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h i g h l i g h t s

• Tuning synthesis flags for different implementation goals is an intractable problem.
• Proposed method to get the best configuration supported by statistical techniques.
• Better understanding of which synthesis options really impact implementation goals.
• Implemented tool fully automates the whole experimental procedure for Xilinx ISE.
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a b s t r a c t

The steady growth in complexity of FPGAs has led designers to rely more and more on manufacturers’
and third parties’ design tools to meet their implementation goals. However, as modern synthesis tools
provide a myriad of different optimization flags, whose contribution towards each implementation goal
is not clearly accounted for, designers just make use of a handful of those flags. This paper addresses
the challenging problem of determining the best configuration of available synthesis flags to optimize
the designer’s implementation goals. First, fractional factorial design is used to reduce the whole design
space. Resulting configurations are implemented to estimate the actual impact, and statistical signif-
icance, of each considered synthesis flag. After that, multiple regression analysis techniques predict
the expected outcome for each possible combination of these flags. Finally, multiple-criteria decision
making techniques enable the selection of the best set of synthesis flags according to explicitly defined
implementation goals.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Design optimization is a common problem designers should
face when dealing with complex digital designs. In addition to
implementing the required logical function, designers must meet
a number of different, and often conflicting, implementation goals,
such as that the design should run at a given clock frequency (per-
formance), take a given number of internal resources (utilization),
run within a given power or energy budget (consumption), and
provide a given grade of robustness [27].

Once the correctness of the functional specification is verified
(usually through simulation), and due to the high complexity
of modern FPGA devices, designers must rely on existing back-
end tools to translate the HDL description of the design into a
logical-level Field-Programmable Gate Array (FPGA) netlist (syn-
thesis), map those logical elements to the actual physical device
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(placement), and interconnect those elements through the existing
wiring (routing) [11]. Each of these back-end tools takes as input
the output from the previous stage, and applies a number of dif-
ferent optimizations to try to meet the desired implementation
goals. Accordingly, as operating in a daisy chain fashion, the opti-
mizations applied at the very first stage (the synthesis process) are
critical towardsmeeting the required goals, as bad parametrization
decisions will irremediably affect the rest of the stages.

Due to its critical role in meeting the implementation goals,
FPGA manufacturers and third party companies providing synthe-
sis tools include a wide range of different optimization options
suitable to different kinds of devices, architectures, and scenarios.
Nevertheless, far from alleviating the task of designers, the myriad
of options available makes it very difficult to know the precise
contribution of each one to a particular goal. Some options may
have a greater impact in the implementation goals than others,
some of them may have opposite effects, and most of them are
never used because it is not clear enough what could rightly be
expected from them [14].
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Determining the best configuration of available synthesis flags
for a given implementation goalwould require exploring thewhole
design space (all possible combinations of synthesis flags at differ-
ent levels). FPGA manufacturers provide different tools for design
space exploration, like Xilinx’s SmartXplorer [30] or Altera’s Design
Space Explorer II [1], which performs several different implemen-
tations (changing the synthesis options) of the samedesign looking
for the configuration that best meets the required implementation
goals. Nevertheless, even when many-core machines or computer
clusters can be used to perform the exploration in parallel, the
time required to sweep the whole design space is prohibitive. For
instance, considering that the 34 different synthesis options from
Xilinx’s XST synthesizer could be set at just two possible levels,
and the implementation and simulation of the design takes just
1 min (very optimistic), exploring the whole design space (234

configurations) will take roughly 32000 years running on a single-
core machine.

Several works have dealt with the problem of design space
exploration from different perspectives. For instance, a given ar-
chitectural configuration for chip multiprocessor may require a
couple of weeks to be simulated, so statistical simulation [9] or
predictive modelling [8] are some of the proposed approaches to
reduce that design space. Focusing on reconfigurable devices, evo-
lutionary approaches were proposed in [22] to find a good solution
in High-Level Synthesis with conflicting design objectives, [24]
focused on the parametrization of soft-core processors through a
greedy search method, and a calibration free algorithm for auto-
matic optimization of design parameters was proposed in [15].
None of these works specifically focused on the parametrization
of the synthesis, placement and routing processes, but on the
architectural features of the designs to be implemented onto the
reconfigurable device.

In this particular context, an approach based on machine-
learning autotuningwas presented in [16] to sample the parameter
space and thus reduce the time devoted to the configuration search
process. Nevertheless, although this approach, and those provided
by FPGA manufacturers, may find a suitable configuration for the
requested goals, the particular contribution of each selected option
and their interactions are not accounted. Accordingly, designers
are at a loss when deciding how to configure the synthesis tool for
each given design.

A very preliminary first step towards achieving this goal was
taken at [17], which estimated the impact of different Xilinx’s ISE
optimization options on the power consumption of different secu-
rity algorithms. However, that study considered just four different
options (only one of them was related to the synthesis process),
and focused on just one primary goal (power consumption). In
addition, the contribution of each particular parameter to that goal
was not determined, just the difference between configurations.

This paper focuses on the challenging issue of estimating the
actual contribution of each synthesis flag towards a particular
implementation goal, and determining the best possible configu-
ration of the synthesis options to meet a given set of goals. As the
whole design space cannot be explored within reasonable timing
limits, we present a methodology based on operational research
methods that can be used to (i) greatly reduce the design space
(fractional factorial design), (ii) determine whether each synthesis
flag statistically significantly impact the given implementation
goals (analysis of variance), (iii) predict the expected result for
any combination of the synthesis flag across the whole design
space (linear regression and generalized linear regression), and (iv)
select the best possible configuration according to specifically
stated implementation goals (multiple-criteria decision making).
The feasibility and usefulness of this methodology is exemplified
through a case study that considers how synthesis flags affect the
performance and robustness properties of the LEON3 processor [4]

implemented on a Virtex-6 FPGA, using Xilinx’s ISE Design Suite
and XST synthesis tool.

The remainder of the paper is organized as follows. Section 2
establishes the theoretical framework for the proposed study.
Section 3 defines the method for tuning the synthesis options to
optimize performance and robustness, and describes its imple-
mentation for the Xilinx ISE toolkit. Section 4 describes the target
LEON3 processor model and the workload selected as case study.
Section 5 analyzes all the obtained results from an statistical per-
spective, determining the precise impact of each factor according
to a multiple linear regression model, and determining the best
possible configuration according to different optimization goals.
Finally, Section 6 presents the main conclusions and future work.

2. Background: design of experiments and its statistical analy-
sis

The problem behind getting the precise contribution of each
synthesis option towards a given implementation goal (screening),
and thus being able to determine the best configuration to meet
this goal (response surface), can be analysed following a statisti-
cal design of experiments procedure. This procedure allows re-
searchers to plan experiments so that the data obtained can be
analysed to yield valid and objective conclusions [20].

2.1. Full and fractional factorial design

In particular, these problems usually require a full factorial
design, in which every setting of every factor appears with every
setting of every other factor. Factors (Xi) are those process inputs (in
this case synthesis flags) that are deliberately changed to observe
their effect on the response variables (Vj) (process outputs). Static
properties of the design are directly estimated after its imple-
mentation, like resources utilization and minimum clock period,
whereas dynamic properties, like dynamic power consumption,
are estimated by simulating the design behaviour under a given
workload. Likewise, robustness properties, like percentage of de-
tected failures, are commonly assessed by the deliberately in-
troduction of faults into design while running a given workload
by means of simulation-based fault injection (SBFI) experiments.
Consequently, estimating the response variables even for a single
combination of factors’ settings is a very time-consuming problem,
and the exploration of a full factorial design becomes unfeasible
with increasing number of factors.

A selected subset of factors’ settings form a fractional facto-
rial design, which can considerably reduce the design space and,
thus, the time required to estimate the effect of those factors.
The fractional factorial design of experiments exploits two main
principles [28], [5] to reduce the design spacewithout affecting the
validity of drawn conclusions: (i) sparsity of effects, which states
that the number of relatively important effects and interactions
in a factorial design is small, and (ii) hierarchical ordering, which
states that lower order effects aremore likely to be important than
higher order effects, main effects are more likely to be important
than interactions, and effects of the same order are equally likely to
be important. The combinations of factors’ settings should be care-
fully chosen so that the design is both balanced (the combination
of factors’ settings for any group of factors have the same number
of observations) and orthogonal (the effects of any factor balance
out (sum to zero) across the effects of the other factors) [20].
Furthermore, it is necessary to take into account the resolution
of the design, which describes the degree to which estimated
main effects are aliased (or confounded) with estimated low-level
interactions [13]. For instance, if main affects are confounded with
second order interactions, then the resolution of the design is III
(one more than the smallest order interactions). Accordingly, to
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