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Abstract
High-level synthesis (HLS), which refers to the automatic
compilation of software into hardware, is rapidly gaining
popularity. In a world increasingly reliant on application-
specific hardware accelerators, HLS promises hardware de-
signs of comparable performance and energy efficiency to
those coded by hand in a hardware description language
like Verilog, while maintaining the convenience and the rich
ecosystem of software development. However, current HLS
tools cannot always guarantee that the hardware designs
they produce are equivalent to the software theywere given,
thus undermining any reasoning conducted at the software
level. Worse, there is mounting evidence that existing HLS
tools are quite unreliable, sometimes generatingwrong hard-
ware or crashing when given valid inputs.

To address this problem, we present the first HLS tool that
is mechanically verified to preserve the behaviour of its in-
put software. Our tool, called Vericert, extends the Comp-
Cert verified C compiler with a new hardware-oriented in-
termediate language and a Verilog back end, and has been
proven correct in Coq. Vericert supports all C constructs ex-
cept for case statements, function pointers, recursive func-
tion calls, integers larger than 32 bits, floats, and global vari-
ables. An evaluation on the PolyBench/C benchmark suite
indicates that Vericert generates hardware that is around an
order of magnitude slower and larger than hardware gener-
ated by an existing, optimising (but unverified) HLS tool.

Keywords: CompCert, Coq, high-level synthesis, C, Verilog

1 Introduction
Can you trust your high-level synthesis tool? As la-

tency, throughput and energy efficiency become increasingly
important, customhardware accelerators are being designed
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for numerous applications. Alas, designing these accelera-
tors can be a tedious and error-prone process using a hard-
ware description language (HDL) such as Verilog. An at-
tractive alternative is high-level synthesis (HLS), in which
hardware designs are automatically compiled from software
written in a high-level language like C. Modern HLS tools
such as LegUp [7], VivadoHLS [51], Intel i++ [25], and Bambu
HLS [44] promise designswith comparable performance and
energy-efficiency to those hand-written in HDL [18, 21, 41],
while offering the convenient abstractions and rich ecosys-
tems of software development. But existing HLS tools can-
not always guarantee that the hardware designs they pro-
duce are equivalent to the software they were given, and
this undermines any reasoning conducted at the software
level.

Indeed, there are reasons to doubt that HLS tools actu-
ally do always preserve equivalence. For instance, Vivado
HLS has been shown to apply pipelining optimisations in-
correctly1 or to silently generate wrong code should the pro-
grammer stray outside the fragment of C that it supports.2
Meanwhile, Lidbury et al. [33] had to abandon their attempt
to fuzz-test Altera’s (now Intel’s) OpenCL compiler since it
“either crashed or emitted an internal compiler error” on so
many of their test inputs. And more recently, Du et al. [15]
fuzz-tested three commercial HLS tools using Csmith [52],
and despite restricting the generated programs to the C frag-
ment explicitly supported by all the tools, they still found
that on average 2.5% of test cases generated a design that
did not match the behaviour of the input.

Existing workarounds. Aware of the reliability short-
comings of HLS tools, hardware designers routinely check
the generated hardware for functional correctness. This is
commonly done by simulating the design against a large
test-bench. But unless the test-bench covers all inputs ex-
haustively, which is often infeasible, there is a risk that bugs
remain.

An alternative is to use translation validation to prove the
input and output equivalent [45]. Translation validation has
been successfully applied to several HLS optimisations [3,
11, 12, 29, 53]. But translation validation must be repeated

1https://bit.ly/vivado-hls-pipeline-bug
2https://bit.ly/vivado-hls-pointer-bug

1

https://doi.org/
https://bit.ly/vivado-hls-pipeline-bug
https://bit.ly/vivado-hls-pointer-bug


111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165

Conference’17, July 2017, Washington, DC, USA Yann Herklotz, James Pollard, Nadesh Ramanathan, and John Wickerson

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

every time the compiler is invoked, and it is an expensive
task, especially for large designs. For example, the trans-
lation validation for Catapult C [36] may require several
rounds of expert ‘adjustments’ [9, p. 3] to the input C pro-
gram before validation succeeds. And evenwhen it succeeds,
translation validation does not provide watertight guaran-
tees unless the validator itself has beenmechanically proven
correct, which is seldom the case.

Our position is that none of the above workarounds are
necessary if the HLS tool can simply be trusted to work cor-
rectly.

Our solution. We have designed a new HLS tool in the
Coq theorem prover [4] and proved that any output it pro-
duces always has the same behaviour as its input. Our tool,
called Vericert, is automatically extracted to an OCaml pro-
gram from Coq, which ensures that the object of the proof is
the same as the implementation of the tool. Vericert is built
by extending the CompCert verified C compiler [32] with a
new hardware-specific intermediate language and a Verilog
back end. It supports all C constructs except for case state-
ments, function pointers, recursive function calls, integers
larger than 32 bits, floats, and global variables.

Contributions and Outline. The contributions of this
paper are as follows:

• We present Vericert, the first mechanically verified
HLS tool that compiles C to Verilog. In Section 2, we
describe the design of Vericert.

• We state the correctness theorem of Vericert with re-
spect to an existing semantics for Verilog due to Lööw
and Myreen [35]. In Section 3, we describe how we
lightly extended this semantics to make it suitable as
an HLS target.

• In Section 4, we describe howwe proved this theorem.
The proof follows standard CompCert techniques –
forward simulations, intermediate specifications, and
determinism results – butwe encountered several chal-
lenges peculiar to our hardware-oriented setting.These
include handling discrepancies between byte- andword-
addressable memories, different handling of unsigned
comparisons betweenC andVerilog, and correctlymap-
ping CompCert’s memory model onto a finite Verilog
array.

• In Section 5, we evaluate Vericert on the Polybench/C
benchmark suite [46], and compare the performance
of our generated hardware against an existing, unver-
ified HLS tool called LegUp [7]. We show that Vericert
generates hardware that is 56× slower (10× slower
in the absence of division) and 21× larger than that
generated by LegUp. We intend to bridge this perfor-
mance gap in the future by introducing (and verifying)
HLS optimisations of our own, such as scheduling and
memory analysis.

Vericert is fully open source and available online.

https://github.com/ymherklotz/vericert

2 Designing a verified HLS tool
This section describes the main architecture of the HLS tool,
and the way in which the Verilog back end was added to
CompCert. This section will also cover an example of con-
verting a simple C program into hardware, expressed in the
Verilog language.

Choice of source language. C was chosen as the source
language as it remains the most common source language
amongst production-quality HLS tools [7, 25, 44, 51].This, in
turn, may be because it is “[t]he starting point for the vast
majority of algorithms to be implemented in hardware” [17],
lending a degree of practicality.We considered Bluespec [39],
but decided that although it “can be classed as a high-level
language” [19], it is too hardware-oriented to be suitable for
traditional HLS. We also considered using a language with
built-in parallel constructs that map well to parallel hard-
ware, such as occam [40], Spatial [30] or Scala [2], but found
these languages too niche.

Choice of target language. Verilog [23] is an HDL that
can be synthesised into logic cells which can either be placed
onto a field-programmable gate array (FPGA) or turned into
an application-specific integrated circuit (ASIC). Verilogwas
chosen as the output language for Vericert because it is one
of the most popular HDLs and there already exist a few
formal semantics for it that could be used as a target [34,
37]. Bluespec, previously ruled out as a source language, is
another possible target and there exists a formally verified
translation to circuits using Kôika [6].

Choice of implementation language. We chose Coq as
the implementation language because of its mature support
for code extraction; that is, its ability to generate OCaml
programs directly from the definitions used in the theorems.
We note that other authors have had some success reason-
ing about theHLS process using other theorem provers such
as Isabelle [16]. CompCert [32] was chosen as the front end
framework, as it is amature framework for simulation proofs
about intermediate languages, and it already provides a val-
idated C parser [28]. The Vellvm framework [55] was also
considered because several existing HLS tools are already
LLVM-based, but additional work would be required to sup-
port a high-level language like C as input. The .NET frame-
work has been used as a basis for other HLS tools, such as
Kiwi [20], and LLHD [48] has been recently proposed as an
intermediate language for hardware design, but neither are
suitable for us because they lack formal semantics.

Architecture of Vericert. The main work flow of Veri-
cert is given in Figure 1, which shows those parts of the

2
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Clight · · · CminorSel 3AC LTL PPC· · ·

HTL Verilog

CompCert

Vericert

Figure 1. Verilog back end to CompCert, branching off at
the three address code (3AC), at which point the three ad-
dress code is transformed into a state machine. Finally, it is
transformed to a hardware description of the state machine
in Verilog.

translation that are performed in CompCert, and those that
have been added.

CompCert translates Clight3 input into assembly output
via a sequence of intermediate languages; we must decide
which of these ten languages is the most suitable starting
point for the HLS-specific translation stages.

We select CompCert’s three-address code (3AC)4 as the
starting point. Branching off before this point (at CminorSel
or earlier) denies CompCert the opportunity to perform op-
timisations such as constant propagation and dead code elim-
ination, which have been found to be useful in HLS tools as
well as software compilers [14]. Instead, if we branch off af-
ter this point (at LTL or later) then CompCert has already
performed register allocation to reduce the number of reg-
isters and spill some variables to the stack; this transforma-
tion is not required in HLS because there are many more
registers available, and these should be used instead of RAM
whenever possible.

3AC is also attractive because it is the closest intermediate
language to LLVM IR, which is used by several existing HLS
compilers. It has an unlimited number of pseudo-registers,
and is represented as a control flow graph (CFG) where each
instruction is a node with links to the instructions that can
follow it. One difference between LLVM IR and 3AC is that
3AC includes operations that are specific to the chosen tar-
get architecture; we chose to target the x86_32 backend, be-
cause it generally produces relatively dense 3AC thanks to
the availability of complex addressing modes.

2.1 Translating C to Verilog, by example
Figure 2 illustrates the translation of a simple program that
sums the elements of an array. In this section, we describe
the stages of the Vericert translation, referring to this pro-
gram as an example.
3A deterministic subset of C with pure expressions.
4This is known as register transfer language (RTL) in the CompCert liter-
ature. ‘3AC’ is used in this paper instead to avoid confusion with register-
transfer level (RTL), which is another name for the final hardware target
of the HLS tool.

int main() {
int x[3] = {1, 2, 3};
int sum = 0;
for (int i = 0;

i < 3;
i++)

sum += x[i];
return sum;

}

(a) Input C code.

main() {
15: x8 = 1
14: int32[stack(0)] = x8
13: x7 = 2
12: int32[stack(4)] = x7
11: x6 = 3
10: int32[stack(8)] = x6
9: x2 = 0
8: x1 = 0
7: x5 = stack(0) (int)
6: x4 = int32[x5 + x1 * 4 + 0]
5: x2 = x2 + x4 + 0 (int)
4: x1 = x1 + 1 (int)
3: if (x1 <s 3) goto 7 else goto 2
2: x3 = x2
1: return x3

}

(b) 3AC produced by CompCert.

module main(reset, clk, finish, return_val);
reg [31:0] stack [2:0];
input [0:0] clk, reset;
output reg [31:0] return_val;
output reg [0:0] finish;
reg [31:0] reg_8, reg_4, state,

reg_6, reg_1, reg_7,
reg_5, reg_3;

always @(posedge clk)
case (state)
32'd15: reg_8 <= 32'd1;
32'd14: stack[32'd0] <= reg_8;
32'd13: reg_7 <= 32'd2;
32'd12: stack[32'd1] <= reg_7;
32'd11: reg_6 <= 32'd3;
32'd10: stack[32'd2] <= reg_7;
32'd9: reg_2 <= 32'd0;
32'd8: reg_1 <= 32'd0;
32'd7: reg_5 <= 32'd0;
32'd6: reg_4 <= stack[{{{reg_5 + 32'd0}
+ {reg_1 * 32'd4}} / 32'd4}];

32'd5: reg_2 <= {reg_2 + {reg_4 + 32'd0}};
32'd4: reg_1 <= {reg_1 + 32'd1};
32'd3: ;
32'd2: reg_3 <= reg_2;
32'd1: begin
finish = 1'd1;
return_val = reg_3;

end
default:;

endcase

always @(posedge clk)
if ({reset == 1'd1})
state <= 32'd16;

else
case (state)
32'd15: state <= 32'd14;
32'd14: state <= 32'd13;
32'd13: state <= 32'd12;
32'd12: state <= 32'd11;
32'd11: state <= 32'd10;
32'd10: state <= 32'd9;
32'd9: state <= 32'd8;
32'd8: state <= 32'd7;
32'd7: state <= 32'd6;
32'd6: state <= 32'd5;
32'd5: state <= 32'd4;
32'd4: state <= 32'd3;
32'd3: state <=
({$signed(reg_1)
< $signed(32'd3)}
? 32'd7 : 32'd2);

32'd2: state <= 32'd1;
32'd1: ;
default:;

endcase
endmodule

(c) Verilog produced by Vericert. The left column contains the data-
path and the right column contains the control logic.

Figure 2. Translating a simple program from C to Verilog.

2.1.1 Translating C to 3AC. The first stage of the trans-
lation uses unmodified CompCert to transform the C input,
shown in Figure 2a, into a 3AC intermediate representation,
shown in Figure 2b. As part of this translation, function in-
lining is also performed on all functions, which allows us to
support function calls without having to support the Icall
3AC instruction. Although the duplication of the function
bodies caused by inlining can increase the area of the hard-
ware, it can have a positive effect on latency. Inlining pre-
cludes support for recursive function calls, but this feature
isn’t supported in most other HLS tools either [50].

3
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2.1.2 Translating 3AC to HTL. The next translation is
from 3AC to a new hardware translation language (HTL).
This involves going from a CFG representation of the com-
putation to a finite state machine with data-path (FSMD)
representation [22]. The core idea of the FSMD representa-
tion is that it separates the control flow from the operations
on the memory and registers. Hence, an HTL program con-
sists of two maps from states to Verilog statements: control-
and data-path maps that express state transitions and com-
putations respectively. Figure 3 shows the resulting FSMD
architecture. The right-hand block is the control logic that
computes the next state, while the left-hand block updates
all the registers and RAM based on the current program
state.

Translatingmemory. Typically, HLS-generated hardware
consists of a sea of registers and RAM memories. This mem-
ory view is very different to the Cmemorymodel, so we per-
form the following translation. Variables that do not have
their address taken are kept in registers, which correspond
to the registers in 3AC. All address-taken variables, arrays,
and structs are kept in RAM. The stack of the main func-
tion becomes an unpacked array of 32-bit integers, which
may be translated to a RAMwhen the hardware description
is passed through a synthesis tool. Finally, global variables
are not translated in Vericert at the moment. A high-level
overview of the architecture can be seen in Figure 3.

Translating instructions. Each 3AC instruction either
corresponds to a hardware construct, or does not have to be
handled by the translation, such as function calls (because
of inlining). For example, state 15 in Figure 2b shows a 32-
bit register x8 being initialised to 1, after which the control
flow moves to state 14. This initialisation is also encoded in
HTL at state 15 in both the control- and data-path always-
blocks, as shown in Figure 2c. Simple operator instructions
are translated in a similar way. For example, in state 5, the
value of the array element is added to the current sum value,
which is simply translated to an addition of the equivalent
registers in the HTL code.

Note that the comparison in state 3 is signed. C and Ver-
ilog handle signedness quite differently; by default, all op-
erators and registers in Verilog (and HTL) are unsigned, so
to force an operation to handle the bits as signed, both op-
erators have to be forced to be signed. In addition to that,
Verilog implicitly resizes expressions to the largest needed
size by default, which can affect the result of the computa-
tion. This feature is not supported by the Verilog semantics
we adopted, so to match the semantics to the behaviour of
the simulator and synthesis tool, braces are placed around
all expressions as this inhibits implicit resizing. Instead, ex-
plicit resizing is used in the semantics and operations can
only be performed on two registers that have the same size.

In addition to that, equality between unsigned variables
are actually not supported, because this requires support-
ing the comparison of pointers, which should only be per-
formed between pointers with the same provenance. In Veri-
cert there is currently no way to determine the provenance
of a pointer, and it therefore cannot model the semantics
of unsigned comparison in CompCert. As dynamic alloca-
tion is not supported either, comparison of pointers is rarely
needed, and for the comparison of integers, these can be cast
to signed integers during the comparison for the translation
to succeed.

2.1.3 Translating HTL to Verilog. Finally, we have to
translate the HTL code into proper Verilog. The challenge
here is to translate our FSMD representation into a Verilog
AST. However, as all the instructions in HTL are already ex-
pressed as Verilog statements, only the top level data-path
and control logic maps need to be translated to valid Verilog.
We also require declarations for all the variables in the pro-
gram, as well as declarations of the inputs and outputs to
the module, so that the module can be used inside a larger
hardware design. Figure 2c shows the final Verilog output
that is generated for our example.

Although this translation seems quite straightforward, prov-
ing that this translation is correct is complex. All the implicit
assumptions that were made in HTL need to be translated
explicitly to Verilog statements and it needs to be shown
that these explicit behaviours are equivalent to the assump-
tions made in the HTL semantics. We discuss these proofs
in upcoming sections.

2.2 Optimisations
Although we would not claim that Vericert is a proper ‘op-
timising’ HLS compiler yet, we have nonetheless made sev-
eral design choices that aim to improve the quality of the
hardware designs it produces.

2.2.1 Byte- and word-addressable memories. One big
difference between C and Verilog is how memory is repre-
sented. Although Verilog arrays might seem to mirror their
C counterparts directly, they must be treated quite differ-
ently. To reduce the design area and avoid timing issues, it is
beneficial if Verilog arrays can be synthesised as RAMs, but
this imposes various constraints on how Verilog arrays are
used; for instance, RAMs often only allow one read and one
write operation per clock cycle. To make loads and stores as
efficient as possible, the RAM needs to be word-addressable,
which means that an entire integer can be loaded or stored
in one clock cycle. However, the memory model that Comp-
Cert uses for its intermediate languages is byte-addressa-
ble [5]. It therefore has to be proven that the byte-addressable
memory behaves in the same way as the word-addressable
memory in hardware. Any modifications of the bytes in the
CompCert memory model also have to be shown to mod-
ify the word-addressable memory in the same way. Since

4
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Figure 3. The FSMD for the example shown in Figure 2, split into a data-path and control logic for the next state calculation.
The Update block takes the current state, current values of all registers and at most one value stored in the array, and calculates
a new value that can either be stored back in the array or in a register.

only integer loads and stores are currently supported in Veri-
cert, it follows that the addresses given to the loads and
stores should bemultiples of four. If that is the case, then the
translation from byte-addressedmemory toword-addressed
memory can be done by dividing the address by four.

2.2.2 Implementing the Oshrximm instruction. Many
of the CompCert instructions map well to hardware, but
Oshrximm is expensive if implemented naïvely.The problem
is that in CompCert it is specified as a signed division:

Oshrximm x y = round_towards_zero
( x
2y

)
(where x,y ∈ Z, 0 ≤ y < 31, and −231 ≤ x < 231) and
instantiating divider circuits in hardware is well-known to
cripple performance. Moreover, since Vericert requires the
result of a divide operation to be ready within a single clock
cycle, the divide circuit needs to be entirely combinational.
This is inefficient in terms of area, but also in terms of la-
tency, because it means that the maximum frequency of the
hardware must be reduced dramatically so that the divide
circuit has enough time to finish.

One might hope that the synthesis tool consuming our
generated Verilog would convert the division to an efficient
shift operation, but this is unlikely to happen with signed
division which requires more than a single shift. However,
the observation can be made that signed division can be im-
plemented using shifts:

round_towards_zero
( x
2y

)
=

{
x � y if x ≥ 0

−(−x � y) otherwise.

where � stands for a logical right shift. When proving this
equivalence, we actually found a bug in our original imple-
mentation that was due to the fact that a naïve shift rounds
towards −∞.

3 A Formal Semantics for Verilog
This section describes the Verilog semantics that was cho-
sen for the target language, including the changes that were
made to the semantics to make it a suitable HLS target. The
Verilog standard is quite large [23, 24], but the syntax and se-
mantics can be reduced to a small subset that Vericert needs
to target.

The Verilog semantics we use is ported to Coq from a se-
manticswritten inHOL4 by Lööw andMyreen [35] and used
to prove the translation from HOL4 to Verilog [34]. This se-
mantics is quite practical as it is restricted to a small subset
of Verilog, which can nonetheless be used tomodel the hard-
ware constructs required for HLS. The main features that
are excluded are continuous assignment and combinational
always-blocks; these are modelled in other semantics such
as that by Meredith et al. [37].

The semantics of Verilog differs from regular program-
ming languages, as it is used to describe hardware directly,
which is inherently parallel, rather than an algorithm,which
is usually sequential. The main construct in Verilog is the
always-block. Amodule can containmultiple always-blocks,
all of which run in parallel.These always-blocks further con-
tain statements such as if-statements or assignments to vari-
ables. We support only synchronous logic, which means that
the always-block is triggered on (and only on) the rising
edge of a clock signal.
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Thesemantics combines the big-step and small-step styles.
The overall execution of the hardware is described using a
small-step semantics, with one small step per clock cycle;
this is appropriate because hardware is routinely designed
to run for an unlimited number of clock cycles and the big-
step style is ill-suited to describing infinite executions.Then,
within each clock cycle, a big-step semantics is used to ex-
ecute all the statements. An example of a rule for execut-
ing an always-block is shown below, where Σ is the state of
the registers in the module and s is the statement inside the
always-block:

Always
(Σ, s) ↓stmnt Σ

′

(Σ, always @(posedge clk) s) ↓always Σ
′

This rule says that assuming the statement s in the always-
block runs with state Σ and produces the new state Σ′, the
always-block will result in the same final state.

Two types of assignments are supported in always-blocks:
nonblocking and blocking assignment. Nonblocking assign-
ments all take effect simultaneously at the end of the clock
cycle, while blocking assignments happen instantly so that
later assignments in the clock cycle can pick them up. To
model both of these assignments, the state Σ has to be split
into two maps: Γ, which contains the current values of all
variables, and ∆, which contains the values that will be as-
signed at the end of the clock cycle. Nonblocking assign-
ment can therefore be expressed as follows:

Nonblocking Reg
name d = OK n (Γ, e) ↓expr v

((Γ,∆),d <= e) ↓stmnt (Γ,∆[n 7→ v])

where assuming that ↓expr evaluates an expression e to a
value v , the nonblocking assignment d <= e updates the fu-
ture state of the variable d with value v .

Finally, the following rule dictates how the whole module
runs in one clock cycle:
Module

(Γ, ϵ, ®m) ↓module (Γ′,∆′)
(Γ, module main(...); ®m endmodule) ↓program (Γ′//∆′)

where Γ is the initial state of all the variables, and ®m is a
list of variable declarations and always-blocks that ↓module
evaluates sequentially to obtain (Γ′,∆′). The final state is ob-
tained by merging these maps using the // operator, which
gives priority to the right-hand operand in a conflict. This
rule ensures that the nonblocking assignments overwrite at
the end of the clock cycle any blocking assignments made
during the cycle.

3.1 Changes to the Semantics
Four changesweremade to the semantics proposed by Lööw
and Myreen [35] to make it suitable as a HLS target.

Adding array support. Themain change is the addition
of support for arrays, which are needed to model RAM in
Verilog. RAM is needed to model the stack in C efficiently,
without having to declare a variable for each possible stack
location. Consider the following Verilog code:
reg [31:0] x[1:0];
always @(posedge clk) begin

x[0] = 1;
x[1] <= 1;

end

which modifies one array element using blocking assign-
ment and then a second using nonblocking assignment. If
the existing semantics were used to update the array, then
during the merge, the entire array x from the nonblocking
association map would replace the entire array from the
blocking association map. This would replace x[0] with its
original value and therefore behave incorrectly. Accordingly,
we modified the maps so they record updates on a per-elem-
ent basis. Our state Γ is therefore split up into Γr for instan-
taneous updates to variables, and Γa for instantaneous up-
dates to arrays; ∆ is split similarly. The merge function then
ensures that only the modified indices get updated when Γa
is merged with the nonblocking map equivalent ∆a .

Adding declarations. Explicit support for declaring in-
puts, outputs and internal variables was added to the seman-
tics to make sure that the generated Verilog also contains
the correct declarations. This adds some guarantees to the
generated Verilog and ensures that it synthesises and simu-
lates correctly.

Removing support for external inputs tomodules. Sup-
port for receiving external inputs was removed from the se-
mantics for simplicity, as these are not needed for an HLS
target. The main module in Verilog models the main func-
tion in C, and since the inputs to a C function shouldn’t
change during its execution, there is no need for external
inputs for Verilog modules.

Simplifying representation of bitvectors. Finally, we
use 32-bit integers to represent bitvectors rather of arrays
of Booleans. This is because Vericert (currently) only sup-
ports types represented by 32 bits.

3.2 Integrating the Verilog Semantics into
CompCert’s Model

The CompCert computation model defines a set of states
through which execution passes. In this subsection, we ex-
plain howwe extend our Verilog semantics with five special-
purpose registers in order to integrate it into CompCert.

CompCert executions pass through three main states:
State sf m v Γr Γa Themain statewhen executing a func-

tion, with stack frame sf, current module m, current
state v and variable states Γr and Γa .
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Step
Γr ! rst = Some 0 Γr ! fin = Some 0 Γr ! σ = Some v (m, (Γr , Γa)) ↓program (Γ′r , Γ′a) Γ′r ! σ = Some v ′

State sf m v Γr Γa −→ State sf m v ′ Γ′r Γ′a
Finish

Γr ! fin = Some 1 Γr ! ret = Some r

State sf m σ Γr Γa −→ Returnstate sf r

Call

Callstate sf m ®r −→ State sf m n ((init_params ®r a)[σ 7→ n, fin 7→ 0, rst 7→ 0]) ϵ
Return

Returnstate (Stackframe r m pc Γr Γa :: sf) v −→ State sf m pc (Γr [st 7→ pc, r 7→ v]) Γa

Figure 4. Top-level small-step semantics for Verilog modules in CompCert’s computational framework.

Callstate sf m ®r The state that is reachedwhen a func-
tion is called, with the current stack frame sf, current
modulem and arguments ®r .

Returnstate sf v Thestate that is reachedwhen a func-
tion returns back to the caller, with stack frame sf and
return value v .

To support this computational model, we extend the Ver-
ilog module we generate with the following five registers
and a RAM block:

program counter Theprogram counter can bemodelled
using a register that keeps track of the state, denoted
as σ .

function entry point When a function is called, the en-
try point denotes the first instruction that will be ex-
ecuted. This can be modelled using a reset signal that
sets the state accordingly, denoted as rst.

return value The return value can be modelled by set-
ting a finished flag to 1 when the result is ready, and
putting the result into a 32-bit output register. These
are denoted as fin and rtrn respectively.

stack The function stack can bemodelled as a RAMblock,
which is implemented using an array in the module,
and denoted as stk.

Figure 4 shows the inference rules for moving between
the computational states. The first, Step, is the normal rule
of execution. It defines one step in the State state, assuming
that the module is not being reset, that the finish state has
not been reached yet, that the current and next state are v
andv ′, and that the module runs from state Γ to Γ′ using the
Step rule. The Finish rule returns the final value of running
the module and is applied when the fin register is set; the
return value is then taken from the ret register.

Note that there is no step from State to Callstate; this
is because function calls are not supported, and it is there-
fore impossible in our semantics to ever reach a Callstate
except for the initial call to main. So the Call rule is only

used at the very beginning of execution; likewise, the Re-
turn rule is only matched for the final return value from
the main function. Therefore, in addition to the rules shown
in Figure 4, an initial state and final state need to be defined:

Initial
is_internal (P .main)

initial_state (Callstate [] (P .main) [])
Final

final_state (Returnstate [] n) n

where the initial state is the Callstatewith an empty stack
frame and no arguments for the main function of program
P , where this main function needs to be in the current trans-
lation unit. The final state results in the program output of
value n when reaching a Returnstate with an empty stack
frame.

4 Proof
Now that the Verilog semantics have been adapted to the
CompCert model, we are in a position to formally prove the
correctness of our C-to-Verilog compilation.This section de-
scribes the main correctness theorem that was proven and
the main ideas behind the proof. The full Coq proof is avail-
able in auxiliary material.

The main correctness theorem is analogous to that stated
in CompCert [32]: for all Clight source programs C , if the
translation to the target Verilog code succeeds, and C has
safe observable behaviour B when executed, then the tar-
get Verilog code will have the same behaviour B. Here, a
‘safe’ execution is one that either converges or diverges, but
does not “go wrong”. If the program does admit somewrong
behaviour (like undefined behaviour in C), the correctness
theorem does not apply. A behaviour, then, is either a final
state (in the case of convergence) or divergence. In Comp-
Cert, a behaviour is also associatedwith a trace of I/O events,
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but since external function calls are not supported in Veri-
cert, this trace will always be empty for us. Note that the
compiler is allowed to fail and not produce any output; the
correctness theorem only applies when the translation suc-
ceeds.

Theorem 1. For any safe behaviour B, whenever the trans-
lation from C succeeds and produces Verilog V , then V has
behaviour B only if C has behaviour B.

∀C,V ,B ∈ Safe, HLS(C) = OK(V ) ∧V ⇓ B =⇒ C ⇓ B.

The theorem is a ‘backwards simulation’ result (from tar-
get to source). The theorem does not demand the ‘if’ direc-
tion too, because compilers are permitted to resolve any
non-determinism present in their source programs.

In practice, Clight programs are all deterministic, as are
the Verilog programs in the fragmentwe consider.Thismeans
that we can prove the correctness theorem above by first in-
verting it to become a forwards simulation result, following
standard CompCert practice.

The second observation that needs to be made is that to
prove this forward simulation, it suffices to prove forward
simulations between each intermediate language, as these
results can be composed to prove the correctness of thewhole
HLS tool.The forward simulation from 3AC to HTL is stated
in Lemma 1 (Section 4.1), then the forward simulation be-
tween HTL and Verilog is shown in Lemma 4 (Section 4.2)
and finally, the proof that Verilog is deterministic is given
in Lemma 5 (Section 4.3).

4.1 Forward simulation from 3AC to HTL
As HTL is quite far removed from 3AC, this first translation
is the most involved and therefore requires a larger proof,
because the translation from 3AC instructions to Verilog
statements needs to be proven correct in this step. In addi-
tion to that, the semantics of HTL are also quite different to
the 3AC semantics, as instead of defining small-step seman-
tics for each construct in Verilog, the semantics are instead
defined over one clock cycle and mirror the semantics de-
fined for Verilog. Lemma 1 shows the result that needs to be
proven in this subsection.

Lemma1 (Forward simulation from 3AC toHTL). Wewrite
tr_htl for the translation from 3AC to HTL.

∀c,h,B ∈ Safe, tr_htl(c) = OK(h) ∧ c ⇓ B =⇒ h ⇓ B.

We prove this lemma by first establishing a specification
of the translation function tr_htl that captures its impor-
tant properties, and then splitting the proof into two parts:
one to show that the translation function does indeed meet
its specification, and one to show that the specification im-
plies the desired simulation result. This strategy is in keep-
ing with standard CompCert practice.

4.1.1 From Implementation to Specification. Thespec-
ification for the translation of 3AC instructions into HTL
data-path and control logic can be defined by the following
predicate:

spec_instr fin rtrn σ stk i data control

Here, the control and data parameters are the statements
that the current 3AC instruction i should translate to. The
other parameters are the special registers defined in Sec-
tion 3.2. An example of a rule describing the translation of
an arithmetic/logical operation from 3AC is the following:
Iop

tr_op op ®a = OK e

spec_instr fin rtrn σ stk (Iop op ®a d n) (d <= e) (σ <= n)
Assuming that the translation of the operator opwith operands
®a is successful and results in expression e , the rule describes
how the destination register d is updated to e via a non-
blocking assignment in the data path, and how the program
counter σ is updated to point to the next CFG node n via
another non-blocking assignment in the control path.

In the following lemma, spec_htl is the top-level spec-
ification predicate, which is built using spec_instr at the
level of instructions.

Lemma 2. If a 3AC program c is translated correctly to an
HTL program h, then the specification of the translation holds.

∀ c h, tr_htl(c) = OK(h) =⇒ spec_htl c h.

4.1.2 From Specification to Simulation. To prove that
the specification predicate implies the desired forward simu-
lation, wemust first define a relation that matches each 3AC
state to an equivalent HTL state. This relation also captures
the assumptions made about the 3AC code that we receive
from CompCert.These assumptions then have to be proven
to always hold assuming the HTL code was created by the
translation algorithm. Some of the assumptions that need to
be made about the 3AC and HTL code for a pair of states to
match are:

• The 3AC register file R needs to be ‘less defined’ than
the HTL register map Γr (written R ≤ Γr ). This means
that all entries should be equal to each other, unless a
value in R is undefined, in which case any value can
match it.

• The RAM values represented by each Verilog array in
Γa need to match the 3AC function’s stack contents,
which are part of the memory M ; that is: M ≤ Γa .

• The state is well formed, which means that the value
of the state register matches the current value of the
program counter; that is: pc = Γr !σ .

We also define the following set I of invariants that must
hold for the current state to be valid:

• that all pointers in the program use the stack as a base
pointer,
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• that any loads or stores to locations outside of the
bounds of the stack result in undefined behaviour (and
hence we do not need to handle them),

• that rst and fin are not modified and therefore stay at
a constant 0 throughout execution, and

• that the stack frames match.
We can now define the simulation diagram for the transla-

tion.The 3AC state can be represented by the tuple (R,M, pc),
which captures the register file, memory, and program counter.
The HTL state can be represented by the pair (Γr , Γa), which
captures the states of all the registers and arrays in the mod-
ule. Finally, I stands for the other invariants that need to
hold for the states to match.

Lemma 3. Given the 3AC state (R,M, pc) and the matching
HTL state (Γr , Γa), assuming one step in the 3AC semantics
produces state (R′,M ′, pc′), there exist one or more steps in the
HTL semantics that result in matching states (Γ′r , Γ′a). This is
all under the assumption that the specification tr_htl holds
for the translation.

R,M, pc Γr , Γa

R′,M ′, pc′ Γ′r , Γ
′
a

I ∧ (R ≤ Γr ) ∧ (M ≤ Γa) ∧ (pc = Γr !σ )

+
I ∧ (R′ ≤ Γ′r ) ∧ (M ′ ≤ Γ′a) ∧ (pc′ = Γ′r !σ )

Proof sketch. This simulation diagram is proven by induc-
tion over the operational semantics of 3AC, which allows
us to find one or more steps in the HTL semantics that will
produce the same final matching state. □

4.2 Forward simulation from HTL to Verilog
The HTL-to-Verilog simulation is conceptually simple, as
the only transformation is from the map representation of
the code to the case-statement representation. The proof is
more involved, as the semantics of a map structure are quite
different to the semantics of the case-statement they are con-
verted to.

Lemma 4 (Forward simulation from HTL to Verilog). We
write tr_verilog for the translation from HTL to Verilog.
(Note that this translation cannot fail, so we do not need the
OK constructor here.)

∀h,V ,B ∈ Safe, tr_verilog(h) = V ∧ h ⇓ B =⇒ V ⇓ B.

Proof sketch. The translation from maps to case-statements
is done by turning each node of the tree into a case-expression
with the statements in each being the same. The main diffi-
culty for the proof is that a random-access structure is trans-
formed into an inductive structure where a certain num-
ber of constructors need to be called to get to the correct
case. □

One problem with our representation of the state as an
actual register is that we have to make sure that the state
does not overflow. Currently, the state register always has
32 bits, meaning the maximum number of states supported
is 232. Vericert will error out if there are more than this
many nodes in the 3AC, thus satisfying the correctness the-
orem vacuously.

4.3 Deterministic Semantics
The final lemma we need is that the Verilog we generate is
deterministic. This result allows us to replace the forwards
simulation we have proved with the backwards simulation
we desire.

Lemma 5. If a Verilog programV admits both behaviours B1

and B2, then B1 and B2 must be the same.

∀V ,B1,B2,V ⇓ B1 ∧V ⇓ B2 =⇒ B1 = B2.

Proof sketch. TheVerilog semantics is deterministic because
the order of operation of all the constructs is defined, and
there is therefore only one way to evaluate the module and
hence only one possible behaviour. This was proven for the
small-step semantics shown in Figure 4. □

4.4 Coq Mechanisation
The lines of code for the implementation and proof of Veri-
cert can be found in Table 1. Overall, it took about 1 person-
year to build Vericert – about two person-months on im-
plementation and ten person-months on proofs. The largest
proof is the correctness proof for theHTL generation, which
required equivalence proofs between all integer operations
supported by CompCert and those supported in hardware.
From the 3349 lines of proof code in the HTL generation,
1189 are for the correctness proof of just the load and store
instructions. These were tedious to prove correct because of
the substantial difference between thememorymodels used,
and the need to prove properties such as stores outside of
the allocated memory being undefined, so that a finite ar-
ray could be used. In addition to that, since pointers in HTL
and Verilog are represented as integers, whereas there is a
separate pointer value in the CompCert semantics, it was
painful to reason about them and many new theorems had
to be proven about integers and pointers in Vericert.

5 Evaluation
Our evaluation is designed to answer the following three
research questions.

RQ1 How fast is the hardware generated by Vericert?
RQ2 How area-efficient is the hardware generated by

Vericert?
RQ3 How long does Vericert take to produce hardware?
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Coq code OCaml code Specifications Theorems & Proofs Total

Data structures and libraries 274 — — 654 928
Integers and values 98 — 15 744 857
HTL semantics — — 174 — 174
HTL generation 655 — 79 3349 4083
Verilog semantics — — 739 174 913
Verilog generation 68 — — 396 464
Top-level driver, pretty printers 89 747 — 209 1045
Total 1184 747 1007 5526 8464

Table 1. Statistics about the numbers of lines of code in the proof and implementation of Vericert.

5.1 Experimental Setup
Choice of HLS tool for comparison. We compare Veri-

cert against LegUp 5.1 because it is open-source and hence
easily accessible, but still produces hardware “of comparable
quality to a commercial high-level synthesis tool” [7].

Choice and preparation of benchmarks. We evaluate
Vericert using the PolyBench/C benchmark suite (version
4.2.1) [46], which consists of a collection of 30 numerical
kernels. PolyBench/C is popular in the HLS context [10, 47,
54, 56], since it has affine loop bounds, making it attractive
for streaming computation on FPGA architectures. We were
able to use 27 of the 30 programs; three had to be discarded
(correlation, gramschmidt and deriche) because they in-
volve square roots, requiring floats, which we do not sup-
port. We configured Polybench’s parameters so that only
integer types are used, since we do not support floats. We
use Polybench’s smallest datasets for each program to en-
sure that data can reside within on-chip memories of the
FPGA, avoiding any need for off-chip memory accesses.

Vericert implements divisions and modulo operations in
C using the corresponding built-in Verilog operators. These
built-in operators are designed to complete within a single
clock cycle, and this causes substantial penalties in clock fre-
quency. Other HLS tools, including LegUp, supply their own
multi-cycle division/modulo implementations, and we plan
to do the same in future versions of Vericert. In the mean-
time, we have prepared an alternative version of the bench-
marks in which each division/modulo operation is overrid-
den with our own implementation that uses repeated divi-
sion and multiplications by 2. Where this change makes an
appreciable difference to the performance results, we give
the results for both benchmark sets.

Synthesis setup. The Verilog that is generated by Veri-
cert or LegUp is provided to Intel Quartus v16.0 [26], which
synthesises it to a netlist, before placing-and-routing this
netlist onto an Intel Arria 10 FPGA device that contains ap-
proximately 430000 LUTs.
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Figure 5. A comparison of the cycle count of hardware de-
signs generated by Vericert and by LegUp.

5.2 RQ1: How fast is Vericert-generated hardware?
Figure 5 compares the cycle counts of our 27 programs ex-
ecuted by Vericert and LegUp respectively. In most cases,
we see that the data points are above the diagonal, which
demonstrates that the LegUp-generated hardware is faster
than Vericert-generated Verilog.

On average, LegUp designs are 4.5× faster than Vericert
designs. This performance gap is mostly due to LegUp opti-
misations such as scheduling and memory analysis, which
are designed to extract parallelism from input programs. It
is notable that even without Vericert performing many op-
timisations, a few data points are close to the diagonal and
even below it. As we improve Vericert by incorporating fur-
ther optimisations, this gap should reduce whilst preserving
our correctness guarantees.
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Figure 6. A comparison of the execution time of hardware
designs generated by Vericert and by LegUp.

Cycle count is one factor in calculating execution times;
the other is the clock frequency, which determines the du-
ration of each of these cycles. Figure 6 compares the execu-
tion times of Vericert and LegUp. Across the original Poly-
bench/C benchmarks, we see that Vericert designs are about
56× slower than LegUp designs. This dramatic discrepancy
in performance can be largely attributed to Vericert’s naïve
implementations of division and modulo operations, as ex-
plained in Section 5.1. Indeed, Vericert achieved an aver-
age clock frequency of just 21MHz, while LegUp managed
about 247MHz. After replacing the division/modulo opera-
tions with our own C-based implementations, Vericert’s av-
erage clock frequency becomes about 112MHz. This is bet-
ter, but still substantially below LegUp, which uses various
additional optimisations and Intel-specific IP blocks. Across
the modified Polybench/C benchmarks, we see that Vericert
designs are about 10× slower than LegUp designs.

5.3 RQ2: How area-efficient is Vericert-generated
hardware?

Figure 7 compares the resource utilisation of the Polybench
programs generated by Vericert and LegUp. On average, we
see that Vericert produces hardware that is about 21× larger
than LegUp. Vericert designs are filling up to 30% of a (large)
FPGA chip, while LegUp uses no more than 1% of the chip.
The main reason for this is that RAM is not inferred auto-
matically for the Verilog that is generated by Vericert; in-
stead, large arrays of registers are synthesised. Synthesis
tools such as Quartus generally require array accesses to
be in a specific form in order for RAM inference to activate.
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Figure 7. A comparison of the resource utilisation of de-
signs generated by Vericert and by LegUp.
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LegUp’s Verilog generation is tailored to enable RAM infer-
ence by Quartus, while Vericert generates more generic ar-
ray accesses. This may make Vericert more portable across
different FPGA synthesis tools and vendors. Enabling RAM
inference is part of our future plans.
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5.4 RQ3: How long does Vericert take to produce
hardware?

Figure 8 compares the compilation times of Vericert and of
LegUp, with each data point corresponding to one of the
PolyBench/C benchmarks. On average, Vericert compilation
is about 47× faster than LegUp compilation. Vericert ismuch
faster because it omits many of the time-consuming HLS
optimisations performed by LegUp, such as scheduling and
memory analysis. This comparison also demonstrates that
our fully verified approach does not add substantial over-
heads in compilation time, since we do not invoke verifica-
tion for every compilation instance, unlike the approaches
based on translation validation that we mentioned in Sec-
tion 1.

6 Related Work
A summary of the related works can be found in Figure 9,
which is represented as a Venn diagram.The categories that
were chosen for the Venn diagram are: if the tool is usable
and available, if it takes a high-level software language as
input, if it has a correctness proof and finally if that proof
is mechanised. The goal of Vericert is to cover all of these
categories.

Most practical HLS tools [7, 27, 38, 51] fit into the category
of usable tools that take high-level inputs. On the other spec-
trum, there are tools such as BEDROC [8] for which there
is no practical tool, and even though it is described as high-
level synthesis, it more closely resembles today’s hardware
synthesis tools.

Ongoingwork in translation validation [45] seeks to prove
equivalence between the hardware generated by an HLS
tool and the original behavioural description in C. An exam-
ple of a tool that implements this is Mentor’s Catapult [36],
which tries to match the states in the 3AC description to

states in the original C code after an unverified translation.
Using translation validation is quite effective for verifying
complex optimisations such as scheduling [11, 29, 53] or
code motion [3, 12], but the validation has to be run every
time the HLS is performed. In addition to that, the proofs
are often not mechanised or directly related to the actual
implementation, meaning the verifying algorithm might be
wrong and hence could give false positives or false nega-
tives.

Finally, there are a few relevantmechanically verified tools.
First, Kôika is a formally verified translation from a core
fragment of BlueSpec into a circuit representation which
can then be printed as a Verilog design. This is a translation
from a high-level hardware description language into an
equivalent circuit representation, so is a different approach
to HLS. Lööw and Myreen [35] used a verified translation
from HOL4 code describing state transitions into Verilog to
design a verified processor [34]. Their approach translated a
shallow embedding in HOL4 into a deep embedding of Ver-
ilog. Perna et al. [42, 43] designed a formally verified transla-
tion from a deep embedding of Handel-C [1], which is trans-
lated to a deep embedding of a circuit. Finally, Ellis [16]
used Isabelle to implement and reason about intermediate
languages for software/hardware compilation, where parts
could be implemented in hardware and the correctness could
still be shown.

7 Conclusion
We have presented Vericert, the first mechanically verified
HLS tool for translating software in C into hardware in Ver-
ilog. We built Vericert by extending CompCert with a new
hardware-specific intermediate language and a Verilog back
end, and we verified it with respect to a semantics for Ver-
ilog due to Lööw and Myreen [35]. We evaluated Vericert
against the existing LegUp HLS tool on the Polybench/C
benchmark suite. Currently, our hardware is 56× slower and
21× larger compared to LegUp, though it is only 10× slower
if inefficient divisions are removed.

There are abundant opportunities for improvingVericert’s
performance. For instance, as discussed in Section 5, simply
replacing the naïve single-cycle division and modulo opera-
tions with C implementations increases clock frequency by
5.6×. Beyond this, we plan to implement scheduling and
loop pipelining, since this allowsmore operations to be packed
into fewer clock cycles; recent work by Six et al. [49] indi-
cates how these scheduling algorithms can be implemented
in CompCert. Other optimisations include resource sharing
to reduce the circuit area, and using tailored hardware oper-
ators that use hard IP blocks on chip and can be pipelined.

Finally, it’s worth considering how trustworthy Vericert
is compared to other HLS tools. The guarantee of full func-
tional equivalence between input and output that Vericert
provides is a strong one, the semantics for the source and
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target languages are both well-established, and Coq is a ma-
ture and thoroughly tested system. However, Vericert can-
not guarantee to provide an output for every valid input –
for instance, as remarked in Section 4.2, Vericert will error
out if given a program with more than about four million
instructions! – but our evaluation indicates that it does not
seem to error out too frequently. And of course, Vericert
cannot guarantee that the final hardware produced will be
correct, because the Verilog it generates must pass through
a series of unverified tools along the way. This concern may
be allayed in the future by ongoing work we are aware of to
produce a verified hardware synthesis tool.
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