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ABSTRACT
Hardware synthesis aims to lower digital logic descriptions to a
specific hardware technology such as an FPGA or standard cells.
While improving synthesis quality of results has been studied ex-
tensively, the speed of synthesis itself is less explored. At the same
time, as the size of FPGAs and ASIC designs continues to increase,
synthesis speed has scaled poorly. We believe that the availability
of significantly faster methods for hardware synthesis will expose
new opportunities for verification, hardware accelerated simulation,
and reduce the time needed to implement and validate designs.

We propose STAMPS: Specialized Template Matching for Perfor-
mant Synthesis. STAMPS uses precomputed templates, inspired by
a recently proposed technique called copy and patch compilation.
We suggest that a high quality of results can be retained while
significantly speeding up synthesis.

1 INTRODUCTION
Hardware synthesis lowers digital logic descriptions, usually written
at the register transfer level (RTL) of abstraction, to a specific hard-
ware technology (FPGA or standard cells). Traditionally, synthesis
incrementally lowers RTL descriptions to simpler structures while
performing logic optimization. This optimization aims to improve
the quality of results (area or throughput) of the synthesized design.
Motivation. This traditional synthesis flow takes substantial time,
typically many hours for large designs on FPGAs [7]. This presents
a significant barrier to productivity, limiting the "edit and test" iter-
ation speed when testing designs on real hardware. Additionally,
very large designs such as multiprocessors are often prohibitively
expensive to simulate in software and are instead accelerated en-
tirely or partially in hardware [1, 4]. As FPGAs get larger and hard-
ware designs scale in complexity, improving synthesis speed will
expose opportunities for faster verification, accelerated simulation
of larger designs, and increased productivity.
Software Compilation. The analogous process of compilation
translates source to optimized machine code through a similar set
of lowering steps. Compilation speed has been extensively studied,
suggesting these innovations can be applied to hardware synthesis.

2 RELATEDWORK
JITs and Baseline Compilers. Compilation speed has been stud-
ied extensively in the context of just in time compilers (JITs), which
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compile source code online and must therefore consider both com-
pilation time and machine code quality. JITs are often classified
into two categories — baseline compilers, which target generating
acceptable machine code as quickly as possible, and optimizing com-
pilers, which aim to replace baseline code with faster equivalents.

Copy and Patch Compilation. Copy and patch compilation [11]
has been recently proposed to improve the performance v. quality
pareto frontier in baseline JITs. It uses a library of specialized, pre-
compiled templates to generate acceptable code extremely quickly,
and has been shown to generate code two orders of magnitude
faster while outperforming other baseline compilers in quality.

Bypassing the entire traditional flow of IR generation, optimiza-
tion, instruction selection, and assembly, the authors reported a
speedup of two orders of magnitude compared to LLVM -O0, and
5x compared to the Liftoff baseline compiler in V8 [11].

JIT Synthesis for FPGAs. Past work has looked at applying JIT
methods to FPGA synthesis, with a focus on allowing generic RTL
designs to be retargeted to new FPGA architectures on the fly [5, 6].

More recently, coarse-grained predefined blocks have been used
to significantly accelerate synthesis with acceptable quality loss [2].
However, the technique requires new designs to be composed of
predesigned coarse blocks and is not portable to existing RTL.

3 STAMPS
We propose that this technique of precompiled, specialized templates
can be applied to hardware synthesis, and evaluate it to accelerate
synthesis to FPGAs.

STAMPS selects fragments of RTL source code, typically a few
syntax tree nodes, and builds a library of pre-synthesized netlist
fragments offline using Yosys. The online process of synthesizing a
design involves covering a source tree with these netlist fragments
using template pattern matching, and connecting the fragments
into a final netlist which is run through place and route.

Synthesis Templates. To improve quality of results without an
online optimization pass, copy and patch relies on specializing tem-
plates across semantic variants (data type, stack or register operand,
or constant/immediate) to benefit from instruction selection to com-
plex instructions. To limit the number of templates, immediate val-
ues and register indices are "patched" into the instantiated machine
code fragment. Copy and patch compilation achieves a high quality
of results primarily through the following observations:

(1) Templates that cover multiple syntax tree nodes capture the
benefits of instruction selection, the most impactful optimiza-
tion during machine code generation, by combining multiple
logical operations into a single complex instruction.

(2) Parameterized templates allow better utilization of instruc-
tion variants (like register-immediate and register-register
operands) instead of selecting a worst case (stack operands).
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Figure 1: Copy and Patch & STAMPS
Left. copy and patch compilation: source, AST, assembly.

Right. STAMPS synthesis: source, AST, netlist.
Green represents patches, other colors represent multi-node templates.

(3) Many optimization gains are observed locally within basic
blocks and global optimization yields diminishing returns.

(4) Copy and patch uses a greedy register allocation algorithm to
avoid spilling a majority of intermediate values to the stack.

We note that these observations have hardware counterparts:
(1) The equivalent of instruction selection is technology mapping,

the process of selecting the most specialized hardware primi-
tive available (FPGA hard block or multi-input standard cell)
to cover a subgraph of a logic network.

(2) Synthesis templates can be parameterized on bit-width and
operand type to utilize specific hardware resources.

(3) Prior work [8] has performed logic optimization by rewrit-
ing small "cuts" of a network, suggesting that optimization
benefits to logic networks are also primarily local.

(4) Register allocation does not have a direct hardware equiva-
lent and can be ignored. However, hardware synthesis must
also perform place and route, which we discuss later.

TechnologyMapping.Our approach identifies common structures
(arithmetic, multiplexer trees, memories) in RTL and synthesizes
them to technology specific netlists. In order to benefit from good
technology mapping, we browse existing patterns in the Yosys
techmap pass to select templates. For example, Yosys can map fused
multiply-add (FMA) operations onto Xilinx DSP slices, suggesting
that these syntax fragments should be included directly as library
elements to benefit from technology mapping onto DSP hard blocks.
Template Specialization. FPGAs contain hard blocks that effi-
ciently implement common structures, often available in multiple
variants. The UltraScale+ architecture has smaller Block RAMs
and larger Ultra RAMs, and Versal has larger fixed point DSP58

and single precision float DSPFP32 arithmetic blocks. These can
be used effectively by parameterizing library templates in bit width,
type, and memory depth.

4 TEMPLATE SELECTION
Template based synthesis can be applied to a wide range of template
sizes and complexities, ranging from a small logical expression to
an entire IP core such as an AXI controller. However, the choice
of template has a significant effect on the quality of the results,
synthesis speed, and cost of the template library.
Baseline Coverage. In order to act as a general purpose synthe-
sis tool, STAMPS must be capable of synthesizing any valid input
RTL, even if the resulting quality is poor for uncommon hardware
constructs. To facilitate this, the template library should contain
presynthesized versions of basic logical primitives (all logical oper-
ators, flip flops, and multiplexers available in RTL). When falling
back to this case, STAMPS imitates a traditional non-optimizing
synthesis tool, assembling a large number of small templates into a
functionally correct netlist of poor quality.
Improving Quality. In order to win back the quality gap between a
baseline synthesis output and that of a fully optimizing flow, larger
templates are selected in order to increase the "context window" vis-
ible during the offline library generation phase. Since optimization
is only performed during initial library generation, larger templates
allow an optimizing flow to generate a higher quality netlist for
a template than would be possible by stitching together multiple
smaller (but logically equivalent) templates. However, the size of
the template library increases exponentially with respect to tem-
plate size. While this can be alleviated by choosing only a sparse set
of templates to populate, library size presents an limit on template
complexity. Optimal template selection is left to future work.
Synthesizing Large Modules. Past work [2] has explored acceler-
ating synthesis by composing large pre-synthesized "macroblocks",
such as FIR filters and other signal processing kernels. As men-
tioned above, large templates present more opportunities for offline
optimization and reduce the number of templates that must be
assembled (further increasing synthesis speed). However, these
macroblocks are highly specialized and only applicable in certain
domains, limiting their value for general purpose synthesis.

5 PRELIMINARY EVALUATION
We show viability of all fundamental claims made, leaving an end
to end evaluation for future work.
Template specialization. We synthesize specialized templates
using Yosys and observe that technologymapping correctly chooses
FPGA hard blocks. We also select a functionally equivalent but
poor choice of templates and see that Yosys fails to map effectively,
indicating the importance of technology mapping.
Effects of Conventional Optimization.We synthesize the Haz-
ard3 RISC-V core without any logic optimization (baseline), with
technology mapping to Xilinx (techmap), and finally with full op-
timization (opt) and evaluate quality of results. We observe that
effective technology mapping accounts for a majority of the in-
creased quality of results (from baseline to techmap), compared to
other optimizations (from techmap to opt).
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6 FUTURE DIRECTIONS
The current goal is to implement an end to end evaluation of tem-
plate synthesis. We also outline avenues for future work below.
Routing and Bitstream Generation. A substantial amount of
total synthesis time is taken by place and route, which takes a
technology specific netlist and places it onto a target FPGA fabric
while respecting routing resource constraints optimizing for latency.
The final place and route solution is used to generate a configuration
bitstream to program the FPGA.

Template based synthesis can be applied to speed up this pro-
cess by performing place and route on small designs, followed by
bitstream generation. The resulting fragment is relocatable to any-
where on an FPGA fabric, a technique evaluated by past work [2].
Similar to immediates and register indices in software compila-
tion, bitstream fragments can be precomputed and "patched" with
constants, routing locations, and operation selects.

Past work has also identified a performance bottleneck in intra-
CLB routing [9], suggesting that precomputing these local routes
may uncover increased parallelism.
Exact Synthesis. Exact synthesis [10] finds optimal implemen-
tation of logic networks, typically using SAT, and has been used
to discover rewrite rules for logic optimization [3]. While exact
synthesis scales poorly to large inputs, it can be effectively ap-
plied on synthesis templates (which have a limited input size) to
discover optimal implementations offline. Additionally, only the
selected templates need to be synthesized, rather than the much
larger number of NPN classes needed for logic rewriting.

7 CONCLUSION
Our work suggests that innovations from software just-in-time
compilation can be applied towards accelerating hardware synthe-
sis. Using pre-synthesized templates can bypass the overhead of
traditional logic optimization and technology mapping while main-
taining an acceptable quality of results. Future work will further
evaluate this technique end to end.
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