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Background and introduction

Bidirectional transformation [2,8,9,13,22], a mechanism to synchronise multi-
ple data sources in different formats, is a recurring concept in software devel-
opment and has various applications, including the classic view-update prob-
lem in database systems, along with synchronisation and communication in
database systems, GUI/web application development, implementation of seri-
alisers, compiler frontend, and model-driven software development. Accordingly,
bidirectional transformations have been studied in multiple research disciplines,
including databases, programming languages, software engineering, graph trans-
formations, and applied mathematics, from various perspectives, such as:

e Construction of bidirectional transformations: including program-
ming languages and systems (such as lenses and triple graph grammars),
type systems, program synthesis (programming by example), program
transformations to construct bidirectional programs from unidirectional
ones, programming frameworks, and programming methodologies.

e Applications of bidirectional transformations: including synchro-
nisation of software artefacts (such as object-oriented models) created in
the software development process, tooling to support such applications,
the classic view-update problem on relational databases or more modern
architectures, incremental view maintenance, exploration of design space
and data exchanges between databases.

e Foundations of bidirectional transformations: including mathe-
matical models of bidirectional transformations which arose in various
fields including those above, abstractions, properties and theorems, and
mechanised formalisation of such approaches in theorem provers such as
Coq/Lean/Agda.

These topics have their own right and have mainly been studied intensively
in each community, but these perspectives share interests, goals, challenges,



and techniques and have strong synergy; well-designed construction methods
encourage applications and provide hints for abstractions, applications suggest
directions to which construction methods and foundations to evolve and serve
as benchmarks, and mathematical foundations suggest new designs of construc-
tion methods and application design which are effective for various forms of
consistency of systems.

Overview of the meeting

The focus of this Shonan meeting was to provide researchers from different
disciplines an opportunity to meet up, exchange ideas, connect groups, renewing
and boosting the results from the previous meetings held with the same spirit
(2011 Dagstuhl [22], 2013 Banff [13], 2016 Shonan [2], 2018 Dagstuhl [8]), and
from the series of the BX workshops (2012 Estonia, 2013 Italy, 2014 Greece, 2015
Ttaly, 2016 Netherlands, 2017 Sweden, 2018 France, 2019 USA, 2021 online, 2022
France). It has been 6 years since the last BX meeting at Dagstuhl and 3 years
since the last BX workshop, and there has been a lot of research results in each
field, justifying the importance of this Shonan meeting.

The organisers are part of the steering committee of the BX workshop se-
ries (started in 2012), which represents the area of bidirectional transformation
research. This seminar aims to be broad and inclusive; the guest list contains
new faces from the bidirectional transformation and neighbouring research com-
munities, as well as long-term contributors in this area. Further information is
available at: http://bx-community.wikidot.com.

In this four-day meeting, we wanted to include:

e summaries of recent research in each field given by selected invi-
tees/organisers;

e talks from invitees that suggest new ideas and challenges and present
ongoing research work;

e intra-community discussion to identify potential collaborations and select
topics among the given talks;

e inter-community group discussions — participants divided into sub-groups
to discuss specific challenges or new topics;

e wrap-up discussions.

Participants were experts from different fields who brought new ideas and
perspectives, leading to further collaboration and new research results.
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Overview of Talks

NoSQL Schema Optimisation for Time-Dependent Work-
loads [34]

Makoto Onizuka, Osaka Univeristy, Japan

Predefined or predictable access patterns in database workloads are com-
mon in automated IoT applications or scientific analysis. These patterns are
used to enhance database system performance through adaptive database mi-
grations, optimising the database for the expected workload at any given time.
To this end, we consider the problem of schema optimisation for time-dependent
workloads in NoSQL databases. Our contributions are twofold. First, we for-
mulate the optimisation problem of time series schema design as a single integer
linear program (ILP) to minimise the total cost of time-dependent workload
execution and database migration. Second, we propose a novel technique for
pruning candidate schemas by decomposing the ILP designed for the original
time-dependent workload via approximation into a hierarchy of local ILPs for
smaller sub-workloads. The experiments confirm that our proposal is superior
to static schema optimisation methods for typical time-dependent workloads,
reducing cumulative latency by up to 40% across all time steps. Furthermore,
our pruning technique demonstrates remarkable scalability with the number of
time steps, diverging from the NP-complete nature of a naive approach that
scales almost quadratically with the number of time steps.

Transaction Management in Collaborative Data Manage-
ment [37]

Makoto Onizuka, Osaka Univeristy, Japan

We consider a transaction management problem in collaborative data man-
agement where servers are connected using views defined using bidirectional
transformations. We propose a new approach, which corresponds to a dis-
tributed version of conservative two-phase lock (C2PL). We first introduce two
notions to express update propagation scope, family record set and update par-
ticipant (server) scope. The family record set expresses an atomic unit for
distributed locking before making update propagation. The update participant
scope effectively reduces the search space of participants for acquiring locks.
Second, we design put rules for views defined with monotonic SPJU queries in
order to ensure that BX propagates updates only to the records in the same fam-
ily record set. Finally, we propose an adaptive mechanism that appropriately
chooses either the simple approach (2PL mode) or the family record set based
approach (C2PL mode) based on the contention rate of transactions. Intensive
experiments verify the effectiveness of our proposals.

Characterisation of Computable Lenses

Keisuke Nakano, Tohoku University, Japan

Two topics related to the characterisation of computable asymmetric lenses,
which are pairs of get and put functions, are presented in this talk.



Firstly, a characterisation of (possibly partial) well-behaved lenses is pre-
sented. Fischer et al. [11] have shown that well-behaved lenses can be charac-
terised by a set of lens laws on the put function, which are necessary and suf-
ficient for the existence and uniqueness of a get function that is well-behaved,
assuming both get and put are total. In this talk, a similar characterisation
was presented for the case where the get and put functions may be partial. The
required conditions have been identified as (partial) injectivity and idempotency
of the put function. This result has been published in PEPM 2025 [16].

Secondly, an idea for a computational model for computable well-behaved
lenses is presented as ongoing work. Since well-behaved lenses can be char-
acterised by the injectivity and idempotency of the put function, the compu-
tational model should be designed to capture these properties. In this talk,
the speaker introduced his own work on a computational model for idempotent
functions, which exactly covers all computable idempotent functions, with the
aim of contributing to the design of a computational model for well-behaved
lenses. This result has been published in MFCS 2021 [27].

Bidirectional Transformations for Coupling, Studying, and
Certifying Dynamical Systems

David Jaz Myers, Topos Institute London, UK

Open dynamical systems whose dynamics depend on free parameters and
which expose some variables of their state may be coupled by setting their
parameters as functions of the exposed variables of other systems. Together
with their parallel (Cartesian) product, these systems constitute a lax symmetric
monoidal functor from a category of interfaces (consisting of parameter and
exposed variable sets) and coupling laws (often expressed as wiring diagrams)
to the category of sets — that is, we have a symmetric monoidal right module
of systems over the symmetric monoidal category of interfaces and coupling
laws. Schultz, Spivak and Vasilakopoulou [31] show that the behaviour of these
systems may be expressed as a morphism of lax symmetric monoidal functors
from this module of systems to a module of time-varying sets — sheaves on the
interval domain of the real line.

In this talk, we’ll see that the SSV behaviour functors — and many oth-
ers similar behaviour functors — are in fact representable when seen not as
concerning right modules of categories, but as concerning right modules over
double categories. We will develop the theory of (loose) modules between dou-
ble categories using an approach inspired by Joyal’s “barrels” (joint work with
Sophie Libkind [25]), and describe the cartesian pseudo-functoriality of restric-
tion of loose right modules which allows for the pseudo-functorial construction
of symmetric monoidal loose right modules of open dynamical systems from an
abstract notion of “tangent bundle category”. By expanding the definition of
“tangent bundle” in this way, we include all sorts of generalised Moore machines
(including not only systems of ordinary differential equations, but also partially
observable Markov processes and various sorts of non-deterministic automata).

We'll then see a general result (joint work with Matteo Capucci [5]) giving
conditions under which discrete opfibration classifiers in a 2-category K can be
lifted to the 2-category of algebras and lax morphisms for a 2-monad T on K. We
will use this result to show that a certain symmetric monoidal loose right module



of spans is a discrete opfibration classifier among symmetric monoidal loose
right modules, and conclude by showing that a variety of behaviour functors
for open dynamical systems are covariantly representable. Time permitting, we
will also see that system safety and stability properties are often themselves
contravariantly representable via the representability of Lyapunov and control
barrier functions by functions into simple systems.

Using Lenses for Enabling Differentially Private Algorithms

Anders Miltner, Simon Fraser University, Canada

Differential privacy involves ensuring that aggregate responses are not ex-
pected to change substantially with the inclusion or exclusion of a single piece of
data. A differentially private algorithm essentially ensures that malicious actors
cannot identify the individuals that comprise the dataset. However, ensuring
that an algorithm is differentially private is quite tricky, as it requires stabil-
ity with respect to every individual data point, and so many of the algorithms
make heavy requirements on the input data. In this talk, we investigate the
use of lenses for enabling differentially private algorithms. In essence, while the
data itself may not satisfy the rigid input requirements, one may be able to put
the data in a view that does, necessitating a lens-like structure. We explore two
examples, one in differential dataset release, and one in differential aggregation.

Partial-State Lenses

Kazutaka Matsuda, Tohoku University, Japan

An open issue in BX is a compositional and lawful treatment of multiple
views that share the same source, where an update to one view may trigger
corresponding changes in others, making it hard to maintain consistency while
preserving the user’s update. In this talk, we introduce our work-in-progress
framework called partial-state lenses, which allow source and view states to be
partially-specified. This concept refines the notion of update preservation to
the preservation of specified information, allowing unspecified information to be
modified by an update from other views. The strength of the framework lies
in its support for compositional reasoning of partial-specifiedness-aware well-
behavedness, which ensures update preservation.

Dependent Optics
Jules Hedges, CyberCat Institute, University of Strathclyde, UK

Two generalisations of (not-necessarily-well-behaved) simple lenses that arise
in many applications of applied category theory are monoidal optics and depen-
dent lenses (also known as morphisms of containers, and equivalently natural
transformations of polynomial endofunctors). Roughly speaking, optics require
almost nothing of their base category (only a symmetric monoidal product)
and so can almost always be defined, whereas dependent lenses require a lot of
the base category (finite limits and local Cartesian closure) but in return are
incredibly well behaved. Different groups in applied category theory use both



structures for essentially the same reasons, but unifying them mathematically
is formidably difficult. I discussed our progress on this problem, which we call
the problem of dependent optics — joint work with Matteo Capucci, Bruno
Gavranovi¢, Eigil Rischel, Dylan Braithwaite and André Videla.

First we construct the category of monoidal optics by starting from the
category of adaptors (i.e. pairs of morphisms in opposite directions) by freely
extending it with a morphism (X,Y) — (1,1) for each morphism X — Y in
the base category. For this we use a theorem of Hermida and Tennent giving a
concrete construction of this kind of free extension which we reformulate in the
language of “weighted coparametrisation”.

This reduces the problem to finding a category of “dependent adaptors”,
adaptors whose backwards types are indexed by forwards values. This is not
possible in a standard formulation of dependent type theory, but it is possible
using a recent extension known as quantitative type theory (QTT) that is imple-
mented in Idris2 [4]. However the existing semantics of QTT was not sufficient
to give a good semantic definition of dependent optics. For this we developed
a novel categorical semantics of a fragment of QT'T that can be defined in any
regular category, but in the talk I skipped this for time.

I concluded by showing as an example that we can use this to calculate an
intuitively plausible definition of dependent prisms.

Relational Hoare Lenses: Reasoning about Lenses for Con-
figurable Systems

Mark Barbone, Cornell University, USA

Many programs are not complete as-is: they depend on some configuration.
One instance of this is for network switches, which must be configured by the
control plane. In this case, bidirectional transformations such as lenses can be
used to translate between different versions or formats of the configuration.

To formally verify these configurable programs, we need to formally verify
the lenses used for translating the configuration. This talk presents ongoing
work on tools for formally verifying lenses between program configurations, in
terms of relational properties of the programs.

Enabling Direct Manipulation of Plain-Text Output for
Template Programs

Tao Zan, Longyan University, China

Templates play a crucial role in modern software development by automating
the generation of artefacts across diverse domains, improving both productiv-
ity and consistency. However, most existing template languages are unidirec-
tional: they generate output but offer limited support for modifying the tem-
plate in response to changes in that output. Our previous system, BIT [17],
supports reflecting code changes back into the model but does not accommo-
date template adaptation. To bridge this gap, we introduce bit2, a bidirectional
template framework that enables direct manipulation of output while main-
taining the ability to update the underlying template. Unlike traditional ap-
proaches that generate plain text, bit2 produces computation — structured out-



put—preserving the logic of the original template — which is then transformed
into lambda-structured representations in a functional programming style. This
enables reliable reverse mapping from output edits back to the template. We
have implemented bit2 in TypeScript (18,000 lines of code), released as an NPM
module, along with LiveT, a VSCode plugin that supports forward and back-
ward evaluation. LiveT allows users to insert, delete, or replace elements directly
in the output, making template modification intuitive and robust.

Bidirectional Transformations for Digital Twins

Alessio Bucaioni, Malardalen University, Sweden
Alessandro Celi, University of L’Aquila, Italy
Antonio Cicchetti, Malardalen University, Sweden
Romina Eramo, University of Teramo, Italy

Digital Twins (DT) are virtual counterparts of physical systems that enable
continuous monitoring, simulation, and optimisation across the lifecycle of real-
world entities. Digital Twin Engineering (DTE) encompasses the methodologies
and technologies used to design, build, and evolve these twins in dynamic and
complex environments.

This talk introduces the foundational concepts of DT and DTE, and high-
lights the critical role of Bidirectional Transformations (BX) in ensuring consis-
tency and synchronisation between physical systems and their digital counter-
parts. BX techniques facilitate seamless updates across heterogeneous models,
enabling integration, traceability, and automation in DT workflows. We survey
recent research that leverages BX in DT contexts. A special focus is placed on
emerging challenges, particularly the integration of Generative Al and Large
Language Models (LLMs) to automate or assist in BX specifications. We ex-
plore both the promises and limitations of using LLMs in this domain, pointing
to current gaps and future research directions.

Evolutionary Framework and Conflict Resolution for Mul-
tidirectional Transformations [19]

Soichiro Hidaka, Hosei University, Japan

Multidirectional transformations by bipartite network of well-behaved asym-
metric bidirectional transformations are discussed. The bipartite network con-
sists of a set of base tables and a set of views, respectively, while each edge
corresponds to a bidirectional transformation from one of the base tables to one
of the views. Although the architecture based on the bipartite network has been
studied as Dejima network in existing work for collaborative data sharing, this
work introduces a reconfiguration mechanism of the network while maintain-
ing alignment of ranges of incident bidirectional transformations. We also talk
about conflict resolution of updates reaching to identical nodes using operational
transformations.



The Monadic Profunctor Paradigm of Bidirectional Pro-
gramming (Monadic BX)

Samantha Frohlich, University of Bristol, UK
Li-yao Xia, INRIA, France

Converting data from one representation to another and vice versa is a com-
mon task in software. However, naively specifying both conversion directions
separately is error prone and introduces conceptual duplication. Bidirectional
programming advocates for the writing of one piece of code that can be inter-
preted in both directions (e.g., for a conversion and its inverse). Unfortunately,
current bidirectional programming techniques generally require unfamiliar pro-
gramming idioms such as restricted and specialised combinator libraries. In-
stead, we introduce a framework for composing bidirectional programs monad-
ically, enabling bidirectional programming with a familiar functional program-
ming abstraction. This abstraction leverages compositionality and equational
reasoning for the verification of the required round tripping properties for such
monadic bidirectional programs. We introduce partial monadic profunctors
as a new, general paradigm of bidirectional programming, and demonstrate
their use in a number of domains: parsers/printers, pickling, lenses, genera-
tors/predicates, and logic programming.

Monadic BX @ Generators
Samantha Frohlich, University of Bristol, UK

Expert users of property-based testing often labor to craft random gener-
ators that encode detailed knowledge about what it means for a test input to
be valid and interesting. Fortunately, the fruits of this labor can also be put
to other good uses. In the bidirectional programming literature, for example,
generators have been repurposed as validity checkers, while Python’s Hypothe-
sis library uses them to shrink and mutate test inputs. To unify and generalise
these uses (and more), we propose reflective generators, a new foundation for
random data generators that can “reflect” on an input value to calculate the
random choices that could have been made to produce it. Reflective genera-
tors combine ideas from two existing abstractions: free generators and partial
monadic profunctors. They can be used to implement and enhance the afore-
mentioned shrinking and mutation algorithms, generalising them to work for
any values that could have been produced by the generator, not just ones for
which a trace of the generator’s execution is available. Beyond shrinking and
mutation, reflective generators simplify and generalise a published algorithm
for example-based generation; they can also be used as checkers, partial value
completers, and test data producers like enumerators.

Monadic BX @ Logic Programming
Li-yao Xia, INRIA, France
Correctness in this bidirectional programming framework is characterised

by round-tripping properties between “forward” and “backward” executions of
the program. Unfortunately, the monadic-profunctor combinators do not quite



guarantee round-tripping properties by construction, because our framework
allows arbitrary functions to be applied independently in each direction.

However, we show how to recover round-tripping properties “almost by con-
struction”: the proof obligations reduce to checking a semi-inverse relation be-
tween “forward” and “backward” mappings. We argue that these conditions are
“domain-agnostic”: we can prove them by equational reasoning, relying on the
laws of monadic profunctors, without knowledge of the domain-specific instance
of monadic profunctor in use.

We illustrate this reasoning on logic programming examples. Starting from
a monad of backtracking search as the “forward” interpretation, our framework
enables a “backward” interpretation of programs as checkers, validating the
correctness of an input solution.

Reconciling Partial and Local Invertibility

Anders Agren Thuné, Uppsala University, Sweden

Invertible (i.e., injective) functions form a particular subset of bidirectional
transformations, where the result of composing the forward and backward di-
rections must be the identity where defined. Programming languages for in-
vertible transformations commonly impose strong restrictions to guarantee a
direct decomposition into invertible steps, which limits the programming flex-
ibility (e.g., [36]). On the other hand, recent work allows unidirectional and
invertible program fragments to be mixed more freely [26], but obscures the
correspondence to a locally invertible computation model.

In this talk, we describe our recent work [33] which aims to reconcile these
approaches. In particular, we showcase four core programming constructs for
expressive partially invertible computation, and explain how they can be lowered
compositionally into a locally invertible setting. The core constructs are:

e partially invertible branching

e pinning invertible data

e partially invertible composition

e abstraction and application of invertible functions.

We demonstrate these constructs in the context of an invertible functional pro-
gramming language, and outline how they can be interpreted using a foundation
of reversible arrows [18, 23] representing functions A — B and parametrised
bijections A — (B « (). As an example, we illustrate how to interpret
the composition of a function and a parametrised bijection (which is again a
parametrised bijection), using a conjugation construction found in earlier work.

Finally, we point towards the potential of applying our approach to program
classical state-based lenses.

Understanding Delta Lenses using Category Theory
Bryce Clarke, Tallinn University of Technology, Estonia

In this talk, I will demonstrate how category theory provides a useful frame-
work to understand the properties of delta lenses. In particular, I will show how
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delta lenses may be constructed in a variety of ways: as algebras for a monad,
coalgebras for a comonad, and as certain indexed collections of sets. The close
relationships with split opfibrations (c-lenses) and retrofunctors (cofunctors)
will also be explored.

Bidirectional Live Programming Supporting Multiple Pro-
gramming Paradigms

Xing Zhang, Peking University, China

Bidirectional live programming (BLP) [40] is an emerging paradigm that en-
ables real-time synchronisation between program code and its output, allowing
developers to edit either representation while changes are automatically prop-
agated in both directions. By bridging the gap between textual programming
and direct manipulation, BLP offers significant advantages for interactive de-
velopment in domains like GUI design, document typesetting, and interactive
application development. However, current BLP approaches face critical limita-
tions in supporting mainstream programming paradigms and providing flexible
customisation of direct manipulation operations. Our work presents a compre-
hensive solution that advances BLP’s practicality through innovations in both
programming language support and interactive editing capabilities.

We introduce BiFJ, an object-oriented BLP language that extends Java with
bidirectional semantics, enabling live programming for imperative OOP code
while maintaining correctness guarantees. To support early-stage development,
we propose techniques for handling incomplete programs through bidirectional
previews that work even with missing code fragments. For direct manipulation,
we develop Delta, a domain-specific language that allows declarative specifica-
tion of custom editing operations, along with a novel fusion algorithm that seam-
lessly fuses these operations with the underlying program. We further extend
this approach to support function manipulation and lazy evaluation, enabling
BLP for dynamic behaviors in interactive applications. Our implementations
(Bidirectional Preview [39], BIOOP [38], FuseDM [40], FunDM) demonstrate
the framework’s effectiveness across diverse case studies spanning web develop-
ment and graphic design.
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Meeting Schedule

Check-in Day: May 25 (Sun)

Welcome Banquet

Day 1: May 26 (Mon)

Welcome and Setting the Goals of the Meeting
Round of Extended Introductions

Talks and Discussions

Day 2: May 27 (Tue)

Refining Goals/Topics of the Meeting
Talks and Discussions

Excursion and Main Banquet

Day 3: May 28 (Wed)

Refining Goals/Topics of the Meeting

Talks and Discussions

Group Photo Shooting

Plenary Discussion and Forming of Working Groups
Working Group Discussions

Working Group Plenary Reports

Day 4: May 29 (Thu)

Working Group Discussions
Working Group Plenary Reports

Wrap up and Future Plans Discussion
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Summary of Discussions

Differential Privacy

Samantha Frohlich and Anders Miltner et al

Goal

Differential privacy is concerned with allowing analysis of sensitive data sets
without compromising individual privacy. For example, consider the case where
a streaming service company wants to analyse the behaviour of its users. The
streaming service wants to use this real data to understand what content is
popular. However, for the user, it is essential that such an analysis does not
leak information about them as an individual. A differentially private algorithm
should be able to perform this analysis such that data of one individual does
not change the result of the analysis as a whole, thus protecting the privacy of
the individual.

Naturally, writing differentially private algorithms is hard. This is especially
true for structured data such as graphs, because it is hard to untangle the private
from the relevant. Current differentially private algorithms over such structures
are complex and hard to maintain due to them being sensitive to changes in
the structure. A solution is to summarise the graph into a simpler form that
we know how to protect and publish that for analysis. However, this approach
is lossy. What we really want is a way to re-add the lost structure to the now
obfuscated and protected data, and publish that full and obfuscated structure
for analysis.

summarise

@ Full Structure > @ Sensitive Data
protect
of® Full Structure < ---------- ST of® Obfuscated Data

For those familiar with the field of bidirectional programming (BX), this set-up
will look very familiar. As such, it is our hope that BX can help solve this
problem. Specifically, we hope that BX can fill in the backward transformation
from obfuscated data to a full and obfuscated structure. The challenge will be
ensuring that this transformation preserves the differential privacy provided by
the pre-existing differential privacy algorithm (protect).

Summary.

This working group responds to questions posed by two of the talks: Miltner
was looking to apply BX to the domain of differential privacy; Frohlich was
looking for more application domains for reflective generators [15].

The group established that this was indeed a good fit: reflective generators
seem like a promising tool for differential privacy. In our discussions, we nar-
rowed down the specific domain that this would be useful in; established a novel
example that this would enable; and planned next steps.
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Bidirectional Differential Privacy will be useful in the case that the struc-
ture of the data is pertinent to its analysis. (We ruled out the case where only
the contents of structure was relevant, because in that case the problem can be
solved by using fmap.) In particular, we hope that applying reflective generators
and the ideas of BX to the domain of differential privacy will provide a frame-
work for creating differentially private algorithms over structures that promotes
modularity and maintainability. This framework should allow for the reuse of
existing algorithms, and create algorithms that are adaptable to changes in the
structure.

We picture this working as follows:

ungenerate
@ Full Structure > @ Sensitive Data
protect
o' Full Structure < o' Obfuscated Data
regenerate

The reflective generator will be used to ungenerate the private information
(potentially with some summaries of the structure that are not sensitive to help
with the regeneration), which will then be obfuscated using existing differentially
private algorithm(s), this now publishable data will be used to regenerate a full
structure, which will be used for more accurate analysis.

When the structure underlying the data are (different kinds of) graphs or
trees, triple graph grammars (TGGs; [32]), another established BX formal-
ism, might constitute an alternative approach to obtaining the ungenerate and
regenerate functions. Via a TGG one would — in a declarative, rule-based man-
ner — define how both structures correspond to each other and then automati-
cally obtain derived rules that can be used to translate between both structures
(in both directions). The central research question here is how to orchestrate
the derived rules to define a suitable regenerate function. Classically, TGGs
can be used for batch translation [32], which would amount to regenerating
with just the public obfuscated data as input. This approach might result in
public data that invalidates analysis results because it does not resemble the
original private data enough. Alternatively, incremental translations have been
developed (e.g., [12,14]) that, in our case, would take the public obfuscated
data, the ungenerated sensitive data and the original full data into account to
define regenerate and compute the public full data. Applying such incremental
approaches carelessly might invalidate the protect step, i.e., leak private data.

We believe that such a set-up, be it based on reflective generators or TGGs,
will be useful in the following example that is currently unsolved in the domain of
differential privacy. Consider the case where there already exists a differentially
private algorithm for obfuscating the edges of nodes in a graph, and we want
to apply this to all but one special node in a graph. Perhaps the graph in
question contains information about the patients of a particular hospital and
their connections to different medical centres and other patients. Here private
information is the edges of the patient nodes, and the special node is the hospital,
which has an edge connecting it to all of the patients. In this case, we want to
hide the edges of all the patient nodes using the existing algorithm, then re-add
the hospital node with connections to every other node in the regenerate step

14



because this structure is essential to the graph, but not private.

The next step for this project is to take the idea to the differential privacy
experts and work with them to create a solution that preserves privacy. We
are interested in exploring both mentioned approaches for feasibility and also
in comparing their respective strengths and weaknesses.
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Weak Well-Behavedness
David Jaz Myers et al

We discussed Prof. Matsuda’s partial state lenses (ps-lenses), and noticed a
categorical formulation which very closely matches the rules in Prof. Matsuda’s
slides. In particular, we see the ps-stability as a form of PutPut law.

The setting is partial orders; both view type V and state type S are partial
orders.

Definition 1. Let (5, <) and (V, <) be partially ordered sets. A ps-lens between
them consists of two functions:

get: S—>V
put: SxV — S

There are three laws considered:

1. (ps-consistency; PutGet)

put(s,v) < s
v < get(s')

2. (ps-acceptability; GetPut)

v < get(s)
put(s,v) < s

3. (ps-stability; PutPut)

put(s,vg) < s v < vy < get(s)

put(s,v2) < put(s’,v1)

A ps-lens is said to be well behaved when it satisfies ps-acceptability (GetPut)
and ps-consistency (PutGet). It is said to be very well behaved if it also satisfies
ps-stability.

What we noticed is that this sort of laws and their rules can be well captured
(up to a slight difference that we don’t fully understand) by generalizing the
work of Johnson, Rosebrugh, and Wood [24].

Theorem 2 (Johnson-Rosebrugh-Wood). Fiz a view type V € C in a cartesian
category C. We have an adjunction

dom

clv. e

To:—X V=V

This induces a monad (get : S = V) — (w3 : S x V = V) on the slice category
C | V. The structure of a very lawful lens on a get function get : S — V is
precisely the structure of an algebra for the induced monad on S. Namely:
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1. The algebra structure is a morphism

SxvV M,

w{ Jget

v |4

in C V. The commutativity of the above square is the PutGet law:

v = get(put(s,v)).

(4.0 | \

SxV —— 8
put

2. The unit law

is the GetPut law:
put(s, get(s)) = s.

3. The multiplication law

putxV

(SxV)xV —/ SxV

TF1,3J{ J{put

S><V—>pLIt S

is the PutPut law:
put(s,v2) = put(put(s, v1), v2).

Our idea is to extend this to ordered sets colazly. We make the following
definition:

Definition 3. Let V € Ord be a partially ordered set. Consider the colax slice
2-category Ord Jcolax V' whose objects are monotone maps « : X — V and
whose morphisms are diagrams

I,

-

b

[}

—

<
<:<?"<

that is, monotone maps f : X — Y such that a(z) < (f(z)) for all z € X.
The 2-cells f = g express that f(x) < g(z) for all x € X. The operation which
assigns a: X = Vtom:alV — V where

atVi={(z,v) e X xV | afzr) > v}

is a 2-monad on this 2-category with unit given by 7 : « T V — X and
multiplication m1 3 : a TV 1V — a1tV (that is, m1 3(z,v1,v2) = (z,v2)). A
colax algebra structure on a get map get : S — V is the structure of a colax
lens:



1. The algebra structure is a morphism

get TV LN
Wzl / iget
V—V

in Ord | V. That is, put(s, v) is defined when v < get(s), and the colaxitor
of the above square is the colax PutGet law: for all v < get(s),

v < get(put(s,v)).

2. The unit law

S
a0 | X

is the colax GetPut law: for all s € S,

put(s, get(s)) < s.

3. The multiplication law

putxV

(get T V)TV —— gettV

Wl _ lput

is the colax PutPut law: for all vo < v1 < get(s),
put(s,vs) < put(put(s,v1),vs).

If instead we use the 2-monad (get: S — V) — (m2 : S x V — V), then we get
the same structure but without the constraint that v < get(s) in the put and
the quantification for the PutPut law is over all vy, vy, and s with no relation
between them.

We can now compare the notion of a colax lens with that of a ps-lens.

Theorem 4. Let S and V be partial orders and get: S — V and put: SxV —
V' be functions. Then

1. If these satisfy ps-consistency, then they satisfy the colax PutGet law; the
converse holds if get is monotone.

2. If these satisfy ps-acceptability, then they satisfy the colax GetPut law; the
converse holds if put is monotone in the second variable.

Moreover, if get and put satisfy both ps-consistency and ps-acceptability, then get
is monotone and put is monotone in the second variable. Therefore, get and put
satisfy both ps-consistency and ps-acceptibility if and only if get is monotonic,
put is monotonic in the second variable, and they satisfy both colax PutGet and
colax GetPut.
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Proof. 1. Suppose that get and put satisfy ps-consistency; then since
put(s,v) < put(s,v), we conclude that v < get(put(s,v)), which is the
colax PutGet law. Conversely, suppose that get is monotone and that
put(s,v) < 8’5 colax PutGet says that v < get(put(s,v)), so we therefore
conclude that v < get(s’).

2. Suppose that get and put satisfy ps-acceptability; then since get(s) <
get(s), we conclude that put(s, get(s)) < s, which is the colax GetPut law.
Conversely, suppose that put is monotone in the second variable and that
v < get(s); then the colax GetPut law says that put(s, get(s)) < s, so we
conclude put(s,v) < s.

Suppose that get and put satisfy both ps-consistancy and ps-accetability.

e Suppose that s < s’. We know that put(s, get(s)) < s’ by ps-acceptability,
and so get(s) < get(s’) by ps-consistency, proving that get is monotonic.

e Suppose that v < v’. Then v' < get(put(s,v’)) by ps-consistency, and so
put(s,v) < put(s,v’) by ps-acceptability, showing that put is monotonic in
the second variable.

O
I have not put in ps-stability and colax PutPut in the above theorem because

they only almost correspond. Namely, setting s’ = put(s, v) in ps-stability gives
us

vy < vy < get(s)
pUt(S7 02) < pUt(pUt(Sa U2)a Ul)

whereas the colax PutPut rule is
vy < vy < get(s)
put(s,v2) < put(put(s,v1), va)

Note the change in order of v; and vy at the end. However, the main use of
ps-stability is that it is compositional and that it implies the PutGetPut law:

put(put(s,v), get(put(s,v))) = put(s,v).

However, this also follows from colax PutPut (with colax PutGet and colax
GetPut) so long as put is monotone in the second variable. Colax PutGet im-
plies that v < get(put(s,v)) so if put is monotone in the second variable we
then conclude that put(s,v) < put(put(s,v),v) < put(put(s,v),get(put(s,v))).
Conversely, by colax GetPut we have put(put(s,v),get(put(s,v))) < put(s,v).
Therefore, so long as this condition is also composable, the colax PutPut con-
dition will suffice to imply the same stability property as ps-stability.

We therefore turn our attention to composition of colax lenses. Let’s make
a definition of colax lens which is separate from the abstract discussion above.

Definition 5. A (very) well behaved colax lens (get,put) : S S V between
orders S and V' consists of functions

get: S —>V
put: SxV — §

so that get is monotonic, put is monotonic in the second variable, and
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. They satisfy the colax PutGet law:
v < get(put(s,v)).

Or, equivalently, ps-consistency.

. They satisfy the colax GetPut law:

put(s, get(s)) < s.
Or, equivalently, ps-acceptability.

. (If “very”,) they satisfy the PutPut law: for vy < vy < get(s),

put(s,vs) < put(put(s,v1), va)
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DSL for Programming with Delta Lenses
Kazutaka Matsuda and Vadim Zaytsev et al

This working group aimed to explore the design space for domain-specific
languages (DSLs) for programming with (asymmetric) delta lenses [10]. To
this end, we began by reviewing simple motivating examples that delta lenses
address.

Example 6 (Projection). Consider that the source is a set of name-age pairs,
such as
s ={("Alice",25), ("Bob",37)}

and that the view is obtained from the source by gathering only names:
v = {Alice,Bob}
When the view is changed to the view v’
v' = {Aurora, Bob}
there are several possibilities for how this change is made, including

(1) Alice is removed and a new person named Aurora is inserted; and

(2) Alice changes her name to Aurora.

Reasonable updated sources differ in (1) and (2): in (1), the source should
be updated to s’ = {("Aurora",O0),("Bob",37)}, where 0 denotes an arbi-
trarily chosen default age; and in (2), the updated source should be s’ =
{("Aurora",25), ("Bob", 37)}, keeping her age. O

Example 7 (Every second character). The second example is more abstract
but illustrates a similar concept to the first one. Consider that the source and
view are both strings, where the view is obtained by extracting every second
character from the source, such as aaabbc to abc. When the string abc is
changed to abbc, there are several possibilities for how this change is made,
such as the new b is inserted before or after the existing b. When we want
to keep the correspondence of pairs of odd and even characters, expected view
updating results differ depending on interpretations: when b is inserted before
b, the updated source should be aa_ babbc, and when it is inserted after the
existing b, the updated source should be aaab bbc, where |, is an arbitrarily
chosen default character (which in this example can even be chosen to be a in
order to keep the ambiguity if that is desirable; this is not always possible in
general). O

When dealing only with states, we cannot distinguish these finer interpreta-
tions of updates. This demands operation-based formalisations, such as delta
lenses. Also, often deltas are smaller than states, and thus mapping deltas tends
to be more efficient than state mapping.

Then, we review existing formalisations for delta lenses and related con-
cepts. We focus only on the backward delta propagation, which is the key to
disambiguating update interpretations in the above examples. In this view,
delta lenses correspond to update-update lenses [1]. That is, a delta lens is a

21



(certain) pair of a functor — mapping of forward deltas — and a retrofunc-
tor [29, Chapter 7] (also known as a cofunctor) — mapping of backward deltas
— while an update-update lens is modelled only by a retrofunctor [1,6,7]. Like
a functor, a retrofunctor connects two categories C' and D and maps objects
in C' into those in D, while, unlike a functor, it maps morphisms in D into C.
More specifically, given an object A in C, it sends a morphism v : FA — B’ in
D for some object B to a morphism Fau € A — A’ where FA' = B’, preserv-
ing composition and identities. Take C' and D as categories where objects are
states and morphisms are updates. Then, the object mapping of a retrofunctor
corresponds to a get while the morphism mapping corresponds to a delta-based
put. This formalisation is simple and elegant, but its implementation presents
several technical challenges:

e A straightforward implementation requires dependent types [20], as the
backward transformation maps deltas that start from the original source.
However, dependent types are not currently available for mainstream (even
for functional) programming languages such as Haskell and OCaml.

e In category theory, a morphism comes with its domain and codomain
— in our case, the states before and after the update (represented by the
morphism). This means that the straightforward implementation of delta-
based put also involves state-based put (though with an additional delta
parameter), neglecting its advantage in efficiency. Also, this treatment
conflicts with the practical situation that an update can be valid for several
states.

e Many primitive lenses do not require the original source to determine delta
mapping. Thus, for efficiency concerns, the computation of such original
states should be avoided as much as possible.

Thus, there are design spaces depending on how we deal with the is-
sues. To explore such design spaces, this working group during the semi-
nar investigated some existing implementations of delta lenses — the module
Generics.Pointless.DLenses [30] and update-update lenses — the part of the
file Elmlens.hs [35] in Haskell, and related techniques in the literature. For ex-
ample, the edit lens [21] addresses the third issue in the simply-typed setting
by using the complement set.
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Digital Twins

Romina Eramo et al

Digital Twins (DTs) are virtual representations of physical systems that con-
tinuously receive data from their real-world counterparts to simulate, monitor,
and predict behaviours. They are used across domains such as manufacturing,
healthcare, and smart cities to enable data-driven decision-making. Bidirec-
tional Transformations (BX) play a key role in ensuring consistency between
the physical system and its digital representation, or among the various inter-
dependent artefacts within the digital twin itself. BX frameworks allow changes
in one model or data view (e.g., sensor data, control parameters) to be safely
and automatically propagated to related views, maintaining synchronisation and
coherence across the system.

While the discussion has focused on DTs, several systems (e.g., adaptive
systems, cyber-physical systems, real-time systems) share a common founda-
tion in the continuous interaction between computational and physical compo-
nents. They all involve dynamic models that evolve in response to changes in
the environment or internal state, often requiring synchronisation between dif-
ferent representations or subsystems. This makes them highly suitable for the
application of BX, which enables the consistent propagation of changes across
interconnected views or models. For instance, BX can support synchronisation
between monitored data and system state (as in DTs), policy adaptation (in
adaptive systems), coordination of software and physical layers (in CPS and
control systems), and predictable updates under timing constraints (in real-
time systems). Composition plays a central role in integrating BX within DT.
It enables the coherent combination of multiple digital views — such as data
streams, control models, and simulations — into a unified representation of the
physical system.

Composition also applies to transformations themselves, allowing modular,
reusable synchronisation mechanisms between related artefacts. In complex sys-
tems, it supports both horizontal integration (across different models) and ver-
tical alignment (across abstraction levels), ensuring consistency between speci-
fications and implementations. Additionally, composition is essential for struc-
turing system behaviour and communication, facilitating reliable propagation
of changes between the physical and digital domains. Overall, it provides the
foundation for scalability, modularity, and maintainability in DT-BX integra-
tion.

The formalisation of DTs can greatly benefit from frameworks, like De-
jima [3,19], a framework originally designed to manage updatable, consistent
bidirectional views in databases, that uses BX to manage consistency between
interconnected models. Within a DT, many components — such as sensor data,
simulation models, control logic, and system configurations — can be encoded
as BX to ensure changes in one layer are accurately and consistently reflected
across others. This is especially relevant in multi-view or hierarchical models,
where BX enables coherence between abstractions and their implementations.
The integration of such transformations supports modular evolution and reliable
synchronization within the dynamic structure of a DT.

However, applying BX in DTs introduces new challenges, particularly re-
garding Quality of Service (QoS) and asynchronous updates. Traditional BX
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frameworks do not address key DT requirements like latency constraints, data
fidelity, or non-blocking synchronisation. Existing tools offer useful benchmark-
ing support for model transformations, but further extensions are needed to
simulate real-world DT environments.
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Computation Models

Keisuke Nakano et al

Goal

This group discussed the possibility of a computation model for BX, especially
well-behaved asymmetric lenses. A well-behaved asymmetric lens is a pair of
two functions, get : S — V and put : S x V — S, which are required to sat-
isfy the (GETPUT) and (PUTGET) lens laws. To facilitate users in describing
lenses that satisfy these laws, many domain-specific languages, so-called BX lan-
guages, have been proposed. The BX languages are designed so that the lenses
described by users always satisfy lens laws (or can be automatically verified to
do so) by imposing restrictions on syntax, types, and primitives. Due to these
restrictions, some well-behaved asymmetric lenses might exist which are impos-
sible to describe in the chosen BX language. To the best of our knowledge, no
BX languages have been proven to be ‘complete’ in the sense that every com-
putable lens can be expressed in the language. In this group, we shared ideas
on a computation model for well-behaved asymmetric lenses, which is expected
to serve as a reference model for BX languages, much like Turing machines and
lambda calculus do for programming languages. We considered a Turing ma-
chine as the basis of a computation model instead of lambda calculus and other
models because it has a reversible variant that can be inverted easily.

Summary

The discussion began with an introduction to computation models for two kinds
of functions. One is an involutory function, which is a function f that satisfies
f(f(z)) = z for all z in the domain of f. The computation model for involu-
tory functions is Time-Symmetric Turing Machine (TSTM) [28]. Another is an
idempotent function, which is a function f that satisfies f(f(z)) = f(x) for all
2 in the domain of f. The computation model for idempotent functions is Idem-
potent Turing Machine (ITM) [27]. In the discussion, we reviewed how these
two computation models were designed to compute all and only computable in-
volutory functions and idempotent functions, respectively. The expressiveness
of both computation models is guaranteed based on the property that they are
closed by conjugation with injective functions, i.e., for any involutory (resp.
idempotent) function f and any injective function g, the function g~ o fo g is
also an involutory (resp. idempotent) function. This property is crucial for the
syntactic restrictions imposed on ordinal Turing machines to design the com-
putation models, TSTM and ITM. It has been shown successfully that every
computable involutory function (resp. idempotent function) can be computed
by a TSTM (resp. ITM) using the fact that the function swap(z,y) = (y,x)
(resp. copy(x,y) = (y,vy)), can be implemented by a TSTM (resp. ITM).

The discussion then shifted to the design of a computation model for BX.
According to a recent result [16], a well-behaved asymmetric lens can be char-
acterised by a put function satisfying two properties:

put(s,v) | s Aput(s,v') | s = v =1 (PUTINJECTIVITY)
put(s,v) L s = put(s’,v) | s'  (PUTIDEMPOTENCY)
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for any s, € S and v,v’ € V, where the second has also been called the
(PUTTWICE) law in the literature. A put function forms a well-behaved asym-
metric lens with a (uniquely determined) get function if and only if it satisfies
those two lens laws. After the discussion, we found that a well-behaved asym-
metric lens can be characterised by a class of functions that are closed under
conjugation with injective functions. Every function in the class corresponds
to a put function that satisfies the two above laws. A computation model for
the class of functions is expected to be designed similarly to the ITM, with
the specialised copy function as its core operation, where further observation is
required on the expressiveness of syntactically restricted reversible TM.
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