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Abstract

The functional segregation of a system into interacting hardware
and software components needs estimation of the hardware area
at an early design space exploration. However, the early estimation
of design parameters from high-level programs is a time-consuming
process, so a model is required for faster estimation of these
parameters. This study presents a mathematical model for fast and
accurate estimation of hardware area for implementations using the
FPGAs family. In this study, a mathematical model is presented,
which estimates the maximum number of LUTs and flip-flops
consumed by different FPGAs. The input to this mathematical model
is a high-level description in C language. The hardware synthesis of
different FPGAs is done by using a low-level virtual machine (LLVM).
The FPGAs used for the above work are Spartan 3E, Virtex-2pro,
and Virtex-5, for which accuracy and run time for each model were
determined. The results show that the estimation error for LUT is in
the range of 1.11%-2.5% for Spartan 3E, 0.94%-2.4% for Virtex-2pro,
and 1.32%—-2.75% for Virtex-5. Similarly, the estimation error for flip-
flops is in the range of 2.9%-4.9% for Spartan 3E, 3.2%-5.0% for
Virtex-2pro, and 3.5%-5.2% for Virtex-5.
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l. Introduction

FPGAs are becoming popular due to the faster
growth of transistor density, which offers a very
lucrative, inexpensive, and customized VLS| imple-
mentation platform. The most important requirement
for an FPGA-based implementation is an estimation
of design metrics like area, power, and latency.
System-level estimation of these design metrics at
an early stage of design is difficult; therefore, FPGA-
based automatic hardware/software partitioning tool
is required to estimate these parameters. It is difficult
to predict these FPGA resources in the early phase
of designing. The hardware area for FPGAs can be
defined in terms of LUTs, flip-flops, CLBs, etc.
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The hardware resources for a design are available
after compilation and synthesis of the design, which
might take a few minutes or even hours depending
on the complexity of circuit to be implemented.

The post-technology mapping report clearly lists
these hardware resources for a design, but it is not
until the compilation, synthesis, and mapping phases
that the data become clearly available. Depending on
the size of the system, this entire process could take
minutes or even hours. Therefore, a model pertaining
to HW/SW partitioning is necessary in order to obtain
a pre-synthesis estimate of hardware area.

To obtain a pre-synthesis estimate of the area
of the FPGA resources, the area estimation model
described in this work was created. A comparison
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between several approaches and the suggested
model for various benchmark circuits is provided.
The advantages of the suggested work are listed as
follows:

i) While the majority of state-of-the-art models are
for specific designs, the area estimation model is
generic in nature, meaning it may be utilized for
the area estimation of any digital design.

i) When compared to current approaches for esti-
mating hardware area, the suggested method
appears to be better in terms of estimation time
and accuracy.

i) This method is used in an open-source HLS tool
to quickly explore the design space and collect
crucial hardware design metrics.

iv) The model’'s simplicity allows for a quick evalua-
tion, which in turn allows for a thorough search of
the available design parameters.

v) The main concept is to derive the new expres-
sions from a straightforward data analysis.

The remaining sections of this study are
arranged as follows. Section Il reviews some of the
previous research on the topic of hardware area
estimate. A summary of the suggested high-level
area estimating methodology is provided in Section
lll. Section IV discusses the formulation for area
estimation based on FPGA. Section V presents the
tests and findings along with a comparison of the
various approaches. Section VI wraps up the work
and provides a quick overview of the potential for
future advancements.

Il. Related Work

A number of studies have addressed the impor-
tance of hardware area estimation in recent years.
While some researchers have concentrated on esti-
mating power usage, others have found hardware
area, delay, and latency. It is crucial to estimate these
attributes quickly and accurately in order to inform
the decision-making process.

A thorough literature review has attempted to
investigate the maximum state-of-the-art models
associated with the proposed task. /0O performance
and package count have improved as a result of an
approach that incorporates functional partitioning
into a synthesis methodology, as presented by Vahid
et al. [21].

In a study [1], a superb analysis of the methods for
estimating hardware attributes is provided.

The method suggested by Niu et al. [3] uses map-
ping process models to predict area and timing.
The area is analyzed by predicting LUTs and CLBSs
mapping and placement, where the input will be reg-
ister transfer level (RTL) description. Analyzing CLB,
routing, and input-to-output delays is necessary for
the ensuing time estimation, which is also important.
Since the placement tool must take into account the
placement data on the area estimation, this method is
heavily integrated into the design flow.

The many input description languages utilized for
area estimate, such as C [2, 4, 5], SA-C [6], SystemC
[7], MATLAB [8], Simulink [9], and VHDL [10], have
been extensively studied. In most published work,
the input RTL description is transformed into an
Intermediate Representation (IR), such as Trimaran
IR [4], Control Data Flow Graph (CDFG) [9], and
VHDL AST [10]. The estimation procedure can then
be applied to the intermediate format to estimate the
area. The majority of methods identify opportunities
for resource sharing through scheduling [10-11],
design complexity [12], or the use of a derived
resource usage formula [6].

Current methods leverage either FPGA- [4-10,
14-20] or ASIC-based designs [5] as their target
technology. A physical model for the FPGA-based
design has been created by Shi et al. [14], which
uses an actual mapping to estimate the area. Other
methods include creating a large database for every
potential resource configuration [18-19] or using
modeling equations of the FPGA functional resources
[4-10, 15-17]. While most of the aforementioned
research focuses on data path area estimation and
ignores control logic, some approaches combine
control logic and data path estimation into a single
tool flow [4, 19], whereas others solely focus on esti-
mating control logic area usage [20]. Numerous previ-
ous attempts on the subject of area estimate appear
to have focused on incorporating the algorithms into
CAD tools in order to create more extensive frame-
works such as the one created by Shi et al. [14]. The
study by Papakonstantinou et al. [23] is an exploration
of multilevel granularity parallelism with HLS order of
efficiency. Together with the estimating models and
design layout data, it uses an effective space search
heuristic to determine a configuration that performs
close to optimal. Wang et al. [24] presented a gener-
alized memory-partitioning paradigm that effectively
resolves the bank access conflict issue while ena-
bling high data throughput of on-chip storage. The
performance bottlenecks of the OpenCL model on
FPGA architecture are revealed by Wang et al. [25],
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which presents an analytical performance model to
predict the performance of OpenCL workloads on
FPGAs [26].

The suggested modeling technique is designed
for designs that can be broken down into small gran-
ularity modules and is quite general. Mathematical
area estimating models can be used to determine the
area for each of these modules in terms of LUTs and
flip-flops. For benchmark circuits, the area in terms
of LUTs and flip-flops is appropriately estimated by
the suggested model. In each instance, MATLAB’s
curve fitting tool was used to determine the model
coefficients.

lll. Resource Estimation Methodology

This section outlines the process for precisely esti-
mating the hardware area for an FPGA-based
solution, as illustrated in Figure 1. An application’s
high-level specifications are used to extract the
parameters for the application in terms of operators
such as multiplexers, shift registers, and adders.
Although the methodology in the presented work
can be applied to any FPGA, a target platform is
taken into consideration for application implementa-
tion. The target platforms are Virtex-2pro, Virtex-5,
and Spartan 3E. For each of these platforms, a
library of mathematical equations is developed, and
the parameters and library are used to estimate the
area. Each application generates a synthesis report,
and the outcome is validated by comparing the esti-
mated area with the area derived from the synthesis
report. The high-level application written in C is fed
into the mathematical model that is being presented,

which uses low-level virtual machine (LLVM) to esti-
mate the maximum number of LUTs and flip-flops
that the hardware produced for various FPGAs
might use.

The tool does not include scheduling, resource
allocation, or binding algorithms because the sug-
gested area estimation model for any given code
to be implemented on FPGA will estimate the area
by extracting the parameters in terms of opera-
tors, such as adders and multipliers, which do not
contain any low-level structural or timing information.
Pre-calculating a set of general resource consump-
tion equations for every operator is the approach.
The resource consumption of the entire C code is
then estimated using these formulas. A bottom-up
modeling technique serves as the foundation for the
estimating process. Small granularity modules are
taken into consideration throughout the modeling
process, and by giving each module the appropri-
ate characteristics, the area estimates of all these
modules are then added up. A collection of mod-
ules with tiny to medium granularity makes up the
model’s lowest level. These modules are a predeter-
mined collection of fundamental building elements
known as operational units, which include adders,
multipliers, registers, counters, and more. These
operational units can be used to model a wide vari-
ety of designs because they are parameterized and
reusable.

a. Library creation

It has been observed that registers, full adders, and
multiplexers take up the bulk of space in any system
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Figure 1: Research methodology flowchart.
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design, such as DSP and communication applications.
As aresult, the majority of the design can be built using
just these few fundamental operational units.

For designing the area estimation model, the

steps used are as follows:

1)

A pre-trained library is made for every opera-
tional unit. The target platform is necessary
for the library to function. Spartan 3E, Vir-
tex-2pro, and Virtex-5 are the target platforms
for the suggested model. The Xilinx ISE (Xilinx
(now part of AMD) and was succeeded by the
Vivado Design Suite) synthesizer tool will be
used to gather data for each of the specified
target devices. Xilinx is used to synthesize the

operational units. Regression analysis has been
performed using MATLAB, with data preprocess-
ing done with cftool. The stool’s input is data that
were obtained using the Xilinx ISE synthesizer to
synthesize a VHDL code with variable numbers of
inputs, ranging from 2 bits to 64 bits. The x- and
y-axes in this study stand for the number of inputs
and LUTs, respectively. The data supplied into
the cftool are used for the parametric data fitting.
Fitted coefficients and goodness-of-fit statistics
are shown in the result area following data fitting.
For every operational unit, the aforementioned
procedure is repeated and the coefficients are
noted. The operational units’ regression analysis is
displayed in Figure 2.

VHDL code for each of these operational units,  3) Finally, the equations have been derived by the
and the number of LUTs, flip-flops, and DSP analysis of the coefficients acquired in step 2.
blocks/18 x 18 multipliers used to implement All operational units, such as shifters, multipliers,
the code will be noted. and comparators, are subjected to this study, and
MATLAB’s (MathWorks) curve fitting tool is used to mathematical formulas have been developed for
derive the mathematical formula for each of these each one.
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IV. Area Estimation Model

The target FPGA devices’ area estimation model
is developed. Virtex-2pro, Virtex-5, and Spartan
3E are the target devices. Four 4-l/p LUTs, 16-bit
shift registers, two storage elements that can be
configured as latches or D flip-flops, carry logic, and
arithmetic logic gates make up a slice of Spartan 3E
FPGA and Virtex-2pro. Additionally, it has 18 x 18
specialized multipliers.

A slice of Virtex-5 is made up of a 32-bit shift reg-
ister (16 bits x 2 shift registers) and four 6-input LUTs
or dual-output-5-input LUTs. Additionally, it has 48
DSPA48E slices, each of which has a 48-bit adder, a
subtractor, and an accumulator as well as a 25 x 18
two-complement multiplier. Its dual-port RAM block
size is 36 kb.

a. Number of LUT estimation

For Add/Sub, shifter, etc., the number of LUTs and
the parameters has a linear relationship. The number
of LUTs for adders, shifters, and other components
can be estimated using the above mathematical
expression. The result derived from these formulas is
rounded to provide the actual number of LUTs, which
is an integer. Let the estimated number of LUTs in a
module be represented by f, (x).

The bit width for each input parameter is “x,” and
the operational units, such as the comparator, adder/
subtractor, and bitwise logical operation, have two
inputs. The number of bits is indicated by “x” for the
shift register and multiplier. “x” indicates the number
of inputs for the multiplexer. The estimated LUT use,
f(x), is typically a function of the number of inputs (x).
Eq. (1) provides the generalized formula for the opera-
tional units. Table 1 lists the number allocated to each
operating unit.

fio- 21 X (1)

One for k=1-4 and two for k=5 and 6 will be
the value of “Nk” P* is the coefficient that results
from using MATLAB's curve fitting tool to fit the data.
The value of p* for the operational units is given in
Table 2 for Spartan 3E, Table 3 for Virtex-2pro, and
Table 4 for Virtex-5.

b. Number of flip-flop estimation

Here is the mathematical formula for calculating
the flip-flop count in a shift register. The result

produced by these formulas is rounded to provide
an integer that represents the actual number of
flip-flops.

Flip-flop usage is estimated as f,(x), which is often
a function of the number of inputs (x). Eq. (2) provides
the generalized formula for the operational units to
estimate the number of flip-flops.

ffmzz X @

N .
i=0 l

For the Spartan 3E and Virtex-2pro, the value of
“N” will be 1, and for the Virtex-5, it will be 4. Table 5
provides the value of p’ for the Spartan 3E, Virtex-
2pro, and Virtex-5.

c. Number of DSP blocks/18 x 18
multipliers

The area utilization in this instance is unusual because
it will include an additional area metric in addition to
the LUTs and flip-flops, which are dedicated multipli-
ers, since some FPGA devices include a dedicated
hardwired multiplier (within their embedded DSP
blocks).

If the number of bits multiplied in Virtex-5 falls
between 8 and 32, the multiplier's area consumption
will only be measured in terms of the DSP slice. The
area used will only be in terms of LUTs if the number
of bits multiplied is between 2 and 4, but it will be in
terms of both LUTs and DSP slices if the number of
bits is =64.

Comparably, for Virtex-2pro and Spartan3E, the
area used for multiplying binary bits will be expressed
in terms of the 18 x 18 multipliers for numbers
between 2 and 16, and in terms of both LUTs and the
18 x 18 multipliers for numbers >32.

Therefore, it is evident from the explanation above
that the dedicated multiplier might be designed to do
multiplication up to 18 x 18 bits in the target FPGA

Table 1: Operational Unit Assignment

Number(k) Operational Unit
Bitwise logical operation
Adder/Subtractor

Shift register
Multiplexer

Comparator

oD O~ WON =

Multiplier
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Table 2: Coefficients for LUT estimation models for Spartan 3E(XC3S500E)

Operational Unit PK PK PK PK PK PK
Bitwise logical operation 0 0.5 - - - -
Adder/Subtractor 0.1292 0.9694 9.309x10 - - -
Shift register 0 1 - - - -
Multiplexer -0.3062 0.5759 —1.329x10* - - -
Comparator -5.886 4.484 —0.1481 0.004 -3.345x10° -
Multiplier 5.676 -3.161 0.704 -0.02215 4.935x10* -3.76x10°

Table 3: Coefficients for LUT estimation models for Virtex-2pro(XC2VP2)

Operational Unit PK PK PK PK PK PK
Bitwise logical operation 0 1 - - - -
Adder/Subtractor 0.1292 0.9694 9.309%x10™ - - -
Shift register 0 1 - - - -
Multiplexer -0.3062 0.5759 -1.329x10* - - -
Comparator -5.886 4.484 -0.1481 0.004 -3.345x10° -
Multiplier 0.8698 1.133 -0.2899 0.01588  -1.454x10* -

Table 4: Coefficients for LUT estimation models for Virtex-5(XC5VLX50)

Operational Unit PK PK PK PK PK PK
Bitwise logical operation -0.3062 0.5759 -1.329x10* - - -
Adder/Subtractor 0 2 - - - -
Shift register 0.9587 0.02605 -0.004192 2.039x10*  -2.081x10° -
Multiplexer 1.122 0.1609 0.04224 -1.231x10°8 1.061x10° -
Comparator 4.33 -0.848 0.2229 -6.81x102 5.978x10°% -
Multiplier 0.8698 1.133 -0.2899 0.01588 -1.454x10* -

Table 5: Coefficients for Flip-flop estimation models for Target Device

Target Device(f) =X P P! = P!
Spartan 3E(1) 0.7667 0.8726 0 0 0
Virtex-2pro(2) ~0.3918 0.6792 0 0 0
Virtex-5(3) 0.8767 0.02006 -8.2x10™* 1.965%x10°° -1.32x10~

devices. Eqg. (3) shows how DSP blocks are used in V. Experiment and Results
FPGA devices to carry out multiplication, where x is

the maximum bit-width of inputs. A wide range of benchmark circuits representing var-
| ious resource quantities and applications have been
DSP count = 292X (8)  used to test the resource estimating model. Spartan
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3E, Virtex-2pro, and Virtex-5 were the three FPGA
families that were targeted. Run-time and estimation
accuracy were the two key factors that were utilized
to evaluate the quality of the outcomes.

The tool flow receives a high-level description of
the code that will be implemented on an FPGA. The
statistics report, which provides information about the
operation type, input bit-width, any constant inputs,
loop limits, etc., is obtained using the LLVM tool flow.
The area is estimated using these data as input to a
mathematical model.

For a representative collection of benchmark circuits,
the areas estimated using the model that was provided
and those that were achieved by the actual synthesis
followed by PAR have been compared. The precise
number of flip-flops and LUTs utilized in the comparison
is based on information supplied by Xilinx at the time of
synthesis. The modeling inaccuracy is expressed as a
relative proportion of the actual number of flip-flops and
LUTs. The source of the error is as follows:

E,-s
Errorf% = —2—=

x100 (4
where Ea is the estimated area obtained from the
proposed model.

S, is the synthesis area obtained from ISE synthe-
sis report.

The machine with an Intel Core i3 (Intel) CPU
running at 3.30 GHz was used to compile the
findings. The suggested tool's area estimation time
ranged from 50 s to 80 s, whereas the Xilinx synthe-
sis tool (XST) required 3—10 min to estimate the area
for the benchmark circuits mentioned above.

A design’s total area is made up of several parts,
such as flip-flops, BRAMs, LUTs, multipliers or DSP
blocks, and more. The number of blocks used in
each of these components can be added to deter-
mine the overall number of BRAMs and multipliers or
DSP blocks.

The Xilinx synthesizer automatically optimizes the
design during synthesis, placement, and routing, and
the user is not aware of this optimization process, so
it is impossible to estimate the total number of LUTs
and flip-flops in a complete design by adding up the
number of LUTs and flip-flops in each component.

The results obtained are contrasted with those of
other area estimating approaches in the section that
follows. The outcomes are contrasted for reference
circuits such as FIR, DCT, and IIR. Figure 3 shows
the error percentage on the x-axis and the sev-
eral benchmark circuits utilized for analysis on the
y-axis. Spartan 3E was the target device for Kunz et
al. [2], followed by Virtex-5 for Niu et al. [3] and then
Virtex-2pro for Abdelhalim and Habib [9] and Deng
et al. [22].

Evaluation of different estimation techniques is as
follows:

1) The error percentage has been compared using
an 8-point FIR filter. Figure 3 illustrates that the
percentage inaccuracy ranges from 1.65% to
3.3%. The provided model has the lowest error
of 1.65%, and Den et al.’s [22] model has an error
of 2%. The model coefficients were also obtained
using a curve fitting tool by Papakonstantinou
et al. [28].

m Ref[9]

H Ref[10]
Ref[14]
Ref[22]

O our model

I I rrrry

FIR

DCT

IIR

EXP

Figure 3: Area estimation error comparison chart.
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2) Similarly, the proposed model has the lowest
error for DCT and IIR, and Wang et al’s [25]
model has a lower error 1.75%.

3) However, the study shows that for the exponen-
tial function, the proposed model has an error of
2.5%, while Kunz et al.’s [2] model has the lowest
error of 1.6%.

VI. Conclusion and Future Scope

This study presents an area modeling strategy for
FPGA designs that uses both analytical and empirical
techniques. At a very early stage of the design pro-
cess, the suggested area estimating methodology
can be used. The mathematical model is developed
using a small number of straightforward, well-defined
components known as operational units. By contrast-
ing the estimated results with the synthesis findings,
the estimation model’s accuracy is confirmed. For
Spartan 3E, Virtex-2pro, and Virtex-5, the estimation
error for LUT falls between 1.11% and 2.5%, 0.94%
and 2.4%, and 1.32% and 2.75%, respectively.
Likewise, the flip-flop estimation error is between
2.9% and 4.9% for Spartan 3E, 3.2% and 5.0% for
Virtex-2pro, and 3.5% and 5.2% for Virtex-5. The
designer receives instant input from the run-times,
which are typically substantially faster than synthesis
run-times. The proposed model, which was compiled
on a machine with an Intel core i3 processor with a
clock frequency of 3.30 GHz, ranged in area estima-
tion time from 50 s to 120 s, while the results of XST
for the same machine took 3-10 min to estimate the
area for the benchmark circuits. Although the model is
tailored for Xilinx Spartan 3, Virtex-2pro, and Virtex-5,
the approach is universal and easily translatable to
other FPGAs.

In future, the proposed model can be used
with other FPGAs such as Virtex UltraScale. Also,
we can focus on the development of a complete
mathematical model that can estimate latency and
power consumption for a VLSI circuit apart from
estimating area.
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