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Aspects of Programming Languages

Syntax: “How does a program look like?”

• hierarchical composition of programs from structural components
⇒ Compiler Construction

Semantics: “What does this program mean?”

• output/behaviour/... in dependence of input/environment/...
⇒ this seminar

Pragmatics: “Is the programming language practically usable?”

• length and understandability of programs
• learnability of programming language
• appropriateness for specific applications, ...

⇒ Software Engineering
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Motivation

Main applications

• Implementation of programming languages and algorithms
– Exact understanding of semantics avoids uncertainties and enables correctness proofs.

• Formal verification methods (here)
– Rigorous, mathematically based techniques for the specification, development and verification of software and hardware systems.
– Aim at improving correctness, reliability and robustness of such systems.

(Complementary) Kinds of Formal Semantics

Operational: describes execution of the program on some (very) abstract machine
Denotational: mathematical definition of input/output relation
Axiomatic: formalisation of special properties of programs by logical formulae abstract machine
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Areas Covered in this Seminar

Topic areas

• Hoare Logic (axiomatic)
• Separation Logic (operational, axiomatic)
• Software Verification (operational, axiomatic)
• Static Analysis of Quantum Programs (operational)
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Goals

Aims of this seminar

• Independent understanding of a scientific topic
• Acquiring, reading and understanding scientific literature

– given references sufficient in most cases
• Writing of your own report on this topic

– far more that just a translation/rewording
– usually an “extended subset” of original literature

■ “subset”: present core ideas and omit too specific details (e.g., related work or optimisations)
■ “extended”: more extensive explanations, examples, ...
■ discuss contents with supervisor!

• Oral presentation of your results
– can be “proper subset” of report
– generally: less (detailed) definitions/proofs and more examples
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Requirements on Report

Your report

• Independent writing of a report of 12–15 pages
• First milestone: detailed outline

– not: “1. Introduction/2. Main part/3. Conclusions”
– rather: overview of structure (section headers, main definitions/theorems) and initial part of main section (one page)

• Complete set of references to all consulted literature
• Correct citation of important literature
• Plagiarism: taking text blocks (from literature or web or AI tools) without source indication causes immediate exclusion from

this seminar
• Font size 12pt with “standard” page layout

– LATEX template will be made available on seminar web page

• Language: German or English
• We expect the correct usage of spelling and grammar

– ≥ 10 errors per page =⇒ abortion of correction
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Requirements on Talk

Your talk

• Talk of 30 minutes
• Available: projector, presenter, [laptop]
• Focus your talk on the audience
• Descriptive slides:

– ≤ 15 lines of text
– use (base) colors in a useful manner
– number your slides
– LATEX/beamer template will be made available on seminar web page

• Language: German or English
• No spelling mistakes please!
• Finish in time. Overtime is bad
• Ask for questions
• Have backup slides ready for expected questions
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Important Dates

Deadlines

• April 22: Topic preferences due
• May 19: Detailed outline due
• June 16: Full report due
• June 30: Presentation slides due
• July 14 (?): Seminar talks

Important

Missing a deadline causes immediate exclusion from the seminar
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Selecting Your Topic

Procedure

• You obtain(ed) a list of topics of this seminar.
• Indicate the preference of your topics (first, second, third).
• Return sheet here or via e-mail (noll@cs.rwth-aachen.de) by Tuesday next week (April 22).
• We do our best to find an adequate topic-student assignment.

– disclaimer: no guarantee for an optimal solution

• Assignment will be published on web site mid next week.
• Then also your supervisor will be indicated.

Withdrawal

• You have up to one week (!) to refrain from participating in this seminar (after topic assignment).
• Later cancellation (by you or by us) causes a not passed for this seminar and reduces your (three) possibilities by one.
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A. Hoare Logic

1. T. Nipkow: Hoare logics for recursive procedures and unbounded
nondeterminism, CSL 2002
– Hoare logics for partial and total correctness of recursive parameterless procedures in

the context of unbounded nondeterminism

2. P. W. O’Hearn: Incorrectness Logic, POPL 2020
– sound techniques for reasoning about the presence of bugs

3. N. Zilberstein, D. Dreyer, A. Silva: Outcome Logic: A Unifying Foundation for
Correctness and Incorrectness Reasoning, OOPSLA 2023
– a unified theory for reasoning about both correctness (classical Hoare Logic) and

incorrectness (Incorrectness Logic)

4. L. Verscht, B. L. Kaminski: A Taxonomy of Hoare-Like Logics: Towards a Holistic
View using Predicate Transformers and Kleene Algebras with Top and Tests,
POPL 2025
– a taxonomy of different program logics considering aspects like program termination,

determinism, and reversibility

(seq)

{A} c1 {C} {C} c2 {B}
{A} c1; c2 {B}
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B. Separation Logic

1. P. W. O’Hearn: A Primer on Separation Logic (and Automatic Program
Verification and Analysis), Software Safety and Security, 2012
– gentle introduction to the topic (lecture notes)

2. A. A. de Amorim, C. Hritcu, B. C. Pierce: The Meaning of Memory Safety,
POST 2018
– characterisation of memory safety to support local reasoning about state

(non-interference properties, frame rule)

3. V. Vafeiadis: Concurrent Separation Logic and Operational Semantics,
ENTCS 276 (2011)
– extension of SL to concurrent threads (CSL) and soundness proof based on

operational semantics

{A} c {B} FV (C) ∩ Mod(c) = ∅
{A ∗ C} c {B ∗ C}
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C. Software Verification

1. R. Majumdar, V. R. Sathiyanarayana: Sound and Complete
Techniques for Reasoning About Termination, Springer
LNCS 15260, 2025
– overview of termination problems and related analysis methods

for a variety of Turing-complete programming models (including
nondeterminism, fairness, and probabilistic choice)

2. D. Beyer, N.-Z. Lee: The Transformation Game: Joining
Forces for Verification, Springer LNCS 15262, 2025
– survey of verification-oriented, modular language transformations

and their applications

178 Dirk Beyer and Nian-Ze Lee

C [11]

Btor2 [36]

Llvm-IR [19]

New Language

CPAchecker [37] SeaHorn [38]

AVR [39] New Verifier

Fig. 1: Transformation network for joining forces via translating verification tasks

proving the safety of hardware circuits, the compositional verifiers reveal bugs
in hardware circuits that the dedicated verifiers overlook.

Next we explain how transformation networks bring us closer to the modular
transformation paradigm, and how to join forces for formal verification. We
illustrate this in Fig. 1 on the programming language C, the Llvm intermediate
representation [19], and the hardware modeling language Btor2 [36] as examples.
The transformation network bridges the gaps between various verification com-
munities by translating frontend modeling languages and applying all available
backend tools to verify a task. For example, a hardware circuit in the Btor2
language can be translated to a program in C or the Llvm [19] intermediate
representation (IR) and given to verifiers for C, e.g., CPAchecker [37], or Llvm,
e.g., SeaHorn [38], respectively. A program in C or Llvm can also be translated
to a Btor2 circuit and verified by hardware model checkers, such as AVR [39].

In the transformation paradigm, an emerging new modeling language can
leverage state-of-the-art verifiers for di!erent languages once the corresponding
translators are constructed, which also provides a common ground to evaluate
future research advancements. Thanks to the emphasis on standard exchange
formats and interfaces in the transformation paradigm, developing new tools
as combinations of existing ones becomes easier. The principles of single re-
sponsibility and separation of concerns facilitate the participation of community
members in the implementation and maintenance of transformers because they
are compact and extensible.

While transformation procedures frequently appear in the verification lit-
erature, the modular transformation paradigm encourages to decompose the
verification into modular components that are easier to develop and maintain.
The scope of transformation procedures extends beyond models and specifications
to certificates, invariants, and counterexamples. The modular transformation
paradigm can significantly increase our performance in developing new verification
tools: It will guide us to achieve a more reusable and robust infrastructure for for-
mal verification, avoid bugs in the process of reimplementing standard verification
components, and facilitate combination and cooperation between tools through
standard exchange formats and interfaces (cf. community discussion [40, 41]).
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D. Static Analysis of Quantum Programs

1. P. Zhao, X. Wu, Z. Li, J. Zhao: QChecker: Detecting Bugs in
Quantum Programs via Static Analysis, Q-SE 2023
– presents a static analysis tool for finding bugs in quantum programs in

Qiskit (incorrect use of quantum gates, measurement-related issues,
incorrect initial states, ...)

2. M. Paltenghi, M. Pradel: Analyzing Quantum Programs with LintQ:
A Static Analysis Framework for Qiskit, FSE 2024
– another static analysis framework for detecting bugs in quantum

programs (corrupted quantum states, redundant measurements,
incorrect compositions of sub-circuits, ...)

3. S. Xia, J. Zhao: Static Entanglement Analysis of Quantum
Programs, Q-SE 2023
– static code analysis technique to determine which qubit may entangle

with another qubit, resulting in entanglement graph

simulator = Aer.get_backend("qasm_simulator")

qreg = QuantumRegister(3)
creg = ClassicalRegister(3)
circuit = QuantumCircuit(qreg, creg)

circuit.h(0)
circuit.h(2)
circuit.cx(0, 1)
circuit.measure([0,1,2], [0,1,2])
job = execute(circuit, simulator, shots=1000)
result = job.result()
counts = result.get_counts(circuit)
print(counts)

Fig. 1. A simple quantum program in Qiskit

A. Qiskit

Qiskit [2] is one of the most widely used open-source
frameworks for quantum computing, allowing us to create al-
gorithms for quantum computers. As a Python package, it pro-
vides tools for creating and manipulating quantum programs
and running on prototype quantum devices and simulators
and can use built-in modules for noise characterization and
circuit optimization to reduce the impact of noise. Qiskit also
provides a library of quantum algorithms for machine learning,
optimization, and chemistry.

In Qiskit, a program is defined by a quantum ob-
ject data structure that contains configuration information
and the experiment sequences. The object can be used
to get status information and retrieve results [22]. Fig-
ure 1 shows a simple Qiskit program that illustrates
the entire workflow of a quantum program. The function
Aer.get_backend(’qasm_simulator’) returns a backend
object for the given backend name (qasm_simulator). The
backend class is an interface to the simulator, and the
actual name of Aer for this class is AerProvider. After
the experimental design is completed, the instructions are run
through the execute method. The shots of the simulation,
which means the number of times the circuit is run, is set to
1000 while the default is 1024. When outputting the results
of a measurement, the method job.result() is used to
retrieve the measurement results. We can access the counts
via the method get_counts(circuit), which gives the
experiment’s aggregate outcomes.

B. Basic Properties of Qubits

In this subsection, we use Qiskit as an example to explain
the characteristics of quantum bit (qubit for short) and the
necessary execution process of a complete quantum program.

The basic unit of information in quantum computing is the
qubit. As shown in Figure 1, qreg = QuantumRegister(3)

means assigning a quantum register of three qubits, and
the value of each qubit is |0→ by default. So the initial
value of these three qubits is |000→. Next, let the first and
third qubits pass through the H (Hadamard) gate, as shown
by circuit.h(0) and circuit.h(2). In this way, the
unique property superposition of qubits is realized, which

means the qubit contains the states of |0→ and |1→. There is
also an entanglement of qubit properties that only multiple
qubits can achieve. The code in the sample program is
circuit.cx(0,1). That is to say, the first qubit is entangled
with the second qubit through a CNOT (Controlled-NOT) gate
operation. We measure the first qubit, and its output is 0 for
50 percent probability and 1 for 50 percent probability. After
that, measuring the second qubit is 100 percent the same
as the first measurement result. Since the third qubit is not
related to the first two qubits, the last qubit’s measurement
result is still taken with 0 for 50 percent probability and
1 for 50 percent probability. The measurement statement of
qubits shown in Figure 1 is circuit.measure([0,1,2],

[0,1,2]). Measurement can lead to the collapse of a quantum
superposition state to a classical state. There are many kinds
of quantum measurements, and the projection measurement
of a single qubit is used here. That is, each qubit is projected
onto a state space consisting of base vectors |0→ or |1→. In this
program, the final output is a three-bit array.

III. THE QCHECKER TOOL

In this section, we introduce the construction of QChecker,
which is developed based on Python. As illustrated in Figure 2,
QChecker first performs a thorough information extraction
of the quantum programs based on their ASTs. The corre-
sponding operations are in the module Ast_Operator. The
information mainly includes the variable assign operations and
function calls, which will be further stored in QP_Attribute

and QP_Operation. Then QChecker transmits the extracted
information to the bug detectors. The bug detectors can detect
various bug patterns, as shown in Table I. Finally, QChecker
generates bug detection reports, including the buggy programs,
line numbers, and bug descriptions.

A. Information Extraction

The previous static analysis tools inspire us (e.g.,
PyLint [28]) that using AST for program information extrac-
tion is effective and efficient. However, different from classical
static analysis tools, the AST_Operator in QChecker has the
ability to extract information specific to the semantics and
the function of quantum programs. Taking the program shown
in Figure 1 as an example, we apply a structured parsing to
each quantum program file, i.e., generating the AST. We adopt
two modules named QP_Attribute and QP_Operation to
store the AST information of all the variables and function
calls, respectively. In addition, QChecker also supports han-
dling complex syntax and data structures such as dictionaries,
lists, function definitions, loops, and conditional branches.
The purpose of this design is that the structured AST-based
information extraction can help QChecker trace the relation-
ship between each variable and function call. For example,
a variable may be modified multiple times, or its name may
be changed when passed as an argument inside a function.
Nevertheless, we can still trace back the initial value of the
variables in the program. We plot instances of QP_Attribute
and QP_Operation in Figures 3 and 4, respectively.
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Some Final Hints

Hints

• Take your time to understand your literature.
• Be proactive! Look for additional literature and information.
• Discuss the content of your report with other students.
• Be proactive! Contact your supervisor on time.
• Prepare the meeting(s) with your supervisor.
• Forget the idea that you can prepare a talk in a day or two.

We wish you success and look forward to an enjoyable and high-quality seminar!
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