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19 Abstract Synchronization between systems and models have been explored in model-driven engineering to
20 enable model-based system management. Despite its promising use, there is a lack of a theoretic foundation
2 for state-based system-model synchronization. This paper proposes a theory for state-based system-model
bidirectional transformation (BX), and defines seven combinators for system-model BX to facilitate the
22 development of well-behaved synchronizer programs. A system-model BX is a single program that converts
23 a system with a model consistently. Forwards, it creates a model according to a system as a conventional
24 BX. Backwards, it generates a set of system edits, which can turn the current system into a new state that
25 is consistent with the given model. System-model BX is fully aware of the domain constraints about how to
26 change a system, and plans a reasonable execution order for those edits, rather than applying them blindly.
The paper also demonstrates the use of system-model BX by building a generic system-model synchronizer
27 and a concrete file system synchronizer.
28
29 Keywords bidirectional transformation, system-model synchronization, change propagation, model-driven
30 engineering, system edit
31 Citation He X, Hu ZH J, Meng N. A theoretic framework of bidirectional transformation between systems and
32 models. Sci China Inf Sci, for review
33
34
35 1 Introduction
36
37 Bidirectional programming [1,2] aims to develop a single program, i.e., a bidirectional transformation
38 (BX), to maintain the consistency between two data structures of different shapes, propagating the
39 changes from one structure to the other. Recently, the principle of bidirectional programming has been
40 adopted as the foundation of data synchronization [3-6] and model synchronization [7-10].
41 A BX over S and V (i.e., S <+ V) is a pair (get, put)?) of functions, where get : S — V is called forward
42 transformation that converts a source of type S into a view of type V, and put : S x V — S is called
43 backward transformation that takes the original source and the updated view as input and produces an
44 updated source. A BX is well behaved if the following round-trip properties hold:
45
46 put(s, get(s)) = s (1)
47 get(put(s,v)) = v (2)
48 . . . o .
49 where Equation (1) is the GETPUT law, which states that a backward transformation immediately after
50 a forward one should not cause any change, and Equation (2) is the PUTGET law, which states that the
51 forward conversion of an updated source outputted by a backward conversion of a view produces the
55 same view. In short, the GETPUT and PUTGET laws prescribe that a well-behaved BX must satisfy the
53 following two conditions: (a) if a source and a view are synchronized, then neither the forward nor the
54 backward transformation will make any further changes; and (b) the execution of a forward/backward
55 transformation will result in a pair of synchronized source and view data.
56 * Corresponding author (email: hexiao@ustb.edu.cn)
57 1) Without the loss of generality, this paper adopts the definition of asymmetric lens [1, 7).
58
59
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Example 1. The following example illustrates a simple BX between a class in UML class model and a
table in the relational database management model. The forward transformation states that given a non-
abstract class s, a table v must be created whose name is assigned s.name; The backward transformation
declares that for a class s and a table v, we must update s by assigning false to s.abstract and assigning
v.name to s.name. It is not difficult to verify that this BX is well-behaved.

:Cl :Table s:Class
get ( S )= . put (| s:Class v:Table | ) =

abstract=false name=s.name s

name=v.name
abstract=false

Various theories and tools of bidirectional programming have been proposed. However, existing research
efforts assume (either implicitly or explicitly) that the data to be bidirectionally converted are free data,
i.e., values that can be changed without restriction. Targeting free data simplifies the research of BX.
The free data own the following two characteristics:

C1 Creating, altering, and deleting free data have no side effects. As a result, there is nearly no
constraint on changing free data. In put function of Example 1, we alter both s.abstract and
s.name when s is an abstract class whose name is different from the table’s name. The two changes
are independent and may happen in any order (even simultaneously).

C2 Free data conform to a well-defined interface to read and edit. In put function of Example 1, we
use name = v.name to edit the name of s with the value read from v in a highly declarative way.

In-memory data, such as JSON literals, are free data; The values in functional programming languages
(e.g., records, lists, and dictionaries) are free data; In Java, a POJO can be viewed as free data; A
software model, such as a UML model (cf. Example 1), can also be viewed as free data.

Nevertheless, there are many scenarios where we need to handle restricted data (i.e., non-free data).
For example, in the technology of runtime models [11], we use a runtime model to represent and manage
a system, e.g., a running software program. The runtime model monitors the running system to keep
itself up-to-date; Moreover, if we change the runtime model, then the changes are also propagated to the
running system. Obviously, this round-trip process is a bidirectional transformation.

In this paper, we focus on such bidirectional transformations between systems and models. We use the
term system to denote restricted data. A system may refer to (but not limited to) a file system, a running
software system, and an IoT system. A system is different from free data in the following two aspects.

1. Interacting a system may have side effects and must follow some domain constraints (e.g., execution
order). For example, supposing that we want to change an existing file named f to f” and create a
new file named f in a certain folder, we must rename the existing file before creating the new file;
otherwise, a file name collision arises.

2. The read/edit interfaces of a system are domain knowledge. For instance, in Java SDK, to re-
name a file, we must call API java.io.File.renameTo(); to create a new file, we must call API
java.io.File.createNewFile(). Different systems define diverse sets of APIs and impose various do-
main constraints. Without knowing these domain knowledge, we cannot manipulate a system.

Due to these differences, the existing BX technologies, especially bidirectional model transformation [8—
10], cannot handle BXs between systems and models. Specifically, we cannot declaratively specify the
expected state of the system as the output of the backward transformation (as what we did in Example
1), according to which existing BX approaches do not know what APIs should be invoked and in what
order they should be invoked to alter the original system.

This paper develops a theoretic framework general purpose bidirectional transformation between sys-
tems and models, named system-model BX. A system-model BX assumes that the source of the BX is a
system, rather than free data. It regards the system type as an abstract data type, where the read/edit
interfaces are abstract operations. It is also aware of the domain constraints among system edit op-
erations. The forward transformation of a system-model BX behaves like that of a classical BX that
converts a system into a model with the help of system read operations. The backward transformation of
a system-model BX is very different from a classical BX—instead of producing an updated source directly,
it generates a set of system edits by differencing the given model and the original system, then it orders
the generated system edits based on domain constraints, and finally, it applies the edits to the original
system to change the system into a new state that is consistent with the model. The system-model BX
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guarantees the correct synchronization between systems and models when necessary domain knowledge
is correctly specified.

Paper Organization. Section 2 discusses the related work. Section 3 formalizes the modules of
systems. Section 4 proposes the concept of system-model BX and defines several combinators. Section 5
derives a generic system-model synchronizer based on system-model BX. The last section concludes the
paper and discusses the future work.

2 Related Work

Runtime models. How to bridge the gap between systems and models is a fundamental problem
and has been investigated in the community of runtime models. SM@RT [17], API2MoL [18], and
EMF-Syncer [19] are some representative solutions. SM@QRT [17] is a runtime-model-based approach to
synchronizing running systems with models. SM@QRT injects code that reads/writes the systems into
the implementation of models so that when models are manipulated, the injected code will be executed
instantly to access systems. In fact, SM@QRT creates an adapter that converts system interfaces into model
interfaces. API2MoL is an API-MDE bridge over API objects and models [18]. In brief, API2MoL maps
every model change onto a system API so that when a model is changed, the corresponding API can be
invoked. A virtue of API2MoL is that it can automatically infer the mapping between APIs and model
changes. However, in many situations, it is impossible to establish such a simple API-model mapping.
EMF-Syncer [19] is a change-driven synchronization framework that bidirectional converts system edits
and model changes consistently. It can incrementally propagate the changes from the model domain to
the system domain to achieve efficient synchronization. The major limitation of these solutions is that
they are not fully aware of the domain constraints over system edits. To ensure that the system edits can
be successfully applied, a user must manually follow the domain constraints while changing the model.
If the model is changed by an automated model management operation, then existing solutions cannot
ensure that required system edits can be successfully performed.

Model-code synchronization. Several approaches to round-trip engineering between source code
and models [20-22] have been proposed. These approaches focused on a special case of system-model
synchronization, i.e., code-model synchronization in round-trip engineering. They are not general purpose
and cannot be extended to other cases. Some works (e.g., [23]) used model-code synchronizers but did
not discuss how to develop these synchronizers. There are also some work (e.g., [24,25]) that converts
source code into internal representations (e.g., XML) to check the project-specific constraints. However,
they cannot fix the violations in the internal representations and propagate the changes back.

Bidirectional transformation. There have been a large number of papers on bidirectional trans-
formation. Particularly, the research efforts [6,26-32], as well as our previous work [3,4,8,9], discussed
both algebraic and solver-based BX techniques for free data (e.g., XML files and models). However, this
paper focuses on the synchronization between free data and restricted data. Fritsche et al. [33] proposed
an approach to efficient model synchronization by automatically generating and applying the shortcut
rule that merges multiple edits into an equivalent shortcut one. Hofmann et al. [6] proposed edit lens
that is able to convert the edit from one domain to another domain bidirectionally while keeping the two
domains consistent. Although edit lens focused on edits, it did not consider the execution order because
it is still built on free data. Weidner et al. [34] discussed how to keep consistency between distributed
replicas (free data). They argued that concurrent and non-commutative edits must be carefully merged
to enable out-of-order execution. Different from [34], we argue that edits to a system should be executed
in a proper order that may not be identical to the occurrence order of model changes. We regard our work
as an extension, rather than a replacement, to BX theories, because our framework bridges systems and
models, two diverse categories of data, which can be combined with existing BX approaches to handle
complex synchronization problems.

Self-Adaptive Systems. Self-adaptive systems have been intensively discussed in the community
of software engineering [36-39]. The major challenge of self-adaptive systems is the construction of a
MAPE-K loop. Various engineering approaches have been proposed [37], such as model-based approaches
(i.e., runtime models), architecture-based approaches, reflection approaches, and agent-based approaches.
Existing approaches mainly focused on how to monitor the systems, analyze the system qualities, and
plan adaption strategies. We view our work as a complement to the technique of runtime models, which
may further contribute to self-adaptive systems: our work focuses on how to maintain the casual relation
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between a system and a model via bidirectional programming, upon which complex model-based analysis
and reasoning procedures can be adopted.

3 Systems and its Operations

In this paper, II denotes a set of systems. II is also called the type of systems. We follow the design
principle of encapsulation and regard IT as a black-box, rather than defining the inner structure of II.

3.1 Systems, Objects, and Feature Values

We assume that a system is structurally composed by a set of objects and feature values that specify the
attributes (i.e., slots) and the relationships (i.e., links) of objects. Objects and feature values are defined
in Definition 1 and Definition 2.

Definition 1 (Object). An object is an instance of a certain class C. Every object has an object identifier
i € Z, where Z denotes the set of all object identifiers. Given a system 7, we say i — C € 7 if there is an
object of class ¢, whose identifier is ¢, belongs to 7; and we say ¢ € @ when i — _ € w. If we do not care
about its class, then we may also say ¢ is an object when there is no conflict.

The system class (or class) is the type of objects. A system class C consists of many structural features
(i.e., references and attributes). We assume that a reference is a directed relationship between two classes,
and that an attribute is a directed relationship from a class to a primitive data type (e.g., string and int),
and F is the set of all features. A reference may be either a containment reference (i.e., aggregation in
OO terminology) or a non-containment reference. Instances of structural features (aka. feature values)
are called links and slots, according to OO terminology, which are defined as follows.

Definition 2 (Feature value). A feature value has a form of Z 5 7, where 7 is T if the feature f is a
reference, or 7 is primitive data type if the feature f is an attribute. A concrete feature value i Lven
means that in system 7, object 4 is associated with value v via feature f. If f is a reference, then i BN
is a link and v € Z; If f is an attribute, then 4 S visaslot and vis a primitive value.

A feature may be either ordered or unordered, depending on its domain semantics. For instance, the

content of a folder (i.e., files and sub-folders) can be viewed as an unordered collection; the widgets of

a running SWT dialog are ordered, since the order may affect the layout of the widgets. If a feature

f
f is ordered, then any feature value is associated with an additional integer p (written as ¢ ﬂ) v) to

represent its position. We may omit the position integer when we do not care about it.

Example 2. Assume that II is the set of file systems. There are

root (i)

three concrete classes Cyoider, Cfite, and Crink to denote folders, (nor- (in)
mal) files, and symbolic links. Besides, an unordered containment l_A('_t)Xt
Ifi ems . . -B 2
reference Cyojger — Citem is defined for IT to represent the relation ! o)
between a folder and its contents, where Cjtep, is the abstract parent [-A.txt™™
class of Cfolders Crite; and Cpink. A singleton non-containment refer- [-L04) > "root/B/A.txt"
pointsTo . .
ence Cink —> Cit.em is defined f.or II to repr?g(;rét the link .target Figure 1 A simple file system, where
of a symbolic link. Finally, an attribute Cjter, — String is also object identifiers are marked as super-
defined for II to represent the folder/file name. scripts

Figure 1 shows a simple file system 7 that contains two folders (i.e., root and root/B), two normal files
(i-e., root/A.tat and root/B/A.tzt), and a symbolic link (i.e., root/L). Object identifiers (e.g., inode IDs
in Linux) are marked as superscripts. This file system can be abstractly represented as a set of objects
and feature values as follows:

10 : Cfolder, 1 : Cfiles @2 : Cfolders 3 : Cfile, %4 : Clink,

. name . name . name . name . name
1= { iy — “root”, iy —— “A.txt”, iy —— “B”, i3 —— “A.txt”, iy —— “L”,
items . . items . . items . . items . pointsTo
20 ?1,% 12,12 23,0 14,04 22
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3.2 Abstract Operations

We treat classes and features as abstract data types. Hence, we define some abstract operations, which
should be provided by BX developers, to read and edit objects and systems, as follows.

e isAlive : T — II — {true,false} is a domain-specific predicate that checks whether an object is
alive in a system. In some systems, an object is only a handler that might refer to an invalid entity (i.e.,
not alive). For instance, in Java, an instance of java.io.File is just a file handler. It is possible to create a
java.io.File object in memory that refers to an invalid file path (e.g., before java.io.File.createNewFile()
is invoked). If an object is not alive, then it means that certain edits to this object may fail.

e cone : I x [F[r]] = II — I? is an abstraction of object constructor for certain class ¢. The first
parameter Z is a new object identifier, and the second parameter [F[7]] is a list of feature initializers.
cone (i, [f1[vi1,v1.2,...], fo[va,1, V22, ...],...]) @ = 7’ changes the system state from 7 to 7’ by creating an
object i of class ¢ and initializes feature f; of this object to [i = vj 1,7 = vj2,...] in the new state 7/,
and f; is also called a (formal) constructor parameter.

o desc : T — II — Il is the destructor of C. desc @ m = 7’ deletes object 7 from system state 7 to form
a new state '. Note that object destructor is not necessary in some systems. For instance, in Java-based
systems, an object does not need a destructor.

e geti : L -1 — [T AR 7] is the getter operation of feature f. gets i ™ = [¢ B ovg,i S vy, ...] returns

the feature values of object ¢ in system 7 and ¢ Svereibve gets @ m. Because we do not assume
that the structures of systems are known, we need such getter operations to access the inner data. We
always assume that a getter operation returns a collection.

For ordered feature f and a collection of feature values, we define the following edit operations.

e inserts : T x 7 x N = II — II is an additive edit for f. inserts (i,v,p) m# = 7’ changes system state
7 to ' by adding a new link/slot i £ v at position p.

e removes : T x N = II — II is a deletion edit for f. removes (i,p) m = ' changes system state 7 to
7' by deleting a new link/slot at position p.

e modifys : T x 7 x Nx N — II — II is a modification edit for f. modifys (i,v,ps,pt) ™ = 7' changes
the system state m to 7’ by replacing a link/slot at position ps with a new link/slot 4 I vand moving it
to position p;. If 4 T, v is the value at position pg, then this edit just reorders it.

e movelng : T x 7 x NxZ — Il — Il is an additive edit for f. movelns (i,v,p,i") m = @’ changes
system state m to 7’ by adding 7 v at position p, where v was originally a feature value of object 7’.

e moveOuts : T X N x T — II — 11 is a deletion edit for f. moveOuts (i,p,i') m = 7’ changes system
state m to ' by deleting a link/slot at position p, where the value will be further moved to object 7'.

Note that movelns and moveQuts are only defined when f is a containment reference. In OO method-

ology, if a link ¢ AN i is removed and f is a containment reference, then there is an implication that i,
will also be deleted. Nevertheless, moveOuts states that the value to be moved out will not be deleted;
rather, it will further be moved into another container.

Similar to the ordered case, there are also five edits for the unordered feature, including inserts : Tx7T —
II — II, removes : T x 7 = Il = II, modifys : Z x 7 x 7 = Il = II, movelns : T x 7 x T — Il — II, and
moveQOuts : LT x 7 x T — 11 — 1L

Note that feature edit operations are only defined for the feature that is not a constructor parameter,
because we assume that a constructor parameter is immutable since the object is created.

Example 3. Assume that f is an ordered feature. As shown in the following figure, initially, in system
71, there are three values for ¢ and f, i.e., [i AN vy, 1 AR Vo, 1 AN v3]. After executing inserts (i,v4,3) 1,
7 i> vy4 is inserted at position 3 in the new system my. Then, removes (i,2) mo deletes i i> vy and results
in 73. Finally, modi fys (i,v],1,3) 73 replaces 4 AN vy with ¢ 5 v}, and moves the value to the end of the

. . f . f
collection in 74 (consequently, i — v4 and ¢ — v3 are moved forward).

2) In this paper, all system edits are defined in the curried form. In this way, the partial application of a system edit, e.g.,
cone (i, [f1[v1,1,v1,2,...],f2[v2,1,v2,2,...],...]), is a function of systems. In the rest of this paper, an edit, e.g., conc, also refers to
its partial application and is viewed as a function of systems, if there is no conflict in context.
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insert; (i,v4,3) m remove; (i,2) m, modify; (i,v{,1,3) m;

Y T IAY: L[ f Y
i—>v i i—>v H i—v v i—>vy

20 . f 20 . f 20 . f 20 . f
i—>v, i—>v, i—vy i— vy
3. f 3. f 3. f 3L.f
i— vy i—vy i—>W i— v

4
b8 1 - V3 T3 7T4
T

Now we are able to define system edits.

Definition 3 (System Edits). Given a system type II, supposing that the classes C1, Ca, ... and features
f1,fo, ... are defined in II, JIT is the set of system edits that is defined as follows.

oIl = U{conci ,desc; } U U{insertﬁ , removes,, modi fyg, movelns,, moveOuts }

Ci fi

Given any class ¢ (any feature f) in II, we can also define corresponding set of edits dc (Of). Since dc
(Of) is a subset of J1I, it is safe to cast dc (Of) to OII.

3.3 Contracts of Edits

As discussed above, system edits are domain-specific because their implementation and constraints must
be provided by BX developers. If the implementation and/or the execution order of system edits are
incorrect, then we cannot guarantee the well-behavedness of system-model BX. For example, supposing
that inserts does not insert a value but removes one, then the transformation will surely fail. Hence, we
must be able to verify the correctness of the implementation and the execution order of system edits.

We resort to contract-based programming to address this issue. Specifically, for every system edit e,
a pair of pre-/post-conditions must be defined to specify when the edit can be applied (i.e., precondition
pree) and the expected effect on the system (i.e., postcondition poste).

As expected, the postcondition poste is viewed as a predicate on the system, i.e., I — Boolean.
However, in this paper, the precondition pree is a binary predicate II x 2°™ — Boolean, where the first
parameter denotes the current system state and the second parameter denotes the set of all remaining
edits. pree returns true if e can be applied to the given system before the set of remaining edits.
Remark 1. By specifying the pre-/post-conditions of an edit, we may adopt state-of-the-art static
verification technologies [12] or testing technologies [13-15] to verify the implementation of this edit.
Remark 2. Although the contract of an edit are generally domain specific, every edit declared in
Section 3.2 does have some generic conditions®). When we are creating the domain implementation, we
only need to append the domain-specific conditions.

Remark 3. The preconditions can be used to find and check the execution order of edits. Given a
sequence [e1, €a, ...e,], we say this sequence in the correct order for the initial system state my only if

Vp € [0,n] (preep (7(_17—17 {ep—‘rla €pt2,-eny en}) A Tp = €p '/Tp—l) (3)

where e 7, denotes performing edit e on system n. Equation (3) means that the former edit does not
break the precondition of the later so that eq,es, ..., e, can be successfully executed one-by-one.

Take the file system as an example. Assume that e; is to create (insert) a new file named f and eq
is to rename (modify) an existing file f to g. Obviously, e; must satisfy a precondition that there is no
other file named f; and ep must satisfy a precondition that there is a file named f, and must also satisfy
a postcondition that the file named f is renamed to g. Given a folder that contains a file named f (i.e., a
system ), ez must be executed before e because pree, (7o) AT = €2 Ty Apree, (71) but —pree, (7o, -).
Remark 4. By viewing pree as a binary predicate, we get a chance to straightforwardly encode the
ordering constraints among edits into the precondition because we can specify before which edits, the
given edit cannot be performed. For example, supposing that e = movelns (i,v,i), we can append
the condition fle/(e’ € es A e’ = moveOuts (i',v,1)) to preo(r,es) to specify that a moveln cannot be
performed before a moveOut if they intend to move the same value.

3) Project page: http://www.softlang.cn/index.php/Research/Bidirectional_Transformation/System-Model_Synchronization.
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In theory, Equation (3) can be checked with the help of state-of-the-art model checking and SMT
solving technologies, e.g., Alloy [16], by encoding the pre-/post-conditions and the initial state into a
set of logic expressions and asking Alloy to verify those expressions. It is also possible to ask Alloy to
compute the execution order of a set of edits by finding a valid sequence that satisfies Equation (3). It
is necessary to emphasize the following facts.

e Given a set of edits, there may be many valid edit sequences that satisfy Equation (3). It is because
if two edits are totally commutable, then they can be executed in any order.

e Given a set of edits, it is also possible that there is no valid edit sequence that satisfies Equation
(3). In such a case, there must be some conflicts among those edits.

e We consider solving Equation (3) with a solver to be theoretically feasible. However, it might be
inexpressive and/or inefficient in practice to encode and solve Equation (3) in a first-order-logic-based
solver. The design of a practical solution is temporarily out of our concern.

3.4 Module of System

As discussed above, given a set of system edits, we can compute a reasonable execution order, i.e., an edit
sequence satisfying Equation (3). This can be formalized as a function® > : 22 — II — [911]. Given
a sequence of edits in a reasonable order, we can apply this edit sequence to a certain system. We also
define an edit application function ® : [0TI] — IT — II that takes a sequence of edits and an initial system
as input, and applies the edits one by one. The function ® is recursively defined as follows.

o [JOom=m;

o [e,e1,..]OT=][er,..]© (em).

Finally, we put everything together into the module of systems, which is defined as follows.
Definition 4 (System Module). A system module is a tuple (II, uuid, 911, >, ®), where II is a system
type, OII is the set of system edits, > is the edit ordering function, and ® is the edit application function.
uuid can be viewed as a function uuid® : U — Z, where U is any value. uuid®) u returns a new object
identifier for given input u (so we can retrieve the same identifier by sending the same u); and the optional
i’ denotes the old identifier that is intended to be replaced by the new identifier (cf. Section 5.1). In the
rest of this paper, we still use I to denote system module. For simplicity, given a set es of edits and a
system 7, es >OT = (es> ) O 7.

We can also define object module and feature value module in the same way. Similar to the discussion

in Definition 3, object module and feature value module can also be cast the system module.
Definition 5 (Disjoint Systems). Given two systems m; € Iy, 7y € Iy (II; may be equal to Ily), if
there is an edit e for m; (i=1,2), and [e] ® (w1 U mg) is equal to ([e] ® m;) U ms_;), then 71, 7o are disjoint
about e, i.e., e affects m; only when e can be applied to ;. Supposing es = [e, ey, ...] is an edit sequence
and e is defined for m;, then 1, my are disjoint about es if 71, 7 are disjoint about e, and [e] ® 7; and
m3—; are disjoint about [ey,...]. If m and 7wy are disjoint about any valid edit sequence, then they are
disjoint. If any m; € II; and s € Il are disjoint, then II; and Il are disjoint.
Remark 5. Two isolated systems are obviously disjoint because their changes will not affect each other.
Nevertheless, Definition 5 also implies that a single system may conceptually be viewed as a composition
of two disjoint sub-systems if the system edits are deliberately defined. For example, a file system 7 can
be viewed as two sub-systems wp and wg. wp keeps the directory hierarchy of this file system, and 7 g
maintains all file information. Although 7p and 7p are mutually related, they are disjoint about the
edit e that deletes an empty folder: when e can be applied, the folder to be deleted must be empty, so e
affects mp only. However, if e can delete non-empty folders, then 7p and 7p are not disjoint.

The concept of disjoint systems is very important in this paper. It allows us to isolate the effect of a
system edit to a sub-system from other disjoint parts.

Given two system modules IT; and I, we can combine them into a new system module II; 5 by merging
all the definitions. Specifically, OI1; o = OI1; UOIl,. Nevertheless, I>149 may require additional knowledge
to arrange a set of edits that mix the edits from both 9II; and 91l into an edit sequence (unless >; and
>9 already embody those knowledge). Given a system 7119 € IT; 15 and an edit sequence es; 1o C Ol 1o,
supposing that 7m; and es; are projections of w142 and es;y2 onto II; and OIl;, respectively, if es; is a
valid sequence for 7 15, then es; must also be a valid sequence for 71, and es; ®m; must be the projection
of es149 ® 142 onto 1.

4) In fact, >> is not a (deterministic) function, because there may be multiple orders for the same set of edits.
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4 System-Model Bidirectional Transformation
4.1 Definition

Before we define system-model BX, we must formally define models and model types.

Definition 6 (Model and Model Type). A model type (say Y') denotes a set of models. In model-driven
engineering, a model type is usually encoded as a metamodel. We adopt an EMF%)-like type system, and
assume that a model type consists of a set of EClasses and EStructuralFeatures. An EStructuralFeature is
either an EReference or an EAttribute. A model y consists of a set of model elements (i.e., EObjects—the
instances of EClasses) and relationships (i.e., Settings—instances of EStructuralFeatures). The set of all
model elements is denoted as Zr. Two models 3, and ys are disjoint if y; Ny, = . Two model types Y;
and Y, are disjoint if any y; € Y7 and yo € Y5 are disjoint.

Because a model conforms to well defined interfaces, e.g., FObject and Setting in EMF, it can be
read/written as free data. Hence, for any EClass Y, ig — Y declares an model element ig of type Y;

For a feature fgz, ig — v declares a relationship, and ig.fz returns the values associated with ig via fz.

. . . .
We also term ip — v a feature value of ig. For an ordered feature, we assume that a value is associated

s . . f
with its position say ig ﬂ) V.

A classical BX over type S and type V consists of two functions get : S — V and put : S —
V — S. However, the synchronization between a system and a model requires additional information
that preserves the correspondences between objects and model elements (aka. casual relations [11] and
complement [6]). We use ¥ to denote the correspondences, and we will discuss this later. Now we define
system-model BX as follows.

Definition 7 (System-model BX). A system-model BX [ between system module IT and model type

Y, denoted as [ : OII LR Y, consists of a correspondence set ¥, two functions= : Il x ¥ - Y x ¥ (i.e.,
the forward transformation) and < : II x ¥ x Y — 291 x W (i.e., the backword transformation), and a
ternary consistency relation K C II x ¥ x Y that defines synchronized states, such that

e (c,¢,€) € K, where e means empty data that belongs to any data;

o if= (m,v) = (y,¢'), then (7,4’ y) € K;

o if (m,¢,y) € K, then & (m,%,y) = (0,9);

o if (m,0),y) € K, & (m,¢,y) = (dm,¥’), and dr > 7 is defined, then (dm >Gm, ¢, y) € K.
Remark 6. Given dr that is generated by . < (m, , y), the fact that dm &> 7 is undefined implies that
the model y is invalid because 7 cannot be changed to a consistent state with existing system edits. In
such a case, we must alter y to make it synchronizable.

Remark 7. System-model BX is very different from classical BX because in backward direction, it is
impossible for system-model BX to obtain an intermediate system. While in classical BX, the intermediate
result is essential for BX composition and runtime checks, such as branch condition checks. Hence, existing
BX approaches cannot handle the synchronization between systems and models.

Similar to classical BX, a system-model BX must satisfy two round-trip properties as follows.

= (my) = (y,9") = &(m ', y) = (0,9) (4)
&(m,y) = (dr,¢') Adr > 7 is defined = = (dr >, ') = (y, ') (5)

Despite the different forms, Equations (4) and (5) share the same rationale with Equations (1) and (2):
(a) if a system and a model are already synchronized, then nether the forward transformation (=) nor the
backward one (&) will cause any further changes, and (b) both = and < will reach a synchronized state.
We call Equations (4) and (5) implementation-perfect round-trip properties because we require that all
system edits and function > are correctly implemented. Our approach guarantees implementation-perfect
round-trip properties, but provides no warrant for the case when there is any error in the implementation
of system edits and t>, which should be tested before the construction of system-model BXs.

Definition 8 (Correspondence). The correspondence data in our approach tells how objects in a system
and model elements in a model are mutually mapped. It may contain any information. For simplicity, we
assume that the correspondence data ¢ € ¥ can be used as a partial bijective function, i.e., ¥» C Z X Zp.

5) EMF Project: https://www.eclipse.org/modeling/emf/
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We can update 1) by replacing a certain object-element mapping as follows: ¥[i — ig] = {(i,ig)} U
{(z,y)|(z,y) € ANax #iANy#ig}. For two ¢y € Uy and 1y € Uy, 1)1 Wby is called consistent union,
where 11 Wb = 1)1 U1 if 107 U 1)y is still a partial bijective mapping; otherwise, 11 Wi = L.
Example 4. The system type IIy s denotes the set of virtual machines (VMs), and each VM has
an attribute ip (a constructor parameter). Iy s is equipped with two edits (i.e., consy s @ ip[v] and
desyar i) that creates and deletes a VM respectively. The model type Yy s denotes the set of VM
elements, each of which has an attribute ipg to denote the IP value. We consider a VM and a VM
element are consistent if they hold the same IP address. Hence, we can define a consistency relation

Kyy = {(m,{G,ig)},y)|m = {i,i LN v} Ay ={ig,ip lpe, v}}. To ensure the consistency relation, the

forward transformation can be defined as = ({i, 4 b, vhv) = {ig,ip Lo, vh{(¢,ig)}), which creates a
new VM element that is consistent with the given VM; the backward transformation can be defined as

R B N N AP,
({desy s i, consy s uuid® (ig) iplu]}, {(uuid® (ip),ip)}) otherwise
It is not difficult to verify that Ky j;, =, and <satisfy Definition 7. Moreover, they also satisfy Equations
(4) and (5). Hence, = and < form a well-behaved system-model BX between Iy ps and Yy py.
Remark 8. Definition 7 and Equations (4), (5) describe what is a well-behaved system-model BX, but
did not tell how to construct one efficiently. If there are some predefined primitive system-model BXs,
then we can combine them into a complex BX by using the combinators defined in Section 4.2. However,
how to construct primitive system-model BX is out of our concern. We assume that putback-based
bidirectional programming, such as [3-5,8], may facilitate this task.
Remark 9. The indented usage of system-model BX is as follows. Given a system of type II and a model
type Y, the forward transformation = generates a model-based abstraction of the system. Afterward, a
user or an automated model management operation, e.g., model transformation [35] and model fixing [40],
changes the generated model. Finally, the backward transformation & generates a set of system edits by
differencing the system and the model. The generated system edits have the ability to change the system
into a new state that is consistent with the model, if all the edits are successfully applied.

4.2 Combinators

In this section, we present some combinators of system-model BXs to facilitate the development well-
behaved system-model BXs.

Parallel Union (®) If II; and I, are disjoint, then II; ® Iy forms a new module, where ® denotes
disjoint union. Intuitively, for any m o € II; ® I3, we can always split m45 into m; € II; and my € I3,
such that m1 N 7y = w149 and 71 N = 0. For model types, ® is also defined analogously.

For two disjoint modules II; and Il; and two disjoint model types Y; and Ys, the combinator par-

allel union combines two system-model BXs I : JII; & Y; and Iy : OIly LN Y5 into 11 ® I9 :

(I, ® TI,) 222, ¥, ® Vs, where

1. I @K = {(m Uma, 1 Wb, y1 Uy)|(m1,9%1,91) € Ll K A (2,%02,92) € l2. K}

2. Hh ®Il = (71'1_‘_2,’1[)1_;,_2) = (yl U yQ,'l)Z)i (] ’L)Z)é), such that 7 € II1 A7y € IIx A Umg = T142,
Y1 € Uy App € U Ahr o = Y140 # L, and [;. = (m5,95) = (y5,¢]) (1=1,2);

3. I ®l2.€(ﬂ'1+2,ﬂ)1+2,y1+2) = (d’lTl Ud’l’(’zﬂ/)/l &J¢é), such that m € II; Amg € Iy Amy Umg = 142,

Y1 €V Ay € Vg A1 Wapo = P10 # Lyn €YiAy2 €Yo Ayr Uye = Y142, 1. & (1,95, 95) =
(dmj,¥%) (j=1,2), and (dm; U dma) B> 7142 is defined.

Intuitively, if a system and a model can be partitioned into disjoint parts that can be synchronized by I
and [y respectively, then [; ® l5 can synchronize the complete system and model. Note that we do not
require 11 N = @, as long as they are changed consistently.

Example 5. Assume that [4 and Ip are two system-model BXs that bidirectional convert the local
file systems of two computers A and B with two models, respectively. Because the two file systems are
completely unrelated (disjoint), the edits generated by l4 (Ip) never change the file system on B (A).
Thus, 4 ® I synchronizes the two file systems with the corresponding two models in parallel.
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Theorem 1. If [; and [> are system-model BX, then [y ® l5 is also a system-model BX.

Proof. Because II; and Il; are disjoint, and Y; and Y5 are disjoint, {; and Iy do not interrupt each
other. The definition of parallel union preserves the is provided of I; and 5. Especially, when applying
the set dm Udmgy of edits, when dmy U dmy > w149 is defined, dmry U dme >Om1 42 is conceptually equivalent
to (dmy >Om) U (dme > Oma).

Sequential Union (;) Now consider the case that two system-model BXs are chained with the help of
correspondence data. When I1y, I, and Y7, Y5 are disjoint, given two system-model BXs [y : 91l gy Yi
and Iy : 91y <2 Ya, I1:1o : 0T @ T1y) €225 ¥, @ Y5 is defined as follows

1. 1o K = {(m1 Uma, Y2, y1 Uya)|1 C Yo A (m1,01,51) € LK A (T2, 42,42) € 10.K};

2. l1;12.3(ﬂ'1+2,’l[}2) = (yl Uyg,ﬂ}é), such that 142 = T1 U7T2 /\71'1 S H1 /\7T2 € H27 1/11 Q 1/12/\1/)1 € H17
h.=(m1,91) = (y1,91), lo- = (72, (V2 — 1) W) = (ye,3), and 7 C ¥y;

3. I3l & (7Tl+2,w2,y1+2) = (d7T1 U dﬂ'g,’gbé), such that Tiqe = T @ ma Am € II1 Ame € I,
Yire = Y1 QY2 Ay1 € Y1 Aya € Yo, 1 C o Athy € Ty, Iy & (71,91, 91) = (dm, ), la. &€
(7‘('2, (1,[)2 — 1/11) H‘Ji/)ll,yg) = (dﬂ'Q,l/JIQ), 1/},1 - 1,[}&, and dm; U dmg > T142 is defined.

Intuitively, sequential union is used when {1 and o convert disjoint systems (and models), and {; produces
auxiliary and read-only information for lo, which is stored in the correspondence data of [7.

Example 6. Assume that [y j; converts between a set of virtual machines and a set of VM elements
bijectively, where a VM element is the model representation of a virtual machine. A virtual machine is
identified by its TP address, and a VM element is identified by a VM ID. A VM element does not record
an IP address, because it is dynamically allocated when a virtual machine is created. Assume that {yw
bidirectionally converts a virtual network and a connection model that specifies the connections among
VM elements. To configure the virtual network, Iy must know the IP addresses of all virtual machines,
which cannot be provided by the network model (since VM elements do not record IP addresses). In
such a case, we perform [y, first, and save the mapping between IP addresses and VM IDs in the
correspondence data. Afterward, we perform [y that reads the mapping saved in the correspondence
data of Iy ps and converts the network connections. This process is abstracted by lyvar; Ivw.

Theorem 2. If [; and [; are system-model BX, then [;; 5 is also a system-model BX.

Proof.  In both directions, the definition of l;;ly ensures that Iy never overwrites the correspondence
data generated by ly. Due to the fact that II;, I, and Y7, Y5 are disjoint, similar to parallel union, it is
not difficult to verify that ly;l; preserves the well-behavedness of I; and Is.

Sum (@) For two sets X7 and Xo, X7 @ Xy = {z]|z € X; Vo € Xo}. When II;, Iy, and Y7, Ys are

disjoint, given two system-model BXs I; : 011y o, Y: and [y : 011, LN Yo, h @1y : 0111 @ 1) PdihiN

Y7 @ Y5 is defined as follows.
1. Ll K={(mvyllry €l1. KV (m,y) € l5.K};
2. If m € 11; and 1) € U, then Iy @ lp. = (m,) = 1;.2> (m, ), j=1,2;
3. If m € II; and ¢ &€ Wy, then [y @ lp.= (7,7) = ;.= (7, eg,), j=1,2;
A Hrell;, eV, andy €Yj, then Iy & lo. & (7,1, y) = lj. & (1, ¥, y), j=1,2;
5. If €Il ¥ € V;, and y € Yj, then [y @ lr. & (1,9, y) = ;. & (7, €w,,9), j=1,2;

6. If 7 ¢ 11, ¢ € ¥;, and y € Yj, then ;1 & lo. & (m,4,y) = (dj U {edits that destroy w},v"), such that
(dj,¥") = 1. & (en;, ¥, y) (j=1,2), where the edits that destroy m must result in an empty system;

7. I ¢, ¢ € U;, and y € Yj, then 1 & lo. & (7,9, y) = (dj U {edits that destroy 7},%’), such that
(dj,9") = 1. < (en;, €w;,y) (j=1,2), where the edits that destroy m must result in an empty system.

Intuitively, in forward direction, {1 & I calls [; if the given source = belongs to II; (j=1,2). In backward
direction, I; @ Iy calls [; if the given view y belongs to Y; (j=1,2).

Page 10 of 25
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Theorem 3. If [; and [5 are system-model BX, then [y &[5 is also a system-model BX.

Proof. Note that the core behavior of I1 & [ is actually achieved by I; and ls, which are well-behaved
system-model BXs. Then, it is trivial to prove I3 @ Iy is well behaved by straightforwardly checking
whether 1; @ lo satisfy Equations (4) and (5).

Recursion (*) Given a system-model BX [ : 911 2, Y, assume that there are two partition functions
partly T x ¥ — (IIx II) x (¥ x ¥) and partle : I x ¥ xY — (IIxII) x (¥ x ¥) x (¥ X Y) that satisfy
the following conditions

. partl5 partitions 7 and ¥, i.e., partg (m, )= (7)), (Yet0p)), such that m, Ny = DA T, Uy =,
Ya NPy = DAY, Uty = 1), and partg(wa, V) = ((mq, €), (Yat0p)); Moreover, partg partitions 7 irrespective
of ¥, i.e., V' (partly (m,¥) = ((mam), (athy)) A partly (m,4") = ((7am), (Vehy)));

e partle partitions 7, ¢, and y, Le., partie(m, ¥, 5) = (Tas), (Yats), (yot))s such that m, N m, =
OATeUmy =7, Yo Nty = 0AY Uy = 0, Yo Ny = D Aya Uyy = y, and part'e(m,¢,y,) =
((Ta™), (Yaths), (Yas €)); Moreover, part'e partitions y irrespective of w and ¢, i.e., Va', ¢/ (part'e (7, v, y) =
(), (Vatn), Yays)) A part'e(n’, ', y) = (7o), (Voth)s Weys)));

o If (m,1,y) € LK, then part'(m,v,y) = ((m,€), (¥, ¢€), (y,€)) and party (7,9) = ((7,¢€), (¥,€)), ie.,
m, 1, and y cannot be divided by partlé and partle when (7,1, y) is a consistent tuple;

o If (m, ¢, y) € I.K, part=(m,¥,y) = ((7,¢€), (¢, €), (y, €)), then for any 7, ', when 7 C 7’ and ¢ C ¢/,
part' (7', y) = ((m,m}), (¥, 4p), (y, €)), i.e., partle only extracts necessary data from 7 and v);

We can define recursion of system-model BX [T : 911 <Y as follows.

LA K={(m, %, 9)|(7a, Va,Ya) € LK A((mmp = e Ayp =€)V (7,2, yp) € IT.K)}, when partle(ﬂ',w,y):
((Waaﬂ—b)a (wmwb), (ya,yb))}§

2. 7.2 (m, ) = (y, ¥ Uthy), when ((m,€), (Yaths)) = partly (m,9), (y,4) = 1.2 (7, ¢a);

3. 1.2 (m,9) = (YaUys, ¥')s when ((7,70), (Vasths)) = partly (m,4), (ya, ¥ = (Ta, Ya), (Yo, V") =
l+' = (7Tb7 ¢b W 1%)7 ¢¢,1 g W’ and partle(w, ¢/a Ya U yb) - ((ﬂa77rb)7 (T/Jaﬂ% ’ ( aayb))

o) =
)

4. 1F & (m, 9, y) = (dm, g Wiy ), when part'e (7,9, y) = ((7, €), (Yathb), (¥, €)), (dm, ¥5) = 1. & (7, %0, y);
);

S. lJr' (S5 (’/Ta 1/)7 y) 4 (d’/Ta U d’/TlH Z/J'), when partle(w, 1/1, y) = ((’”aaﬂ—b) (djmwb (yaayb)) (d’ﬁa» wé) =1L =
(Tas Yas Ya), (dmp, ") = 1. & (w0, by WU, 46), V), €, dig Udmy > 7 is defined, and 7, and 7, are
disjoint about dm, U dmp, > .

Intuitively, recursion performs the synchronization recursively. Each iteration handles part of the sys-
tem/model that is disjoint from the remainder. Sequential union is a special case of recursion.

Example 7. Assume that we want to synchronize in-memory linked lists IT with list models Y. Il
denotes minimal lists that contain exactly one circle and its incoming arrow (optional), and Y; denotes
minimal list models that contain exactly one box and its incoming arrow (optional). As shown in Figure
2(a), a linked list is represented as a chain of colored circles and a list model is represented as a chain of
colored boxes. If there is [ that can converts II; and Y; bidirectionally, then ™ can synchronize the entire

Linked list (@) > @ -0
List model ipo REERE i R Y

(a) A linked list and a list model (b) In step 1, the heads are synchronized (c) In step 2, the tails of step 1 are
are to be synchronized with [/t with [ and the tails are handled by I* recursively handled as is done in step 1

Figure 2 Illustration of recursion

linked list with the list model. For instance, as shown in Figure 2(b), the linked list and the list model
are split into list heads and list tails. We apply [ to handle the head nodes and convert the tails with
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[T. The correspondence data of [, which contains the mapping between the heads, e.g., (ig,ig ), will be
passed to the later call to IT. Finally, as shown in Figure 2(c), the list tails are recursively handled.
Theorem 4. If is a system-model BX, then [T is also a system-model BX.

Proof.  The proof is similar to that of sequential union. We only discuss the second branch of backward
transformation as follows. Because partg(ﬂ, U, y) = (7)), (Vasthp) (Yt )), we have ;Dartl(E (dmg Udmp >
o ¢ y) = (1), (Vaty)s (Yays)), and then part's (dr, Udm, >0, ¢ ya) = (70,m), (W5by); (Yas €))-
Since (dmg > Omg, ¥h,ya) € LK, we must have partle(dﬂ'a U dm, > oY, y) = ((drg > O, dry, >
Omy), (Vo;), (Yays)). So the round-trip properties can be ensured.

Edit Chain (>>) Assume that we want to bidirectionally convert a certain type of systems II; and
a model type Y, and we already have a system-model BX [ : OIl, <L Y. If there is an edit lens [6]

lg : Ol &, OT1,% between II; and II, that converts edits for IT; and Il bidirectionally, then it is

possible to obtain an edit chain [ > g : 01l H2XOXY 1) that is defined as follows.

1. I>»1s.K = {(m, (m2,¢,v),y)|m2 € Ua A (71, ¢, m2) € ls. K A (m2,%,y) € LK};

2. If (m1,¢,ma) € lg. K, I > lg.= (1, (72, ¢,9)) = (y, (75, ¢, ¢")), where es; is the edit sequence that
can turn 7 into %), (es2, ) = lg. = (es1,¢), Th = esy >Om, and (y, ') = 1.= (b, 1);

3. If (7T1,C, 7T2) € lS'Ka > ZS' €(7T1, (71—27 ¢, l/})ay) = (dﬂ-lﬂ (7/23 Cla ¢,))a where (d@ﬂf’/) =1 €(7T2, lf%y),
7h = dme >Ome, and (dm, ') = lg. < (dma, c).

Example 8. Edit chain can be used when it is difficult to define a system-model BX between II; and Y’
straightforwardly. Assume that we want to synchronize a local model with a remote system (i.e., II;) that
is inaccessible directly. We can define an interface system (i.e., IIs) that exposes some APIs for remote
clients, and deploy an edit lens between II; and IIs on the remote computer. Afterward, we define a
system-model BX between I, and Y locally. Edit chain ensures that the combination of the remote edit
lens and the local system-model BX achieves the synchronization between IT; and Y.

Theorem 5. When [ and lg are well behaved, [ > lg is also well behaved.
Proof. 1t is trivial to verify that the definition of [ > [g preserves the well-behavedness of [ and [g.

Set Mapping ({.}) In some cases, a system 7w € II can be viewed as a set of disjoint sub-systems
1,y T € II' (and the same to a model). We say II = {II'} and term it a set module. In concept, a
set module should contain three edits, i.e., insert, remove, and modify, which are used to add new values
into a set, to delete existing values, and to modify existing values. However, we do not define these edits
here, and only use them as placeholders. They should be concretized in different contexts (cf. Section 5).

When both a system and a model can be viewed as sets, we can achieve the bidirectional conversion
between them by synchronizing the sub-systems with the sub-models. Given a system-model BX [ :
o1l <% Y, we can lift [ to a set mapping {I} when there is a pairing function pairh : {II} x ¥ x {Y} —
QUXTXY that satisfies the following conditions.

e For any m € maer, pairtt uses 7 exactly once, i.e., {m|(m,v,y) € pair B (Tger, Yset, Yset) AT # e} =
Tset and |{(7T7 w7 y)|(7’(’7 ’(/)7 y) € pair{l}(ﬂ-seta wseta yset) AT 7& €}| = |7Tset|;

e For any y € yser, pairl uses y exactly once, i.e., {y|(7, ¥, y) € pairl® (T oer, Wset, Yset)AY # €} = Ysets
H(ﬂ', ¢7 y)'(ﬂ-? 1/)7 y) € pair{l}(ﬂ-seh wsetv yset> A Yy 7é 6}‘ = |yset|§

e pair?t does not return meaningless tuples, i.e., for any (1, y) € pairtt (Teer, Vsers Yset ) ™#EVYF€;

L4 FOI‘ any (*7 1/)7 *) Epair{l}(,, /wset; —)7 ’(/} g ’(/}seﬁ

o If (m,7,y) € LK and T € Teer A C Vst AY € Yser, then (m,10,7y) € pairtt (Teer, Ysets Yset)-
With such a pairing function, {i} : 9{II} & {Y'} is defined as follows:

]-~ {Z}K - {(Wsetvwsetvyset)‘v(T“w7y)((7rv¢vy) € pa’ir{l}(ﬂ—setvwsehyset) = (W7¢7y) € lK)}a

6) For edit lens lg : OII; & Olly, C is called complement, and lg.K is also the consistency relation such that lg.K C
IT; x C X IIz. Please refer to [6] for more information.

7) Here, we slightly extend the definition of correspondence to allow it carry extra data. If we want to turn Il X C X ¥ into a
partial bijective mapping between II; and Y, then we need an injective function from Iy to IT;.

8) According to [6], es1 can be obtained by elaborately differencing 7; and 7.
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2

3 2. If {(71—11 'l/}la 6)7 (7T27 '(/)27 6)1 cey (ﬂ—nv ql}na 6)} = pair{l}(ﬂ—seta "/}setv 6)7 (yiv 1/’2) =1= (71’2-, "/}z) (i:]....n),
: { # .7 = Yi N y] = (2)7 t‘ji:l ’(/J; \l/a then {1}3 (ﬂ—sehwseta 6) = ({ylayQa sy yn}7 Lﬂi:1 w;)7

6 3.1 {(m1, 1, 1), (2, Y2, 42), oo (T, Uns )} = pair S (et hser, Yser), (dmi,bl) = 1. & (75,05, y:)
7 (i=1...n), then dn} is defined as follows:

8

9 (a) If m; = €, then dn} = dm; U {insert the system dm; I>®¢ in the set};

10 (b) If y; = €, then dr; = dm; U {remove the system m; from the set};

:; (c) If dm; # 0, then drn] = dm; U {modify the set to replace m; with dm; >Om;};

13 (d) Otherwise, dr; = dm;, and in general, we expect dm; = ().

1: If i # j = m; and 7; are disjoint about both dr} and dr’, Wi, ¢j |, and UJ;_, dm}> 7 is defined,
16 then {l} = (ﬂ'seta wSeta yset) = (UZL:l dﬂ-;;a Lﬂ?:l 7%)

17 Intuitively, set mapping ensures a bijective mapping between the system set and the model set by using
18 l to synchronize paired sub-systems and sub-models.

19

20 Theorem 6. {i}: 0{II} & {Y'} is a well-behaved system-model BX.

2 Proof.  In forward direction, because every (m;, 1}, y;) € LK and pairt™ (mger, Wi, % {y1, Y2, oy Yn }) =
2 {(ms, ¥}, yi)|i = 1..n}, we must have (mget, Wi ) V5 {y1, y2, .syn}) € {I}.K. In backward direction, {I}
23 first pairs mge; with yser and obtains (m;, v, y;) (i=1...n). Afterward, {I} calls [. & for every (m;, 5, y;) to
24 compute dm;. {I} may also append some set edits to dm; and obtains dn}. For instance, when m; = ¢, {l}
25 generates an extra edit that intends to add dm; >®e to the system set. In this way, dr} not only changes
2% m; but also ensures that the changed sub-system is added/removed/modified in the system set. When
27 Ui, dr} is applied to mse; and the resulting system is 7., we must have (1) y; = € (and dn} removes
28 m; from the set) or (dm; >Gm;, ¢!, yi) € LK, and (2) pairl (], Wi, V!, yser) = {(dmi >Om;, ¥, yi)|i =
29 L.nAy; # e} As aresult, (7., ¥/, ¥, yser) € {I}.K.

30 Remark 10. If a system 7ge; (a model ys.;) is not a real set, to apply set mapping, there must be a
31 way that can divide mset (Yser) into a set and merge the sub-systems (sub-models) into mser (Yset) again.
32

33 List Mapping ([.]) Consider the case that a system m;5; (a model y;5;) is actually a list [y, mo, ...75]
34 of sub-systems (a list of [y1, Y2, ...ym] of sub-models), where m;5; € [II] and m; € II (y;5¢ € [Y] and y; € Y).
35 Then, [IT] ([Y]) is a list system module (a list model type). In concept, a list module should contain three
36 edits, i.e., insert, remove, and modify, which are used to add new values into a list, to delete existing
37 values, and to modify existing values. Similar to set mapping, we still use those edits as placeholders.
38 Given a system-model BX [ : 011 & Y, we need a pairing function pair : [II] x {¥} x[Y] = [[Ix ¥ xY]
39 satisfying the following conditions.

40 e For any 7 € my, pairl uses m exactly once, i.e., {7|(7,v,y) € pair(mise, Yset, Yist) AT # €} = Tt
41 and |{(7T,1/),y)|(7r, ¥, y) € pair(me, Yser Yist) AT # e}| = |mst|, where we cast ms to a set;

jé e For any y € yis;, pair!l uses y exactly once, i.e., {y|(, ¥, y) € pairld (715, Vset, Yist) Ny # €} = Yists
44 ’{(ﬂ-a ¢7 y)'(ﬂ-? 1/)7 y) € pair[l] (Trlsta wseta ylst) A Y 7é 6}’ = |ylst|7 where we cast Yist to a Set;

45 e pairll does not return meaningless tuples, i.e., for any (m,v,y) € pair (T, Vser, Yist), ™ # VY # €
46 e for any (*? ,(/), 7) Epair[” (77 1/}861‘/7 7)7 1/) c ’(/Jset;

47 e Given i, if Vk(k < i — (7, - yr) € pairlll(mse, Yser, yist)) and there exists ¢ C thger such that
48 (mi, 0, y;) € K, then (m;, -, y;) € pairl (Tist, Yset, Yist); In short, if the objects and the elements occurring
49 before i are mutually paired, and if ; and y; are consistent, then m; and y; must be also paired.

50 Now we define list mapping [I] : 9[I1] A [Y] as follows.

51 _

52 1. [Z]K = {([ﬂ-la T2y eeey 771'7,]’ wsel‘m [yh Y2, -0y Z/n])|pa“"[l]([7f1, T2y eeey 7T1’L]7 wseh [Z/h Y2, -0y Z/n]) = [(7T17 ¢17 y1)7
53 (7'['2, 1/’27 y2)7 EE) (ﬂ-na 77[}”’ yn)] A v7:((71-1'7 wiv yl) € lK)}v

gg 2. pra’ir[”([ﬂ-h T2y ees ﬂ-n]7 wsefn 6) = [(7T17 wla 6)1 (ﬂ-Za wQa 6)7 eeey (7'('”7 ’(/}TH 6)]7 (y’u ¢;) =l= (ﬂ-h ’(/}Z) (l:1I1>,
56 Lﬂi:l M \va then [l] = ([71'1, UPTRE Trn]a wset) = ([y17 Y2, -1y yn]a Lﬂi:l @)7

57 3. If pair[l] ([ﬂ-l? T2y eeey 71—71]7 wsetv [ylv Y2, -y ym]) = [(ﬂ—il ) 'l;bj1 )y Yky )7 (7Ti27 wjz ) yk2)a ) (,/Tipv ,ll)jp, ykp)]a sup-
58 posing (d”iwd’;‘q) =1.&(m,,Yj,,yr,) (@=1...p), then we compute dw;q as follows.

59
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(a) If m;, = €, then dm = dm;, U {insert the system dm;, >©e€ at k, in the list};
(b) If yr, =€, then dmj = dm;, U{remove the system m;, at iq from the list};
(¢) Otherwise, dTrgq = dm;, U{modify m;, at i, in the list with dm;, >®m;, and move it to kg}.

If u # v = m;, and m;, are disjoint about both dr; and dr;

Ty ?

defined, then {I}. < (7, Ysets Yist) = (Uh—y drmj, o1 ¥i,)-

I3 / P / :
o1 V), 4> and Uz, drr) D g is

Intuitively, list mapping ensures (1) a bijective mapping between the system list and the model list with
I and (2) the #*" value (i.e., 7;) in the system list must be paired with the i*" value (i.e., y;) in the model
list when a consistent state is reached.

Example 9. Assume that [ converts 7; with y;. Given a system list [, 7o, m3], [{]. = converts every 7; in
the list into y; (i=1,2,3), and then creates a resulting list [y1, y2, y3] based on the value order of the system
list. In backward direction, given a system list [y, 72, 73] and a mode list [y3, Y4, y2], [[]. & first aligns the
two lists, and knows that yo and y3 are paired with w5 and 73, and 71 and g4 are unpaired. Afterward, for
71, [l]. € generates a list edit remove m; at 1 because 7; cannot be paired with any value in the model list;
for o and yo, [I]. & generates a list edit modify the list by moving mo from 2 to 3 because in the model
list, yo appears at position 3; for w3 and ys3, [/]. & generates a list edit modify by moving 73 from 3 to 1
because in the model list, y3 is the first value; for y4, [I]. & generates a list edit insert my at 2, where
l. & must generate the edits that create my.

Before we consider the well-behavedness of list mapping, an important issue must be discussed first.
Recall that when we generate list edits (i.e., insert, remove, and modify), we specify the positions at
which the values in the list are to be removed, inserted, and changed and moved. However, all those
positions are only valid for either the original lists or the updated lists.

For example, consider the original system list |7, 72, 3] and two edits remove the value at 1° and
insert w4 at 2", where we use ¢° and " to denote a position i in the original list and the updated list,
respectively. The expected result is [ma, 74, 73], i.e., the first value in the original list is removed and 74
must present at position 2 in the final updated result. If we do the removal first (and we get [ma,m3])
and the insertion afterward (and we get [ma, 74, 73]), then we obtain the expected result. However, if we
do the two edits in the reverse order, then we will get an incorrect result [my, mo, m3]—value w4 does not
appear at position 2. The major cause is that those positions in the edit operations are state-based and
they should be dynamically refreshed when a list edit is applied (or not applied). Consider our example
again. If the removal of the first value is not done, then we should not insert w4 at 2 but at 3, so that
when the first value is removed in the future, 7, will become the second value in the final result.

positions in updated list 12" 31| 47| 57| 6" @ value to be removed
o0 o0 e o value to be inserted
positions in original list 19 2° 391 4° 5° 6° @ untouched value

Figure 3 Position conversion

To gain more insights, please consider Figure 3, which shows a list of colored circles, where the red
circles are to be removed from the original list, green circles are to be inserted into the updated list,
and black circles are preserved in both original and updated list. Below the list, original positions are
presented (green circles do not have original positions), and above the list, updated positions are presented
(red circles do not have updated positions). For an updated position, e.g., 5", obviously, if all the red
circles before 5™ are removed from the list and all green circles before 5™ are inserted, then the correct
position of 5™ is exactly 5. If there is one red circle that is not removed, then we must increase the
position by 1; If there is one green circle that is not inserted, then we must decrease the position by 1.
For an original position, e.g., 4°, if any red circle before 4° is removed, then we must decrease it by 1; If
any green circle before 4° is inserted, then we must increase it by 1.

We assume that green circles must be inserted after black circles and before red circles as illustrated
in Figure 3. Hence, the key of the calculation is to know the original position of the nearest black circle
that is in front of a green circle, and we use a function nearestBlk to return the answer. For example,
nearestBlk(2™) = 2° and nearestBlk(4"™) = nearestBlk(5™) = 5°. This function helps us to compare
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the position of a red circle and that a green circle. For instance, because nearestBlk(2"™) = 2°, we know
that the red circle at 1° is before 2™, and the red circles at 3" and 4™ are after 2".

Recall the meaning of the updated position ™. It implies that in the updated list, there are i — 1
values presented before i". The ¢ — 1 values may be green circles or black circles. That means if we
subtract the number of green circles before i from i — 1, then we obtain the number of black circles. In
the calculation, insert at j™ is viewed as a green circle; remove at k° is viewed as a red circle; and modify
at k° and mowve it to j™ is viewed as a red and a green circles. Function nearestBlk is defined as follows:

nearestBlk(i™) = min t°, such that [{k°|k < tA(Fremove at k°)A(Fmodify at k°)}|=blkBefore(i™)
where blkBefore(i") =i — 1 — |{insert at j"|j < i} U {modify and move the value to j"|j" < i"}|

Now we are able to compute the correct position, denoted as function cur(), of any original position
k° and any updated position j™ given a set of list edits at runtime as follows:

cur(j™) =3 /* required position in updated list */
/* subtract the number of green circles that have not been inserted into the list */

—|{eli < j A (e = insert at i" V e = modi fy and move to i") A e is not performed}|
/* add the number of red circles that have not been removed from the list */

+‘{e|i<NB/\(e = remove at i°V(e = modify at i° and move to p"Ap # j))Ae is not performed}‘
where N B = nearestBlk(j™). And, for k°, we also have the following calculation:

cur(k®) =k /* required position in original list */
/* subtract the number of red circles that have been removed from the list */

—|{eli < kA (e = remove at i" V e = modify at i") A e is performed}|
/* add the number of green circles that have been inserted into the list */

+|{e|nearest Blk(i") < kA(e = insert at i"Ve = modify and move to i")Ae is performed}|

In the rest of this paper, we assume that when a list edit is being performed, it automatically does the
position conversion. As a result, the list edits can be performed in any reasonable order. And, when all
of them are performed, the values to be deleted from the original list should not appear in the updated
list, and the values to be inserted (and moved) must occur in the updated list at the specified positions.

Theorem 7. The list mapping [I] is a well-behaved system-model BX.

Proof. In fact, list mapping is similar to set mapping, so it is analogous to show that list mapping is
well-behaved if we ignore the position constraint, i.e., the i-th value in the system list must be paired
with the i-th value in the model list. Regarding this position constraint, it is not difficult to find that
when generating d7rz’-q, we add list edits to ensure that all the values occur in the correct positions in the
updated list. The position conversion strategy discussed above ensures that we can always put a value
at the right position at runtime, in whatever order the list edits are executed.

5 A Generic System-Model Synchronizer

This section first demonstrates how to use the concept of system-model BX and its combinators proposed
in this paper to develop a generic system-model synchronizer?) in Sections 5.1, 5.2, and 5.3, and then
concretizes a file system synchronizer from the generic one in Section 5.4.

The basic idea is as follows.

e For each class C in the system type, map C onto an EClass F in the model type by defining a

system-model BX 0c &4 E (called a class synchronizer). Without the loss of generality, we require that

the mapping between system classes and EClasses is bijective'®).

9) It is possible to build other generic synchronizers.
10) In practice, ¢ can be mapped onto multiple EClasses as long as all objects in ¢ can be partitioned into multiple groups,
each of which corresponds to only one EClass. In such a case, C can be viewed as a sum of multiple subtypes.
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e For each structural feature f in the system type, map f onto an EStructuralFeature fg by defining
of <% fr (called a feature synchronizer). Specifically, if f is a reference, then fg must be an EReference;
if f is an attribute, then fg must be an EAttribute. The mapping between structural features and
EStructuralFeatures must be bijective.

e In both directions, we always synchronize objects with model elements with the help of class syn-
chronizers, and then handle links/slots and relationships.

e We never execute the system edits during the backward transformation because of the side effects
and domain constraints. Instead, we collect all the system edits (cf. Section 4), plan a proper order (cf.
Section 3.3), and finally apply them to the system when the entire backward transformation is completed.
The round-trip properties are guaranteed by system-model BX.

5.1 Class Synchronizer

A class synchronizer [, : OC & E synchronizes objects in ¢ and model elements E. The expected
behavior of I is as follows. In forward direction, I generates a model element from the given object. In
backward direction, I generates some object edits (i.e., cone and des.) by differencing the given object
and model element. Especially, if no object is provided, then we must generate a con to create an
object; if no model element is provided, then we must generate a des¢ to delete this object because it is
redundant; if the given object and model element are inconsistent (e.g., their constructor parameters are
inconsistent), then a new object will be created and the old object will be destroyed;

However, synchronizing an object ¢ with an element ig is more complicated than our expectation.
Assume that 7 has a constructor parameter 4 X vbut i g does not. Because we assume that no edits are
defined for constructor parameters (cf. Section 3.2), the only way of making the system and the model
consistent is to create a new object ¢’ that is consistent with i to take the place of i.

We assume that m € ¢ consists of an object i — C and all its constructor parameters. For simplicity,
we still regard 7 — C or ¢ as an instance of C, while assuming that all its constructor parameters are
automatically put into this instance. The case of E is analogous.

Definition 9 (Generic Class Synchronizer). Given any class ¢ and EClass E, assume that their con-
structor parameters are f1,fo,...,f, and fg1,fg2,....,fg, (f; corresponds to fg ;), and there a function
F; for each f;, such that F;(v) = ¢(v) if f; is a reference, or Fj is a bijective function'?) (by default,

F;(v) =v). Then, ly: 0C &% E is defined as follows.

1. Io.K = {(i = c,¢,ig) () = ig AVj,0(i 5ve F;(v) € ig.fg ;) A1 is minimal}; The definition
of [o.K implies that Fj(v) # L;
2. lg.= (i = ¢,¥) = (y,v'), where ig is a new element, y = {ip — E}UU?:1 Ui ie Ted, Fi(vix)},

f.
and ¥’ = {(i,ig)} U{(v,¥(v))|3i = v A¢(v) # L}; In short, I.= creates a new element ig and
sets up its constructor parameters to be consistent with i — C;

3. le. (i ), ig) =

(a) (0,¢),if (i~ ¢ ig) €lc.K A’ Cli — ig] (see Figure 4(a));
(b) ({desc i,creation(i’)}, '), if P (" C Y[i — ig] A (i = C,¢" ig) € lc.K), where i’ =

uuid® ip and ¢ = {(@,ig)} U{(@ Y (u),u)|u € ipfej A~ (u) # L}, ie., lc. & creates a
new object i’ due to the change of constructor parameters (see Figure 4(b));

4 1o E(egug 100 i8)" = ({creation(uuid® ip)}, '), where ¢’ = {(uuid® ig, ig) JU{ (1 (u), u)|u €
ipfej AT (u) # Lk

5. lc-€(€a¢aiE) - lC~€(€uuid 1Ea¢aZE)7
6. lo. E(i— C,,eg) = ({desg i}, €);

11) In fact, it can be a classical BX. However, for simplicity, we assume that it is a bijective function.
12) € uid(D) in (and eyyid 1E) denotes a special empty value that carries additional information of an object identifier.
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] e ] hYS ] b 7
no f:dlt conc(uuici(’) ip, fv']), des (i) des:.k i concj(ulild ig,...)
o o DEL o
i-c : i-c ic : wuid? i || i€ i : Pl 0
System | | ¢ — c f — PR | ‘ = ‘ — [ Cuia iy | — ¢ |uuid" g = g
i—>v iV i—>v uuid® ip - v i—v =
cormm—_— o o @ @
i~ E ip > E (= Y] — [E= Y]
Model i E) u expected ||| i " expected - expected
E result E result T result
Preprocessing
l.. € l..€ ®in L& ®lcy'€
C AN ¢ AN o

(a) Class synchronizer: branch 3(a) (b) Class synchronizer: branch 3(b) (c) Sum of class synchronizers: overloaded case

Figure 4 Synchronization of objects

Particularly, creation(x) is cone(2, f1[Fy  (u1.1), ooy Fy Y (U1.m0)]s ooos fr [ (U 1)y ooy Fi Y (tnm,, )]), where
we assume uj € ig.fg ;.
Remark 11. It is not difficult to verify that this generic class synchronizer is a well behaved system-

model BX that satisfies Definition 7 and Equations (4) and (5).
To concretize a class synchronizer, we must (1) identify ¢ and F as well as their constructor parameters
fi,....fp and fg 1, ...,fE n, (2) provide bijective functions Fy, Fy, ..., Fy,, and (3) define edits con and desc.

Sum of Class Synchronizers In practice, there are many classes and EClasses. We can use the
generic class synchronizer to develop many concrete synchronizers. Then, we can combine all concrete

class synchronizers with sum @. For two class synchronizers I, : JCy & Ey and I, @ 0Cq &) Es,
le, ® Lo, have to be specialized by refactoring the sixth and seventh branches of the sum as follows:

o Ifm =i CLACL# Cj,y=iprr By, and (dj, 7)) = lc;. € (€uua 4,5 P\ (4, -),y), then I, @ lc,. <
(m,9,y) = (dj U{desc, i},¥’") (j7=1,2); In such a case, the given model element i — E; is paired with an
object ¢ — C, but the type of ¢ is inconsistent with F;; hence, as illustrated in Figure 4(c), we generate
desc; i (step @) and ask l¢; to generate an invocation of conc, (step @).

Remark 12. Because C;, C2 and E;, E» are disjoint, based on Theorem 3, l¢, ®l¢, is also well behaved.

In the rest of this section, I : ¢ & B may also represent a sum of many class synchronizers.

Synchronization of a Set of Objects Now, let us consider how to synchronize all the objects in a

system with the model elements in a model. Intuitively, if I, : C & E is a class synchronizer, then we
can apply set mapping {l.} to the set of objects and the set of model elements.

To apply {l.}, we first define a pairing function pairtlc} : {c} x ¥ x {E} — 20X¥*E a5 follows: given
Tset € {C}, VeV, yser € {E}7

o new_pairs = {(i,ig)|i € Tset A (i,-) € Y Nip € Yser N (i) & ¢ AisAligned(i,ig)}, where
1sAligned(i,ig) is a domain-specific predicate that checks whether an object ¢ and a model element ig
can be paired; Intuitively, new_pairs contains the pairs of objects and elements that satisfy isAligned,
such that 1 does not include the correspondence information about those objects and model elements;

® Porew ={(1,ig)|i € Tset NiE € Yser ANY(1) =ig}, ie., the previously paired objects and elements;

e Poow = {i|(i,ir) € new_pairs\Pi'y(ip # iy A(i,i%) € new_pairs)\Pi' (i # ' A(i',ig) € new_pairs)},
i.e., newly paired objects and elements;

® Punpairedo = {(i,€)|i € Tset A B(i,-) € Pprev U Prew}, i.€., the objects that cannot be paired;

® Punpairedr = {(€,1)|ig € m A 3 ig) € Pprew U Preyw }, 1e., the elements that cannot be paired.

L pair{lC}(ﬂ—setu 77[]7 yset) = {(Za ¢(i,iE)u ZE)l(l,ZE) S Pprev U Pnew U Punpairedo U PunpairedV}a where

Viipy = L)) € A (1 = iNig = ip) Vi 5 e Tset Vi € ipfp)}, and f and fg are
constructor parameters.
Remark 13. It is not difficult to verify that pairti} meets the requirements needed by set mapping.
Moreover, any two objects in an object set are mutually disjoint, because an object edit that is generated
by I for a certain object never affects others when the edit is applicable. Accordingly, based on Theorem
6, {lc} must be a well-behaved system-model BX.
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Regarding the object set edits, insert and remove are concretized as con and des, respectively, while
modify is concretized as a pair of cong and des.. However, in most cases, the class synchronizer {I.}
already produces the needed edits for the object set.

Although {l.} is a well-behaved system-model BX, it still may fail in the synchronization. Re-
member that in a system module, an object is always created with a constructor that may require
other objects as its (actual) constructor parameters (cf. Section 3.2). If we synchronize an object
and its constructor parameters simultaneously, then {l.} may not return a result. For instance, if

7w = {i,¢,i AN LR v}, y = {ig, i, ig f, i}, and ¥ = {(i,ig), (¢',i%)}, then {lc}. & (7, ¥,y)
is equal to the merge of lo. &< ({i,i - @'}, {(i,ig), (i, i) b ie,ie e, int) = (0,{(i,ig), (7', i%)}) and
lo.€e{d, 7 LN v {(, %)} {iE}) = ({desc ¢/, consc i}, {(i", i) }). However, the merge will fail accord-

ing to definition of set mapping, because the resulting correspondence data does not converge.
To reflect such dependencies among objects, we define a partial order < as follows: for any two objects

tand ¢/, ¢ < ¢’ if and only if ¢ ANy belongs to the current system and f is a constructor parameter. A
given a set S of objects, we can pick the largest independent subset, in which for any two objects i; and
19, 11 A 12 A ig £ i1. Similarly, we can also define a partial order < over model elements as follows: for
any two elements ig and iy, ig < 5 if and only if i}z € ig.fg, where fg is synchronized with f that is
a constructor parameter. A given a set M of model elements, we can also pick the largest independent
subset, in which for any two elements i1 and ig 2, ip1 AiE2 Nip2 A iE 1.

Based on the partial order < and {l.}, a set of objects is synchronized with a set of model elements
by recursion, i.e., {ic}T. First, we extract the largest independent subsets out from the given set of
objects and the set of model elements, and synchronize the independent subsets. Then, we process the
remainder recursively. Note that {I.}, in this context, is defined for independent (sub-)sets. During each
recursion, we apply set mapping {l.} to synchronize independent objects and model elements, resulting in
more independent objects and model elements in the remainder of the given sets. Specifically, in forward
direction, {l.} generates an independent set of model elements from an independent set of objects; In
backward direction, {l.} turns a set of objects into an independent set of objects that are bijectively
mapped onto the given independent set of model elements.

To apply recursion, we define the two partition functions part{;} and part{elC} as follows.

1. part{;} e} x ¥ = ({c} x {c}) x (¥ x U): given a set w5t € {C} of objects and ¢ € U,
o let mo = {i|i € Meet AV (I’ €E Mgt N/ i =1 AV N £4)}, and 7 = Tger — <, L€, T IS A
largest independent subset of ms¢;
o let v = {(4,ip)|(i,ig) E VA (i € TV 5ie <)}, and ¥y = ¢ — ), ie., P, contains
the correspondence information on the objects to be converted and their constructor parameters,
where we assume that f is a constructor parameter of 7';

thena partgc}(ﬂ-seh ¢) = ((ﬂ-<7 7T+)7 (¢<> 1/}+))

2. partth: () x U x {E} - ({c} x {c}) x (¥ x W) x ({E} x {E}): given a set 7y € {C} of objects,
P € U, and a set yser € {E} of model elements (yser # €),

o let Yy ={iglig € Yset ANVig(i'g € Yset Nilg #ip = ip Aig Nilg £ ig)}, and Yy = Yser — Y=<,
i.e., Yy~ is a largest independent subset of yget;

o let 75 = {ili € Mot Nip € y< A (iyig) € Y} U {i|(i,ig) € new_pairs A Pily(ip # iy A (i,i%) €
new_pairs) ABi'(i # i’ A(i',ig) € new_pairs)}, my = Tser — m<; Intuitively, 7~ contains the objects
mapped onto y<;

o let s = {(i,i5)|(i,ir) € VAlin € y<V(ip € iy fuNil € y2))YUL(i,ip)|(i,ip) € YAi € T4},
and ¥, = ¢ — ¥, where we assume that f and fg are constructor parameters;

then, part{élr}(ﬂ-setvw7yset) = (< m4)s (V<5 ¥4), (Y<s y+))-

3. If Yset = €, then part{elc}(ﬂ—seta /(/)v yset) = ((’”setv 6); (67 ¢)7 (6, 6))

Remark 14. It is not difficult to verify that the two partition functions meet the requirements imposed
by recursion. Hence, according to Theorem 4, {l;}* is a well behaved system-model BX. Particularly,
{lc}T takes the dependencies among objects into account and overcomes the limitation of {I.} when
being used to synchronize a set of objects.
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Alignment Predicate In the partition and the pairing functions, we used a domain-specific predicate
isAligned to establish new correspondence between objects and model elements. It is used to handle the
case that a system is synchronized with a model without previous correspondence data. isAligned checks
whether an object can be paired with an element by using domain knowledge. For instance, supposing
that there is a file model that synchronizes with the file system, a file in the file system can be paired with
a model element that denotes a file by using their full paths; For a running IoT system and a IoT model
that represents this running IoT system, an object (i.e., a device) can be paired with a model element that
denotes a device by using IP addresses. We expect that an object (an element) can only be paired with at
most one element (one object), i.e., isAligned(i,ig) = Vi'(—misAligned(i', ig)) A Vilg(—isAligned(i, i;)).
However, if this requirement cannot be satisfied at runtime, a runtime error arises.

5.2 Feature Synchronizer

A feature synchronizer ¢ : Of & f £ synchronizes a feature value of f in the system with a feature value of
fg in the model, where Of consists of the feature edits defined in Section 3.2. The basic idea of a feature

N . f .
synchronizer is to ensure that a system feature value i — v corresponds to a model feature value iz — u,
such that ¢ and v corresponds to ig and u, respectively.

Depending on whether f and fg are ordered, we have two generic feature synchronizers as follows.

Definition 10 (Generic Unordered Feature Synchronizer). Given unordered feature f and unordered

feature fg, the generic unordered feature synchronizer ¢ : Of & f g is defined as follows.

1. . K ={(@ 5 DRVNY T, w)|(i) =ig A F(v) = u}, where the function F' has the same meaning as
that is described in class synchronizer;

2. k.= (i 5 v, 1Y) = (Y(3) e, F(v),), i.e., create a model feature value that is consistent with the
system feature value;

3. k.05 v, ip 5 u) =
o (0,0),if (i v, ip 5 u) € lr.K;
o ({modify(i,v, F~ (w)}, ), if (i 5 v,9,ip 5 u) & le.K Nip = 9(i);

4. Supposing iy' = ¢~ (ig) and u' = F~'(u), then l. & (e, 9, ip e, u) =
o ({inserts(iy',u=1)},1), if f is a not containment reference or u~! # uuid®) ;

o ({movelns(iy',u=t,4)},v), if f is a containment reference, and i is current container of u~*

or i is the current container of v where u=! = uuid™ u;

5. ls. & (3 AR v, €) =
o ({removes(i,v)},), if f is a not containment reference, or F(v) = L Afu(F~(u) = uuid® w);

o ({moveOuts(i,v,i')},), if f is a containment reference, and F'(i') is current container u, such
that u = F(v) Au# L or u = F(uuid® w).

In brief, in forward transformation (branch 2), the synchronizer creates a model feature value that is
consistent with the given system feature value. Backwards, if the given system feature value is consistent
with or can be changed based on the model feature value, then the synchronizer does nothing or produce
a modify edit (branch 3); if no system feature value is provided, then the synchronizer produces either an
insert edit or a moveln edit to add a feature value (branch 4); if no model feature value is provided, then
the synchronizer produces either an remove edit or a moveOut edit to delete a feature value (branch 5).
Remark 15. After checking Definition 7 and Equations (4) and (5), it is not difficult to find that the
generic unordered feature synchronizer is a well-behaved system-model BX.

Afterward, we can lift I to a set mapping {I¢} with a pairing function pair{¥}. Given a system feature
value set valss € {f}, a model feature value set vals,, € {fg}, and ¢ € U, let

1. P, = {( 5 v, ip L, w)li 5 v € vals, Aig T oue valsy, A (V7 Hig) =i V(i) =
uuid® ig) A (F~1(u)=v Vv F~1(u)=uuid® u)},
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2. P ={(i 5 v,9, )i v evals, ANBip 5 u((i 5 0,0, ip 5 u) € Py},

3. Py ={(e,v,ip fe, uw)|ip fe e valsm A Bi - v((i 5 v, iE fe, u) € Py)},
then pairtlt(vals,, 1, vals,,) = P, U Ps U Py;.
Remark 16. It is trivial to prove that the above pairing function satisfies the conditions required by
set mapping. Because any edit to a certain feature value never touches other feature values, a set of
feature values can be viewed as a set of disjoint sub-systems, each of which contains a single feature
value. According to Theorem 6, {lf} is a well-behaved system-model BX. Besides, the set edits for {l¢}
are, in fact, Of. Since ¢ already produces those edits, there is no need for {lf} to generate extra set edits.
The case that feature f (and fg) is ordered is very similar to the unordered case. We define a generic
ordered feature synchronizer as follows.
Definition 11 (Generic Ordered Feature Synchronizer). Given ordered feature f and ordered feature

fE, the generic ordered feature synchronizer Is : Of N g is defined as follows.

1. . K ={(& el i ig feldl, w)|(i) =ig A F(v) = u A p = q}, where the function F' has the same
meaning as that is described in class synchronizer;

2. .= (i el v, ) = (Y(i) L F(v),), i.e., create a model feature value that is consistent with

the system feature value, including their posistions;

3. . E(Z—)U@b,Eﬂ) u) =

o ({modifys(i, F~1(u),p,q)},v), if i = 1(i); Note that if cur(p®) = cur(¢") Av = F~1(u) at
runtime, then this modify changes nothing; In such a case, we still view the produced edit set as 0;

4. Supposing i,' = ¢~ !(ig) and u™! = F~'(u), then I. & (e, v, i feldl, u) =
° ({insertf(igl,u_l,q)},w), if f is a not containment reference or u ! # uuid®) u;

. ({move[nf(igl, u=t,q,i)},1), if f is a containment reference, and i is current container of u~!
or i is the current container of v where u=1 = uuid® u

5. lr.&(i el v, €) =
o ({removes(i,p)}, 1), if f is a not containment reference, or F(v) = L A#u(F~(u) = uuid® w);

o ({moveOuts(i,p,i")}, 1), if f is a containment reference, and F'(i') is current container u, such
that u= F(v) Au# L or u= F(uuid(“) w).

Remark 17. In short, the ordered feature synchronizer ensures that a system feature value exists if
and only if there is model feature value that can be paired with the system value. By checking Definition
7 and Equations (4) and (5), we can prove that the above synchronizer is a well-behaved BX.

Similarly, I can be lifted to a list mapping [If] with a pairing function pairl“). Given a system feature
value list valss € {f}, a model feature value list vals,, € {fg}, and ¢ € ¥, let

1. sz{(z—>vw,EL> )\z—]>v6valsé/\in>u6valsm A ig)=iVyY~tig) =
E

uuid® ig) A (F/~Huw)=v V F'~ (u) =uuid™ ) A (count (i el v) = countg(ip felpl, u))},

e if f (fg) is a reference (EReference), then F'~1 = F~1; otherwise F'~(.) = L, i.e., when
pairing primitive values, we only check their positions;

f flp’ f
e count(i el v)=H{p'Ip <pAi 1, ¢ valss}|, and countg(ip felel, u) is analogous;

2. Ps—{(l—>’0 P, )|zﬂ>v€valss/\§§2}3—q]> u((1 ﬂ”’ U, Eﬂw)EPw)}

3. P = {(6, 0,5~ w)lip S u € valsm AR 12 (i 2B v, g, ip L w) € P,

then pairl (vals,, 1, valsy,) = Py UPs U Py
Remark 18. We can prove that the above pairing function satisfies the conditions required by list
mapping. Especially, Py ensures that for the object and the element at position ¢, if their former

objects/elements are mutually paired and they are consistent, then they will also be paired. According
to Theorem 7, [l¢] is a well-behaved system-model BX. Besides, the list edits for [I¢] are still Of.
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5.3 Building System-Model Synchronizer

Given a system module II, we can split II into many disjoint sub-system modules, i.e., the sub-system
modules I, , I, ..., II,,, of all class €y, Ca, ..., Cyp, and the sub-system modules Il , IIg,,..., Il of struc-
tural features f1, fo, ..., f, that are not constructor parameters, such that II = I1, & Ilg, ®1l¢, & ... & Il¢,. For
the model type Y, the case is similar, and we also have Y =Yg, ©YEg, ®...0YEg, ®Yr, , OYf, ,®...0YF, .

Given a model y € Y, it is very easy to split y into many sub-models according to the corresponding
sub-model types by traversing the entire model. However, to split a system 7 € II, we need a root object
iroot € T as the starting point and call the getter methods of all features (i.e., gets declared in Section
3.2) repeatedly to traverse the system.

Supposing that we have realized the class synchronizers I, : 9¢; & E; (i=1..m) and the feature

synchronizers lej (j=1...n), we can combine them into a system-model synchronizer [1; : OI &Y as

n={le, ®le,®.. 0, } (s, @i, @ ... ®1z,) (6)

where If is either {If,} or [Ir,]. In brief, we synchronize all objects first with {If ®If, ® ... ® 5 } (as

described in Section 5.1), and then synchronize feature values with If @ If ® ... ® If 13),

Remark 19. [ has two parts, which are combined by sequential union. The former part is the
synchronizer for objects, which has been discussed in Section 5.1. The later part is the parallel union
of all If , which is also a well-behaved system-model BX according to Theorem 1, because the edit to a
feature value should not affect the value of another feature. Due to the fact that feature synchronizers
never change the correspondence data, [y is a well-behaved BX according to Theorem 2.

We need the following necessary knowledge to create a concrete system-model synchronizer.

1. The definition of a system module, including
e the classes in the system, and the implementation of their constructors and destructors,

e the features in the system, and the implementation of their getter methods and edits (for non
constructor parameters),

e the domain constraints (i.e., the contracts) of system edits (cf. Section 3.3);

e optionally, the domain-specific predicate isAlive (cf. Section 3.2).
2. The definition of a metamodel that consists of a set of EClasses and EStructuralFeatures.

3. Information needed by concrete class synchronizers and feature synchronizers, including

e the mapping between classes and FEClasses and the mapping between system features and
EStructural Features,

e the implementation of the domain-specific alignment predicate isAligned (cf. Section 5.1),

e optionally, the implementation of a bijective function (or a BX) F' for a feature synchronizer
that converts between an attribute and an EAttribute (cf. Section 5.2), i.e., F' converts free data.

5.4 Example: File System Synchronizer

This subsection demonstrates how to develop a file system synchronizer by concretizing the generic
system-model synchronizer. In this example, a file system consists of a root directory and all the contents
within this root directory. We use the Java class java.io.File to represent the system objects in a file
system. A file model conforms to the metamodel (i.e., the model type) as shown in Figure 5@). The
metamodel defines three concrete EClasses, i.e., Folder, File, and SymbolicLink that is a subclass of File.
A Folder contains many Fileltems, and a SymbolicLink points to a Fileltem. For simplicity, we assume
that a SymbolicLink must point to a Fileltem in the same file system. Figure 5(b) shows the expected file
model that is consistent with the simple file system in Figure 1.

There are several difficulties in the development of the file system synchronizer. First, in Java,
java.io.File is the class to denote files and folders. It means that java.io.File is mapped onto File,
Folder, and SymbolicLink, so the mapping between Java classes and EClasses is not bijective. Second,

13) All feature synchronizers share the same correspondence data generated by class synchronizers.
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Figure 5 File system example

java.io.File does not define a field to denote the target of the symbolic link, when the file object is a
symbolic link file. Besides, java.io.File does not provide a setter method to change the symbolic link.
Third, a file system imposes many domain constraints that determine the execution order of the system
edits. For example, if a folder is deleted from disk, then its contents are also removed; we cannot insert
a file into a folder that has not been created; two files (folders) should not have the same name.

File System Module There is only one class java.io0.File in our example. However, we split all objects
of java.io.File into the following three groups that are regarded as three subclasses

1. Cgir is the set {o|o € java.io.File A o.isDirectory()} of folders. Cg4;,- has the following features:
® fiirname 18 the name of this folder, which is a constructor parameter.
® fiir_par is the parent folder of this folder, which is a constructor parameter.

® fyir items 1S the content of this folder, which is an unordered containment reference.

2. Cyile is the set {o|o € java.io.File A 0.isF'ile() A o is not a symbolic link} of normal files; Note that
we can call API java.nio.file. Files.isSymbolicLink() to determine whether a file is a symbolic link.
Cyile is equipped with the following features:

® frile_name is the name of this file, which is a constructor parameter.

® ftile par is the parent folder of this file, which is a constructor parameter.

3. Clink is the set {olo € java.io.File A 0.isFile() A o is a symbolic link} of symbolic links. Cping is
equipped with the following features:

® fiink name is the name of this symbolic link, which is a constructor parameter.
® flink par is the parent folder of this symbolic link, which is a constructor parameter.

® flink_pointsTo is the content of this symbolic link, which is a singleton non-containment reference.

The constructors cong,,,, cong,,,. , and cong,,,, can be realized by creating a new instance of java.io.File
with a parent folder and a name, i.e., using new java.io.File(parent,name). Regarding destructors, since
they are not required in Java, we omit them in this example.

The feature getters can be realized as follows. gets,, ..., 9t ome, and gets, . are imple-
mented by calling API java.io.File.getName(). gets,,. .., geti;,. ..., and getq, . are implemented by
calling API java.io. File.getParentFile(). gets,,, ... . 1isimplemented by calling API java.io. File.listFiles().
9€t )k poinesro 15 implemented by calling APT java.io. File.getCanonicalFile() that will return the link tar-
get if the file object is a symbolic link.

The feature edits for fg;,_items are realized as follows. insert,, . . is implemented by calling
APIs java.io.File.mkdir() and java.io.File.createNewFile(), depending on whether a subfolder or a file
will be inserted into this folder. removes,, .. . is implemented by calling API java.io.File.delete().
modifys,, ... . isimplemented by calling API java.io.File.renameTo(). moveOuts,,, .,.. . isimplemented
by moving the original file/subfolder into a temporary folder and renaming it with a temporary name us-
ing API java.io.File.renameTo(). movelns,, ., is implemented by moving the file/subfolder from the
temporary folder into this folder and renaming it to the required name using API java.io.File.renameTo().
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Figure 6 Execution of file system synchronizer

The feature edits for fiink_pointsTo 18 implemented as follows. inserts,,, .....r, 15 implemented by
calling AP java.nio.file. Files.createSymbolicLink. removes,,,, ..., is implemented by turning the link
target to a predefined invalid path using API java.nio.file. Files.createSymbolicLink. modifys,; .. ,oincero
is implemented by chaining removes,, ., . insor, and inserts, . .. o .

Constraints of Edits A file system imposes many constraints that can be encoded as the preconditions
of system edits. We list some examples as follows.

PO Any object must be created before being used;

P1 To remove/move out a file/sub-folder from a parent folder, or to insert/move a file/sub-folder into a
parent folder, the parent folder must be present, i.e., the preconditions of inserts,,, .,...., removes,, ...,
MO fYsgiyirems» MOVEINSY, s and MmovEOUlty,, .-

P2 To delete/rename/move out a folder/file, the folder/file must be present, i.e., the preconditions of
removes,, .., renames,, .. and moveOuts,, ., . .

P3 To insert/rename (i.e., modify)/move in a file/folder, file/folder name collision is not allowed, i.e.,
the preconditions of inserts,, ... ., modifys,, ... ., and movelns,, . . ;

P4 To move a file/folder into a target folder, this file/folder must be present in the temporal folder, i.e.,
the precondition of movelns,,, ,,.. ..

Class and Feature Mapping The mapping from system classes and features to the EClasses and
EStructuralFeatures defined in Figure 5(a) is straightforward, as follows:

® Cgir, Cfile, and Cying are mapped onto Folder, File, and SymbolicLink, respectively;

L4 fdir,name/ffile,name/flink,name and fdir,par/ffile,par/flink,par are mapped onto name and parent of
Folder/ File/ SymbolicLink (inherited from Fileltem), respectively;

® fyir items 18 mapped onto item of Folder, and fj;ni_pointsTo 1S mapped onto pointsTo of SymbolicLink.

Alignment Predicate The last step to develop the file system synchronizer is to define isAligned that
can compute the missing correspondences between objects of java.io.File and model elements of Fileltem.
The pair function is quite simple—comparing the full path of an object and an element.

Now, we have defined all necessary information that is needed to derive the file system synchronizer
from the generic system-model synchronizer that is defined in Equation (6).

Runtime Behavior We have implemented this file system synchronizer in our prototype tool support.
Figure 6 shows the execution of this synchronizer. The original file system is a super set of Figure 1, where
the link target, i.e., feature pointsTo, is denoted as a dashed arrow (which is also a superset of Figure
5)). The forward transformation of the file system synchronizer successfully generates a file model that
reflects the folder structure.

Then, we change the file model programmatically as follows to simulate an automated model conversion:
(1) remove Folder B, (2) move File C.txt to Folder root, (3) rename File A.txt to C.txt, (4) rename the
original File C.txt to A.txt, (5) rename Folder D to renamed-D, (6) remove Folder E, (7) move File F.txt
to renamed-D, and (8) change the target of pointsTo of SymbolicLin L to File F.txt. Please note that the
above sequence of changes to the file model are invalid for a real file system because

e we cannot move a file from a folder has been deleted, i.e., (1) and (2), and (6) and (7),

e and we cannot rename a file to a name that is occupied, i.e., (3) since we have moved the original
File C.txt to the root folder in (2).

That is to say, if we try to propagate these model changes with the state-of-the-art change-driven
approaches (e.g., SMQRT [17]), then we are unable to obtain the expected result.
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The key of system-model BX is that it calculates the system edits according to the current state of
the system and the model, rather than the changes/delta of the model (no matter whether they are
valid to the system). By comparing the changed file model and the current file system, the file system
synchronizer determines the following system edits:

e; remove root/B from root,

ey remove root/D/E from D,

es set the link target of root/L to root/renamed-D/F.txt,
e, create a file object pointing to root/A.txt,

e; create a file object pointing to root/C.txt,

e create a file object pointing to root/renamed-D,

e7 create a file object pointing to root/renamed-D/F'.tut,
es move root/D/E/F out of root/D/FE,

eg move root/D/E/F into root/renamed-D,

e1p move root/B/C.txt out of root/B,

e11 move root/B/C.txt into root and renamed it to root/A.tzt,
e12 modify the original root/A.tzt into root/C.tzt in root,
e13 modify root/D into root/renamed-D in root.

After collecting all those edits, the file system synchronizer is able to plan an execution order as follows.
According to P2, eg and ey must run before e; and ey, respectively. According to P1, e must run before
e13. According to PO, ey, e5, eg, and ey must run before e11, €12, €13, and e3, eg, respectively. According
to P/, eg and ejg must run before eg and ey, respectively, because moveQOuts must run before movelns.
According to P3, e12 must run before e1; to avoid file name collision. Finally, the file system synchronizer
produces an edit sequence as follows during execution of backward transformation:

[el()u €5,€5,€5,€7,€4,€1,€12,€2,€3,€11,€;3, eg]

By applying this edit sequence, we obtain the updated file system as shown in Figure 6, which is consistent
with the updated file model.

6 Conclusion and Future Work

This paper investigates how to synchronize a system and a model, and proposed system-model BX as
a theoretical solution to this problem. This paper also proposed a set of combinators for system-model
BX and proved their correctness. System-model BX is different from existing BX technologies in the
following aspects: (1) the system-model BX does not treat a system as free data and requires BX
developers to explicitly define system read/write operations; (2) the system-model BX is fully aware of
domain knowledge and constraints on system edits; (3) the system-model BX computes a set of system
edits during the backward transformation, and then plans a proper execution order according to the
domain knowledge, rather than blindly executing them.

Regarding the future work, we plan to improve our work in the following aspects. First, we will continue
enriching the formal definition of system-model BX and defining more useful combinators. Second, we
notice that some system edits computed by a backward transformation can be merged to reduce the total
number of edits to be executed. We will investigate how to automatically infer mergeable edits. Third,
we will study how to automatically check the correctness of system-model BXs, such as the verification
of Equations (4) and (5), the disjoint property required by many combinators, and the well-formedness
conditions of pairing functions and partition functions. At last, we plan to enhance our tool support and
develop a programming environment for system-model BX, and will conduct more case studies with the
help of our tool.
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