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Abstract—In the civil nuclear industry, the lingua franca for
the specification, design, and maintenance of digital instrumen-
tation and control (I&C) systems are function block diagrams
(FBDs), interconnecting instances of pre-qualified function block
types. In addition to thorough verification & validation (V&V),
the industry’s standards and regulatory bodies emphasize the
semantic preservation of the translation from FBDs to executable
machine code. We outline the steps taken in Framatome’s
TELEPERM XS (TXS Core) digital I&C product platform
to achieve rigorous and automated verification of semantic
preservation in a fully automated toolchain.

Index Terms—software verification, compilation, function
block diagram, safety I&C, PLC toolchain

I. INTRODUCTION

At the user level, Framatome’s TXS Core toolchain begins
with a graphical editor: I&C engineers drag graphical FBs
from a menu of over 100 different pre-defined and qualified
FB types, drop them onto function block diagrams (FBDs),
and interconnect them with signals representing the dataflow
between the FBs and I/O.

The subsequent process of translation to machine code
consist of (i) generation of linearly structured ISO C code and
(ii) compilation to ARMv7 machine code (Fig. 1). No user
intervention whatsoever is required in this fully automated
process (in fact, it is not even permitted). Below, we will
unfold them and the methods to ensure semantic preservation
across the entire toolchain.
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Fig. 1. The TXS Core toolchain translates FBDs into certified binaries.

The three main steps taken over the last decade towards a
high-performance toolchain with a robust case for semantic
preservation are: (i) the introduction of automated code verifi-
cation in TXS Core 4.0 (Kreckel, Framatome), (ii) the switch
to the CompCert [1] certified compiler for the toolchain’s sec-
ond stage in TXS Core 4.5, and (iii) our specific improvement
of CompCert for specific code patterns as they appear in the C
code generated by the TXS code generator (Bérard, ongoing
work).

Assuring semantic preservation is a highly valued asset of
safety-related toolchains for use in nuclear power plants [2].
We assert its complete and automated implementation in the
TXS toolchain without any burden on users.

II. TRANSLATION TO ISO C CODE

Using the persisted graphical FBDs as input, a code generator
first produces ISO C code following a defined grammar.
That code consists almost entirely of function calls to the
standardized, qualified, and pre-compiled function blocks and
of code representing the dataflow between the blocks.

Diverse Back Translation of Generated C Code

Framatome has developed a fully automated verifier operating
on the persisted graphical FBDs and on the generated code
as input. It exploits the fact that an FBD is a directed acyclic
graph connecting FB ports (the ‘netlist’). Every signal line
connecting two FBs is equivalent to the constraint of causality:
In every PLC execution cycle, the source FBsrc must be
invoked before the destination FBdst. Within the generated
code, causality is equivalent to the constraint that the source
FBsrc must be called before the destination FBdst. This induces
a strict weak ordering of FBs. The generated ISO C code can
be verified element-by-element:

• From the input FBDs and the generated code, construct
the sets of all FB instances, properly attributed. Verify
that the two sets are equal.

• From the FBDs and the generated code, construct the
sets of all signals, properly attributed by source and
destination(s). Verify that they are equal.

• For each signal, verify that its FBsrc is computed before
its FBdst in the generated C code, i.e. that their weak
ordering is preserved.

Successfully performing the above steps proves that the se-
mantics of the FBD is indeed preserved in the generated
application software: The structures are the same and the
generated code respects all the FBD’s causal relations.

Since version 4.0, the TXS Core toolchain includes an
automated verifier covering the entirety of the generated C
code. Its implementation is fully diverse to the code generator
so to exclude common faults.1

1Full diversity also implies a different implementation language.
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III. CERTIFIED COMPILATION TO MACHINE CODE

Compilation to optimized machine code is a complex task
which, taking place after static analyses, is safety-critical.
Nuclear codes and standards pose very strict requirements
on verification & validation (V&V) of the final products to
rule out the absence of any translation error [2]. Increasing
the trust in the compiler is also important. Amongst others, it
can significantly support the introduction of local functional
changes to FBDs at later stages of the product lifecycle, for
instance during a plant revision outage. For this reason, TXS
Core uses the CompCert certified compiler for producing ma-
chine code since version 4.5. (Studies subjecting compilers to
synthetically generated C code have independently confirmed
that the rate of bugs in CompCert is orders of magnitude below
that of usual compilers [3], [4].)

IV. COMPCERT IMPROVEMENT

The C code generated by the TXS code generator from FBDs
is linearly structured. It contains sequences of assignments
from source signal to destination signal:

dstC1 = srcA1;
dstC2 = srcB2;
. . .

Each line assigns only a few bytes of data but it is not
uncommon to see many thousands of such assignments in a
row. For this code pattern, the baseline CompCert compiler
generates machine code which is roughly twice as large
and slow as that generated by the GNU compiler. Since all
assignments are evaluated in each computing cycle (typically
every 50 ms), they offer a significant optimization opportunity.

We used Chamois, a fork of CompCert’s official releases
maintained by Verimag in Grenoble [5]. Chamois includes
more advanced code optimizations and a framework that
facilitates their writing.

𝑓1𝑠1

(sz:4
al:4)

𝑓2
𝑓3

𝑓4

𝑓5

𝑠2

(sz:5
al:2)

Memcpy

source

block

(sz:9
al:4)

load

word

load

word

load byte

Merging modulo Realignment Splitting

Fig. 2. Memcpy fusion and splitting (sz: size, al: alignment).

The new optimization is shown in Fig. 2. First, memory
copies with adjacent addresses are merged into an internal
bigger ‘Memcpy’ block, retaining the global alignment (a
power of 2 ∈ {1, 2, 4, 8}). Finally, this block is split into
atomic and aligned parts which can be directly translated to
hardware instructions [6]. Where they are unaligned, a short
prologue and epilogue are added for establishing alignment. As
all CompCert optimizations, these steps are formally proved
correct in the Rocq prover.

We have benchmarked the result using original TXS gen-
erated code and hardware for a reactor protection system. On
average, the resulting machine code of these sections is 1.9
times smaller and faster than the one generated by baseline
Chamois and on par with the one generated by GCC.

Effect on CompCert’s Trusted Computing Base
By normalizing all Memcpy instructions into atomic copies,
we avoid the complex and unsafe translation of general case
Memcpy, located in CompCert’s trusted computing base2

(TCB) [7]. We replaced this unsafe translation by a signifi-
cantly simpler one with proof of correctness: following the
same principle as assembly printing, it is just one-to-one
translations of each case of atomic Memcpy instruction, safely
created with fully proved methods.

V. SUMMARY AND CONCLUSION

In the nuclear industry, formally verifying that the translation
from FBDs to the executable code preserves the semantics can
not obsolete comprehensive validation of a final I&C system.
Still, a complete certified toolchain is crucial – it justifies the
trust placed in model checking and simulations. After all, these
disciplines are almost always exercised directly on the FBD
specifications.

For the most safety-critical toolchains, constructive formal
methods increasingly complement established qualification
methods based on tool experience and extensive testing.

On the other hand, one cannot ignore performance. In this
context, the CompCert compiler is a mature tool, suitable for
industrial use in highly dependable systems like TXS Core.
It provides reasonably competitive compiler optimizations.
Where it falls short of that, it can be improved.

We emphasize that while improving CompCert for specific
cases, care should be taken not to increase its TCB.
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