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Complex safety-critical systems require multiple models for a comprehensive description, resulting in error-
prone development and laborious verification. Bidirectional transformation (BX) is an approach to automati-
cally synchronizing these models. However, existing BX frameworks lack formal verification to enforce these
models’ consistency rigorously. This paper introduces KBX, a formal bidirectional transformation frame-
work for verified model synchronization. First, we present a matching logic-based BX model, providing a
logical foundation for constructing BX definitions within the K framework. Second, we propose algorithms
to synthesize formal BX definitions from unidirectional ones, which allows developers to focus on crafting
the unidirectional definitions while disregarding the reverse direction and missing information recovery for
synchronization. Afterward, we harness K to generate a formal synchronizer from the synthesized definitions
for consistency maintenance and verification. To evaluate the effectiveness of KBX, we conduct a comparative
analysis against existing BX frameworks. Furthermore, we demonstrate the application of KBX in constructing
a BX between UML and HCSP for real-world scenarios, showcasing an 82.8% reduction in BX development
effort compared to manual specification writing in K.

CCSConcepts: •Computingmethodologies→Modelingmethodologies; • Software and its engineering

→ Formal software verification.

Additional Key Words and Phrases: Bidirectional Transformation, Formal Verification, Matching Logic

1 INTRODUCTION
Modeling and verifying safety-critical systems [Kulik et al. 2022] can be a complex task that involves
the use of diverse languages and abstraction levels. This complexity arises from the limitations of
single languages, the complexity of systems, and the diversified requirement of different standards
(e.g., ISO-15408 [Com 2017] and IEC-61580 [Bell 2006]). For instance, seL4 [Klein et al. 2014, 2010]
proposes abstract specification in Isabelle, executable prototype in Haskell, and high-performance
implementation in C. To obtain a verified system, it uses refinement verification and unidirectional
transformers from programming languages (Haskell and C) to Isabelle.
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2 Zhao et al.

Unfortunately, applying multiple models needs extra effort to synchronize models and verify their
consistency. Any modification in one model (Isabelle specification) mandates manual adjustments in
others (Haskell prototype and C implementation). To satisfy the stringent traceability requirements
of safety-critical systems, this error-prone process is vital for proving the consistency of models
post their transformation to a formal framework like Isabelle. The process becomes increasingly
cumbersome, especially for developers not proficient in multiple languages, and is exacerbated by
the growing number of models and iterations involved.
To tackle this problem, our vision is a formal bidirectional transformation (BX) framework.

This framework produces synchronizers for model synchronization, and formal proofs for rigor-
ous consistency verification of these models. In this way, the developers can credibly focus on
their familiar models while the formal BX automatically enforces consistency. However, verified
model synchronization in diverse languages and abstract levels via BX is stunningly challenging,
considering the following important criteria:

1. Expressiveness. Complicate synchronizations necessitate expressiveness to specify intricate
consistency between heterogeneous models. To achieve this, BX frameworks should help developers
focus on consistency without being burdened by extraneous concepts or implementation details.
Moreover, there should be ample evidence demonstrating that developers can effectively construct
diverse transformations using BX frameworks. However, the existing BX frameworks [Anjorin et al.
2020; Bettini and Efftinge 2016; Buchmann 2018; Buchmann et al. 2022; Cicchetti et al. 2011; Ko
et al. 2016; Matsuda and Wang 2018; Weidmann et al. 2019] require provided manually parsers and
printers, introducing extra implementation work and concept of abstract syntax trees. Additionally,
few evidence shows that they can describe sophisticated model BX (e.g., UML and concurrent
HCSP1 BX) in practice.

2. Trustworthiness. Rigorous verification for safety-critical systems demands a formal method
with a small trust base. However, existing BX frameworks lack a formal proof system for verification.
Moreover, the existing formal frameworks such as Coq [Wel 2024], Isabelle [Isa 2024], Lean [Lea
2024], and K [Fra 2023] offer rigorous formal verification but lack solutions for verified model
synchronization. First, they require a uniform BX model that can capture a reasonable BX within
their theories. Second, they need synthesis algorithms to provide a minimized formal specification as
a small trust base to generate a formal synchronizer. This synchronizer not only achieves rationale
synchronization, as existing BX frameworks do, but also offers synchronization that adheres to a
formal definition, supported by proofs.

Our key idea comes from the work of Chen et al. [2021a], which introduced the formal verification
of the program execution via proof generation. By applying this approach, the K framework can
automatically verify that the transformation complies with the established formal transformation
definition, using the matching logic proof system. In addition to its verification capabilities, the
K framework possesses a language-oriented nature, enabling the construction of intricate formal
semantics intuitively. This feature has led to numerous programming languages, including C
[Hathhorn et al. 2015], Java [Bogdanas and Roşu 2015], and JavaScript [Park et al. 2015], having
their complete formal semantics defined in the K framework, rather than just partial semantics in
other formal frameworks. Consequently, we can construct formal unidirectional transformation
definitions within K to generate a verified transformer for model transformation while ensuring
compliance with the formal definition.

1HCSP (hybrid communicating sequential processes) [Chaochen et al. 1996; Liu et al. 2010] is an extension of CSP with
ordinary differential equations, and it is widely used in verifying cyber-physical systems such as train control systems [Zou
et al. 2015, 2013], cruise control system [Xu et al. 2022], and Mars lander [Zhan et al. 2021].
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Nevertheless, formal unidirectional transformation cannot deliver missing information recov-
ery and reverse transformation, as offered by bidirectional transformation for synchronization.
Therefore, this paper introduces KBX, an extension to the K framework, enabling formal BX for
verified model synchronization. To achieve this, we employ three steps: (1) Capture BX models
using matching logic from K to facilitate the construction of formal BX K definitions. (2) Design
formal BX definition synthesis algorithms to generate formal synchronizers from unidirectional
transformation definitions. The BX definition incorporats both forward and backward transforma-
tion definitions to enable missing information recovery for synchronized target. (3) Use formal
synchronizers to maintain and verify the consistency of models simultaneously.

We initiate our evaluation of KBX by comparing its development efficiency and synchronization
trustworthiness with current BX frameworks. This analysis highlights KBX’s efficacy in constructing
trustworthy BX programs. Next, we explore KBX’s formal expressiveness and verification reliability,
demonstrating that we impose limited constraints on the expressiveness of K and maintain a small
trust base during verification. Lastly, we illustrate KBX’s practicality in real-world scenarios by
establishing the first formal BX between HCSP and UML. During the construction of this BX, KBX
reduces 82.8% code size, compared with manual writing BX definitions.

To summarize, this paper makes the following main contributions:

• We present KBX, the BX framework for verified model synchronization, which generates
formal synchronizers from formal unidirectional transformation definitions.
• We introduce a matching logic-based BX model to establish the relation between unidi-
rectional definitions and BX definitions, as well as to specify the laws of BX definitions
for synchronization. Furthermore, we present BX synthesis algorithms aimed at improving
verification trustworthiness and accelerating BX development. Based on the synthesis algo-
rithms, we generate formal BX definitions from unidirectional ones in K, producing formal
synchronizers for simultaneous synchronization and verification.
• We evaluate KBX’s efficacy in synchronization and verification. Additionally, we propose
the first HCSP and UML BX for cyber-physical systems based on KBX, demonstrating its
practical applicability in real-world scenarios.

2 PRELIMINARIES
This section introduces the foundations of this work, including bidirectional transformation, match-
ing logic, and the K framework.

2.1 Bidirectional Transformation
Bidirectional transformation (BX) enables the conversion of a system between two representa-
tions and maintains the synchronization of changes between them. For instance, it enables the
synchronization of system designs between HCSP and plantUML by transforming one from another
while keeping the missing information unchanged. A prominent theory elucidating bidirectional
transformation is referred to as symmetric lenses [Hofmann et al. 2011], which permits information
loss on both ends of such transformations. The symmetric lens is defined as follows.

Definition 1 (Symmetric Lens). Lens ℓ of model sets 𝑀 , 𝑁 (denoted as ℓ ∈ 𝑀 ↔ 𝑁 ) has three
parts: a set of complements 𝐶 , a distinguished element𝑚𝑖𝑠𝑠𝑖𝑛𝑔 ∈ 𝐶 , and two functions

𝑝𝑢𝑡𝑟 : 𝑀 ×𝐶 → 𝑁 ×𝐶 𝑝𝑢𝑡𝑙 : 𝑁 ×𝐶 → 𝑀 ×𝐶
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4 Zhao et al.

which satisfy the following round-tripping laws:

𝑝𝑢𝑡𝑟 (𝑚,𝑐) = (𝑛, 𝑐′)
𝑝𝑢𝑡𝑙 (𝑛, 𝑐′) = (𝑚,𝑐′) (PUTRL)

𝑝𝑢𝑡𝑙 (𝑛, 𝑐) = (𝑚,𝑐′)
𝑝𝑢𝑡𝑟 (𝑚,𝑐′) = (𝑛, 𝑐′) (PUTLR)

The 𝑚𝑖𝑠𝑠𝑖𝑛𝑔 element in complements 𝐶 represents missing information to be recovered for
synchronization. For example, when synchronizing from HCSP to UML, we expect to update
the modifications and retain the rest, including the missing information, in the UML model. The
primitive unidirectional transformation (𝑀 → 𝑁 ) can maintain the shared information but cannot
recover the missing information, such as line colors in UML. In contrast, the forward transformation
𝑝𝑢𝑡𝑟 can recover the missing information (i.e., line colors in UML) from the complement𝐶 stored by
the backward transformation 𝑝𝑢𝑡𝑙 , thus providing reasonable synchronization. The round-tripping
laws formulate this synchronization rationale for forward and backward transformations.

2.2 Matching Logic and K Framework
Matching logic [Chen et al. 2021a,b; Chen and Rosu 2019] serves as the logical foundation of K
language framework, enabling the specification and reasoning of programs. The simplicity and
expressiveness of matching logic enable K to offer a concise and intuitive approach for defining
complex semantics, with practical applications in programming languages such as C [Ellison and
Grigore Roşu 2011; Hathhorn et al. 2015], Java [Bogdanas and Roşu 2015], and Javascript [Park
et al. 2015]. In Section 4.1, we propose a novel symmetric lens using matching logic that can be
programmed in K. Other sections in Section 4 further illustrate how to verify and synthesize our
lenses in K based on matching logic.
Matching logic formulas, called patterns, serve as unified structures for syntax and semantic

specifications. They are inductively defined based on the matching logic signature Σ = (𝐸𝑉 , 𝑆𝑉 , Σ),
where 𝐸𝑉 represents the set of element variables (denoted x, y, ...), 𝑆𝑉 denotes the set of set variables
(denoted X, Y, ...), and Σ refers to the set of constant symbols (denoted 𝜎 , 𝜎1, ...).

Definition 2 (Matching logic syntax). The set PATTERN(Σ) of Σ-patterns is inductively defined as
follows:

𝜑 ::= 𝑥 | 𝑋 | 𝜎 | 𝜑1𝜑2 | ⊥ |𝜑1 → 𝜑2 | ∃𝑥 .𝜑 | 𝜇𝑋 .𝜑
where 𝜑 has no negative occurrences of X in 𝜇𝑋 .𝜑 .

Def.2 indicates that patterns are constructed with variables (𝑥 , 𝑋 ), constant symbols (𝜎), applica-
tions to apply the first argument to the second (𝜑1𝜑2), standard first-order logic (FOL) constructs (⊥,
→, ∃), and the least fixpoint construct (𝜇). Notation 𝜑 [𝜓/𝑥] (resp. 𝜑 [𝜓/𝑋 ]) denotes the capture-free
substitution of𝜓 for 𝑥 (resp. 𝑋 ) in 𝜑 . Other notations relevant to this paper are defined as follows:

¬𝜑 ≡ 𝜑 →⊥ ⊤ ≡ ¬ ⊥ 𝜑1 ∧ 𝜑2 ≡ ¬ (¬𝜑1 ∨ ¬𝜑2)
∀𝑥 .𝜑 ≡ ¬∃𝑥 .¬𝜑 𝜑1 ∨ 𝜑2 ≡ ¬𝜑1 → 𝜑2

Matching logic employs a pattern matching semantics [Chen et al. 2021b], interpreting a pattern
𝜑 as a set of elements that match it. For example, ⊥ corresponds to ∅, while 𝜑1 ∧ 𝜑2 is matched by
elements that match both 𝜑1 and 𝜑2.

The matching logic proof system [Chen et al. 2021a] defines a provability relation, written Γ ⊢ 𝜑 ,
meaning that 𝜑 can be proved using the proof system, with patterns in semantics Γ added as
additional axioms. We also call Γ a matching logic theory. The proof system includes the FOL rules
for FOL reasoning, frame rules for application context reasoning, fixpoint rules for standard fixpoint
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reasoning as in modal 𝜇-calculus [Kozen 1983], and technical proof rules for some completeness
results [Chen and Roşu 2019].

Using matching logic, each K definition of a language 𝐿 corresponds to a matching logic theory
Γ𝐿 ⊆ PATTERN(Σ). This theory essentially comprises a set of logical symbols representing the formal
syntax of 𝐿, and a set of logical axioms specifying the formal semantics. K generates tools formally
specified by matching logic formulas, such as program execution, which is represented by the pattern
𝜑𝑖𝑛𝑖𝑡 ⇒ 𝜑 𝑓 𝑖𝑛𝑎𝑙 , where 𝜑𝑖𝑛𝑖𝑡 and 𝜑 𝑓 𝑖𝑛𝑎𝑙 denote the initial and final states of execution, respectively.
The formal proof Γ𝐿 ⊢ 𝜑𝑖𝑛𝑖𝑡 ⇒ 𝜑 𝑓 𝑖𝑛𝑎𝑙 substantiates this pattern.

Program execution can be further delineated into a comprehensive and concrete execution trace
𝜑0, 𝜑1, ..., 𝜑𝑛 , where 𝜑0 ≡ 𝜑𝑖𝑛𝑖𝑡 and 𝜑𝑛 ≡ 𝜑 𝑓 𝑖𝑛𝑎𝑙 . The patterns 𝜑0, 𝜑1, ..., 𝜑𝑛 represent the intermediate
execution snapshots. For each step from 𝜑𝑖 to 𝜑𝑖+1, the rewriting information includes the applied
rewrite/semantic rule 𝜑𝑙ℎ𝑠 ⇒ 𝜑𝑟ℎ𝑠 and the corresponding substitution 𝜃 such that 𝜑𝑙ℎ𝑠𝜃 ≡ 𝜑𝑖 .

Specifically, rewriting employs a one-path next symbol • ∈ Σ to capture the transition system (or
formal semantics) over computation configurations (or states) defined by rewrite rules in K. This
symbol denotes that for any configuration 𝛾 , •𝛾 is matched by all configurations that can go to 𝛾
in one step. In other words, 𝛾 is reached on one-path in the next configuration. In Def.3, patterns
𝜑1, ..., • • 𝜑2, •𝜑2, 𝜑2 are execution snapshots within an execution trace, where 𝜑1 denotes the inital
state 𝜑𝑖𝑛𝑖𝑡 and 𝜑2 sginifies the final state 𝜑 𝑓 𝑖𝑛𝑎𝑙 .

Definition 3. Program execution (i.e., rewriting) is the reflexive and transitive closure of one-path
next, which can be defined as follows:

⋄𝜑 ≡ 𝜇𝑋 .𝜑 ∨ •𝑋 // Eventually; 𝜑 ∨ •𝜑 ∨ • • 𝜑 ∨ . . .
𝜑1 ⇒ 𝜑2 ≡ 𝜑1 → ⋄𝜑2 // Rewriting

Leveraging matching logic for formal semantics, the K framework introduces keywords syntax
for syntax definition, configuration for state declaration, rule for executable formal semantics
description, and claim for constructing a reachability specification under verification. A rule
consists of a left-hand side and a right-hand side, separated by the rewrite operator⇒. When the
configuration matches the left-hand side of the rule, the rule applies, resulting in the substitution
of the configuration with the right-hand side. Additionally, a rule may include a side condition,
introduced by the requires keyword. The condition is allowed to reference variables that appear
on the left-hand side of the rule.

1 syntaxWeight := Int
2 syntax Category := "Light" | "Heavy"
3 configuration <apple> $PGM:K </apple>
4 rule <apple> W:Weight => Light </apple> requires W <Int 100

For example, in the provided code snippet, the user can assign a weight to an apple in the cell
labeled “<apple>”. If the weight falls below 100, the content of the cell will display as “Light”. Since
the theories link to K and capture the semantics [Chen et al. 2021a], we are free to use the theories
to capture our theories (or definitions) about symmetric lenses to make them without instantiable
in K considering the semantics in this paper.

3 RESEARCH OVERVIEW
In this section, we first clarify the motivation of our work via an industrial example from high-speed
maglev train verification. We then present an overview of KBX and state the challenges of verified
model synchronization.
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HCSP UML diagram

Light ::=1

    log("Light is green");
    status := 1 ;

3
4

    (button ? status --> 5

        log("Red for 20 seconds");
        <t' = 1 & t < 20>; 

6
7

        log("Light is green"); 
        status := 1;);

8
9

HCSP

Pedestrain ::=

    log("Run 10 meters");
    <s' = 1 & s < 10>;

    button ! 0; 14

rule1

rule2

    t := 0 ;     s := 0 ;2
Light

Light

Pedestrain

Pedestrain

"Light is green"

"Run 10 meters"

o p t

status := 0

"Red for 20 seconds"

"Light is green"

12
13

10

11

rule4

rule3

rule5

rule7

Fig. 1. Pedestrian Interaction with Traffic Signals: A depiction of a pedestrian crossing the road with a traffic
light initially displaying red, followed by a 10-meter walk, button activation, a 20-second green signal, and
subsequent return to red.

3.1 Motivating Example
This work is motivated by an industrial practice of verifying high-speed maglev trains, which are
heterogeneous safety-critical systems with frequent and complex communications. To ensure the
intuitive yet rigorous design of such systems, we collaborate with our industrial partners and utilize
two distinct models: (1) an abstract model in UML [Pla 2022] that is rough but intuitive for team
communication; and (2) a refined model in HCSP [Liu et al. 2010], a formal language for hybrid
system simulation and verification.
For instance, in Fig 1, the UML model visualizes how pedestrian-controlled traffic lights work.

In this model, arrows pointing to oneself represent actions, like “𝑅𝑢𝑛 10𝑚𝑒𝑡𝑒𝑟𝑠”, while arrows
pointing to others signify interactions initiated by an entity, as seen in “𝑠𝑡𝑎𝑡𝑢𝑠 := 0”. The “𝑜𝑝𝑡”
block indicates that the first message can trigger operations in it. In contrast, the HCSP model
refines the UML model by applying specific rules (e.g., “𝑟𝑢𝑙𝑒1” converts the message content of
UML “𝐿𝑖𝑔ℎ𝑡 𝑖𝑠 𝑔𝑟𝑒𝑒𝑛” to the log of HCSP, and introduces an expression to refine this behavior
“𝑠𝑡𝑎𝑡𝑢𝑠 := 1”). This refined model introduces elements like assignments, e.g., “𝑠𝑡𝑎𝑡𝑢𝑠 := 1”, channels,
e.g., “𝑏𝑢𝑡𝑡𝑜𝑛 ? 𝑠𝑡𝑎𝑡𝑢𝑠”, and ordinary differential equations, e.g., “< 𝑠′ = 1 & 𝑠 < 10 >”. By exiling
details from abstract models to refined models, this approach improves both clarity and precision
in the design process.
However, this approach suffers from trustworthiness issues. As an example, suppose that the

HCSP model fails to synchronize with the UML according to 𝑟𝑢𝑙𝑒7. After the pedestrian presses
the button, the light should switch to red, ensuring the pedestrian crosses the road. However,
due to the lack of “𝑏𝑢𝑡𝑡𝑜𝑛 ! 0”, the light erroneously remains green, posing a substantial risk of
traffic accidents. As intricate and safety-critical systems, Maglev trains could lead to even graver
consequences if consistency is compromised. Hence, it becomes imperative to synchronize these
models and rigorously verify their consistency.

Model Synchronization. Our first task is to maintain consistency by synchronizing the models
after any modification. This involves shared information updates and missing information recovery.
For instance, if we adjust the pedestrian distance traveled in HCSP from 10 to 5 (lines 12-13 of
Fig 1), we need to update the message content to “𝑅𝑢𝑛 5𝑚𝑒𝑡𝑒𝑟𝑠” and recover the message color
to be blue according to “𝑟𝑢𝑙𝑒5”. Manually updating all the modifications in shared information
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KBX: Verified Model Synchronization via Formal Bidirectional Transformation 7

is laborious, while developing separate unidirectional transformers with mutually consistent
behavior for synchronization can be difficult and error-prone. Using BX frameworks enables the
efficient development of bidirectional transformers that satisfy synchronization rationale (e.g.,
round-tripping laws) for accurate update and recovery.
Consistency Verification. Our second task is to prove that the synchronized models are

consistent. Since models are not always perfectly equivalent, refinement verification becomes a
valuable choice. However, this approach involves significant verification efforts. For example, in the
case of proving the refinement relation between HCSP and UML, a multi-step process is required 2:
(1) Construct formal semantics for HCSP and UML within a formal framework.
(2) Develop translators to convert HCSP and UML models into formal representations.
(3) Build formal specifications that define the consistency between HCSP and UML.
(4) Verify that the synchronized models conform to the formal specifications.
In summary, employing multiple modeling languages allows us to take the unique strengths of

each language, but it also introduces complexities that can hamper the development and verification
process, leading to inefficiencies and the risk of errors.

3.2 KBX Overview
To simplify the development and verification of multiple models, our vision is to design a formal
bidirectional transformation (BX) framework. First, by automating the synchronization process,
BX eliminates the laborious manual language conversions, such as those between PlantUML and
HCSP. Second, formal BX takes a step further by addressing the need for consistency verification.
This is accomplished by employing formal specifications to establish rigorous consistency and
utilizing a proof system to verify this consistency. As a result, the framework can (1) automatically
synchronize HCSP and UML models, and (2) formally prove the consistency.

However, existing BX frameworks face limitations in both synchronization and verification.
• First, existing BX frameworks fall short in expressiveness and trustworthiness for synchro-
nization. Specifically, they lack a focus on being language-oriented and formal. To illustrate
the issue of expressiveness, consider the synchronization of HCSP and UML models. Using
current BX frameworks, users not only have to implement BX programs but are also required
to develop parsers and printers for both HCSP and UML. These parsers enable the BX pro-
gram to manipulate the models, while the printers produce HCSP and UML representations
instead of abstract syntax trees (AST). A more expressive BX framework should eliminate
the need for users to develop parsers and printers. Additionally, in terms of trustworthiness,
these frameworks often rely on programming languages (e.g., C# [Hinkel and Burger 2019])
or diagram languages (e.g., EVL+Strace [Samimi-Dehkordi et al. 2018]) to describe model
relations, rather than formal languages like K, Coq, and HOL. This can result in undefined
behavior of the generated synchronizer.
• Second, existing BX frameworks lack formal languages and proof systems, requiring additional
effort to provide consistency verification. Without formal languages, we cannot provide
verification goals; without proof systems, we lack the mechanisms to prove these goals. To
illustrate, these frameworks cannot express consistency definitions (e.g., rules in Fig 1) using
a formal language, nor can they prove that the synchronized HCSP and UML models adhere
to these definitions with proofs. Hence, they demand laborious consistency verification, as
discussed in Section 3.1.

2These steps represent the unwinding process in the “Forward simulation & BX” approach, as presented in Table 4. This
table offers a comparative analysis of consistency maintenance and verification approaches.
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M2N Unidirectional
Transformation
Definition in K

§4.2. Forward Synthesis

§4.3. Backward Synthesis

M2N Forward
Trans Def in K

N2M Backward
Trans Def in K

Complements Manipulation

Complements Manipulation

Backward Rewrite

Default Value

K 
fra

m
ew

or
k

N Model

M Model

Synchronize & Verify

Synchronize & Verify

§4.4. Formal Synchronizer

Formal Forward
Transformer

Formal Backward
Transformer

 KBX Intermediate Process/Outcome  KBX Output

 Developer Input  Consumer Input or Auto-Synced Verified Model

 K Process

Fig. 2. The Architecture of KBX Formal BX Framework.

Approach. This paper introduces KBX, a novel formal BX framework for simultaneous synchro-
nization and verification, as shown in Fig 2. In KBX, developers use unidirectional transformation
definitions to generate formal synchronizers, automating model synchronization and consistency
verification for consumers. This integration of formal verification not only ensures trustworthiness
but also aligns it with high evaluation assurance levels of international safety and security standards,
e.g., IEC-61580 [Bell 2006], DO-178C [Jacklin 2012], and ISO-15408 [Com 2017], making it particu-
larly suitable for safety-critical systems. To elucidate KBX’s trustworthiness and expressiveness,
the following delves into KBX workflow in Fig. 2.

Fig. 3. A screenshot of rule1 in Fig. 1

Expressiveness. KBX streamlines the development of formal synchronizers. Fig. 4 illustrates this,
showcasing a snippet of developer input, which focuses on formalizing rule 1 (see Fig. 3) from
HCSP to UML. The syntax for HCSP and UML is defined using the “syntax” keyword and BNF
grammar in lines 1-3. Specifically, line 2 specifies “HCSP” syntax for HCSP programs such as
“log ( "Light is green") ; status :=1” in Fig. 3. The “configuration” keyword in line 4 sets up the
state’s structure, initializing three cells (m, n, and s), with the first cell loaded with an environment
variable “$PGM” (the HCSP program). Subsequent lines (5-7), which employ the “rule” keyword,
formalize the transformation rules from HCSP to UML via matching logic rewriting “=>”. For
instance, in Fig. 4, “ status :=1” from Fig 3 matches with L := R on the left-hand side, leading to a
rewrite on the right-hand side.
Shown in Fig. 2, KBX processes these unidirectional transformation definitions to perform its

core functions. In the formal synthesis stage (see Section 4.2), KBX enriches each rule with com-
plements manipulations, creating a forward transformation definition that captures and recovers
missing information. Conversely, the backward synthesis process (Section 4.3) generates a backward
transformation definition in harmony with the forward transformation, ensuring adherence to
round-tripping laws. This stage includes the introduction of backward rewrite in matching logic,
enhancing the framework’s theoretical reliability within the K framework’s context. After this
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stage, developers are responsible for providing default values in the backward transformation when
these values are not derivable from the complements. An illustrative example is the necessity to
assign default values “?” for ambiguous variables L and R in HCSP assignments, such as “? := ?”,
since the corresponding information is absent in the UML models. Finally, KBX utilizes the K
framework to automatically generate verifiable and certifiable transformers from these definitions,
forming a formal synchronizer for synchronization and verification.
Consequently, KBX’s expressiveness for developers is manifested in three key aspects: concise-

ness, intuitiveness, and capability. KBX synthesis processes eliminate the need for developers to
grapple with the complexities of synchronization rationale and reverse transformation definitions,
contributing to its conciseness. The KBX’s intuitive nature, as showcased in lines 5-7 of Fig. 43,
enables developers to seamlessly utilize target syntaxes like HCSP and UML for rule formalization,
thus avoiding the intricacies of handling dual ASTs. Lastly, KBX’s capability is grounded in the es-
tablished efficacy of the K framework, which has been successfully applied in the formal semantics
of languages including C, Java, and JavaScript.

1 syntax HCSPStat ::= " log" " ( " String " ) " | Id " :=" Expr
2 syntax HCSP ::= HCSPStat | HCSPStat "; " HCSP
3 syntax UMLStat ::= Id "−[" Color "]>" Id " : " String
4 configuration <m> $PGM:HCSP </m> <n> .K </n> <s> .K </s>
5 rule <m> [log( A ) , L := R ] HCSPs : List => HCSPs </m>
6 <n> UMLs : List => UMLs [ P −[#red]> P : A ] </n>
7 <s> P </s>

Fig. 4. K snippet for HCSP to UML unidirectional transformation of rule 1 in Fig. 3.

Trustworthiness. Beyond expressiveness, KBX establishes trust by proving the consistency of
synchronized models for consumers. This is achieved using the K framework, which generates
Metamath proofs during synchronization to ensure models adhere to developer-defined K spec-
ifications, checked by a matching logic proof checker (as elaborated in Section 4.4). Leveraging
Metamath’s straightforward proof check mechanism, supported by multiple open-source imple-
mentations, this process facilitates easy and reliable certification of model consistency by both
users and third-party entities.

Summary. KBX offers an expressive framework for developers to construct formal synchronizers,
coupled with a trustworthy method for consumers to verify model consistency. The following
subsection will present a problem formulation for achieving simultaneous synchronization and ver-
ification. It will outline the technical challenges encountered and provide a roadmap for addressing
these.

3.3 Problem Statement
In this study, we tackle the FSS (Formal Synchronizer Synthesis) problem, focusing on the verifi-
cation and synchronization between model sets𝑀 and 𝑁 , exemplified by programs in HCSP and
models in PlantUML. A key element to this problem is the complements𝐶 , indicative of information
gaps inherent between𝑀 and 𝑁 — crucial for differentiating BX from normal transformation.
3Color boxes in this example highlight matching logic variables for clarity. The symbol “[_]” is used as syntactic sugar
for “ListItem (_)”. Being a fragment, this snippet omits certain rules, like those for storing process names and converting
programs into “ List ”, typically seen in line 5. Note that this example does not consider the concurrency of HCSP.
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FSS Problem Statement

Given a forward transformer 𝑢𝑥 : 𝑀 → 𝑁 compliant with formal definition Γ𝑢𝑥 , we aim to
synthesize a formal synchronizer ℓ ∈ 𝑀 ↔ 𝑁 that comprises a forward transformer 𝑝𝑢𝑡𝑟 :
𝑀 ×𝐶 → 𝑁 ×𝐶 , a backward transformer 𝑝𝑢𝑡𝑙 : 𝑁 ×𝐶 → 𝑀 ×𝐶 , and a strategy for managing
complements 𝐶 . The transformers 𝑝𝑢𝑡𝑟 and 𝑝𝑢𝑡𝑙 should satisfy these conditions: (1) Compliance
with their respective formal definitions Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙 , verified by a proof checker. (2) The
output model 𝑛 ∈ 𝑁 from 𝑝𝑢𝑡𝑟 mirrors that of 𝑢𝑥 for identical input models, given an empty
input complement. (3) Adherence to the round-tripping laws for reasonable synchronization.

Following the problem statement, we distill the key to our work: (1) the formalization and verifi-
ability of each definition for BX, and (2) the automatic provability of every executable tool derived
from these definitions. We achieve this by synthesizing formal definitions within the K framework,
harnessing its capabilities for generating interpreters, verification tools and proofs. The input is a
language-agnostic K definition, covering syntax for both source and target transformations, state
declarations, and transformation rules. This allows us to utilize existing K semantics (e.g., Java, C,
AADL) to validate related BX correctness and reuse portions of syntax and semantic rules, including
static semantics, for BX construction. However, synthesizing formal BX definitions (i.e. forward
and backward transformation definitions Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙 ) and crafting a formal BX framework is
far from trivial.

Roadmap. Our work addresses the following key challenges in tackling the FSS problem:

Matching Logic-based BXModel (Section 4.1). TheK framework, initially tailored for programming
language semantics and verification, lacks direct support for BX formalization. Thus, our first step
is to model the FSS problem using matching logic to apply K’s advanced formal methods, thereby
satisfying the first FSS condition. We strive to formalize a versatile model capable of handling
multifaceted and multilingual BX scenarios beyond just HCSP and PlantUML, ensuring that our
approach retains the expressive power of K without imposing undue restrictions.

Forward Transformation Synthesis (Section 4.2). Building on our basis model, we seek to synthesize
the forward transformer 𝑝𝑢𝑡𝑟 addressingmissing information recovery (e.g., recapturing the omitted
PlantUML message color in HCSP). Altering the existing transformer 𝑢𝑥 directly would contravene
its formal definition Γ𝑢𝑥 , thus affecting its verifiability. We propose deriving a human-readable K
forward definition Γ𝑝𝑢𝑡𝑟 from Γ𝑢𝑥 . This endeavor introduces two primary challenges: (1) Developing
a method for manipulating complements 𝐶 within Γ𝑝𝑢𝑡𝑟 that aids in information recovery while
preserving K’s language-agnostic nature to facilitate verified synchronization across various
models. (2) Ensuring that the inclusion of complements manipulation in 𝑝𝑢𝑡𝑟 maintains its output
equivalence to 𝑢𝑥 under identical inputs, satisfying the second FSS condition.

Backward Transformation Synthesis (Section 4.3). Essential to our formal synchronizer, the back-
ward transformer 𝑝𝑢𝑡𝑙 confronts challenges in handling language-agnostic models and satisfying
the round-tripping laws. We respond to these challenges by introducing the “backward rewrite”
within matching logic, harnessing matching logic’s capacity to transcend language specifics. This
approach is crucial for synthesizing Γ𝑝𝑢𝑡𝑙 and ensuring 𝑝𝑢𝑡𝑙 satisfies the round-tripping laws.

Formal Synchronizer (Section 4.4). Although the formal transformers 𝑝𝑢𝑡𝑟 and 𝑝𝑢𝑡𝑙 are effectively
derived from Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙 , the complexity of the K framework and its toolchains presents
challenges in practical application. To counter this, we introduce a formal synchronizer strategy that
facilitates both synchronization and verification processes. This synchronizer not only streamlines
the use of 𝑝𝑢𝑡𝑟 and 𝑝𝑢𝑡𝑙 as a symmetric lens but also generates consistency proofs for synchronized
models (e.g., verifying if HCSP and UML models in Fig. 1 represent the same system). These proofs,
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verifiable by a proof checker, offer tangible evidence of consistency, elevating the assurance level
of the evaluation for safety-critical systems.

Remark. Introducing BX to a formal framework presents several advantages:
Trustworthy Synchronization with a Small Trust Base. (1) Intrinsic Verifiability. Definitions related

to synchronization are readable, amenable and verifiable to customization and review. This dimin-
ishes the necessity for developing and trusting translations to other languages with a proof system.
(2) Direct Correctness Verification. This allows developers to define and verify critical transformation
properties directly. Where operational semantics of synchronization targets are trustworthy, they
can serve as an ideal basis for demonstrating synchronization correctness. (3) Trustworthy Execution.
The reliability of the synchronization process is ensured by generating proofs that are subsequently
validated using a trusted proof checker.

Automatic Verification Comparable to Refinement Verification. As discussed in Section 4.4, we
elucidate how verification through KBX aligns with, and is comparable to, refinement verification.
This section also outlines methodologies for proving their compliance.

4 APPROACH
This section begins by formalizing the FSS problem using matching logic (Section 4.1), laying the
logical basis for the paper. We then introduce our solution, including three steps: the synthesis of
forward (Section 4.2) and backward (Section 4.3) transformations, and their use in simultaneous
verification and synchronization (Section 4.4). Additionally, Section 4.4 explores the meaning of
verification results in KBX.

4.1 Matching Logic-based Bidirectional Transformation Model
This section presents the KBX model, the logical foundation of the KBX framework, to formulate
the FSS problem in K framework. This model includes two matching logic theories Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙

by reforming the unidirectional one Γ𝑢𝑥 . Our synthesis uses this model to generate the formal BX
definitions from the unidirectional ones in K.
KBX Input: Unidirectional Transformation Definition Γ𝑢𝑥 . To provide an expressive and

intuitive way to construct BX, the KBX model introduces a unidirectional definition Γ𝑢𝑥 to capture
the consistency definition within K. This definition guides the transformations 𝑢𝑥 : 𝑀 → 𝑁 via
matching logic rewriting𝑚 𝜎𝑛 𝜎𝑠 ⇒ 𝜎𝑚 𝑛 𝜎𝑠 . These transformations begin with an input model
𝑚, an empty output model 𝜎𝑛 , and an initial transformation state 𝜎𝑠 . By substituting the rewrite
rules in Γ𝑢𝑥 , these transformations result in an empty input model 𝜎𝑚 , an output model 𝑛, and a
final transformation state 𝜎𝑠 . The following definition describes Γ𝑢𝑥 ’s function and enables users
to define consistency using K rewrite rules without limitations.

Definition 4. Given the sorts𝑀 , 𝑁 , 𝑆 and constants 𝜎𝑚 :𝑀,𝜎𝑛 :𝑁, 𝜎𝑠 :𝑆 , unidirectional transfor-
mation definition Γ𝑢𝑥 results in the following rewriting:

𝑚 :𝑀,𝑛 :𝑁 . Γ𝑢𝑥 ⊢𝑚 𝜎𝑛 𝜎𝑠 ⇒ 𝜎𝑚 𝑛 𝜎𝑠

In this context, the symbols𝑀 ,𝑁 , and 𝑆 denote the syntax sorts for the input model, output model,
and transformation helper, respectively. These sorts, such as the syntax of HCSP and plantUML, are
defined within the Γ𝑢𝑥 definition. Additionally, the definition includes a set of rewriting rules that
facilitate the transformation process through the rewriting theory. The definition configuration
declares the initial state and the structure of the states in the rewriting rules.
This formalization strikes a balance between specificity and generality. It is detailed enough

to define a transformation, yet flexible enough to accommodate diverse languages and semantics.
This is achieved without imposing limitations on the sorts 𝑀, 𝑁 (which define the syntax of
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transformation targets) and the rewrite rules in Γ𝑢𝑥 (which determine the semantics of consistency).
For instance, in Fig. 4, the syntax like “HCSP” is captured by𝑀, 𝑁 . The “configuration” (line 4)
specifies the initial transformation state as𝑚 𝜎𝑛 𝜎𝑠 , and the “rule” (lines 5-7) illustrates one of
the Γ𝑢𝑥 rules that govern the transformation process. Developers can adapt this model to other
transformations using “syntax” to define𝑀, 𝑁, 𝑆 , “configuration” to set the transformation state,
and “rule” to delineate transformation semantics.

KBX Output: Bidirectional Transformation Definitions Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙 . We present Def. 5
and Def. 6 to describe the bidirectional transformation definitions in matching logic.

First, we clarify the concept of forward definition Γ𝑝𝑢𝑡𝑟 by establishing its relation with Γ𝑢𝑥 . The
following definition guarantees that when applying the transformations defined by Γ𝑢𝑥 and Γ𝑝𝑢𝑡𝑟

to an input model𝑚, it will result in an identical transformed model 𝑛. Consequently, the forward
definition Γ𝑝𝑢𝑡𝑟 shares the same consistency definition as the unidirectional definition Γ𝑢𝑥 .

Definition 5. Given the sorts𝑀 , 𝑁 , 𝑆 , 𝐶 and constants 𝜎𝑚 :𝑀,𝜎𝑛 :𝑁, 𝜎𝑠 :𝑆 , the forward definition
Γ𝑝𝑢𝑡𝑟 mirrors the behavior of the unidirectional definition Γ𝑢𝑥 : ∀𝑚 :𝑀,𝑛 :𝑁 .∃𝑐 :𝐶, 𝑐′ :𝐶.

Γ𝑢𝑥 ⊢ 𝑚 𝜎𝑛 𝜎𝑠 ⇒ 𝜎𝑚 𝑛 𝜎𝑠
Γ𝑝𝑢𝑡𝑟 ⊢ 𝑚 𝜎𝑛 𝑐 𝜎𝑠 ⇒ 𝜎𝑚 𝑛 𝑐′ 𝜎𝑠

Second, we obtain the correct bidirectional definitions by refactoring the round-tripping laws
from Definition 1 with matching logic results in Definition 6. The definition Γ𝑝𝑢𝑡𝑟 achieves the same
directional transformation as Γ𝑢𝑥 , while Γ𝑝𝑢𝑡𝑙 accomplishes the reverse transformation. Unlike the
unidirectional definition Γ𝑢𝑥 , the bidirectional definitions Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙 incorporate the sort𝐶 and
its corresponding configuration to retain information that might be lost during the transformation.
Furthermore, according to PuxRL, it is ensured that Γ𝑝𝑢𝑡𝑟 accurately preserves information, and
Γ𝑝𝑢𝑡𝑙 effectively restores information. Similarly, PuxLR guarantees that Γ𝑝𝑢𝑡𝑙 correctly preserves
information, and Γ𝑝𝑢𝑡𝑟 aptly recovers information.

Definition 6. Given the sorts 𝑀 , 𝑁 , 𝑆 , 𝐶 and constants 𝜎𝑚 : 𝑀,𝜎𝑛 : 𝑁, 𝜎𝑠 : 𝑆 , bidirectional
transformation definitions Γ𝑝𝑢𝑡𝑟 , Γ𝑝𝑢𝑡𝑙 satisfy the following laws: ∀𝑚 :𝑀,𝑛 :𝑁, 𝑐 :𝐶, 𝑐′ :𝐶.

Γ𝑝𝑢𝑡𝑟 ⊢ 𝑚 𝜎𝑛 𝑐 𝜎𝑠 ⇒ 𝜎𝑚 𝑛 𝑐′ 𝜎𝑠
Γ𝑝𝑢𝑡𝑙 ⊢ 𝜎𝑚 𝑛 𝑐′ 𝜎𝑠 ⇒𝑚 𝜎𝑛 𝑐

′ 𝜎𝑠
(PuxRL)

Γ𝑝𝑢𝑡𝑙 ⊢ 𝜎𝑚 𝑛 𝑐 𝜎𝑠 ⇒𝑚 𝜎𝑛 𝑐
′ 𝜎𝑠

Γ𝑝𝑢𝑡𝑟 ⊢ 𝑚 𝜎𝑛 𝑐
′ 𝜎𝑠 ⇒ 𝜎𝑚 𝑛 𝑐′ 𝜎𝑠

(PuxLR)

In conclusion, we introduce the input definition Γ𝑢𝑥 and the output definitions Γ𝑝𝑢𝑡𝑟 , Γ𝑝𝑢𝑡𝑙 for
KBX, aligning it with the scope of matching logic. Given that each matching logic definition
corresponds to a K definition, developers can utilize the K framework to conveniently define
consistency and implement the unidirectional transformation. This involves using the syntax
keyword to define sorts 𝑀 , 𝑁 , and 𝑆 through EBNF-like grammar; the configuration keyword
to identify constants 𝜎𝑚 , 𝜎𝑛 , 𝜎𝑠𝑟 , and 𝜎𝑠𝑙 using XML-like grammar; the rule keyword to establish
rewrite/semantic rules within Γ𝑢𝑥 . By providing these K definitions, the K system automatically
generates transformation and verification tools for automatic verification and synchronization.
Nevertheless, composing bidirectional transformation definitions Γ𝑝𝑢𝑡𝑟 , Γ𝑝𝑢𝑡𝑙 poses challenges.

Firstly, designing and implementing complements is time-consuming and error-prone. Secondly,
managing numerous rewriting rules presents difficulties in ensuring accurate information storage
and recovery. These factors contribute to a substantial workload and reduced reliability. Hence, we
propose the subsequent synthesis to address these issues.
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4.2 Forward Transformation Synthesis
This section delves into the design of a complements structure and the synthesis workflow for the
forward transformation, denoted as 𝑝𝑢𝑡𝑟 , within the KBX framework.

Structure of the Complements Holder. Complements 𝐶 refers to the missing information to
be recovered during the forward (𝑝𝑢𝑡𝑟 ) and backward (𝑝𝑢𝑡𝑙 ) transformation. In KBX, we manipulate
this missing information in both directions of a BX by using a map that links common information to
distinct information on either side of a rewrite rule, represented as 𝑐𝑜𝑚𝑚𝑜𝑛 ↦→𝑚𝑖𝑠𝑠𝑖𝑛𝑔. To illustrate
this in the language-agnostic framework K, consider the case of unidirectional transformation
definition Γ𝑢𝑥 . This definition, as exemplified by lines 5-7 in Fig. 4, employs a set of rewrite rules
to define transformation semantics. For each rule within K definitions, various transformation-
related information types are identifiable: (1) Variables/Tokens (e.g., A , L , “#black”), (2) Syntax
productions like “log (_)” and “_:=_” and , (3) State productions, which are syntactic sugars for
generating “Cell” patterns (e.g. “<m> _ </m>”), (4) Side conditions that establish preconditions
and postconditions, and (5) Rule attributes (e.g. “ priority (_)”, which determine the rule adoption
order).

DiscerningMissing Information. We identify the𝑚𝑖𝑠𝑠𝑖𝑛𝑔 information by examining the asymmetry
around the rewrite symbol “=>” within the K definition Γ. This process involves dissecting Γ
into individual assessments of each rewrite rule. Such segmentation is reasonable because the
transformation process comprises distinct snapshots, each corresponding to the application of a
rewrite rule (as detailed in Section 2.2). Consequently, any information not present post-application
of a rule is deemed𝑚𝑖𝑠𝑠𝑖𝑛𝑔 after the transformation. Our analysis across different information
types leads to the following conclusions4:
• Variables/Tokens are identified as𝑚𝑖𝑠𝑠𝑖𝑛𝑔 if they are not present on both sides of the rewrite
symbol “=>”. For instance, L and R in the𝑢𝑥 transformation targets are considered𝑚𝑖𝑠𝑠𝑖𝑛𝑔
as their values cannot be deduced from the right side of the rewrite rule.
• Syntax productions are considered𝑚𝑖𝑠𝑠𝑖𝑛𝑔 when there is an overlap in matched pattern sets
on the right of two rewrite rules. This overlap impedes distinguishing syntax productions on
the left side from the other. We presuppose such overlaps do not occur on the left side of
Γ𝑢𝑥 ’s rewrite rules to maintain deterministic transformation over symbolic results.
• Other information types like state productions, rule attributes, and side conditions are not
categorized as𝑚𝑖𝑠𝑠𝑖𝑛𝑔. State productions and rule attributes remain constant through the
rewriting process, and while side conditions influence rule application, they do not modify
the state. Thus, they do not contribute to the𝑚𝑖𝑠𝑠𝑖𝑛𝑔 information during the transformation.

Designing Complements Holder. Identifying𝑚𝑖𝑠𝑠𝑖𝑛𝑔 information is a critical initial step, but it’s
insufficient for forming a practical structure for information recovery. To address this, we use a
“Map” in the K framework, structured as 𝑐𝑜𝑚𝑚𝑜𝑛 ↦→𝑚𝑖𝑠𝑠𝑖𝑛𝑔, ideal for data manipulation.

The 𝑐𝑜𝑚𝑚𝑜𝑛 element represents shared information across both sides of the rewrite rules,
facilitating consistent handling of the corresponding𝑚𝑖𝑠𝑠𝑖𝑛𝑔 information. However, defining what
constitutes 𝑐𝑜𝑚𝑚𝑜𝑛 is crucial. Overburdening the “Map” with excessive data leads to impractical
key sizes. Therefore, we selectively identify 𝑐𝑜𝑚𝑚𝑜𝑛 elements:
• Variables/Tokens. Included in 𝑐𝑜𝑚𝑚𝑜𝑛 when appearing on both sides across different states,
exemplified by A and P in Fig. 4. Conversely, variables/tokens common within the same
state are excluded. For instance, HCSPs and UMLs , which merely serve as the context of
rewrite rules, are excluded. Including such context-specific variables in 𝑐𝑜𝑚𝑚𝑜𝑛 would bloat

4Note that this analysis takes into account both directions of synchronization
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𝑐𝑜𝑚𝑚𝑜𝑛 and reduce its functionality, especially when slight changes in context render the
complements ineffective for information recovery.
• Syntax Productions. Ideally, 𝑐𝑜𝑚𝑚𝑜𝑛 could consist of left-hand syntax productions minus the
𝑚𝑖𝑠𝑠𝑖𝑛𝑔. Yet, this approach is computationally intensive. To simplify, each rule in 𝑐𝑜𝑚𝑚𝑜𝑛 is
assigned a unique ID. This facilitates the deterministic application of backward rewrite rules,
ensuring the recovery of missing syntax productions when common variables differ. However,
this approach introduces a limitation: it can result in indistinguishable syntax productions
on the left side in scenarios where missing syntax productions exist, and common variables
are identical across different rewrite rules. Despite this, it is reasonable, as identical syntax
productions (i.e., right-hand productions’ interactions) should inherently possess identical
semantics, consequently leading to identical corresponding left-hand syntax productions
rather than multiple discrete instances (i.e., missing syntax productions).
• Other information types. State productions and rule attributes, similar to variables common
in the same state, are excluded in 𝑐𝑜𝑚𝑚𝑜𝑛. Side conditions, analogous to syntax productions,
are efficiently managed using rule ID.

Consequently, the state structure is 𝑐𝑜𝑚𝑚𝑜𝑛 ↦→ 𝑚𝑖𝑠𝑠𝑖𝑛𝑔, where 𝑐𝑜𝑚𝑚𝑜𝑛 is a combination of
rule ID and common variables/tokens across different states, and𝑚𝑖𝑠𝑠𝑖𝑛𝑔 is different variables and
tokens. This structure’s generality lies in its reliance on information from the language-agnostic
K framework rather than specific transformation definitions. The rationale for this structure is
further explored in Section 4.3, where we discuss backward rewrite and synthesis.

Workflow of Forward Transformation Synthesis. Figure 5 depicts the detailed synthesis
workflow of KBX. We illustrate each step using Fig. 6, focusing on forward synthesis. The cor-
responding steps for backward synthesis are covered in Section 4.3, and step 8 is elaborated in
Section 4.4. This example showcases a segment of the forward transformation definition Γ𝑝𝑢𝑡𝑟 , de-
rived from the unidirectional Γ𝑢𝑥 in Fig. 4. The “configuration” keyword (line 1) sets up State+C ,
and the “rule” keyword (lines 4 to 7 and 9 to 12) defines rules in CreateR and PutR , respectively.
A key difference in Fig. 6 is the complements manipulation for recovering missing information.

Step 1: (𝑠𝑦𝑛𝑡𝑎𝑥, 𝑠𝑡𝑎𝑡𝑒, 𝑟𝑢𝑙𝑒𝑠) ← 𝐸𝑥𝑡𝑟𝑎𝑐𝑡 (𝑃𝑎𝑟𝑠𝑒 (Γ𝑢𝑥 )). The first step involves parsing the uni-
directional transformation Γ𝑢𝑥 into KAST, an intermediate representation in the K framework.
This parsing, aided by K, ensures the transformation targets’ syntax, like HCSP’s “_ ::= _”, is
intuitively represented. Then, we extract critical components from the KAST: 𝑠𝑦𝑛𝑡𝑎𝑥 (syntax defi-
nition, e.g., Fig. 4 lines 1-3), 𝑠𝑡𝑎𝑡𝑒 (transformation state declaration, e.g., Fig. 4 line 4), and 𝑟𝑢𝑙𝑒𝑠
(rewrite/semantic rules, e.g., Fig. 4 lines 5-7).
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1 // State+C
2 configuration <m> $PGM:HCSP </m> <n> .K </n> <s> .K </s> <c> .Map </c>
3 // CreateR: Complements Manipulation with Default Value
4 rule <m> [log( A ) , L := R ] HCSPs : List => HCSPs </m>
5 <n> UMLs : List => UMLs [ P −[#black]> P : A ] </n>
6 <s> P </s>
7 <c> Cp:Map => Cp [[1, A , P ] <− [[ L , R ], [#black ]]]</ c>
8 require Cp[[1, A , P ]] orDefault . List ==K . List
9 orBool Cp[[1, A , P ]] orDefault . List ==K [[ L , R ], [#black ]]
10 [ priority (51) ]
11 // PutR: Complements Manipulation with Complements Holder
12 rule <m> [log( A ) , L := R ] HCSPs : List => HCSPs </m>
13 <n> UMLs : List => UMLs [ P −[ C ]> P : A ] </n>
14 <s> P </s>
15 <c> Cp:Map [1, A , P ] |−> [[ _ , _ ], [ C ]]
16 => Cp:Map [1, A , P ] |−> [[ L , R ], [ C ]] </c>

Fig. 6. The K definition for the forward transformation of rule 1.

Step 2: 𝑠𝑡𝑎𝑡𝑒+𝑐 ← 𝐴𝑑𝑑𝐶𝐻𝑜𝑙𝑑𝑒𝑟 (𝑠𝑡𝑎𝑡𝑒). This step adds a complements holder (𝐴𝑑𝑑𝐶𝐻𝑜𝑙𝑑𝑒𝑟 ) to
the state for the forward transformation, differentiating it from the unidirectional state declaration.
The complements holder, a 𝑐𝑜𝑚𝑚𝑜𝑛 ↦→𝑚𝑖𝑠𝑠𝑖𝑛𝑔 “Map”, stores and retrieves missing information
during the transformation. As shown in Fig. 6 line 2, 𝐴𝑑𝑑𝐶𝐻𝑜𝑙𝑑𝑒𝑟 automatically generates the
complements-holder cell with a distinct name “c” and its initial state “ .Map”.
Step 3: 𝑐𝑟𝑒𝑎𝑡𝑒𝑟 ← ∀𝜑 : 𝑟𝑢𝑙𝑒 ∈ 𝑟𝑢𝑙𝑒𝑠. 𝐶𝑜𝑛𝑠𝑖𝑠𝑡 (𝜑 𝐶𝐻 (𝐶 => 𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛) ← (𝜑.𝑚𝑖𝑠𝑠𝑟 , 𝜑 .𝑚𝑖𝑠𝑠𝑙 ))).

This step involves enhancing each rewrite rule in the unidirectional transformation Γ𝑢𝑥 with
complements manipulation. The process, applied to all rules (𝑟𝑢𝑙𝑒𝑠), generates new rules (𝑐𝑟𝑒𝑎𝑡𝑒𝑟 )
that mirror the original rules but include the storage of complements. Specifically, the 𝐶𝐻 function
is employed to create a complements-holder pattern. This pattern dictates the rewriting of the
complements holder’s content (𝐶) to capture both 𝜑.𝑚𝑖𝑠𝑠𝑟 (variables/tokens unique to the left-hand
side) and 𝜑.𝑚𝑖𝑠𝑠𝑙 (unique to the right-hand side). If no𝑚𝑖𝑠𝑠𝑖𝑛𝑔 information (i.e. 𝜑.𝑚𝑖𝑠𝑠𝑟 , 𝜑.𝑚𝑖𝑠𝑠𝑙 ) is
detected, the original rule is retained unchanged. Additionally, the 𝐶𝑜𝑛𝑠𝑖𝑠𝑡 function ensures no
complements conflicts in the transformation source by verifying the state of 𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛). To
achieve this, we introduce a precondition to the rewrite rules in 𝑐𝑟𝑒𝑎𝑡𝑒𝑟 . This precondition checks
whether the set 𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛) is either empty or if 𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛) is equivalent to the𝑚𝑖𝑠𝑠𝑖𝑛𝑔 of
the given rewrite rule, denoted as 𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛) = () ∨𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛) = (𝜑.𝑚𝑖𝑠𝑠𝑟 , 𝜑 .𝑚𝑖𝑠𝑠𝑙 ).
Fig. 6 illustrates our approach in lines 4-10, introducing complements manipulation to Fig. 4 in

lines 5-7. In line 7, a complements-holder state cell “<c>” is utilized, driven by the 𝐶𝐻 function.
This cell involves a rewrite pattern whose left-hand side is any possible complements holder 𝐶
(i.e., “Cp:Map”). The right-hand side is a map update operation (“<−”). The map updates based on
the key: 𝜑.𝑐𝑜𝑚𝑚𝑜𝑛, i.e., a list of rule ID (“1”) and common variables/tokens ( A , P ). The updated
value is a list of 𝜑.𝑚𝑖𝑠𝑠𝑟 (i.e., L and R ) and 𝜑.𝑚𝑖𝑠𝑠𝑟 (i.e., “#black”). The𝐶𝑜𝑛𝑠𝑖𝑠𝑡 function generates
the side condition in lines 8-9. Line 10 introduces a lower priority for rule application, which is an
implementation compromise for 𝐻𝑃 in the next step.
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Note that, 𝐶 (e.g., “Cp”) can be any holder without impacting the application of rule 𝜑 . Thus, the
generated rewrite rules 𝑐𝑟𝑒𝑎𝑡𝑒𝑟 guides equivalent transformation to the original 𝑟𝑢𝑙𝑒𝑠 .

Step 4: 𝑝𝑢𝑡𝑟 ← ∀𝜑 ∈ 𝑟𝑢𝑙𝑒𝑠. 𝑙𝑒𝑡 𝜑 ′ ← 𝑇 2𝑉 (𝜑) 𝑖𝑛 𝐻𝑃 (𝜑 ′ 𝐶𝐻 (𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛) = (𝐴𝑛𝑦, 𝜑 ′ .𝑚𝑖𝑠𝑠𝑙 ) =>
𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛) = (𝜑 ′ .𝑚𝑖𝑠𝑠𝑟 , 𝜑 ′ .𝑚𝑖𝑠𝑠𝑙 ))). This step generates rewrite rules PutR (𝑝𝑢𝑡𝑟 ), using the
complements holder for information recovery. This recovery is achieved by the holder’s left-hand
side 𝜑 ′ .𝑚𝑖𝑠𝑠𝑙 . This rule also supports the modification of the synchronization source through 𝐴𝑛𝑦
and only uses 𝜑.𝑐𝑜𝑚𝑚𝑜𝑛 as the identification for obtaining missing information. This synthesis
step involves two new functions: 𝑇2𝑉 and 𝐻𝑃 . The 𝑇2𝑉 function converts all right-hand tokens
into variables to use the complements holder for information recovery, rather than the default
values. The 𝐻𝑃 function assigns these new rules a higher priority, ensuring they are applied before
𝑐𝑟𝑒𝑎𝑡𝑒𝑟 when matched complements exist.

Fig. 6 demonstrates the generation of 𝑝𝑢𝑡𝑟 in lines 12-16. This example mirrors Fig. 4 (lines 5-7),
except for the color token “#black” is changed to the variable C using 𝑇2𝑉 . The complements-
holder cell “<c>” is then generated according to the new pattern 𝜑 ′ using 𝐶𝐻 . As discussed before,
the 𝐻𝑃 function provides a lower priority to the rules in 𝑐𝑟𝑒𝑎𝑡𝑒𝑟 to ensure the precedence of 𝑝𝑢𝑡𝑟 .
This compromise is because the default priority in K is 50, which is also the highest priority.

Note that, the rules in 𝑝𝑢𝑡𝑟 are not applicable when complements are empty. In such cases, the
behavior of the transformation 𝑝𝑢𝑡𝑟 follows that of 𝑢𝑥 as per the rules in 𝑐𝑟𝑒𝑎𝑡𝑒𝑟 .

Step 5: Γ𝑝𝑢𝑡𝑟 ← 𝑃𝑟𝑖𝑛𝑡 (𝑠𝑦𝑛𝑡𝑎𝑥, 𝑠𝑡𝑎𝑡𝑒+𝑐 , 𝑐𝑟𝑒𝑎𝑡𝑒𝑟 , 𝑝𝑢𝑡𝑟 ). This step involves pretty printing the mod-
ified KAST into a readable K definition for Γ𝑝𝑢𝑡𝑟 .

Step 6: 𝑝𝑢𝑡𝑟 ← 𝐾𝑜𝑚𝑝𝑖𝑙𝑒 (Γ𝑝𝑢𝑡𝑟 ). The final step is compiling the Γ𝑝𝑢𝑡𝑟 definition into a verifiable
and executable forward transformer using 𝐾𝑜𝑚𝑝𝑖𝑙𝑒 .
In summary, the forward synthesis fulfills the following forward transformation requirements:

(1) When complements are absent, the forward transformation 𝑝𝑢𝑡𝑟 mirrors the unidirectional
transformation 𝑢𝑥 using rules in CreateR (𝑐𝑟𝑒𝑎𝑡𝑒𝑟 ). (2) With complements, 𝑝𝑢𝑡𝑟 uses PutR (𝑝𝑢𝑡𝑟𝑟 )
to recover missing information. (3) All missing information𝑚𝑖𝑠𝑠𝑖𝑛𝑔 is retained in the complements
holder 𝑐𝑜𝑚𝑚𝑜𝑛 ↦→𝑚𝑖𝑠𝑠𝑖𝑛𝑔, identifiable through 𝑐𝑜𝑚𝑚𝑜𝑛 between rewrite rules. (4) Transforma-
tion 𝑝𝑢𝑡𝑟 validates the consistency of missing information in the transformation source using
preconditions generated by 𝐶𝑜𝑛𝑠𝑖𝑠𝑡 . In essence, irrespective of whether the complements holder
has retained the information, 𝑝𝑢𝑡𝑟 maintains the same𝑚𝑖𝑠𝑠𝑖𝑛𝑔.

4.3 Backward Transformation Synthesis
Based on the complements holder and manipulation strategy, this section presents the synthesis
basis and workflow for the backward transformation 𝑝𝑢𝑡𝑙 .

Theory of Backward Rewrite: The synthesis is grounded in the concept of backward rewrite,
denoted as (−1) ∈ Σ, aimed at formulating rewrite rules that adhere to the round-tripping laws in
Definition 1. Yet, the primary focus here is on the pure recovery aspect of the backward rewrite.
The definition in matching logic reverses the left and right-hand sides of a rewrite rule 𝜑 , thus
creating its backward counterpart.

Definition 7. Given 𝜑 ≡ 𝜑𝑙ℎ𝑠 ⇒ 𝜑𝑟ℎ𝑠 , we define its backward rewrite rule, denoted as (𝜑)−1
(abbreviated for the application (_)−1𝜑), as follows:

(𝜑)−1 ≡ 𝜑𝑟ℎ𝑠 ⇒ 𝜑𝑙ℎ𝑠

This definition shows that the backward rewrite (_)−1 logically exchange 𝜑𝑙ℎ𝑠 and 𝜑𝑟ℎ𝑠 within
the rewrite rule 𝜑 . Aggregating these backward rewrite rules forms the backward semantics Γ−1,
which aligns with the back-forth law (BACKFORTH), enabling the recovery of initial states from final
states in forward semantics Γ.
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Definition 8. Given any rewrite rule 𝜑𝑙ℎ𝑠 ⇒ 𝜑𝑟ℎ𝑠 ∈ Γ, we define the backward semantics as (Γ)−1
as follows:

(𝜑𝑙ℎ𝑠 ⇒ 𝜑𝑟ℎ𝑠 )−1 ∈ (Γ)−1

This definition adheres to the back-forth law, which holds for all states 𝜑𝑖𝑛𝑖𝑡 and 𝜑 𝑓 𝑖𝑛𝑎𝑙 :

Γ ⊢ 𝜑𝑖𝑛𝑖𝑡 ⇒ 𝜑 𝑓 𝑖𝑛𝑎𝑙

(Γ)−1 ⊢ 𝜑 𝑓 𝑖𝑛𝑎𝑙 ⇒ 𝜑𝑖𝑛𝑖𝑡
(BACKFORTH)

The satisfaction of the BACKFORTH law can be understood through a two-step process. Firstly,
we break down the forward execution, denoted as Γ ⊢ 𝜑𝑖𝑛𝑖𝑡 ⇒ 𝜑 𝑓 𝑖𝑛𝑎𝑙 , into discrete sequential
steps from 𝜑𝑖 to 𝜑𝑖+1. At each step 𝜑𝑖 , we identify a corresponding rewrite rule 𝜑𝑙ℎ𝑠 ⇒ 𝜑𝑟ℎ𝑠 within
Γ and utilize a substitution 𝜃𝑖 such that 𝜑𝑙ℎ𝑠𝜃𝑖 ≡ 𝜑𝑖 , thereby progressing to the subsequent step
𝜑𝑖+1. Secondly, we initiate the backward execution commencing with the final state 𝜑 𝑓 𝑖𝑛𝑎𝑙 . At
each subsequent step 𝜑𝑖+1, we identify a corresponding backward rewrite rule (𝜑𝑙ℎ𝑠 ⇒ 𝜑𝑟ℎ𝑠 )−1
within the backward semantics (Γ)−1 and employ a substitution 𝜃𝑖+1 such that 𝜑𝑟ℎ𝑠𝜃𝑖+1 ≡ 𝜑𝑖+1,
effectively regressing to the previous step 𝜑𝑖 . The construction of the backward execution, denoted
as (Γ)−1 ⊢ 𝜑 𝑓 𝑖𝑛𝑎𝑙 ⇒ 𝜑𝑖𝑛𝑖𝑡 , takes place step by step. Specifically, it is not necessary to present the
reversed version of BACKFORTH like the round-tripping laws in Def. 1 since ((Γ)−1)−1 = Γ.

Workflow of Backward Transformation Synthesis. Leveraging the logical recovery potential
of the backward rewrite, we follow Figure 5’s steps to synthesize 𝑝𝑢𝑡𝑙 . Steps 1-2 are similar to
forward transformation synthesis (discussed in Section 4.2) and focus on subsequent steps. To
clarify, we provide the following segment from the K definition for the backward transformation.

1 // ( State+C)−1
2 configuration <m> .K </m> <n> $PGM:K </n> <s> .K </s> <c> .Map </c>
3 // CreateL: Complements Manipulation with Default Value
4 rule <m> HCSPs => [log( A ) , ?1? := ?2? ] HCSPs </m>
5 <n> UMLs [ P −[ C ]> P : A ] => UMLs </n>
6 <s> P </s>
7 <c> Cp:Map => Cp [[1, A , P ] <− [[ ?1? , ?2? ], [ C ]]]</ c>
8 require Cp[[1, A , P ]] orDefault . List ==K . List
9 orBool Cp[[1, A , P ]] orDefault . List ==K [[ ?1? , ?2? ], [ C ]]
10 [ priority (51) ]
11 // PutL: Complements Manipulation with Complements Holder
12 rule <m> HCSPs => [log( A ) , L := R ] HCSPs </m>
13 <n> UMLs [ P −[ C ]> P : A ] => UMLs </n>
14 <s> P </s>
15 <c> Cp:Map [1, A , P ] |−> [[ L , R ], [ _ ]]
16 => Cp:Map [1, A , P ] |−> [[ L , R ], [ C ]] </c>

Fig. 7. The K definition for the backward transformation of rule 1.

Step 2: (𝑠𝑡𝑎𝑡𝑒+𝑐 )−1 ← 𝑅𝑒𝑣𝑒𝑟𝑠𝑒𝐼𝑂 (𝑠𝑡𝑎𝑡𝑒+𝑐 ). In this step, we utilize the state declaration 𝑠𝑡𝑎𝑡𝑒+𝑐
from the forward synthesis and apply 𝑅𝑒𝑣𝑒𝑟𝑠𝑒𝐼𝑂 to interchange the input and output cells. This
interchange modifies their initial states without altering the overall configuration structure for
rewrite rules. For example, as demonstrated in Fig. 7 (line 2), 𝑅𝑒𝑣𝑒𝑟𝑠𝑒𝐼𝑂 identifies the input cell
(“<m>”) by its content, labeled as “$PGM”, which is then denoted as the terminal symbol “ .K”.
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Concurrently, the output cell (“<n>”) is assigned the content “$PGM” of type “K”, which denotes
any type defined in K including the syntax of the transformation target.
In line with the back-forth law (BACKFORTH), the unidirectional transformation 𝑢𝑥 should con-

clude with (𝑠𝑡𝑎𝑡𝑒+𝑐 )−1 to ensure accurate recovery. Therefore, developers must ensure that the
transformation 𝑢𝑥 concludes with its initial state 𝑠𝑡𝑎𝑡𝑒 , except the input cell becomes the terminal
symbol “ .K”, and the output cell is adaptable to any model with type “K”. Step 6 offers a modifi-
able definition, affording developers the flexibility to make alterations to (𝑠𝑡𝑎𝑡𝑒+𝑐 )−1 and thereby
eliminating constraints on the final state of 𝑢𝑥 .

Step 3: 𝑐𝑟𝑒𝑎𝑡𝑒𝑙 ← ∀𝜑 : 𝑟𝑢𝑙𝑒 ∈ 𝑟𝑢𝑙𝑒𝑠. 𝐹 4 (𝑉𝑇 2𝑀 (𝜑−1)). This step enhances each rewrite rule in Γ𝑢𝑥 ,
integrating backward rewriting and complements manipulation. Firstly, we apply the backward
rewrite, (_)−1, to each rule 𝜑 , creating its backward. In Fig. 7 (lines 4-6, 12-15), this is shown as a
reversed rewrite pattern within cells <m>, <n>, and <s>. This reversal also includes the contents
of require and ensure, as well as ensuring consistency and standardization of variables within
the rule. Secondly, the 𝑉𝑇2𝑀 function transforms variables and tokens, appearing only on the
right side of “=>”, into question marks with unique identifiers. As demonstrated in Fig. 7 line 4,
variables L and R become ?1? and ?2?, respectively. This conversion enables users to define their
Default Value for unknown missing information. Lastly, 𝐹 4 function mirrors the operation in Step
4 of forward synthesis, as shown in the following desugared format:

𝑐𝑟𝑒𝑎𝑡𝑒𝑙 ←∀𝜑 : 𝑟𝑢𝑙𝑒 ∈ 𝑟𝑢𝑙𝑒𝑠.let 𝜑 ← 𝑉𝑇 2𝑀 (𝜑−1) in
𝐶𝑜𝑛𝑠𝑖𝑠𝑡 (𝜑 𝐶𝐻 (𝐶 => 𝐶 (𝜑.𝑐𝑜𝑚𝑚𝑜𝑛) ← (𝜑.𝑚𝑖𝑠𝑠𝑟 , 𝜑 .𝑚𝑖𝑠𝑠𝑙 )))

Note that, the interpretation of𝜑.𝑚𝑖𝑠𝑠𝑟 and𝜑.𝑚𝑖𝑠𝑠𝑙 is relative to the unidirectional transformation
𝑢𝑥 direction. In the backward synthesis context, 𝜑.𝑚𝑖𝑠𝑠𝑟 represents variables/tokens unique to the
right-hand side, and 𝜑.𝑚𝑖𝑠𝑠𝑙 to those unique to the left-hand side. Fig. 7 lines 4-10 showcases the
rule generated in this step.
Step 4: 𝑝𝑢𝑡𝑙 ← 𝐸𝑥𝐴𝑛𝑦 ((𝑝𝑢𝑡𝑟 )−1). In this step, we apply the backward rewrite to each rule in

𝑝𝑢𝑡𝑟 , creating their backward counterparts in 𝑝𝑢𝑡𝑙 . The 𝐸𝑥𝐴𝑛𝑦 function exchange the postion of
𝐴𝑛𝑦 on the left-hand side of 𝑝𝑢𝑡𝑟 , obtaining (𝜑 ′ .𝑚𝑖𝑠𝑠𝑟 , 𝐴𝑛𝑦) for 𝑝𝑢𝑡𝑙 . This process ensures complete
adherence to the BACKFORTH, enabling a seamless transition between states in the transformation
trace for recovery. The application of this step is exemplified in Fig. 7 (lines 12-15).

Step 5: Γ𝑝𝑢𝑡𝑙 ← 𝑃𝑟𝑖𝑛𝑡 (𝑠𝑦𝑛𝑡𝑎𝑥, (𝑠𝑡𝑎𝑡𝑒+𝑐 )−1, 𝑐𝑟𝑒𝑎𝑡𝑒𝑙 , 𝑝𝑢𝑡𝑙 ). This step prints the modified KAST into
a K definition for Γ𝑝𝑢𝑡𝑙 .
Step 6: 𝑝𝑢𝑡𝑙 ← 𝐾𝑜𝑚𝑝𝑖𝑙𝑒 (Γ𝑝𝑢𝑡𝑙 ). Finally, Γ𝑝𝑢𝑡𝑙 is compiled into an executable backward trans-

former 𝑝𝑢𝑡𝑙 using 𝐾𝑜𝑚𝑝𝑖𝑙𝑒 .
In summary, these steps yield 𝑝𝑢𝑡𝑙 , the backward transformation, which, in conjunctionwith 𝑝𝑢𝑡𝑟 ,

achieves formal bidirectional transformation for simultaneous verification and synchronization.
The round-tripping laws’ satisfaction will be discussed in the following section.

4.4 Formal Synchronizer for Simultaneous Synchronization and Verification
This section introduces a formal synchronizer in the KBX framework, leveraging transformers 𝑝𝑢𝑡𝑟
and 𝑝𝑢𝑡𝑙 . This synchronizer ensures simultaneous synchronization and verification of consistency
relation 𝑅 between models𝑚 and 𝑛, backed by formal proofs. It also aligns with the round-tripping
laws (Definition 1) to guarantee reasonable synchronization and establishes an equivalence be-
tween 𝑅 and refinement relation 𝑅𝑟𝑒 𝑓 through forward simulation. The workflow, including both
synchronization and verification processes, is depicted in Fig. 8.
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Let𝑚 and 𝑛 respectively represent an HCSP program and a UML model, with 𝑐𝑛 denoting missing UML information
in HCSP (e.g., color). This information is extracted as per the K definition Γ𝑝𝑢𝑡𝑙 , verified by 𝑝𝑟𝑜𝑜 𝑓𝐿 . A synchronized
UML model, 𝑛′ , is achieved, whose consistency with𝑚 is confirmed by 𝑝𝑟𝑜𝑜 𝑓𝑅 . Consistency between HCSP (𝑀) and
UML (𝑁 ) is defined by Γ𝑢𝑥 , inherited by definitions Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙 .

Fig. 8. The Workflow of Formal Synchronizer.

Reasonable Synchronization Satisfying Round-tripping Laws. The synchronizer inputs
two models 𝑚 and 𝑛 and outputs synchronized models 𝑚′ and 𝑛′. Fig. 8 illustrates a typical
synchronization scenario where𝑚 remains unchanged (𝑚 =𝑚′), and 𝑛 is adjusted to align with𝑚.
The synchronizer is versatile, allowing synchronization in both directions due to the commutative
nature of 𝑝𝑢𝑡𝑟 and 𝑝𝑢𝑡𝑙 . Step 1 involves applying 𝑝𝑢𝑡𝑙 to model 𝑛, extracting missing information 𝑐𝑛
relative tomodel𝑚. This step primarily uses rules from 𝑐𝑟𝑒𝑎𝑡𝑒𝑙 as no information in the complements
holder matches rules in 𝑝𝑢𝑡𝑙 . Step 2 employs 𝑝𝑢𝑡𝑟 , incorporating 𝑐𝑛 into the complements holder,
to produce the consistent model 𝑛′. This step relies on rules in 𝑝𝑢𝑡𝑟 , where missing information is
available in the complements holder.
These two steps are integrated into 𝑝𝑢𝑡𝑟 as outlined in Definition 1, and reversing their order

results in 𝑝𝑢𝑡𝑙 , ensuring compliance with the round-tripping laws. To elaborate, upon completing
these steps, the output is (𝑛, 𝑐′) as per PUTLR. Applying the transformer 𝑝𝑢𝑡𝑙 to this output yields
the same (𝑚,𝑐′). The complements holder remains unchanged since steps 1 and 2 have already
captured the information from both 𝑚 and 𝑛, and the rules in both 𝑐𝑟𝑒𝑎𝑡𝑒𝑟 and 𝑝𝑢𝑡𝑟 preserve
identical information for the same source. Consequently, the original𝑚 is retrieved using only the
rules in 𝑝𝑢𝑡𝑙 . The rules in Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙 adhere to the BACKFORTH law, barring the complements
holder. For instance, regardless of whether a rule is in 𝑐𝑟𝑒𝑎𝑡𝑒𝑟 or 𝑝𝑢𝑡𝑟 , applying 𝑝𝑢𝑡𝑙 retrieves the
same left-hand side, leading back to𝑚 from (𝑛, 𝑐′). Since the BACKFORTH law is directionally neutral,
this process is reversible, ensuring the round-tripping laws are fully met.

Reliable Verification Comparable to Refinement Verification. Steps 3-4 in the verification
process verify the consistency between𝑚 and 𝑛′. Step 3 generates proof 𝑝𝑟𝑜𝑜 𝑓𝐿 , confirming that the
generation of 𝑐𝑛 aligns with Γ𝑝𝑢𝑡𝑙 rules. Step 4 produces proof 𝑝𝑟𝑜𝑜 𝑓𝑅 , verifying the consistency of
𝑛′ with𝑚 as per the K definition Γ𝑝𝑢𝑡𝑟 . Both proof generation processes follow the methodologies
presented in [Chen et al. 2021a]. These processes involve initially producing proof hints during
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transformation. Subsequently, we leverage these hints to construct Metamath proofs. These proofs
encompass axioms derived from the K definition, a proof goal that validates the correctness of
the rewriting from 𝜑𝑖𝑛𝑖𝑡 to 𝜑 𝑓 𝑖𝑛𝑎𝑙 , and a demonstration using the matching logic proof system
and axioms to substantiate this goal. We then employ a Metamath checker to confirm that the
generated proof satisfactorily resolves the proof goal. Proof generation, independent of transformer
application order, is grounded in Γ𝑢𝑥 and synthesis algorithms, forming the formal definition of
consistency relation 𝑅.

Definition 9. The consistency relation 𝑅 between arbitrary models𝑚 : 𝑀 and 𝑛 : 𝑁 is defined as
follows,

(𝑚,𝑛) ∈ 𝑅 ≡ Γ𝑝𝑢𝑡𝑟 ⊢𝑚 𝜎𝑛 𝜎𝑐 𝜎𝑠 ⇒ 𝜎𝑚 𝑛′ 𝑐 𝜎𝑠 ∧ Γ𝑝𝑢𝑡𝑙 ⊢ 𝑛 𝜎𝑚 𝑐 𝜎𝑠 ⇒ 𝜎𝑛 𝑚 𝑐′ 𝜎𝑠

or equivalently,

(𝑚,𝑛) ∈ 𝑅 ≡ Γ𝑝𝑢𝑡𝑙 ⊢ 𝑛 𝜎𝑚 𝜎𝑐 𝜎𝑠 ⇒ 𝜎𝑛 𝑚
′ 𝑐 𝜎𝑠 ∧ Γ𝑝𝑢𝑡𝑟 ⊢𝑚 𝜎𝑛 𝑐 𝜎𝑠 ⇒ 𝜎𝑚 𝑛 𝑐′ 𝜎𝑠

The relation 𝑅 between models𝑚 and 𝑛 has two equivalent definitions based on the application
order of Γ𝑝𝑢𝑡𝑟 and Γ𝑝𝑢𝑡𝑙 . In both of these definitions, the left side of the conjunction is employed
for acquiring complements based on Γ𝑢𝑥 , while the right side of the conjunction incorporates the
constancy defined within Γ𝑢𝑥 . To clarify the compliance, the refinement relation 𝑅𝑟𝑒 𝑓 is defined
similarly but with operational semantics Γ𝑀 and Γ𝑁 .

Definition 10. The refinement relation 𝑅𝑟𝑒 𝑓 between arbitrary models𝑚 : 𝑀 and 𝑛 : 𝑁 is defined
as follows:

(𝑚,𝑛) ∈ 𝑅𝑟𝑒 𝑓 𝑖𝑛𝑒 ≡ (Γ𝑀 ⊢𝑚 𝜎𝑠𝑚 ⇒ 𝜎𝑚 𝑠𝑚)
∧ (Γ𝑁 ⊢ 𝑛 𝜎𝑠𝑛 ⇒ 𝜎𝑛 𝑠𝑛)
∧ 𝑅𝑆 𝜎𝑠𝑚 𝜎𝑠𝑛 ∧ 𝑅𝑆 𝑠𝑚 𝑠𝑛

Here, Γ𝑀 and Γ𝑁 are the operational semantics for models𝑚 and 𝑛, while 𝑠𝑚 and 𝑠𝑛 represent the
execution states for these semantics. 𝜎𝑠𝑚 and 𝜎𝑠𝑛 refer to the initial states of𝑚 and 𝑛, respectively,
and 𝑅𝑆 defines the state relation predicate pattern. The semantics Γ𝑀 and Γ𝑁 are defined as follows:
∀𝑚 :𝑀,𝑛 :𝑁 . ∃𝑠𝑚 :𝑆𝑀 , 𝑠𝑛 :𝑆𝑁 .

Γ𝑀 ⊢𝑚 𝜎𝑠𝑚 ⇒ 𝜎𝑚 𝑠𝑚 Γ𝑁 ⊢ 𝑛 𝜎𝑠𝑛 ⇒ 𝜎𝑛 𝑠𝑛

Hence, there are three types of compliance relations between consistency relation 𝑅 and refine-
ment relation 𝑅𝑟𝑒 𝑓 : (1) 𝑅 is an equivalent of 𝑅𝑟𝑒 𝑓 (written 𝑅 = 𝑅𝑟𝑒 𝑓 ); (2) 𝑅 is a refinement of 𝑅𝑟𝑒 𝑓
(written 𝑅 ⊂ 𝑅𝑟𝑒 𝑓 ); (3) 𝑅𝑟𝑒 𝑓 is a refinement of 𝑅 (written 𝑅𝑟𝑒 𝑓 ⊂ 𝑅). Table 1 compares KBX-based
verification and refinement verification for models𝑚 and 𝑛.

Table 1. Comparison of KBX-based Verification and Refinement Verification.

KBX Refinement

Trust Base Γ𝑝𝑢𝑡𝑟 , Γ𝑝𝑢𝑡𝑙 (or Γ𝑢𝑥 , Synthesis) Γ𝑀 , Γ𝑁 , 𝑅𝑆
Applicable Complex M,N; Simple M,N Relation Simple M,N; Complex M,N Relation
Method Verified Synchronization Symbolic Execution or Theorem Proof

On Failure Automatic Alignment Manual Alignment

In summary, KBX provides a formal synchronizer that facilitates reasonable synchronization
and reliable consistency verification between models𝑚 and 𝑛.
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Table 2. The satisfaction of BX frameworks in terms of Expressiveness (E) and Trustworthiness (T).

KBX BiGUL BiYacc JTL eMoflon NMF EVL+ BXtend Hobit

1 §4.1 3 6 7 3 9 3 11 12
2 §4 4 6 7 3 9 10 11 13
3 1 5 6 3 3 3 3 11 12
4 §4 5 6 8 3 3 3 11 12
5 1 5 6 8 3 3 3 11 12
6 §4.1 4 6 8 3 9 3 11 12
7 2 5 6 8 3 3 3 3 12

1 [Chen et al. 2021a]; 2 [Fra 2023]; 3 [Anjorin et al. 2020]; 4 [Ko et al. 2016]; 5 [Hu and Ko 2018]; 6 [Zhu et al. 2020];
7 [Cicchetti et al. 2011]; 8 [Eramo et al. 2018]; 9 [Hinkel and Burger 2019]; 10 [Samimi-Dehkordi et al. 2018];
11 [Buchmann et al. 2022]; 12 [Matsuda and Wang 2018]; 13 [Yamaguchi et al. 2021]

5 EVALUATION
We have implemented the proposed approach in the KBX tool, which is built on top of theK formal
framework. To assess the effectiveness of our KBX, we address the following research questions:

• RQ1: How does the development efficiency and trustworthiness of KBX compare to the
existing BX frameworks?
• RQ2: How does KBX perform in terms of both its expressiveness and trustworthiness as a
verification approach?
• RQ3: How can KBX facilitate the development of formal BX between UML and concurrent
HCSP to address our industrial scenarios?

5.1 RQ1: Comparison with Existing BX Framework
In this section, we compare KBX against other BX frameworks using the criteria of development
efficiency(E) and trustworthiness(T) in Table 2. Concerning [Anjorin et al. 2020; Buchmann et al.
2022], we choose typical and relevant BX frameworks for comparison, including BiGUL [Bettini
and Efftinge 2016; Ko et al. 2016], BiYacc [Zhu et al. 2015], JTL [Cicchetti et al. 2011], eMoflon [Wei-
dmann et al. 2019], NMF [Hinkel and Burger 2019], EVL+Strace [Samimi-Dehkordi et al. 2018],
BXtend [Buchmann 2018]+BXtendDSL [Buchmann et al. 2022], and Hobit [Matsuda and Wang
2018]+Synbit [Yamaguchi et al. 2021]. Specifically, we present the following assessment questions
to qualify for the industrial requirements:

E: The capability of constructing BX efficiently:
1: Can we construct symmetric BX without implementing two asymmetric BX programs?
– Rationale: Missing information on both sides of synchronization necessitates two asym-
metric lenses, raising implementation costs and increasing the likelihood of errors in
synchronizer development and maintenance.

2: Can we construct BX in consistency definitions (e.g., unidirectional transformation defini-
tions) without implementing the BX programs?

– Rationale: Although every programming language can implement BX, the consistency
definition streamlines this by merging two-sided transformation and complement concepts
into one representation.

3: Can we construct BX with BNF-like grammar without implementing parsers, printers, etc?
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– Rationale: Given that our intended synchronization targets are models or programs in
various languages, the BX framework should automatically generate synchronizers that
can manage these targets efficiently without additional effort.

T: The capability of trustworthiness for verification:
4: Can we define formal correctness specification for bidirectional transformation directly?
– Rationale: If the answer is affirmative, BX developers can formally verify their BX programs,
eliminating the implementation and trust in translating into formal frameworks.

5: Can we verify the formal specification during the synchronization?
– Rationale: This guarantees rigorous adherence of the synchronized targets to the user-
defined formal specifications.

6: Can we guarantee the BX behavior by explicit laws?
– Rationale: BX without an explicit rule lacks a clear definition of rational synchronization.
7: Can we validate the execution of BX with a proof checker?
– Rationale: This question ensures that the synchronized targets adhere to the formal defini-
tion of consistency, which is reliable and can be readily verified by a third party.

Table 2 displays the BX frameworks’ evaluation results, with each cell indicating a framework’s
response to an assessment question. A “Yes” response is green and a “No” response is red. Every
response in the table refers to specific evidence, indicated by a corresponding number at the table’s
bottom. Under the same evaluation methodology, we present the relation between our evidence
with the assessment question as follows.

(1) Section 4.1 captures the symmetric lenses.
(2) Sections 4.2 and 4.3 introduce the bidirectional transformation synthesis algorithm.
(3) Section 4.1 takes K specifications as input and output, while K framework [Fra 2023] can

generate corresponding tools automatically. Additionally, [Chen et al. 2021a] presents a
simple K definition with BNF-like grammar.

(4) Section 4.1 shows that KBX’s input is K definition that allows specifications for correctness
like [Alpuente et al. 2020; Hathhorn et al. 2015]. Since the algorithms in Sections 4.2 and
4.3 focus on the complements recovery and don’t modify the specification, the correctness
specification also affects the bidirectional transformation.

(5) Section 4.1 takes K specifications as input and output, while K [Fra 2023] allows symbolic
execution for verification using these specifications.

(6) Section 4.1 formalizes the round-tripping laws within matching logic. Sections 4.2 and 4.3,
present algorithms to synthesize bidirectional transformations that align with these laws.

(7) Sections 4.2 and 4.3 demonstrate KBX’s ability to generate bidirectional transformation K
specifications. Subsequently, we can employ these specifications to verify the execution of
BX automatically using the method proposed in [Chen et al. 2021a].

To better illustrate KBX’s efficacy in constructing BX, we employ the Family and Person BX
benchmark introduced by [Anjorin et al. 2020]. We successfully passed all the benchmark tests,
and the statistics for definition size are as follows:

Table 3. Size of the transformation definitions of all solutions.

KBX BiGUL BiYacc JTL eMoflon NMF EVL+ BXtend Hobit

LOC 35 176 - 227 217 279 1299 211 -
N words 482 1010 - 773 337 607 2878 565 -

KBX synthesizes 2459 words definition for bidirectional transformation.
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The table presents several metrics, including Lines of Code (LOC) and word counts (N words),
with a "-" indicating missing data. The data reveals that constructing BX with KBX requires the
least human effort. This benchmark exclusively employs JSON as both input and output formats
and omits the line of code count for the parser and printer, which constitutes a significant portion.
Indeed, the generated definition extends to 2,459 words, highlighting the substantial labor involved
in implementing BX within the K framework without the assistance of KBX.

In summary, despite graphical limitations such as the absence of a graph language and interface,
KBX surpasses other BX frameworks for a specific set of queries.

5.2 RQ2: Capability as a Verification Approach
In this section, we shift our attention from KBX synchronization capabilities to its verification
potential. We will compare KBX with existing verification methods to answer two crucial questions:
• RQ 2.1: What level of verification can we achieve through KBX expressiveness?
• RQ 2.2: How trustworthy are the outcomes of this verification process?

RQ 2.1: We first evaluate the verification specification (i.e. input) of KBX. KBX employs the
expressive language of the K framework for specification. This choice draws upon the proven
expressiveness of the K framework as demonstrated in various language semantics, including
Java [Bogdanas and Roşu 2015] and x86-64 [Dasgupta et al. 2019]. Hence, KBX empowers users
with an intuitive and concise means of defining intricate transformations and valuable correctness
specifications. An example of such a correctness specification is the handling of undefined behavior
of C, as proposed by [Hathhorn et al. 2015].

Furthermore, beyond the need for additional correctness definitions, the unidirectional transfor-
mation definition itself can serve as a specification for consistency verification. This means that
the synchronized models are verified consistent after bidirectional transformation. Additionally,
the consistency relation aligns with the refinement relation, typically proven through forward sim-
ulation, a well-known approach in formal verification used by projects like seL4 [Klein et al. 2010].
More detailed information regarding this equivalence can be found in Section 4.4. Consequently,
the synchronized models also pass the refinement verification.

However, KBX introduces certain limitations on specification descriptions due to its rudimentary
implementation. To ensure correct bidirectional transformation, the initial state must be equivalent
to the termination state in the user-defined unidirectional transformation, except for the input and
output cells. Furthermore, the implementation of backward rewrite lacks specialized handling of
functions, necessitating K to have the capability to match the left-hand side of the rewriting that
involves functions — a feature currently not supported by K.

RQ 2.2: To assess trustworthiness, we examine the trust base of KBX — a critical factor necessary
for establishing confidence in the verification outcome.

To begin with, we place our trust in the verification tool — the K framework. [Chen et al. 2021a]
have introduced an approach to minimize the trust base associated with the K framework. They
achieve this by reducing it to two key components: the metamath proof checker and the matching
logic theory within metamath. Metamath proof checkers consist of just a few hundred lines of code,
yet they can efficiently verify thousands of theorems in mere seconds. Moreover, the matching
logic theory comprises a concise 245 lines of code.
Another facet of trustworthiness pertains to the verification specifications, which serve as

input for K and output of KBX. These specifications consist of the bidirectional transformation
definitions written in K, making them suitable for manual correctness validation. To enhance
trustworthiness further, we can integrate handwritten unidirectional transformation and synthesis
programs. Notably, unidirectional transformation definitions are more straightforward and concise
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compared to their bidirectional counterparts. The core implementation of the synthesis algorithm,
after removing operations responsible for manipulating and extracting K syntax structures, contains
fewer than 1000 lines of code.

In summary, KBX has the capability to verify model correctness, consistency, and refine-

ment with a minimal trust base and small constraints on the expressiveness of K.

5.3 RQ3: Formal HCSP and UML BX for Industrial Scenarios
This section presents the first HCSP and UML BX, showcasing KBX’s real-world effectiveness in
addressing industrial challenges (Section 3.1). This BX enables automatic synchronization of the
HCSP and UML models and verification of their consistency. During our collaboration with an
industry partner, we focus on modeling and validating a critical function in maglev train systems:
partition handover. The function, encompassing 13 system components and 29 message types,
requires seamless and secure transitions of maglev trains between rail segments and communication
partitions. This necessity arises from the constraints of limited rail length and wireless communi-
cation range. Due to the use of different modeling languages, the development and verification
of multiple models is tedious and error-prone. For example, communication and synchronization
take up most of the time during the five iterations to construct the 15 UML diagrams and 10 HCSP
scenarios. Furthermore, besides the 2 problems caused by understanding and 4 safety problems
found by simulation, there are 58 severe problems owing to model inconsistency.
Therefore, to streamline our efforts and rigorously prove the consistency of this safety-critical

system, we explore various methods for model synchronization and verification. Table 4 outlines
the costs before synchronization (Construction Costs), the expenses for maintaining and verifying
consistency (Usage Costs), and the benefits resulting from synchronization and verification. Among
these approaches, KBX offers an avenue for achieving verified synchronization with reduced costs
while maintaining the trustworthiness of the formal method.

Table 4. Comparison of Consistency Maintenance and Verification Approaches

Approach Construction Costs Usage Costs Benefits

Manual (1) Consistency definition docu-
mentation.

(1) Manual model synchroniza-
tion. (2) Consistency documenta-
tion.

Traceable consistency
of manual safeguards

Verified
Translator

(1) translator from HCSP to UML.
(2) translator from UML to HCSP.
(3) verification of the translators.

(1) Automatic translation Verified consistency
without complements

Forward
simulation
& BX

(1) BX program for HCSP and
UML synchronization.

(1) Automatic synchronization.
(2) Verification and (3) Correction
of the synchronized models.

Verified consistency

Formal BX (1) formal specifications of for-
ward transformation and (2)
backward transformation (3) ver-
ification of round-tripping laws

(1) Automatic synchronization
with formal validation.

Verified consistency

KBX (1) formal unidirectional transfor-
mation specification

(1) Automatic synchronization
with formal validation.

Verified consistency

Using KBX, we first construct the HCSP to UML K transformation, and then generate the UML
and HCSP BX K transformation definitions automatically by the synthesizer based on Sections 4.2
and 4.3. With this BX definition, K generates tools for synchronization and verification.
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Table 5. Support statistics for HCSP and plantUML.

HCSP skip assignment channel wait conditional interrupt hybrid
plantUML message comment loop option alt group color
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Fig. 9. Transformation Configuration for UML and HCSP BX.

Table 5 illustrates the features we have supported for HCSP and plantUML. The first row denotes
the features supported for HCSP, while the second row pertains to the features supported for
plantUML. While some features may not be included, the supported set consists of all crucial HCSP
features, sufficient for modeling high-speed maglev train partition handover behavior. Next, we
outline some of the technical steps involved in constructing the HCSP and UML BX: (1) Devel-
oping a unidirectional transformation from HCSP to plantUML. (2) Synthesizing a bidirectional
transformation between HCSP and plantUML.

Developing a unidirectional transformation from HCSP to plantUML. First, we construct
a transformation definition from HCSP to PlantUML within the K framework. We opt for this
approach because it simplifies the process by starting with deterministic semantics while also
offering ample support for HCSP features. This definition encompasses the syntax of both HCSP
and PlantUML, defines the program configuration to describe the state structure and initial state,
and formulates rewrite rules to specify the relation between HCSP and PlantUML.
Program configuration. Fig. 9 visually represents the configuration related to 𝑀 , 𝑁 , and 𝑆 dis-

cussed in Section 4.1. The HCSP programs to transform are contained in csp-programs, while the
transformed models in UML are stored in sequences. The state 𝑆 is instantiated by csp-process-list,
csp-globals, and threads, initialized with empty “.” in sort “𝐾".
Rewrite rules. Constructing these rules presents challenges owing to semantic disparities. For

instance, both HCSP and UML sequence diagrams incorporate communication, but HCSP applies
channels for message transmission, while UML dispatches messages directly to objects. This
divergence becomes evenmore intricate when addressing loops, interrupts, and other functionalities.
Therefore, we introduce some of HCSP’s concurrent semantics (i.e. spawn and join) to accurately
describe the transformation process. The following phases offer a glimpse into our semantics.
(1) Initialization: The first phase stores global information in csp-process-list and csp-globals. For

each process or system, csp-globals maintains the identifier, type (process or system), and
statements, while csp-process-list contains the original order of process identifiers as defined
by the HCSP programs.
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(2) Spawn: The second phase spawns all the processes from csp-globals and csp-process-list to
threads. Variables are assigned as follows: thread-id is set to csp-global-id, k is set to csp-
statement-block, and sequence-diagram is set to empty list .𝐿𝑖𝑠𝑡 .

(3) Transformation: The third phase constructs the transformation from HCSP statements to
UML “statements”, which is the key part of the transformation specification.

(4) Join: The forth phase join processes into sequences. For each process joined, we output the
corresponding sequence-diagram to the sequence-output.

(5) Termination: The final phase standardizes UML in sequence-output to obtain correct plantUML
sequence diagram.

Synthesizing a bidirectional transformation between HCSP and plantUML. Second, KBX
derives bidirectional transformation definitions from the given unidirectional transformation def-
inition. Table 6 provides a comparison between transformations produced manually and those
generated by KBX. Notably, KBX reduces code volume by 82.8%, as calculated by the formula
𝑇𝑜𝑡𝑎𝑙𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑−𝑈𝑛𝑖𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙

𝑇𝑜𝑡𝑎𝑙𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑
. Moreover, KBX simplifies the development process by handling com-

plements and round-tripping laws, typically the most challenging aspects, relieving users’ burdens.

Table 6. Size of the transformation definitions.

Unidirectional Forward Backward Total Generated

N words 2105 4431 5790 10221

In summary, KBX is effective in the development of real-world formal HCSP and plan-

tUML BX, significantly improving the efficiency of this process.

6 RELATEDWORK
Consistency Verification. To verify complete systems, the utilization of multiple models is

imperative due to limitations imposed by the language, the intricacy of the system itself, and the
need to adhere to certain standards [Kulik et al. 2022; Reid et al. 2020]. Researchers have employed
various approaches, such as refinement verification, translation validation, and verified translators,
to guarantee the consistency of these models.

Refinement verification [Back and Wright 2012; Morgan et al. 1988] is a common mechanism for
ensuring consistency through forward simulation. For instance, [Chen et al. 2018; Klein et al. 2010; Li
et al. 2021] verify the consistency of models across various abstract levels, ensuring the correctness
of the operating system, device driver, and hypervisor. Translation validation is another approach for
consistency verification [Bang et al. 2022; Lopes et al. 2021; Sewell et al. 2013], which automatically
validates the correctness of the compilation process, ensuring the consistency between compilation
sources and targets. Previous studies [Lano et al. 2015; Leinenbach 2008; Leroy 2012; Srivastava
et al. 2010] proposed transformation verification methods to obtain verified translators. These
approaches can automatically convert models while rigorously ensuring consistency. However, they
only offer unidirectional transformations without the capability to recover missing information or
perform reverse transformations.
Bidirectional Transformation. BX offers a practical solution for model synchronization and

multiple BX frameworks have emerged [Anjorin et al. 2020; Bettini and Efftinge 2016; Buchmann
2018; Buchmann et al. 2022; Cicchetti et al. 2011; Ko et al. 2016; Matsuda and Wang 2018; Weidmann
et al. 2019] that propose their bidirectional programming languages. For expressiveness, BiYacc [Zhu
et al. 2015] presents a language-oriented language to roll the parser and reflective printer into
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one, but doubts arise about BiYacc’s capability for BX between different languages due to the
similarity between language syntax and its abstract syntax tree (AST). Hobit [Matsuda and Wang
2018] enhances expressiveness by eliminating lens combinators, providing more flexibility in its
representation. Hinkel and Burger [2019] took a different approach by reusing the C# language to
design a domain-specific language for bidirectional programming. For trustworthiness, Ko et al.
[2016] employ formal verification in BX to ensure the recovery of missing information. Going
further, our work introduces formal bidirectional transformation to automatically maintain and
verify model consistency from a formal unidirectional transformation specification. We reuse the
language-oriented formal framework K without lens combinators to achieve both expressiveness
and trustworthiness. While [Ko et al. 2016] also employs formal verification, our approach further
verifies synchronized models by providing verified bidirectional transformers. This way, we reveal
that the KBX is comparable with refinement verification for consistency. As discussed in Section 5.1,
KBX is more expressive and trustworthy than existing BX frameworks.

To enhance the efficiency of developing BX programs, researchers have dedicated efforts to syn-
thesizing BX through various approaches. For instance, Yamaguchi et al. [2021] use unidirectional
sketches to synthesize bidirectional programs, while Maina et al. [2018]; Miltner et al. [2018, 2019]
employ a pair of regular expressions and example input-output pairs to achieve this automation.
Given a partial specification, these algorithms are designed to narrow down the search space for
identifying a suitable BX program within the context of existing BX frameworks. Compared to these
recent works, KBX differs in that (1) it supports more flexible syntaxes and focuses on synthesizing
formal BX specifications (recall that the actual transformers are generated by K); (2) it uses formal
unidirectional transformation specifications, without the need for additional input-output examples;
(3) it rests on our backward rewriting for deterministic and efficient synthesis, instead of previous
type-directed enumerative algorithms.

7 CONCLUSION
We have introduced KBX, the first formal bidirectional transformation framework for verified
model synchronization in diverse languages and abstraction levels. Our evaluation shows that KBX
outperforms other BX frameworks while maintaining the verification ability of K framework with
verification outcomes comparable to refinement verification. Furthermore, we demonstrate the
usability of KBX using a real-world application of HCSP & UML BX. For future work, we plan to
apply KBX to more expressive languages and complicated specifications, thereby expanding its
versatility and addressing more challenging scenarios.
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