binary hardware; however, the design parameters can be flexibly changed by the
framework user.

In addition to the hardware instructions and corresponding software programs,
the framework includes a C-based test program generator that dynamically configures its
parameters. The mandatory configuration specifies the precision format (double or quad),
input dataset (rounding, overflow, normal, underflow), and arithmetic operation type
(addition, subtraction, multiplication, or others), while the optional configuration specifies
the number of repetitions, output pattern (execution time or cycle count), and similar
parameters. All configurations have framework-defined default values. The generated test
program is used for functional evaluation, with a random decimal input mode additionally
provided for performance evaluation.
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Figure 4 depicts an overview of the proposed framework. On the hardware side,
the necessary finite-state machine (FSM) and hardware description for the accelerator are
designed. Furthermore, the Rocket Chip is compiled and built using the newly generated
accelerator, and then an executable for the emulator is generated. On the software side,
the RISC-V in-line assembly and C source code are compiled using the RISC-V GCC cross-
compiler to generate the RISC-V binary of the target program with new custom instructions
using the accelerator. The binaries are then simulated by the SPIKE ISA simulator for
functional verification. Thereafter, the RISC-V machine code is generated. This RISC-
V machine code is then executed on the emulator to obtain the evaluation output and
waveform. A detailed description of the architecture (hardware) and programming model
(software) is provided below.

Tool-chain
binary

MACRO

New

Algorithm (software)

Accelerator supportSoftware design

Implement
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 with

 RISC-V ISA

 
 Result

Algorithm 
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instruction
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evaluate
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Figure 4. Overview of the proposed framework. The arrows indicate the workflow and data flow
between the software design, hardware accelerator development, compilation, simulation, and evalu-
ation stages. Gray-colored blocks denote the components introduced by the proposed framework.

3.2. Architectural Design (Hardware)

To embed decimal arithmetic into a RoCC coprocessor, two main parts, the interface
and the execution unit, are required. The RoCC has three default interface signals:

1. Co-ordination between an accelerator and Rocket core (core control)
2. Exchanging data between an accelerator and Rocket core (register mode).
3. Communication between an accelerator and cache (memory mode).

The default interface signal communicates through the core and memory using the
command (cmd), request (req), and response (resp) signals. In addition to the default
interface, there are certain extended RoCC interfaces, such as an (FPU) interface for sending
and receiving data from a floating-point unit.

Figure 5 shows a RoCC 32-bit custom instruction encoding with the bit length of
several parts of the instruction. The opcode is selected from custom-0 to custom-3, which
are reserved for custom instructions, and each opcode realizes several functions using
funct7 bits. Each instruction can have at most one destination register rd and two source
registers rs1 and rs2. Three flags, xd, xs1, and xs2, indicate whether the corresponding
Rocket-core register is used as a destination or source, i.e., whether synchronization between
the Rocket core and accelerator is required: if xs1 = “1” or xs2 = “1”, the source-register
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value is transferred with the instruction, and if xd = “1”, the Rocket core waits for the
response. Otherwise, the field specifies an accelerator register-file address or is unused.

rs2(5) rs1(5)
xd xs2xs1

rd(5) Opcode(7)Funct7(7)
rocc instruction (1) (1) (1) Custom 0–3

Figure 5. RoCC instruction encoding format (bit fields).

During the evolution of the proposed framework, several custom instructions were
refined and additional instructions were introduced as the Chisel implementation matured.
Table 2 illustrates the RoCC custom instruction encoding format, whereas Table 3 summa-
rizes the final custom instructions implemented in the proposed framework together with
the corresponding funct7 values, opcode assignments, and functionality. Table 3 serves as
the definitive instruction specification used throughout the remainder of this paper.

Table 2. RoCC custom instruction encoding format used in the proposed framework.

31 25 19 15 11 6

Instruction Source-1 Source-2 Addressing Mode Destination Opcode

funct7(7) rs2(5) rs1(5) xd(1) xs1(1) xs2(1) rd(5) opcode(7)

WR (0000000) 00000 01011 1 0 0 00000 0010111
DEC_MUL (0000111) 01010 01011 1 1 1 01100 0010111
DEC_CNV (0000001) 01010 01011 1 1 1 01100 0110111
BIN_CNV (0000010) 01010 01011 1 1 1 01100 0110111
DEC_ADD (0000100) 01010 01011 1 1 1 01100 0010111

Table 3. Final specification of the custom RoCC instructions implemented in the proposed framework.

Instruction Funct7 Opcode Function

WR 0000000 custom-0 Write a value into the internal accelerator register.

DEC_MUL 0000111 custom-0 Perform decimal multiplication.

DEC_CNV 0000001 custom-1 Convert a base-billion number into the corresponding BCD
representation.

BIN_CNV 0000010 custom-1 Convert a BCD number into the corresponding base-billion
representation.

DEC_ADD 0000100 custom-0 Perform decimal addition.

Figure 6 shows the high-level architecture of the accelerator, whereas Figure 7 il-
lustrates the implementation of the finite state machine (FSM) required to implement
the accelerator.

For example, when the BIN_CNV instruction is required, it performs an operation that
converts a BCD number to the corresponding base-billion number for a single operand
and writes the result to the destination register. The pseudo-code written in Chisel for the
instruction BIN_CNV (funct7 = “0000010”) is as follows.

val BIN_CNV = funct === UInt(2) //function bit definition
//calling conversion module
when(cmd.fire() && (BIN_CNV))
//store the result after converting to base-billion single operand
regfile(addr) := CNV(cmd.bits.rs1)

When the accelerator receives a BIN_CNV command, it converts the BCD value stored
in the source register rs1 into its corresponding base-billion representation and writes
the result to the destination register xd. Here, CNV performs the BCD-to-base-billion
conversion corresponding to the BIN_CNV instruction.
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Figure 6. Basic block of Method-1 proposed in [20]. The arrows represent the communication and
data flow among the Rocket core, accelerator, and cache.
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Figure 7. Finite-state machine (FSM) implementation of Method-1 proposed in [20]. The arrows
represent state transitions initiated by commands and control signals, including read, write, clear,
accumulate, and decimal-add operations.

3.3. Programming Model (Software)

A set of software programs is implemented for the primary algorithm, using dedicated
functions to call new instructions supported by the accelerator.

The fragments of pseudo-code using the accelerator are as follows:

//For generating 1X-9X
M_multiple[0]=0; M_multiple[1]=X;
for (mm=1; mm<9 ; mm=mm+1){
//high-level call for in-line assembly
roccadd(M_multiple[i+1],M_multiple[1], M_multiple[i]);

}

//to accumulate the PPs
for (pp=0; pp <64 ; pp=pp+4){
roccadd(result,result,M_multiple[mcMID(Y_64,j,j+4)]);
//mcMID is MACRO to extract the particular digit
product << 4;
//For next digit, formats are in BCD

}

The first fragment is used to generate the multiplicand multiples, referred to as partial
product generation (PPG), whereas the second fragment accumulates the generated partial
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products, referred to as partial product accumulation (PPA), to produce the final result.
Further details can be found in [20].

roccadd is a function that calls the DEC_ADD instruction. The function roccadd takes
two BCD inputs and returns the result after BCD addition. A set of MACROs and in-line
assembly programs are used to define the function roccadd.

The function that invokes the DEC_ADD instruction is defined as follows.

int roccadd(int a, int b, int c) {
asm __volatile__ (".word0x08A5F617\n");
return a;

}

In the code, “0x08A5F617” is the hex value for instruction custom-0 (DEC_ADD), where
Rocket internal integer registers 10 and 11 are used as the source registers and integer
register-12 is used as the destination register.

4. Evaluation of the Proposed Framework
In previous work [20], evaluation was conducted by replacing the hardware part

with a static dummy function that always returns a fixed value according to the method’s
algorithm, called repeatedly from the software as per the method’s design; this allows
approximate estimation of the hardware–software interfacing time. However, this approach
cannot capture actual computing time, which is highly input-dependent—for example,
rounding operations take substantially longer than normal arithmetic, a variation the
dummy function cannot represent. Cycle time also depends on hardware design, since
arithmetic operations may differ with and without the new hardware.

Method-1 [20] was evaluated using the proposed framework in [21]; here, we instead
use this method to evaluate the framework itself. Method-1 with dummy functions is
examined on three different platforms using the same 8000-sample dataset for functional
verification, covering overflow, underflow, normal, and rounding cases as detailed in [21].
The decNumber C library [5] serves as the software-based baseline. All estimated times
and cycle counts are obtained on a Linux 64-bit workstation with an Intel Core i7 processor
and 8 GB RAM, the same environment used for all other experiments in this paper. Table 4
shows that Method-1 with dummy functions is 2.15 times faster than the software.

Table 4. Evaluation of Method-1 [20] using the proposed framework.

Process Avg. Cycles Speedup

Method-1 using dummy function 1712.68 2.15×
Method-1 with accelerator 2071.85 1.78×
Software [5] 3687.91 1

To assess this result further, Table 5 reports real implementations of the two methods
executed in the same environment, with each process repeated 500,000 times and the
resulting time averaged over the 8000 samples. A second evaluation, using the Gem-5 [45]
simulator with AtomicSimpleCPU in System Call Emulation (SE) mode and RISC-V as the
target ISA [32], is summarized in Table 6.

From Tables 4–6, the three independent evaluation approaches yield comparable
speedups (2.15×, 1.90×, and 2.06×), while the actual hardware implementation evaluated
using the proposed framework achieves a speedup of 1.78×. Although no identical refer-
ence implementation is available for direct comparison, all evaluations consistently exhibit
an approximate two-fold performance improvement over the software baseline. This con-
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sistency supports the validity of the proposed framework for estimating the performance
of hardware–software co-designed decimal arithmetic.

Table 5. Evaluation of Method-1 [20] by real implementation.

Process Avg. Time (s) Speedup

Method-1 with dummy function 0.03021 1.90×
Software [5] 0.05742 1

Table 6. Evaluation of Method-1 [20] using Gem-5 targeting RISC-V ISA.

Process Avg. Cycles Speedup

Method-1 using dummy function 1074.61 2.06×
Software [5] 2213.21 1

We then implement Method-1 as proposed in [20,21] using the actual hardware accel-
erator and evaluate its performance using the RISC-V RDCYCLE instruction. The hardware–
software co-designed implementation achieves a 1.78× speedup over the software-only
implementation. Compared with the approximate evaluations, the slightly lower speedup
is primarily attributed to the RoCC command-dispatch and command/response (cmd/resp)
synchronization overheads incurred by the actual accelerator interface, which are not mod-
eled in the dummy-function or Gem5 evaluations. A detailed cycle-level decomposition
of these overheads is beyond the scope of this work and is left for future extension of
the framework.

5. Analysis to Design Decimal Multiplication Using the
Proposed Framework

Figure 8, adapted from our previous work [21], shows the existing Pareto points for
hardware–software co-designed decimal multiplication. To identify additional solutions in
the unexplored region, the proposed framework evaluates the individual computational
building blocks using 1000 randomly generated decimal inputs. Hardware area is estimated
using a commercial synthesis tool [46] and a 90 nm standard-cell library, consistent with
the remaining hardware evaluations in this paper.

0
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0 50k 100k 150k 200k

C
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le

Area (μm2)

Software

Co-design
Hardware

Target Pareto point

 64-bit actual Measurement
Figure 8. Target Pareto-point region for decimal multiplication. A similar trend is expected for other
decimal arithmetic operations supported by the framework.
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As illustrated in Figure 9, decimal multiplication may use either binary-based or BCD-
based coefficient processing. Both approaches consist primarily of conversion, coefficient
multiplication, carry or partial-product processing, and rounding. The following analysis eval-
uates these building blocks individually to support systematic hardware/software partitioning.

Conversion Coefficient Multiplication

multiplication

Binary Coefficient

BCD-BT BT-BCD BCD-BB BB-BCD 

carry resolve
multiplication

carry resolve
BB BT 

Figure 9. Hardware–software partitioning options for decimal multiplication using binary coefficients.
BT and BB denote base-thousand and base-billion, respectively.

5.1. Conversion

Table 7 summarizes the software cycle counts, hardware cycle counts, and synthesized
area of the conversion modules supported by the framework. DPD–BCD and BCD–DPD
conversions require relatively few cycles because they involve direct encoding transfor-
mations; software implementations generally use lookup tables, while the corresponding
hardware requires only shallow combinational logic. Similar unpacking and packing units
are employed in commercial decimal processors [26,27,47,48].

Table 7. Average cycle counts and hardware area for the supported conversion processes.

Process Software Cycles Hardware Cycles Area (µm2)

DPD → BCD 211.7 36.2 1186.4
BCD → DPD 198.2 32.8 697.6
BCD → BT 484.9 97.1 5412.2
BCD → BB 522.1 78.2 10,752.2
BB → BCD 1168.0 43.1 15,911.6
BT → BCD 646.4 61.1 8106.0

Abbreviations: BB = base-billion; BT = base-thousand.

Base-thousand and base-billion representations reduce the number of coefficient-
processing steps in binary-based multiplication [5]. Base-thousand conversion requires less
hardware area, whereas base-billion conversion generally requires fewer hardware cycles
because it uses fewer digits. For the reverse conversion to BCD, the hardware modules
employ the shift-and-add-3 algorithm, while software implementations use arithmetic
decomposition and lookup tables. As shown in Table 7, base-billion-to-BCD conversion is
the most expensive software conversion but remains substantially faster when implemented
in hardware.

5.2. Coefficient Multiplication

Binary-based multiplication consists of coefficient multiplication followed by carry
resolution. As shown in Table 8, the base-billion approach requires fewer cycles because it
operates on fewer, wider digits, whereas base-thousand multiplication uses more digits
and therefore requires additional multiplication and carry-resolution steps. Base-thousand
arithmetic may nevertheless be useful when the available embedded multiplier is narrower
than the 32-bit multiplier required by the base-billion implementation.

https://doi.org/10.3390/signals7040075

https://doi.org/10.3390/signals7040075


Signals 2026, 7, 75 11 of 19

Table 8. Average cycle counts for software-based binary coefficient multiplication.

Base Coefficient Multiplication Carry Resolution Area Total Cycles

Billion 261.87 275.94 0 537.82
Thousand 541.28 667.56 0 1208.13

Note: No additional hardware area is required, because both stages are executed in software.

In the base-billion procedure, 32-bit coefficient digits are multiplied to generate higher-
precision partial products, which are subsequently normalized into lower-precision base-
billion digits [5]. In the base-thousand procedure, each partial product is compared with
999 and divided by 1000 when a carry is present. The larger number of base-thousand
digits accounts for its higher cycle count.

BCD-Based Format

BCD-based multiplication consists of partial product generation (PPG) and partial
product accumulation (PPA). Table 9 compares four PPG alternatives. Sequential base-
billion addition is faster than base-thousand addition because it processes fewer digits,
while direct digit multiplication in base-billion requires the highest cycle count. The BCD-
CLA implementation provides a competitive cycle count with moderate hardware area and
corresponds to the approach used in Method-1 [20].

Table 9. Average cycle counts and area for partial product generation (PPG).

Process Average Cycles Area (µm2)

Base-billion addition 442.17 + NA
Base-thousand addition 1146.56 + NA
Digit multiplication in BB 1650.79 + NA
Using BCD-CLA 461.60 5459.00

+ Conversion cycles are not included.

Table 10 compares sequential and parallel accumulation alternatives. Software accumu-
lation avoids hardware overhead but requires more cycles, whereas parallel accumulation
substantially reduces latency at the cost of a large hardware area. The framework imple-
ments the area-efficient adder-tree-based parallel structure for evaluating this trade-off.

Table 10. Average cycle counts and area for partial product accumulation (PPA).

Process Average Cycles Area (µm2)

Parallel selection and accumulation 103 87,729
Software using CLA 581 0
Parallel selection with CSA [41] NA 94,268
Sign-digit adder tree [49] NA 93,794

5.3. Rounding and Special-Case Handling

The final stages of decimal multiplication are rounding and special-case handling.
The framework provides both a software rounding routine and an IEEE-compliant hard-
ware rounding module. The software routine currently accepts BCD inputs, whereas
the hardware module supports BCD, base-thousand, and base-billion representations.
The hardware rounding module occupies 11,288.8 µm2 and requires an average of
39.7 cycles.

Special-case handling checks conditions such as NaN, infinity, invalid operands,
infinity multiplied by zero, and related IEEE 754 exceptions. In the current framework, these
checks are performed using software macros, while a fully hardware-based implementation
would require operation-specific checking logic. Because the same software-based rounding
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and special-case stages are applied to all compared partitioning methods, they are analyzed
separately from the partition-dependent conversion and coefficient-processing stages. Their
costs are incorporated when reporting end-to-end results.

6. Design Pareto Point for Decimal Multiplication Using the
Proposed Framework

This section integrates the results from Section 5 to achieve the most desirable hard-
ware–software co-design Pareto point for decimal multiplication. First, the framework
evaluates existing software-based multiplication [5] to determine which functions or oper-
ations should have dedicated hardware and which should remain in software to reduce
hardware overhead and computation time.

The primary steps of a software-based multiplication of [5] are as follows:
The multiplication process involves checking operand specialties, determining the sign

and initial exponent, and converting coefficients to base-billion format. The base-billion
digits are multiplied to produce partial products with carries, which are then resolved to
obtain the final base-billion product. This result is converted back to BCD for rounding,
and finally verified for exceptions, special cases, and rounding correctness.

Figure 10 shows the average cycles for software-based decimal multiplication, where
coefficient multiplication dominates (gray), including DPD to base-billion conversion, co-
efficient multiplication, carry resolution, and base-billion to BCD conversion. The two
conversion steps, along with rounding, require the most cycles. Tables 11 and 12 summarize
trade-offs between binary- and BCD-based approaches. In the binary case, conversions
are replaced by hardware components, and instruction cycles are added to compute to-
tals. For BCD-based multiplication, two Pareto points are observed, Method-1 [21] and
Method-3 (parallel BCD) [21], while binary-based multiplication also yields two Pareto
points, shown in Table 12.

Special DPD to Coefficient Carry Base-billion Rounding
check base-billion multiplication resolve to BCD

Coefficient 
Other 

A
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ra
ge
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yc

le
 c

ou
nt

Operation steps

1200

1000

800

600

400

200

0

multiplication

Figure 10. Average number of cycles required for the individual stages of software-based deci-
mal multiplication.

Table 11. Overall trade-off for binary-based hardware–software co-design.

Operation Avg.
Cycles

Area
(µm2)

Base-thousand 1366 + 13,519
Base-billion 658 + 26,663

+ Rounding and special check are not included.
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Table 12. Overall trade-off for BCD-based co-design.

Operation Avg.
Cycles

Area
(µm2)

Software with BCD-CLA 1042 + 5459
Software with parallel accumulation 564 + 87,729

+ Rounding and special check are not included.

New Pareto Point (Method-A)

Figure 11 summarizes BCD and binary-based multiplication Pareto points. Along
with Method-1 and Method-3 [20], we identify a new base-billion solution, Method-A,
where multiplication and carry resolution run in software, while DPD BCD conversions
use hardware. The detailed flow is shown in Figure 12, with hardware in gray and software
in white.

0
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1200

1600

0 20000 40000 60000 80000

C
yc

le

Area (μm2)

BCD Sequential
BCD Parallel

Base-thousand
Base-billion (Method-a)

Figure 11. Overall analysis for identifying the Pareto-optimal decimal multiplication hard-
ware–software co-design solution.

X, Y

Multiply coefficients
 

Convert base-billion to
to BCD

Round result

: Software

: Hardware

Resolve the Carry
 

Convert DPD
to base-billion

in base-billion

in base-billion

Figure 12. Method-A: Newly identified Pareto-optimal solution for decimal multiplication hard-
ware–software co-design.
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For base-thousand multiplication, conversions require less area but higher cycles.
Although not included as a Pareto point in Figure 11, it remains suitable for cases where
embedded multipliers are below 32-bit, as in many FPGAs.

7. Evaluation of Decimal Multiplication Hardware–Software Co-Design
This section evaluates the decimal multiplication methods proposed in the previous

work [21], where the decimal multiplication hardware–software co-design process is not
evaluated in the context of multiple cores with benchmark decimal application. To compare
the overall evaluation of the methods, the area of the accelerator is first calculated and
then compared to the area of the entire Rocket chip [33]. Table 13 shows the overall area
overhead, where the accelerator area is compared with the total chip area. Table 14 shows
the breakdown of the chip area. The area of the components of the Rocket chip (cache, core
and FPU) is evaluated. The cache area overhead is evaluated by CACTI [50], while the area
overhead of the other units is evaluated by CAD tools [46]. The developed CHISEL [51]
code is converted to a corresponding Verilog HDL code to evaluate the area overhead
ratio. In Table 13, the area for the proposed methods represents the total accelerator area
including the components of the corresponding methods. The “ratio” column of the table
compares the ratio of the area of the proposed methods with the total chip area (cache, core,
and FPU).

Table 13. Overall area overhead comparison of the proposed methods.

Method Area (µm2) Ratio

Method-1 [21] 28,095 2.09

Method-2 [21] 213,519 15.88

Method-3 [21] 226,526 16.85

Method-4 [21] 44,366 3.30

Rocket Chip from Table 14 1,344,428 -

Table 14. Area overhead of Rocket chip components.

Chip Components Area (µm2)

I$ 309,214

D$ 452,452

FPU 213,519

Rocket Core 364,321

Total 1,344,428

After that, the overall speed improvement is calculated using a benchmark applica-
tion. The benchmark application is the Telco benchmark (a telephone company billing
application) [52] developed by IBM. The benchmark provides an example of an IEEE 754-
2008-compliant set of DFP operations and it can be executed on any computer. The bench-
mark is based on the decNumber package, [5], an implementation of the IEEE 754 decimal
specifications in ANSI C. This application uses call duration, rates, and taxes to calculate
the bill. To perform these calculations, all basic decimal operations are performed with
rounding. In this evaluation environment, only decimal multiplication operations are
used, following a hardware–software co-design approach. The decimal software library
performs the rest of the operation [5]. Since the benchmark application is not only based
on decimal multiplication, the results in Tables 15–18 reflect only the speedup due to the
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hardware–software co-design-based multiplication operation using the proposed methods.
Table 15 shows that the speed improvement follows a similar trend as the performance of
the proposed methods. Finally, these two tables are summed up in Table 16 to evaluate the
trade-off comparison. Table 16 also shows that the result of the evaluation follows a similar
trend as the performance of the proposed methods.

Table 15. Overall delay overhead using Telco benchmark application.

Method Number of Cycles Speedup Ratio

Software [5] 194,592 1.00

Method-1 [21] 149,232 1.30

Method-2 [21] 111,217 1.75

Method-3 [21] 156,195 1.25

Method-4 [21] 162,160 1.20

Table 16. Overall area–delay trade-off of the proposed methods.

Proposed Method Area Overhead Speed Improvement

Method-1 [21] 2.09 1.30

Method-2 [21] 15.88 1.75

Method-3 [21] 16.85 1.25

Method-4 [21] 3.30 1.20

Table 17. Performance of the Telco benchmark using software parallelization with one and two
CPU threads.

Threads Execution Time (ms) Speedup

1 thread 6.67 1
2 threads 5.79 1.15

Table 18. Comparison of software parallelization and hardware acceleration for the IBM Telco
benchmark.

Method Speedup Area Overhead (%)

Software parallelization (2 threads) 1.15 100

Method-1 [21] 1.30 2.09
Method-2 [21] 1.75 15.88
Method-3 [21] 1.24 16.85
Method-4 [21] 1.20 3.30

Note: The 100% area overhead for software parallelization represents the additional processor core assumed for
two-thread software execution. It is included only as a software-level reference for comparison with the proposed
hardware–software co-design-based methods and should not be interpreted as a direct architectural comparison.

Finally, we compare two alternative approaches for accelerating decimal applications:
software parallelization using multiple CPU cores and hardware acceleration using the
proposed decimal accelerator. It should be noted that these two evaluations are performed
on different experimental platforms. The proposed hardware accelerator is evaluated using
the single-core RISC-V Rocket-chip framework developed in this work, whereas the soft-
ware parallelization experiment is performed using OpenMP on a multicore x86 platform.
Therefore, this comparison is intended only as a software-level reference for the same
decimal benchmark rather than a direct platform-to-platform performance comparison.
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The proposed evaluation framework currently targets a single-core RISC-V Rocket
processor and therefore does not support multicore hardware evaluation. Consequently,
rather than evaluating the proposed framework itself in a multicore environment, we
execute the IBM Telco benchmark using OpenMP on a multicore x86 platform as a software-
level reference. Because the hardware accelerator and software parallelization results are
obtained on different processor architectures, the comparison should be interpreted only as
an indirect assessment of the potential benefits of software parallelization versus hardware
acceleration for the same decimal workload.

Table 17 summarizes the execution times obtained using one and two CPU threads.
The results show that the Telco benchmark achieves a 1.15× speedup when executed with
two threads compared with single-thread execution.

The results are summarized in Table 18. The proposed hardware–software co-
design methods achieve speedups ranging from 1.20× to 1.75× with only 2–17% acceler-
ator area overhead, whereas software parallelization using two CPU threads achieves a
1.15× speedup on the multicore x86 platform for the same benchmark workload. Since
these results are obtained on different hardware platforms, they should not be interpreted
as a direct quantitative comparison. Instead, they provide an indirect assessment of the
trade-off between software parallelization and hardware acceleration for decimal applica-
tions. The proposed framework itself remains a single-core RISC-V evaluation framework
and no claim regarding multicore capability or multicore efficiency is made.

8. Conclusions
In this study, we proposed an integrated evaluation framework for hardware–software

co-design of decimal arithmetic using the RISC-V ecosystem, a decimal library, and a
verification database. The framework supports both functional and performance verifi-
cation, validated through developed test programs. The proposed framework extends
our previous work by enabling exhaustive hardware/software partition analysis at the
building-block level, allowing systematic exploration of the decimal arithmetic design
space. A hardware–software co-design-based decimal multiplier was implemented to vali-
date prior work [20], and the proposed analysis identified a new Pareto point (Method-A)
for decimal multiplication. Furthermore, a software-level comparison between software
parallelization and hardware acceleration was conducted using the IBM Telco benchmark
to provide additional insight into alternative acceleration strategies. This comparison
serves only as a software-level reference and does not represent multicore evaluation of the
proposed single-core RISC-V framework.
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