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Abstract. Works on compiler verification rarely consider non-functional
properties such as time and memory consumption. This article shows
that there are situations where the functional correctness of a compiler
depends on non-functional properties; non-functional properties that are
imposed by the target architecture, not the application. We demonstrate
that this demands for an extended new notion of compilation correctness.

1 Motivation

Functional compilation correctness is informally most commonly considered se-
mantics preservation between source and target program up to deviations due
to resource limitations of actual hardware. This notion of correctness has been
formalized and made precise in projects on compiler verification such as ProCoS
[4] and Verifix [3]. Along these formalizations, compilation correctness essentially
boils down towards an appropriate simulation relation between the (binary) tar-
get program and the (high-level language) source program up to possible resource
limit violations. While intuitive, this notion of compilation correctness does not
consider compiler-influenced non-functional properties such as performance and
resource utilization, especially time and memory consumption. In fact, the clas-
sical notion of compiler correctness is blind wrt non-functional properties.

In this article, we argue that this classical notion of compiler correctness is of-
ten too close. We demonstrate this with a practically relevant example: The com-
pilation for programmable logic controllers (PLC). PLCs follow the control-loop
paradigm, i.e., PLCs execute programs iteratively within cycles of a predefined
fixed time length. Program portions whose execution has not not been completed
at the end of a cycle are skipped. This introduces timing constraints that are not
imposed by the application but by the PLC hardware, which makes the straight-
forward establishing of a simulation relation as required by the classical notion
of compilation correctness insufficient. Functional compiler correctness depends
in this scenario on adherence to non-functional properties imposed by the tar-
get architecture making them first-class citizens for compiler correctness. In this
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article, we demonstrate this in detail. It shows the need for an enhanced and
extended notion of compiler correctness that in addition to functional properties
also takes non-functional properties into account.

2 Classical Compiler Correctness

The notion of compiler or translation correctness is often defined as refinement of
programming language constructs. In particular each state transition defined by
a source language concept (e.g. a conditional statement) must be implemented in
exactly the same way by the target machine. Although this is not important for
the purpose of this article, it is worth noting that this may forbid some global or
interprocedural optimizations. The detailed definition of the notion of compiler
correctness took in Verifix longer than expected as extensively discussed in [3].
Nowadays, the notion of compiler correctness is based on operational semantics
of the programming language and the target languages, respectively.

For this article, we assume that an operational semantics is given by a state
transition system. A state transition system is a triple (Q, I,→) where Q is
the (possibly infinite) set of states, I ⊆ Q is the set of initial states and →⊆
Q×Q is the state transition relation. An operational semantics of a programming
language L assigns to each program π ∈ L a state transition system �π�. An
execution of π is a finite or infinite sequence of states 〈qi|i ∈ {j|0 ≤ j < k}〉,
k ∈ N ∪ {∞} such that qi−1 → qi for 1 ≤ i < k and q0 ∈ I.

From the viewpoint of a compiler user, only the input/output relation of the
program is of interest. Each program has such an interaction with an environ-
ment which we call observable behaviour. The observable behaviour of a program
consists only of the observable states and state transitions between them induced
by the more fine semantics. Compiler users usually only require that the target
program preserves the observable behaviour of the source program.
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Fig. 1. Preservation of Observable
Behaviour

Since usually machine resources are limited
while it is easy to write e.g. Java programs
that would consume more than 10TByte
memory, the target programs may exception-
ally stop because of memory overflow. In
Verifix, we therefore came up with the fol-
lowing notion of correctness: Let τ be a
program of the target language with the ob-
servable behaviour (I, Q,→) and σ be a pro-
gram of the source language with observable
behaviour (I ′, Q′,→′). τ preserves the observ-

able behaviour of σ up to resource limitations iff there is a relation φ ⊆ Q × Q′

such that for any finite or infinite sequence q0 → q1 → · · · of τ with q0 ∈
I, q1, q2, . . . ∈ Q there is a finite or infinite sequence of states q′0 → q′1 → · · · of σ
with q′0 ∈ I ′ and qiφq′i for all i except possibly for the last state (if the sequence
of observable states of τ is finite). This means that τ halts with violation of
resource limitations (cf. Fig. 1). The preservation of observable behaviour up to



On the Role of Non-functional Properties in Compiler Verification 493

resource limitations is transitive and therefore can be applied stepwise for the
different phases in a compiler.

Next we apply this classical notion of compiler correctness to PLCs and discuss
immediate consequences. Surprisingly, the traditional way to look at embedded
systems does not work, i.e., to first ensure functional correctness and to then
consider non-functional constraints such as timing conditions. For PLCs it turns
out that compiler correctness must include timing constraints from the very
beginning as they are imposed by the hardware, not the application.

3 Compiler Correctness for PLCs

Programmable Logic Controllers (abbr. PLCs) are the dominating devices in
today’s industrial automation systems. The programming of PLCs follows the
International Standard IEC 61131-3 that specifies the programming languages.
They are rather popular among engineers because of their predictable timing
behaviour. Fig. 2 shows the behaviour of a PLC. A PLC-program is iterated
infinitely often and implements the control-loop paradigm. At the beginning of
each iteration an input phase reads sensor data into the memory of the PLC.
Then the PLC-program is executed, and at the end of the iteration an output
phase writes some memory cells into actors.
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Fig. 2. Execution of pro-
grams in PLCs

At first glance, there seems nothing special in
proving compiler correctness if the target is a PLC.
However, a special feature of PLCs is that the execu-
tion of the PLC-program is stopped if a certain time
limit (specified by the hardware) has been reached
and the next iteration starts again the program.

This behaviour of skipping the execution of pro-
gram portions on reaching the cycle deadline has
implications on the correctness of compilers (as e.g.
compilers for Structured Text into Instruction List).

For compilers for PLCs we thus need an addi-
tional requirement for the notion of correctness:
Let t be the cycle time, τ be a PLC-program of
the target language with the observable behaviour
(I, Q,→) and σ be a PLC-program of the source

language with observable behaviour (I ′, Q′,→′) such that states contain time
and state transitions an increment of time which allows to define the WCET in
terms of elapsed time for possible sequences of state transitions. τ preserves the
observable behaviour of σ up to resource limitations iff

i. the worst-case execution time of τ is at most t and
ii. there is a relation φ ⊆ Q × Q′ such that for any finite or infinite sequence

q0 → q1 → · · · of τ with q0 ∈ I, q1, q2, . . . ∈ Q there is a finite or infinite
sequence of states q′0 → q′1 → · · · of σ with q′0 ∈ I ′ and qiφq′i for all i except
possibly for the last state (if the sequence of observable states of τ is finite).
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Hence, the notion of compiler correctness for compilers for PLCs depends on the
non-functional property execution time. This situation is different to the general
situation in embedded systems when general purpose processors are used. The
functional correctness of a compiler does not depend on the execution time, only
the correctness of the application may depend on execution times. The reason for
this difference is that in PLCs the functional behaviour of the target machine
depends on the execution time while this is not the case for general purpose
processors.

4 Related Work and Conclusions

Correctness of compilers was first considered by McCarthy and Painter [6]. They
discussed the compilation of arithmetic expressions. There are a number of works
using denotational semantics, e.g. [8,9]. Other works use the approach of refining
language constructs, e. g. [4,7,10], or structural operational semantics, e.g. [1].
More recent works [11,5] use a similar notion of correctness as described in this
article (although most of them do not consider resource limitations). Glesner et
al. considered correct compilers for embedded systems [2]. However, we are not
aware of works that consider correct compilation for PLCs as target systems.

In this article we have shown that for PLCs the notion of compiler correct-
ness cannot be based just on a simple simulation relation because the iteration
in cycles stops the execution of the program when the cycle time is reached.
This shows that non-functional properties can play a surprising and essential
role in compiler verification. They are not only needed e.g. to ensure real-time
constraints but also for verifying compilers. The classical notion of compiler
correctness is insufficient to capture this, and we are not aware of any work
that considers non-functional properties quantitatively and integrates them in
a verified (optimizing) compiler. In particular, the rapidly developing fields of
embedded software demand for such work. Similarities of PLCs and synchronous
languages such as Esterel and Lustre need to be further investigated.
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