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Figure 5.12: Generation overview

a set of member variables, whose values are bound with a XMI file by an XMI
parser.

We extend the EMF generation engine to generate the system adapters.
The generated adapters are also constituted of Java classes that implement
the MOF reflection interface. But besides the standard methods, we also
generate some specific methods from the access model for invoking the man-
agement API. When an external program invokes a standard method, the
generated code inside the standard methods will forward the invocation to
the proper specific methods.

We use an example to illustrate the above presentation. List 3 is a sam-
ple Java Class in the system adapter for PLASTIC. It is generated from
the Local class (Figure 5.4.2) and its ClassMap(Element 2 in Figure 5.11).
Lines 2-4 are generated from the UtilField (4). Lines 5-6 are generated
according to the “remote” aggregation, where EListSubAdapter is a utility
class dealing with multiple properties. Line 7 is generated from Lookup and
contains the instantiation logic. listSubCores (Line 8) is a specific method
generated from ListSub (5), which lists all the active devices. eGet (Line
18) is a standard method for getting property values.

The generated adapters hide the variance of architecture models and sys-
tem states. External programs could manipulate the different architecture
models and system states by invoking the same set of standard methods.
We use one example to illustrate how the adapters work. The tool in this
example will be used later in the synchronization algorithm.

The “model clone” tool in EMF [BBMO3] provides a copy(modl, mod2)
method to clone the content from mod2 to modl. If we invoke copy(modil,
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Listing 5.3: Sample of generated system adapter

1 public class LocalImpl extends EObjectImpl{

2 class Listen implements Runnable {...}

3 private static MNClient mncListener =

4 new MNClient (name + "Listener", maxThreads);
) private EListForAdapt<Remote> remote=

6 new EListForAdapt<Remote>(...);

7 public Object lookupCore() {...}

8 public List listSubCores(int featureID) {

9 switch (featureID){

10 case PlasticSystemPackage.LOCALREMOTE:

11 HashMap remotes = new HashMap ();

12 Listen 1t = new Listen(mnclistner, remotes);
13 new Thread (1lt).start ();

14 /*The same lines in List 1 */

15 return new ArraylList(remotes.values());
16 }

17 }

18 public Object eGet(int featureID...) {

19 switch (featureID){

20 case PlasticSystemPackage.LOCALREMOTE:

21 remote.refresh ();

22 return remote;

23 } } X
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sysAdapter), the clone tool will load the current system state into a model.
Let us see how this tool interacts with the system adapter. Suppose now
this clone tool wants to copy the children of the root Local element. It
first checks the meta-model (Figure 5.4.2) and find out that Local has an
aggregation named “remote”, and so it invokes eGet (’remote’) on this root
element. The invoked eGet (Line 18) refreshes the remote list (Line 21). This
refresh() method of EListForAdapter invokes back the listSubCores
(Line 8) to collect the information of all the active remote devices (Lines
12-16, as we have introduced in Section 5.4.2), and instantiate a RemoteImpl
for each of the devices. In this way, the copy method obtained a list with
instances of RemoteImpl.

Synchronization Algorithm

With the above preparations, we can construct our synchronization algo-
rithm. The algorithm is constructed using the extensions in Section 5.3 to
handle conflicts and update failures. Because the updates to the architecture
model representing the management behavior of users, we use the update to
the architecture to overwrite that to the system when they conflict. Because
updates to the system sometimes may fail, we handle update failure on the
system side.

To construct the algorithm, we need to provide some core components
used in the algorithm. First, the bidirectional transformation is obtained
from the QVT bidirectional transformation program. Although QVT en-
ables rapid development of bidirectional transformations, it does not always
guarantee CORRECTNESS and HIPPOCRATICNESS. If a program has complex
interaction with the constraints on the meta models, it may produce incon-
sistent result. As a result, it is up to programmers to carefully check their
programs to ensure the two properties. Nevertheless, as synchronization in
architecture-based runtime management mainly involves attribute-mapping,
the two properties are often satisfied.

Second, the model difference operation is obtained from our dictionary
representations (c.f. Chapter 3). We first convert models into dictionaries,
and then use find_update to compare dictionaries. To assign the UIDs across
different version of models, we assume each model elements has a special
attribute that uniquely identifies this model element and will not be changed
when user modify the models. If model elements in two versions of models
have the same value in their identifying attributes, we assign the same UID
to them.

Third, the write operation is constructed use the copy tool that we
constructed in the end of the last section. We first copy the target model to
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the system adapter, and then read the adapter again. The model obtained by
reading the adapter is the result of the write operation, where the applicable
updates are all applied, and the inapplicable updates, if any, are discarded
away.

Finally, because the updates on the architecture model may not be suc-
cessfully applied, we need to report the failed updates to users. This is
achieved by first comparing models to find the user updates and the applied
updates, then converting updates into a set of pairs containing locations and
primitive updates for comparison, and reporting the pairs missing in the
applied updates.

5.4.4 Properties of the Synchronizer

Applying our algorithm not only helps construct the synchronizer, but also
ensures many important properties on the synchronizer, which ensure the
synchronizer works correctly in the runtime management.

Property 1. The result architecture model and system state are consistent
according to the specified relation, even though there are conflicts or failures.
This directly follows the CONSISTENCY property of our algorithm. In addi-
tion, this is also known as a basic property of runtime management [OMT98].
It ensures that the management agents always get the right representation
of system state.

Property 2. Unchanged architecture model does not cause system change.
This is a reduced version of STABILITY and can be proved similarly. This
property prevents the synchronizers from polluting the running system with-
out the management agents’ intention.

Property 3. Conflicts do not harm the system. This is because we over-
write the system updates with architecture updates when there are conflicts.
This property liberates management agents from worrying about conflicts
when they modify the architecture.

Property 4. “Irrelevant” architecture modifications remain in the result
architecture model. “Irrelevant” modifications are the ones that do not have
meanings on the system state, like the change of server’s administrator name
(see Section 5.4.1). This property allows management agents to record ir-
relevant information on architecture models to assist further management
activities.

Property 5. The synchronization result is unambiguous. From the syn-
chronizers’ perspective, they will try to propagate every change without con-
flict, according to the behavior of the three-way merger. From the manage-
ment agents’ perspective, if their modifications remain in the final architec-
ture model, then these modifications must have been propagated successfully,
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otherwise the agents could receive warnings.

Note that we require some premises on the running system. For Prop-
erty 2, we require that the API method for retrieving states does not have
side-effects. For Property 3, we require that the system does not change dur-
ing the process of three way merge. For some kinds of systems that do not
satisfy these premises, developers have to do some extra work when defining
the access model, e.g. utilizing state-locks.

5.5 Summary

In this chapter we have proposed an approach that wraps a bidirectional
transformation program and a model difference approach into a synchronizer
for parallel updates. Our approach is general and predictable. It is general
in the sense that it allows the use of any bidirectional transformation and
any model difference approach, and it is predictable because it satisfies three
model synchronization properties: CONSISTENCY, STABILITY and PRESER-
VATION. We also use algorithm to construct an architecture-based runtime
management framework, which not only certifies the usefulness of our al-
gorithm, but also greatly facilitate the development of architecture-based
runtime management systems.



100 CHAPTER 5. OFF-SITE SYNC FROM BI-TRANS



Chapter 6

Beanbag: An On-Site
Synchronization Language

6.1 Motivation Example

In the previous two Chapters we have seen our support for off-site synchro-
nization. In this chapter we introduce our support for on-site synchroniza-
tion. Chapter 1 has discussed the difference between off-site synchronization
and on-site synchronization and Figures 1.1-1.3 has shown an example of
on-site synchronization.

Although there is currently no high-level language for writing on-site syn-
chronizers, there are languages for defining consistency relations over models
[Obj06, Jac02]. One of such languages is the Object Constraint Language
(OCL) [Obj06] that is to define and check consistency relations over models.
As an example, we give two OCL relations describing the consistency relation
over the UML model in Figure 1.1.

Cl: context Message

inv let rec = self.receiver in
let ops = rec.base.operations in
ops->exists (oper | oper.name = self.name)

C2: context Message
inv self.sender <> null and self.receiver <> null

C1 requires every message in a sequence diagram to be declared as an op-
eration in the receiver’s class. The context keyword states that it will be
applied to every Message object. The concrete relation definition starts from
a message (self), finds the receiver object (rec), finds the operation set in
the class of the receiver object (ops) and check if there exists an operation
having the same name of the message. C2 requires every message to have

101



102 CHAPTER 6. BEANBAG

a sender object and a receiver object by disallowing related features to be
null.

As there are many existing OCL programs, we would like to ask whether
we can automatically derive synchronizers from OCL programs. As a mat-
ter of fact, if we examine the definitions of consistency relations, we would
find that some relations have already implicitly included the definitions of
synchronizers. Consider a simple relation that two primitive values a and
b are equal: a=b. If a user changes a, the only reasonable action to take is
to change b accordingly. The same strategy also works when b is changed.
However, it is not easy to automatically derive synchronizers beyond the
simplest relations. First, many consistency relations, like C1, have multiple,
even infinite numbers of actions to take for some updates. How to choose
one among them is unknown. Second, consistency relations may be com-
posed by operators like and, or and quantifiers. It is unclear how to compose
synchronizers accordingly while ensuring a correct synchronization behavior.

In this chapter we suggest a compromising approach. Instead of deriving
synchronizers purely from consistency relations, we ask users to provide some
extra information so that we can determine a unique synchronization behav-
ior from a consistency relation. In this way we can greatly reduce the effort
in implementing a synchronizer (because the amount of extra information is
usually small) and we can ensure the correctness of the synchronizer from
the derivation process.

To achieve this, we design a language, Beanbag, for users to define a
consistency relation and a synchronization behavior at the same time. The
Beanbag language defines consistency relations in OCL-like syntax, but every
relation in Beanbag also has a synchronization semantics describing when
some parts of the data are changed by users, how to change the other parts
to ensure consistency. For relations with multiple synchronization behavior,
Beanbag provides users with more than one way to construct one relation,
where a different way indicates a different synchronization behavior.

We evaluate the expressiveness and usability of Beanbag by developing
Beanbag programs for consistency relations in MetaObject Facility (MOF)
[OMGO02] and UML [Egy07, ELF08] models. The evaluation shows that
Beanbag greatly eases the development and can support many useful scenar-
ios in practice.

To have a concrete idea of Beanbag, let us write a Beanbag program for
relation C1. A Beanbag relation describing C1 can be defined as follows.

def Cl(msg, model) :=
let rec = model.(msg."receiver") in
let opRefs = model.(rec."base")."operations" in
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opRefs->exists (opRef | model.opRef."name"=msg."name"

We can see that the Beanbag program is very similar to the OCL expression.
One small difference is that Beanbag is built on dictionaries. Therefore, in-
stead of writing msg. "receiver", we need to write model . (msg. "receiver").
This difference is not important for now.

To apply this relation to all instances of Message, we further write the
following code:

def ClonAll (model, meta) :=

model->forall (obj |
isTypeOf (obj, "Message", meta) and Cl(obj, model)
or not isTypeOf (obj, "Message", meta)

)

The ClonAll relation works in two modes. In the checking mode, it runs
as a normal OCL expression, takes the current model and the meta model
as input and produces a boolean value indicating whether the relation is
satisfied. In the synchronization mode, it takes as input the current model,
the meta model and the updates that users try to apply to the model, and
produces new updates representing actions to take to make the model consis-
tent. The input updates can be a single update, changing a single feature or
inserting/deleting an object. It can also be a combination of several updates
performed by different users in a distributed environment, changing several
locations or inserting/deleting several objects.

Putting it more concretely, the synchronization mode of C1onAl1 proceeds
in a similar way to the checking mode, but propagates updates when it
encounters one. Suppose a user has renamed an operation to a new name.
ClonAll will invoke C1 on all Message objects and C1 will check if there
exists an operation with the same name. For the renamed message, such
an operation cannot be found. Then the exists statement will insert a
new null reference in the collection and proceed to the inner relation. The
expression model.opRef will create a new operation and replace the null
reference with the actual reference. Finally, the equality relation will assign
the changed name to the newly created operation. We will see the precise
semantics in Section 6.2.3.

As discussed in Chapter 1, when an operation is renamed, we can either
insert a new operation or rename an existing operation. To rename an ex-
isting operation, what we need to do is to change exists to exists! in the
last line. The new Beanbag program runs the same in the checking mode,
but in the synchronization mode it will rename the operation that originally
corresponded to the message.

Note that the current program for C1 can be improved; the current version
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v=v
c and ¢

corc
d->forall(v|c)
d->exists(vle)
d->exists! (vlc)
let v=e in c
protect v in ¢
test ¢

not ¢

const

d.k

let v=e in e

v any variable
d := a dictionary variable
k = a key variable

Figure 6.1: Core synatx

will insert a new operation even when we change the receiver of a message or
when we delete/rename an operation in the class diagram. We can describe a
more natural synchronization behavior by extending C1 to allow the message
name to be null. We will see a full featured program in Section 6.2.4.

6.2 The Beanbag Language

6.2.1 An Overview

Figure 6.1 shows the syntax of the core Beanbag language. The Beanbag
language has similar syntax as OCL [Obj06]. It has the primitive constraint
“=" to describe equal relation between two variables, uses logic operators of
and, or and not, and quantifiers of forall and exists on keys of dictionaries
to construct complex constraints, and binds variables with expressions with
the let construct. An expression may be a constant value, a dictionary key
indexing d.k, or a local binding expression with 1et. With these constructs,
Beanbag is powerful to describe various kinds of constraints; we have seen
several examples in the introduction, and will see more examples in Section
6.2.4.

As we have seen in Section 6.1, a Beanbag program can be executed in
either the checking mode or the synchronization mode. We use two func-
tions to describe the semantics in the two modes. In the two functions, we
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use two sets of bindings to pass the information. The variable-value bind-
ings, often denoted as o : VAR — walue, bind variables to data values. The
variable-update bindings, often denoted as 7 : VAR — wupdate, bind vari-
ables to updates. We write var? or var” for the value or the update bound
to variable var in binding set o or 7. We write dom(o) for the set of all
variables in 0. We also write 7(¢) to denote applying all updates in 7 to
the corresponding variables in ¢ and returning a new set of variable-value
bindings.

Suppose ¢ is a constraint (an instantiated relation) defined by Beanbag.
The checking function evaluates ¢ according to a set of variable bindings.

E[c] : (VAR — value) — BOOLEAN

For example, E[a=b] returns true for an input o where a” = b’.

The synchronization function is a partial function takes the current values
and the updates on the variables and produces new updates on the variables
to satisfy the constraint.

R[c] : (VAR — wvalue) x (VAR — update) — (VAR — update)

The function is partial (returning L on some input) because the updates may
conflict with each other or may not be allowed by the program. In such cases
the modeling tool should report an error message to users. For example,
given an input (o, 7) where a” = b = 1, a” = void, and b” = 2, R[a=b]
returns 7 where a” = 12 and b” = 12. If a7 = 13 and b” = !2, R[a=b]
returns L.

Different from OCL, the Beanbag provides the following declarative ways
for people to define synchronization behavior for reestablishing the consis-
tency relation after an update happens.

e Fach standard constraint operator is equipped with a specific synchro-
nization operation. For example, the primitive equation constraint
“v1 = vy” will propagate updates from one to the other while treating
vy with higher priority (so ve = v; has different synchronization behav-
ior from v; = v). The conjunction “c; and ¢;” synchronize updates
using the synchronization functions of both ¢; and ¢,. The disjunction
“c1 or ¢” will synchronize updates by first trying the synchronization
function of ¢; if ¢; was satisfied before updates happen, and that of
co otherwise, and if this fails we try the synchronization function of
the other. The forall qualifier ”d->forall(v|c)” will synchronize up-
dates by synchronizing each dictionary entry with the synchronization
function of ¢ if necessary.
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e New constraint constructors are introduced to describe different syn-
chronization functions. Two forms of the existence constraint are pro-
vided to dealing with flexible synchronization of dictionary structures.
For instance, the two constraints

model ->exists(class|class."name"=x)
model ->exists!(class|class."name"=x)

describe the same consistent relation that there exist a class in the
model whose name is equal to x. But they behave differently when the
consistency is destroyed by, for example, a change of x. The former
will create a new class with its name equal to the changed x, while the
later will rename the existing class whose name is equal to x before x
is changed.

o New constructs are introduced to restrict synchronization behavior. The
construct “protect v in ¢’ describes the same constraint as ¢ but
does not allow its synchronization function to update v, while the test
construct “test ¢” describes the same constraint as ¢ and allows no
update on any variable.

In the following, after briefly explaining the common checking semantics,
we focus on a detailed and formal definition of our new synchronization
semantics of the language.

6.2.2 Checking Semantics

Figure 6.2 shows the checking semantics of the Beanbag language. E[c] (o)
and Efe] (o) evaluate a constraint ¢ to a boolean value and an expression to
a value under a set of variable-value bindings, respectively.

We write o[var — o] to indicate a new set of bindings that maps a
variable var to value v and maps all other variables to the same values as o.
We will also use this notation for dictionaries and updates on dictionaries.

We can see that the checking semantics of Beanbag is the same as what
we can expect from the syntax. In the following part we will focus on the
fixing semantics.

6.2.3 Synchronization Semantics

One of our major contributions is a natural and correct synchronization se-
mantics for Beanbag, an extended constraint language. Our idea is to prop-
agate updates through equality constraints, control the propagation order
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I

E[ecy and ¢;](0) = Efc1](o) A E]c2](0)

Elc; or ] (o) Elci](0) V E[e](0)
E[d->forall(vla)](c) = Vk & dom(d?): E[c](olv— d7.k|)
E[d->exists(vla)](o dk € dom(d?) : Efc|(o[v — a7.k])
EJd->exists! (vlc)](o) E[d->exists(v|c)](o)

E[let v=e in c](0) E[c](alv — E[e](o)])
E[protect v in c](o)

~— —

Elel(o)

Eftest c](0) = E[c](o)

E[not ¢](o) = —E[c](o)

E[const] (o) = const

EJax](o) = d7.k°

E[let v=e; in ey](0) = Efes](o[v— Elei](0)])

Figure 6.2: Checking semantics

by logic operators, derive structural updating through logic quantifiers, re-
strict synchronization behavior through special constructs, and introduce
recursion for describing more involved synchronization strategies. We will
use R[c](o,7) to describe the synchronization for the constraint ¢ under the
variable-value binding set ¢ and an update described by the variable-update
binding set 7. Its result is a new variable-update binding set showing how
to update variables in such a way that c is satisfied again. We will define
R[c] (o, 7) by induction on the construction of ¢. For simplicity, we assume
all bound variables introduced by forall, exists and let have different
names from the free variables.

Update Propagation based on Equality Constraints Propagating
updates from one part to another to synchronize updates can be reduced
to dealing with the following three equality constraints in our framework.
This reduction will be explained in the synchronization semantics for the
let construct.

e R[vi=vs](0, 7). To establish the equality constraint between two vari-
ables, we propagate updates on v; and vy to each other, and compute
a new variable-update binding set 7/ such that vi7 @) = ¢, 7@ Tet
us first consider a simple case, where the values of v; and vy are equal
before updating 7, that is, vi? = v,?. In this case, we simply merge
the input updates on vy and v, when they are compatible, and return
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1 when they conflict.

Tl — ullve — ul viT B vy
R[vi=vs] (0, 7) = {J_[ ' Iz | o‘iherwfse

where u is an update merging the updates on vy and vo, ie., u =
vi" o vy". Generally, the values of v; and vy may be unequal before
updating, i.e., vi? # v97. In this case, we first apply both updates to v,
to get a new value new_v, and then we calculate the update u by merging
the two updates on vi and vy with the update find_update(v,?, new_v)
that are used to change the value of vy to new_v.

Tlvi = ul[ve = ul viT ©vy”

L otherwise

where u = (v17 o vy7) o find_update(v,°, new_v)
new-v = Ulv," o vy"](v27)

R[vi=vs](o,7) =

It is worth noting that after the synchronization, both v; and v, are
equal to new_v.

R[v=const] (o, 7). To establish the equality constraint between a vari-
able and a constant, we calculate an update over v” by finding an
update to change the updated v (i.e., v7(?)) to the constant.

TV uovT] udv’

R[v=const] (o, T) = { L otherwise

where u = find_update(v7?), const)

R[v=d.k] (o, 7). To establish the equality constraint between a variable
v and a dictionary key indexing d.k, we first check the key k. If k is
original null with no update, denoted by isNull(k), we create a new key
using the function newID(o, 7) and do synchronization. If k is deleted,
i.e., k™ = lnull, we have no way to do synchronization and return L.
Otherwise, we do synchronization on R[v=v'](c, ) where v’ is a fresh
variable referring to the same value and update that k™) is mapped
to by d. When v/ or v'7 changes, the d”.k®) or d7.k(®) changes
accordingly. This is denoted by R[v=v](c[v'=d.k"(?)], r[v'=d.k™(?)]).

R[v=d.k](o,7) =
R[v=d.k] (o, 7[k — lnewlD(o,7)])  isNull(k)
L k™ = Inull
R[v=v'](c[v'=d. k"], 7[v'=d.k"(?)]) otherwise
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Propagation Order Control based on Logic Operators  We assign
a synchronization semantics to the logic operators of and and or to control
the order of update propagation.

e The synchronization function R[c; and ¢, is to establish both ¢; and cs.
To do this, we call R[¢;] and R[cs]] one by one in this order to propagate
updates. Since R[c,] may propagate new updates to variables used in
¢, we may need to call Re¢;] again to satisfy ¢;. Similarly, a call
of R[c1] may require a call of R[cs]. Hence in the synchronization
function we repeatedly call R[c;] and R[co] until we reach a fixed
point where no new update is propagated.

7 =T

Rlec; and e (0,7') 7' # 7T
where 7/ = R[cso] (o, R[e1] (o, 7))

Beanbag does not guarantee the existence of such a fixed point, and
thus R[c; and co]] does not always terminate. However, this will not be
a problem in practice because most programs will terminate. We will
discuss more on this issue in Section 6.3.

R[cy and ¢ (0, 7) =

It is worth noting a different order of ¢; and ¢y sometimes leads to differ-
ent synchronization behavior. We can write “c; and ¢;” or “cy and ¢”
to customize the behavior in such cases.

e The synchronization function R[c; or ¢3] is to make either ¢; or ¢,
be satisfied. As a result, in the synchronization mode we can choose
to use either R[c;] or R[cs] to propagate updates. However, to sat-
isfy STABILITY, we must first use the one that is previously established
on the data, otherwise the other constraint may produce updates to
change the data and violate STABILITY. For example, let us consider
RJa=b."x" or a=b."y"]. Suppose in the input data bindings a is
equal to b."y" and the update bindings map both a and b to void. If
we choose the first constraint, a will be changed to b."x" and STABIL-
ITY is violated.

In R[ec; or ¢y], we first find out the constraint that is previously estab-
lished by calling E[c;] and Efes], and use the constraint to propagate
updates. If the constraint fails to propagate updates, we use the other
constraint. Because here we switch from one constraint to the other,
the data that is previously consistent for the former may not be consis-
tent for the latter. That is why we require synchronization functions to
handle inconsistent data bindings. When both E[¢;] and E[ey] evalu-
ates to false, that is, when the input data bindings are not consistent,
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we first try R[c;] and then try R[cs]. This strategy is very useful in
customizing the synchronization behavior: programmers can assign a
higher priority to a constraint by writing it first.

R]ey or o] (o, 7) =
Rlei](o, 1) if E]ci](0) A R[er](o,7) # L

Rles](o, 1) elif Efea](0) A R]ea](o,7) # L
Rlei] (o, 1) elif R]ei](o,7) # L
R[ecs](o,7) otherwise

Derivation of Structural Updating based on Logic Quantifiers The
forall and exists statements both involve invoking an inner constraint on
values in a dictionary. We will assign a synchronization semantics to them
to deal with updating on dictionary structures.

e The forall constraint is satisfied only if the inner constraint is satis-
fied by all entries in the domain of the dictionary. Consequently we can
call the synchronization function of the inner constraint on all entries
in the domain. Since sometimes we need to propagate from the dele-
tion of an entry, we also call on the deleted entries. Because updates
may be propagated to variables other than v, we recursively call the
synchronization function until we reach a fixed point, the same as the
and operator. In the definition we use an union operator on update
bindings to construct the result. The union 7, U 75 is a set of bindings
where the updates on the same variable in 73 and 75 are merged, and
is 1. when some updates conflict, or any of its operands is L.

R[d->forall(vl|a)](o, 1) =

+! =7
R[d->forall(v|a)|(o,7) 7 #7

where
7' = Uskedomar)udomar -Blel (o[v=d.k], T[v=d.k])

e The exists constraint is satisfied if one entry in the dictionary satisfies
the inner constraint. Therefore, we can reestablish the relation by in-
serting a new entry in the dictionary that satisfies the inner constraint.
When we insert a new entry, we generate a new ID as the key of the
entry with the function newlD(o, 7). The value part of the new entry
is generated by invoking the synchronization function of the inner con-
straint on the new key. Because the key does not in the domain of the
dictionaries, v will be mapped to null and void in the two binding
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sets. The inner constraint must change v to some value different from
null otherwise the synchronization function will return L.

R[d->exists(v|c)](o,7) =

T if Efd->exists(vle)](7(0))
R[c and not (v=null)](c[v=d.k], T[v=d.k])
otherwise

where k = newlD(o, T)

e The exists! construct locates an entry that previously satisfies the
inner constraint and updates the entry. However, such an entry may
not be found because the input value bindings may not be consistent.
In this case it just proceed as exists.

R[d->exists! (vla)](o,7) =
R[c and not (v=null)](c[v=d.k], T[v=d.k])
if Ik € dom(a”) : E[c](o[v +— a7.k])
R[d->exists(vle)](o,T)
else

Restricting Fixing Behavior The constructs protect, test and not
restrict its inner constraint from taking some fixing actions. These constructs
are needed because sometimes we may want to reduce the fixing behavior.
For example, it is possible that in a=b, a is considered as a source while b is
considered as a read-only view where only source updates can be propagated
to views and view updates cannot affect source. In this case we want to
protect a from being modified by the fixing function of a=b.

e The “protect v in ¢” statement protects a variable from being mod-
ified by c. If ¢ changes the variable, the protect statement will return

L.

R[protect v in c|(o,7) =
R[c](o,7) U D] (v7) = w7
L otherwise

e The test construct protects all variables in the inner constraint. This
construct is useful when we build an or constraint and we want to test
some condition without changing anything.

7 Elc](r(0))
R[test c](o,7) = {_]_ —=E[c](r())
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e The operator not reverses a constraint. A constraint containing not
is usually unfixable because we may face infinite choice of actions. For
example, if “not a=b” is violated, we can change a and b to any pair
of values that is not equal, and a fixing function cannot decide one.
Nevertheless, not is still useful in testing conditions, so in Beanbag we
define not in a similar way to test, where the fixing function simply
returns | when the constraint is not satisfied.

7 = Fle (T<0))
R[not c](o,7) = {J_ E[[c[][](]]T(U))

The let construct In previous part we have mentioned the fixing se-
mantics of expressions can be reduced to an equality constraint in the “v=e”
form. This reduction is done by the two let constructs when the constructs
connect expressions and constructs together.

e The constraint “let v=e in ¢’ is similar to “v=e and ¢” because it
establishes the relations of both e and c¢. In the latter e becomes an
equality constraint v=e. Since all expressions will eventually connect
to a constraint by let, all expressions can be reduced to a equality
constraint in this way.

However, one notable difference between the above two constraint is
that the let constraint has an inner variable v that initially has no
bounded value. We must first set a proper value on v so that we can
invoke the fixing functions of e and c. If e can be evaluated under the
input value bindings, we produce the value by just evaluating e. If e
cannot be evaluated (e.g., k is bound to null in d.k), we simply set
the value of v to null to indicate an unknown value. After the value
of v is properly set, we proceed to use the fixing function of and.

R[let v=e in cf(o,7) =

R[v=e and c|(o[v — val], 7[v+— void]) wal# L
{R[[v=e and c[(o[v + null], 7[v +— void]) otherwise
where val = Efe](o)

e The statement “let v=e in e” will also be reduced to the “v=¢” form
and we define its fixing semantics using the previous let construct.

R[[v1=(1et Vo=€1 in 62)]](07 T) =
R[let vy=e; in vi=es](o,T)

Recursion for More Involved Fixing  Recursion is important to the
description power of a language as it allows us to iterate over a recursive
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structure of a language. Beanbag supports recursion by allowing us to de-
fine named constraints (called relations) and named expressions (called func-
tions). We have seen C1 and ClonAll, which are two examples of relations.
Relations and functions can both be recursively called. For example, we can
check if a class is not inherited from a particular class using the following
code.

def check(class, parentRef, model) :=
test class.parent = null or
(not class."parent" = parentRef and
check(model.(class."parent"), parentRef, model))

6.2.4 Examples

In this section we give a few examples to show how to write Beanbag programs
in practice. First, let us implement the same synchronization behavior for
relation C2 as IBM RSA: 1) users cannot set the sender/receiver feature
of a message to null, and 2) when a class instance in the sequence diagram is
deleted, delete the connected messages. These requirements also correspond
to the composite property in the MOF model. The Beanbag program is as
follows.

def C20nAll (model) :=
model ->forall (obj |
isTypeOf (obj, "Message", metamodel)
and not model.(obj."sender") = null
and not model.(obj."receiver") = null
or not isTypeOf (obj, "Message", metamodel)
or obj = null)

The program uses forall to check all objects and within forall there are
three constraints connected by or. The first constraint deals with Message
objects and requires their sender and receiver features not to be null. The
second constraint deals with non-Message objects and the third constraint
deals with object deletion. The third constraint is actually included in the
second, but it can take a synchronization action (setting obj to null) while
the second cannot.

When users try to change, for example, the sender feature to null, none
of the three constraint is able to reestablish the relation (the first two con-
straints have no synchronization action to take and the last one cannot change
obj to null because of PRESERVATION) and the synchronization function
will return L to denote the update is not allowed. Now suppose users try to
delete a class instance. When we visit to a message connected to the class
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instance, the first constraint will fail because the referred object is null and
no synchronization action can be taken. The second constraint will also fail
because it has no associated synchronization action. Finally, the third con-
straint will set obj to null to delete the message. In this way we can ensure
all connected messages are deleted when a class instance is deleted.

The second example shows how to customize synchronization behavior
using or. Suppose we have a set of object that may be persistent. If an
object is persistent, it must be assigned to a persistent container. As a
result, when a persistent container is deleted, we may have multiple actions
to take on the persistent object belonging it. 1) We may delete the persistent
objects. 2) We may simply change the persistent attribute of these object
to false. The following program implements the first option.

def persistentConsistent(objs, model) :=
objs->forall(obj |

obj."persistent" = true

and not model.(obj."persistentContainer") = null
or obj = null

or obj."persistent" = false

and obj."persistentContainer" = null)

This program has a similar structure to the first one. We use three con-
straints to deal with three different situations: the object is persistent, the
object is deleted and the object is not persistent. When a persistent container
is removed, the second constraint will delete the objects belonging to it. If
we want to instead change the persistent attribute of these object, we can
just swap the last two constraints. After swapping, the attribute-changing
constraint will have higher priority to the object-deleting constraint and the
synchronization function will change the attribute rather than delete an ob-
ject.

Finally, let us construct the full program for relation C1. The program
in Section 6.1 will always insert a new operation to resolve an inconsistency.
However, if the inconsistency is caused by changing the receiver of a message,
changing the base type of a class instance, or deleting an operation, we would
prefer to set the name of the affected message to null to indicate that it
does not related to an operation. If users rename an operation in the class
diagram, we would prefer to rename the related messages accordingly. The
following program implements this synchronization behavior.
def Cl(msg, model) :=

let rec = model.(msg."receiver") in
let opRefs = model.(rec."base")."operations" in
protect model in
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(opRefs->exists!(r | msg."name"=model.r."name"
and not msg."name" = null)
or msg."name'"=null
or (opRefs->exists(r | model.r."name"=msg."name")
and not msg."name" = null)

This program connects three constraints using the or operator. The
first constraint protects model so that updates are only propagated from
operations to msg. The second constraints force the message name to null.
The last one is similar to the first but it does not protect model. When we
rename an operation in a class diagram, the first constraint will propagate
the update to the related messages. If we change the receiver of a message,
change the type of a class instance, or delete an operation, the first constraint
will fail because we cannot insert a new operation, and the second constraint
will set the message name to null. If we rename a message to a new name,
the first two will both fail and the third constraint will insert a new operation.
In addition, we can still customize the synchronization behavior of renaming
a message by changing the last “exist” to “exist!”.

6.3 Properties

One important question to ask is whether the semantics of Beanbag satisfies
the three properties for operation-based synchronizers. If we consider the
consistency relation is defined by the checking mode of Beanbag and a general
update consists of a dictionary-based value and a dictionary-based update (cf.
Section 3.4.1), the three properties can be redefined on Beanbag constraints.

Property 10 (Consistency for Beanbag constraints).
Re](o,7) = 7" = E[c]('(0))
Property 11 (Preservation for Beanbag constraints).
R[c](o,7) = 7" = Yvar € dom(7) : var™ C var™
Property 12 (Stability for Beanbag constraints).
E[c](o) AN71(0) = 0 = R[c](o,7)(0) =0
Based on these property definitions, we can prove the following theorem.

Theorem 6.1. Any Beanbag constraint satisfies CONSISTENCY, PRESERVA-
TION and STABILITY.

Proof. As the full proof is very long, here we only outline the proof. The
basic procedure is to use structural induction over the syntax rules for con-
straints. We first prove that the primitive constraints satisfy the three prop-
erties, and then prove other constructs will ensure the three properties when
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their sub-constraints satisfy the properties. Most of the syntax rules can be
straightforwardly proved by checking the semantics definition, but there are
two issues needed to be addressed. First, the let statement contains an ex-
pression and we need to know the properties of expressions before we discuss
let. By using structural induction on expressions, we can see that there is
a expression counterpart for each property on constraint.

Property 13 (Consistency for expressions).
R[v=e](o,7) = 7 = E[e](7'(0)) = v @

Property 14 (Preservation for expressions).
Rlv=e](o,7) = 7" = Yvar € dom(7) : var™ C var™

Property 15 (Stability for expressions).
Ele](t(0)) = v AvT@) = v = (vIlV=llem) (v7) = o

Then we can reason the let statement using the above properties.

Second, several constraints and expressions use recursive calls to reach a
fixed point. To satisfy STABILITY, we must ensure such a fixed point always
exist under the precondition of STABILITY. A fixed point exists if the function
is increasing and has a upper bound. Because of PRESERVATION, the input
updates must be included in the output. In this sense the fixing function is
increasing. Because all inner constraints and expressions satisfy STABILITY,
no variables will be changed when the precondition of STABILITY is satisfied.
As a result, the updates on the variables cannot grow beyond the size of the
bound values, and thus a fixed point always exists under the precondition of
STABILITY. [

Although the three properties are satisfied, it is possible that the fixing
function of a Beanbag constraint does not terminate for some input when
the precondition of STABILITY is not satisfied. For example, the synchro-
nization function R[a."x"=b and b."x"=a] does not terminate for a input
(0, 7) where a” = void and b = {}. However, such a non-terminating Beanbag
program often involves some counter-intuitive constraints (e.g., the example
constraint is universally invalid) and is rarely encountered in practice. Based
on our experience, most Beanbag programs in practice always terminate.

6.4 Evaluation
Since Beanbag satisfies the correctness properties, in the evaluation we focus

on the expressiveness and usability. We collected 32 consistency relations
from the MOF standard [OMGO2] and 34 consistency relations on UML
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models from Alexander Egyed who used the relations to evaluate their syn-
chronization action generation work [Egy07, ELF08]!. From the 66 relations
we identify 18 relations that can be automatically established through syn-
chronization actions. (Some consistency relations can be automatically estab-
lished without synchronization actions, and these relations are not counted.
For example, the name of a class should not be null. We can simply dis-
allow users to change the name to null.) These consistency relations range
from high level semantic relations like C1 to low-level syntactic relations like
C2. For some relations, we also designed multiple synchronization behavior
for each of them. As a result, we have the requirements for 24 Beanbag
programs.

Then we proceed to implement these programs in Beanbag to see whether
Beanbag is expressive enough for MOF and UML models. The result is
positive. We have successfully implemented 17 programs, that is, about 71%
of all programs. This result shows that although Beanbag is not expressive
enough for any synchronization behavior, it can support many scenarios and
15 useful in practice.

Reviewing the 7 unimplemented programs, we noticed that one program
can be implemented with a trivial extension to Beanbag: a function counting
the number of entries in a dictionary with no synchronization action need.
The other 6 programs need a non-trivial, yet small extension to Beanbag: the
ability to access the key when iterating entries in forall. This observation
shows that the problems on expressiveness are not fundamental. All the
7 programs can be implemented by extensions under the basic philosophy
of Beanbag: attaching synchronization actions to primitive constraints and
expressions, and composing them using high-level constructs.

On the whole, the development of Beanbag program is much easily than
manually implementing the synchronizer. A Beanbag program is usually
much shorter than a manually implemented synchronizer, and Beanbag en-
sures CONSISTENCY, PRESERVATION and STABILITY of a program, which
already eliminates many bugs.

However, during our development we also identified several problems on
usability. First, Beanbag only ensures the correctness of the output updates,
but does not ensure the existence of an output. It is up to the programmers
to ensure the primitive constraints and functions are composed correctly so
that the synchronization function will not return _L for a proper input. As the
interaction among constraints and expressions may be complex, it sometimes
needs quite some efforts to achieve this. Second, the synchronization behavior

In their publications they only mentioned 24 relations, but actually they have 34
relations in total.



118 CHAPTER 6. BEANBAG

involving inconsistent data is sometimes difficult to analyze. When we take
inconsistent data into account, the domain of the synchronization function
becomes much larger. It is sometime very difficult to consider all situations.
One possible solution to the two problems is to find some design patterns of
Beanbag. We leave this for future work.

One issue often discussed in synchronization is how to deal with the inter-
action of consistency relations [NEF03, ELF08]. In Beanbag this is handled
by connecting all consistency relations by “and” in a proper order. If one rela-
tion propagates user updates to some other locations, other related relations
will be invoked and further propagate the updates to more locations.

6.5 Summary

In this chapter we have presented a novel language, Beanbag, for developing
on-site synchronizers. Beanbag attaches synchronization actions to primitive
constraints and functions, and composing them through logic operators and
other high-level constructs. As a result, one Beanbag program has two mean-
ings: one for defining a relation over data, and one for defining a synchronizer
that establish the relation over data by automatically propagating updates.
Our study has shown that this approach greatly eases the development of
on-site synchronizers and can support many, though not all, useful fixing
scenarios in practice.



Chapter 7

Implementation and
Application of Beanbag

In the previous chapter we have seen the syntax and the semantics of the
Beanbag language, and how this language is effective for describing the syn-
chronization behavior and implementing synchronizers. However, although
the semantics are given formally in mathematical terms, it is not quite clear
how to convert these mathematical terms into programs so that we can com-
pile a Beanbag program into an executable piece of software. In this chapter
we discuss the key issues in the implementation of Beanbag.

One of the key issues in implementing Beanbag is how to implement
synchronization functions. In the definition of Beanbag semantics, synchro-
nization functions are partial functions. The function returns a set of up-
date bindings when the input updates are possible to be synchronized and is
undefined when the input updates conflict. The domains of constraints con-
structed using logic operators and quantifiers often depend on the domains
of their inner synchronizers. For example, R[a and b] is defined only when
R[a] and R[b] are defined in the series of synchronization invocations.

There can be many ways to represent a synchronization function in a
common programming language like C or Java. For example, we can repre-
sent a synchronization function as a procedure returning a new set of update
bindings, where the procedure throws an exception when the input updates
conflict. We can also let the procedure return bool and modify the input
updates at the spot. Furthermore, we can use two exception-free procedures,
one for testing whether the input will lead to an output and one for returning
output updates. Nevertheless, whichever method we use, we must ensure the
synchronization function is free of side-effect when the synchronization fails.
In other word, when the synchronization fails, the input value bindings and
update bindings should not be modified.

119
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This property is not easy to achieve. In the semantics definitions, many
language constructs have to apply a series of modifications to the input up-
date bindings to reach the output. If any of these steps fail, the whole
synchronization fails. To recover the original input update bindings, we need
to either 1) backup the update bindings at the start of the procedure, or 2)
undo all the applied modifications when we encounter a failure.

The first option is not preferred because of performance. In a large ap-
plication, it is possible that many parts of a large model is updated and the
input update bindings may be large. It may take too much time if we copy
the whole update bindings every time we invoke a synchronization procedure.
The second option solves the performance problem, as in most cases the size
of the modifications on the update bindings is smaller than the that of the
whole bindings. However, this option requires a lot more efforts on imple-
mentation. We have to develop an inverse operation for every modification
operation, and be very careful to ensure each operation applied is correctly
undone in every synchronization function.

In this chapter we solve this dilemma by implementing Beanbag in Haskell
[BWSS], a functional programming language. Different from traditional im-
perative languages, a modification operation in Haskell does not change the
data in memory. Instead, it stores the update operation, and execute the
operations only when the data is really needed. Intuitively, the new data
is stored as a link to the old data and the operation that changes the old
data to the new data. As a result, a copy operation in Haskell is very cheap
because we only need to store an “identity” operation and a link to the old
value. The execution time is constant regardless of the size of the copied
value. Using Haskell does not only provide an elegant solution for represent-
ing synchronization functions. The closeness of Haskell to the mathematical
terms also greatly facilitates the implementation, making the implemented
code similar to the semantics definitions.

Although we can provide a clean solution in Haskell, people may prefer
implementations in other languages so that the synchronizers can be better
integrated into their system. In this chapter we also discuss how to ensure
the synchronization function is free of side effect at failures when using an
imperative language. The basic idea is to use aspect-oriented techniques to
reduce the development cost in the second option. Aspect-oriented extensions
widely exist in popular imperative languages [KHH01, RS03, ALS08]. Using
our reusable aspects, one can effective avoid the extra care taken in the
implementation of synchronization functions and only have to implement an
inverse operation for every operation used.

More concretely, the contributions of this chapter can be summarized as
follows.
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e We present an implementation of a Beanbag compiler in Haskell. This
implementation features clean and correct code, and the full code is
available at the Beanbag website [Xioa].

e We discuss the implementation issues in imperative languages. We use
aspect-oriented techniques to reduce the development cost and show a
reusable aspect written in AspectJ [KHHT01].

e We present an application where we use Beanbag to build a multi-view
modeler. This application shows how to use beanbag in productive
cases.

The rest of this chapter is organized as follows. We first introduce our
Haskell implementation in Section 7.1. We classify the implementation into
three parts and introduce them one by one. We start with the dictionary-
based data and updates (Section 7.1.1), build synchronizers upon them (Sec-
tion 7.1.2), and then compile Beanbag code into Haskell code that invokes
these synchronizers (Section 7.1.3). We then discuss the implementation is-
sues in Java in Section 7.2. Finally, we present the application in Section 7.3.

7.1 Implementing in Haskell

7.1.1 Dictionary-based Data and Updates

The key concept used in dictionary-based data and updates is dictionary. The
structured data are described by dictionaries. The updates on dictionaries
are described by dictionaries. Furthermore, the sets of value bindings and
update bindings can be also considered as dictionaries mapping variables to
values/updates. To implement dictionary-based data and updates, the first
thing we should do is to implement a reusable data structure for dictionaries.

Haskell already provides a data structure, Data.Map, that maps keys to
values. Data.Map is a suitable candidate for implementing dictionaries, but
there is a gap between Data.Map and dictionaries. All keys that are not in the
domain of a dictionary has a default value. For example, the dictionary value
has a default value of null. The dictionary updates have a default value of
void. The value bindings and update bindings also have corresponding default
values. Data.Map does not support default values, and we have to implement
this mechanism ourselves.

To support default values, we define a data type DValMap, as shown in
Figure 7.1. The name DValMap is an abbreviation of the default value map.
This map contains an ordinary map and a default value. Three basic opera-
tions are provided for DValMap: get for getting a value at specified key, set
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data DValMap k a = DValMap (Map k a) a
deriving (Eq)

get :: (Ord k) => (DValMap k v) -> k -> v
get (DValMap theMap value) k =
Map.findWithDefault value k theMap

infixl 9 #

(#) :: (0rd k) => (DValMap k v) -> k -> v
(#) = get

set :: Ord k => Eq v =>

(DValMap k v) -> k -> v -> (DValMap k v)
set (DValMap theMap value) k v

| value == v && Map.notMember k theMap =
DValMap theMap value
| value == v && Map.member k theMap =

DValMap (Map.delete k theMap) value
| otherwise =
DValMap (Map.insert k v theMap) value

infixl 8 \\
(\\) dict (k, v) = set dict k v

getDefaultValue (DValMap theMap value) = value
foldWithKey :: Ord k => (k->v->a->a)->a->DValMap k v->a

foldWithKey func initValue (DValMap theMap value) =
(Map.foldWithKey func initValue theMap)

Figure 7.1: The data type DValMap
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for changing a value at a specified key and getDefaultValue for returning
the default value. When we get a value from the map, get returns the value
at the input key when the key exists in the map and returns the default value
when the key does not exist. When we set a value at a key, set will compare
the value with the default value. If it is the default value and the key does
not exist in the dictionary, set returns the original dictionary. If the key
exist, set deletes the key to free up space. If the value is not the default
value, set proceeds like normal Map.insert. We also define two operators,
# and \\, for users to easily access the map.

Other functions in Data.Map can also be adapted to the default value
version. In Figure 7.1 we show an example function mapWithKey. Compare
to normal mapWithKey function, this function takes an extra parameter, the
default value, and construct the target map with the default value. Note the
target map is constructed with \\ instead of Data.Map to avoid storing the
default value into the target map.

Based on DValMap, we can build values, updates, value bindings and up-
date bindings. Their definitions are shown in Figure 7.2. These definitions
just follow the mathematical definitions in Chapter 3. A value is either Prim
or Dict where Prim defines primitive values including Null and Dict is a
DValMap mapping Prim to Value with a default value Null. An update
is either a primitive update (PUpdate), a dictionary update (DUpdate) or
Void, where PUpdate is simply Prim and DUpdate is a DValMap mapping
Prim to Value with a default value Void. The set of bindings is called en-
vironment in the implementation. Value environment ValEnv is a DValMap
mapping variables to values with a default value Null while update environ-
ment UpdateEnv is a DValMap mapping variables to updates with a default
value Void.

Several other functions and operators are also defined for manipulate
these data types, including function apply that applies an update to a value,
operator <* that merges two updates, function findUpdate that returns the
minimal updates between two values. Because the definitions of these func-
tions simply follow the formal definition we presented in Chapter 3, we only
list their types here.

7.1.2 Constraints and Expressions

Based on the definition of the data and updates, we turn to the implementa-
tion of constraints and expressions. One option is to use the same method in
the implementation of data and updates, declaring a data type of synchro-
nizers. The following code shows this option.

data Synchronizer = Equal Var Var
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-- Values

data Prim = Int Int | String String | Null
deriving (Eq, Ord)

type Dict = DValMap Prim Value

data Value = Prim Prim | Dict Dict
deriving (Eq)

emptyDict = empty (Prim Null)

-- Updates

type PUpdate = Prim

type DUpdate DValMap Prim Update

data Update = PUpdate PUpdate | DUpdate DUpdate | Void
deriving (Eq)

emptyDUpdate = empty Void

apply :: Update -> Value -> Value
-- apply an update to a wvalue

(<*) :: Update -> Update -> Update
-- merge an update with another update, where the
-- first update i1s comsidered to be applied earlier

findUpdate :: Value -> Value -> Update
-- find the minimal update that changes the first
-- walue wnto the second walue

-- Variables
data Var

string2Var :: String -> Var
-- create a wvariable from a string

-- Environments (sets of bindings)
type ValEnv = DValMap Var Value
type UpdateEnv = DValMap Var Update

Figure 7.2: The basic definitions of values and updates
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| And Synchronizer Synchronizer
| Or Synchronizer Synchronizer

However, to implement the checking semantics and the synchronization
semantics, we have to create functions where each function deals with all of
these constructors, as the following code shows.

check (Equal vl v2) env = env#vl == env#v2
check (And s1 s2) env = check sl env && check s2 env
check (0Or s1 s2) env = check s1 env || check s2 env

Because there are a number of constructs for constraints and expressions,
this leads to large functions that are difficult and error-prone to implement.
If we miss one synchronizer in the function definition, the system will only
check and report the error during the runtime. Furthermore, this causes
maintenance problems. Every time we want to add a new construct, we
have to modify the functions. Omission of modifying a function is also only
checked at runtime.

To avoid these problems, we capture constraints and expressions as classes.
A class captures the common features of a set of types. In this way, when
we add a new constraint or a new expression into the system, we only need
to define a new data type and declare the new data type is an instance of
the corresponding classes. The large functions are now implemented in small
pieces under the instance declaration, and the original maintenance problem
is avoided.

The definitions are shown in Figure 7.3. Each constraint has two func-
tions. Function check takes the constraint and a set of value bindings, and
returns a boolean value to indicate whether the constraint is satisfied or not.
Function sync takes the constraint, a set of value bindings and a set of update
bindings, and returns a new set of update bindings to make data consistent.

The definition of Expression is more interesting. Besides function eval
that evaluates the expressions according to the input value bindings, every
expression also has a function esync, which is similar to sync, but takes an
extra variable as parameter. This design is originated from the semantics
definitions in Chapter 6, where we define the synchronization semantics of
expressions by deducing expressions into the var = expr form. In this way
an expression plus a variable form a synchronizer.

Based on class Constraint, we can define constraints as data types, and
declare them as instances of the class. The instance declaration just directly
follows the semantics definition in Chapter 6. Here we give two constraints
as examples.
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type Check = ValEnv -> Bool
type Eval = ValEnv -> Maybe Value
type Sync = ValEnv -> UpdateEnv -> Maybe UpdateEnv

class (Show a) => Constraint a where
check :: a -> Check
sync :: a -> Sync

class (Show a) => Expression a where
eval :: a -> Eval
esync :: a -> Var -> Sync

Figure 7.3: The definitions of Constraint and Expression

data EqualCstraint = EqualCstraint Var Var

instance Constraint EqualCstraint where
check (EqualCstraint vl v2) env =
(env # v1) == (env # v2)
sync (EqualCstraint vl v2) vEnv uEnv = do
u <- syncTwoValues (vEnv # v1)
(vEnv # v2) (uEnv # v1) (uEnv # v2)
return (uEnv \\ (v1, u) \\ (v2, u))

syncTwoValues vl v2 ul u2
| compatible ul u2 =
Just (ul <* u2 <* findUpdate vl new_v)
| otherwise = Nothing
where new_v = apply (ul <*x u2) v2

Figure 7.4: The implementation of vi=v2
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data (Constraint cl1, Constraint c2) =>
AndCstraint cl1 c¢c2 = AndCstraint cl c2

applyUntilEqual :: (Monad m, Eq a) => (a->m a)->a->m a
applyUntilEqual f v = do

v’ <- f v

if v’ == v then return v’ else applyUntilEqual f v’

instance (Constraint cl1, Constraint c2) =>

Constraint (AndCstraint cl c2) where

check (AndCstraint cl c2) env =
(check c1 env) && (check c2 env)

sync (AndCstraint cl c¢2) vEnv uEnv =
applyUntilEqual f uEnv
where
f uEnv’ = (sync cl vEnv uEnv’) >>= (sync c2 vEnv)

Figure 7.5: The implementation of c1 and c2

Figure 7.4 shows the first example, the equal constraint. The constructor
takes two variables and this constraint ensures the two variables are equal.
Function check just checks if the two variables are equal according to env.
Function sync uses function syncTwoValues to synchronize the two updates,
and syncTwoValues is defined according to the definition of u in the seman-
tics definition. In sync, we treat the returned Maybe values as monads. In
this way we can keep the code in a clean flow while ensuring Nothing is
returned whenever a step fails.

Figure 7.5 shows the second example, the and operator. The definition
first requires c1 and c2 are constraints, and then declares AndCstraint c1l
c2 as a constraint. Functions check and sync just follow the semantics
definitions. Function check checks if both c1 and c2 are satisfied while sync
repeatedly applies c1 and c2 until we reach a fixed point.

Similarly, we can define expressions based on class Expression. Here we
give one example, the constant expression, in Figure 7.6. The data construc-
tor takes only a constant as parameter, function eval returns the constant,
and the function sync changes var to be equal to the constant.

In Chapter 6, we assume all bound variables have different names from
free variables when defining the semantics. This assumption is useful in
simplifying the definition, but in actual implementation we must handle this
issue. We introduce an extra variable replacement step to handle this issue.
We explain this using the Let statement as an example. The other constructs
involving bound variables, forall, exists and exists!, are implemented
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data ConstExpr = ConstExpr Value

instance Expression ConstExpr where
eval (ConstExpr c) _ = Just c
esync (ConstExpr c) var vEnv uEnv
| compatible u (uEnv # var) =
return (uEnv \\ (var, u <*x uEnv # var))
| otherwise = fail ""
where

u = findUpdate (apply (uEnv # var) (vEnv # var)) c

Figure 7.6: The implementation of the constant expression

in a similar way. The implementation code of let is shown in Figure 7.7.

The synchronization semantics of let is first to find the value of the
bound variable, and then proceed like and by repeatedly invoking the in-
ner expression and the inner constraint. To invoke the inner expression, we
introduce ExprCstraint to wrap an expression into a constraint. The con-
structor of ExprCstraint takes a variable and an expression to construct a
constraint. Its check function checks the value of the variables is equal to
the value returned by the expression. Its sync function invokes esync by
passing the variable to the esync.

We implement let using ExprCstraint. The data type definition and
function check are same as the semantics definitions. Function sync first
evaluates the expression, then uses applyUntilEqual to repeated apply
invokeOnce to reach the fixed point. Function invokeOnce first invokes the
expression and then invokes the constraint, where each invocation is through
the function invoke. Function invoke performs the replacement step. It
takes a constraint to be invoked, a bound variable, the environment, and the
value and the update to be set to the bound variable. It changes the value
and the update on the variable according to the input before invocation, and
restores the original update after the invocation. In this way we can ensure
that the value and the update in the environment are correctly changed ac-
cording to the scope of the variable even if there is a free variable having the
same name as the bound variable,

Another issues we have omitted in the formal semantics definition is the
named relation and recursive relation references. In imperative languages,
named relation are often implemented by keeping a lookup table of relation
definitions and each relation reference is a pointer to a definition in the
lookup table. In Haskell, this implementation can be greatly simplified by
the lazy evaluation mechanism of Haskell. Haskell evaluates a value only
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data (Expression expr) =>
ExprCstraint expr = ExprCstraint Var expr
deriving (Show)

instance (Expression expr) =>
Constraint (ExprCstraint expr) where
check (ExprCstraint var e) env = case eval e env of
Just ¢ -> ¢ == env # var
Nothing -> False
sync (ExprCstraint var e) vEnv uEnv =
esync e var vEnv uEnv

data (Expression expr, Constraint cst) =>
LetCstraint expr cst = LetCstraint Var expr cst

instance (Expression expr, Constraint cstraint) =>
Constraint (LetCstraint expr cstraint) where
check (LetCstraint var expr cst) env =

let evalResult = eval expr env in check’ evalResult
where
check’ (Just v) = check cst (env \\ (var, v))

check’ Nothing = False
sync (LetCstraint var expr cstraint) vEnv uEnv =
let replaced = <case eval expr vEnv of
Just v -> v
Nothing -> Prim Null
in do
(_, _, result) <- applyUntilEqual invokeOnce
(replaced, Void, uEnv)
return result
where
invokeOnce e = invokeExpr e >>= invokeCstraint
invokeExpr = invoke (ExprCstraint LetVar expr) LetVar
invokeCstraint = invoke cstraint var
invoke ¢ var (v, u, uEnv) = do
resultEnv <-
sync ¢ (vEnv \\ (var, v)) (uEnv \\ (var, u))
return (v, resultEnv # var,
resultEnv \\ (var, uEnv # var))

Figure 7.7: The implementation of the letstatement
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when needed, and thus can support recursive data definitions. Consequently
we can simply define relations as Haskell values and define recursive relations
as recursive values. For example, a Beanbag relation

def cl(a, b) :=a=>
can be implemented as
cl a b = EqualCstraint a b

When this relation is referenced in other places, the parameters, a and b,
will be replaced by the concrete arguments, and the relation reference thus
has the same semantics of defining the relation in place.

Now let us consider a recursive relation, def c2(a, b) := a = b and
c2(a, b). This is clearly a non-terminating relation, but it is enough for

illustration purpose here. Following the above strategy, the implementation
code should be:

c2 a b = AndCstraint (EqualCstraint a b) (c2 a b)

This code looks correct. According to the lazy evaluation mechanism of
Haskell, the enclosed c2 definition will be unfolded only when needed. How-
ever, when we compile this code, we will get the following message.

Occurs check: cannot construct the infinite type:
¢2 = AndCstraint EqualCstraint c2

This is because although Haskell supports infinite values, it does not sup-
port infinite types. The type of c2 is defined by the type of AndCstraint.
However, as the type of AndCstraint is parameterized on its operands, the
compiler needs the type of c2 to calculate the type of AndCstraint.

To solve this problem, we have to break the dependence chain on type
deduction, either to make c2 not depend on the type of AndCstraint or
to make AndCstraint not depend on the type of c2. Fortunately, there is
one extension to Haskell, the existential type provided by the GHC compiler
[Jon96], supporting removing type dependence. For example, we may define
the following existential type, where the type parameter on the right does
not appear on the left.

{-# OPTIONS_GHC -fglasgow-exts #-1}
data DynCstraint = forall a. Constraint a => DynCstraint a

This code is similar to data DynCstraint a = DynCstraint a but the type
is always DynCstraint regardless of the type of a. The trade-off is that
we can only use a as an instance of Constraint and can never know the
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concrete type of a. However, this is enough for our purpose. We can use
DynCstraint to wrap a recursive relation and unwrap the inner relation
during synchronization. To make the process easier, we can further define
DynCstraint as an instance of Constraint.

instance Constraint DynCstraint

where
check (DynCstraint c¢) = check c
sync (DynCstraint c) = sync c

Using DynCstraint, we can define the previous c2 relation as follows.

c2 = AndCstraint EqualCstraint (DynCstraint c2)

Finally, to make the construction of Beanbag program easier, we provide
a set of auxiliary functions as shown in Figure 7.8. Using these auxiliary
functions, we can write Beanbag program directly in Haskell using a Beanbag-
like syntax. For example, the constraint

(let ¢ = "1" in a = ¢c) or (a = b)

can be written in Haskell as

letc "c" (intConst 1) (nau <=> "C") <|> g g=> "pn

7.1.3 Compiler

Although we provide functions for writing Beanbag program in Haskell, the
ultimate goal of our implementation is to convert a Beanbag program into
a Haskell program so that we can invoke the program to check data or syn-
chronize updates. In our implementation of Beanbag we have implemented
a compiler that converts a Beanbag source file into a Haskell source file that
uses the above functions to define Beanbag relations in Haskell. This com-
piler is implemented using the lexical analyzer generator Alex [Mar| and the
parser generator Happy [GM].

One interesting issue is after we compile the generated Haskell file, how
we interact with the program to check or to synchronize models. In the
implementation we use standard input and output to pass values. In this
way if users integrate the synchronizer into an application not written in
Haskell, they can redirect the standard input and output, avoiding more
expensive operations, e.g., file operations.

Suppose the Beanbag program is

main(a, b) := a == b

and the compiled file is equal.exe (on Windows), we can invoke the checking
mode using the following command.
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-- vl = v2

infixl 5 <=>

(<=>) :: String -> String -> EqualCstraint
-- ¢l and c2

infixl 4 <&>

(<&>) :: (Comnstraint c1, Constraint c2) =>

cl -> ¢c2 -> AndCstraint cl c2
-— ¢l or c2
infixl 3 <[>
(<|>) :: (Constraint c1, Comnstraint c2) =>
cl -> ¢c2 -> Q0rCstraint cl c2
--= d->forall(v/c)
forall :: (Constraint c) =>
String -> String -> ¢ -> ForAllCstraint c
-—- d->ezxzists(v/c)
exists :: (Constraint c) =>
String -> String -> ¢ -> ExistsCstraint c
-- d->exzists!(vlc)

exists’ :: (Constraint c) =>
String -> String -> c -> Exists’Cstraint c
-- test c
test :: Constraint c¢c => ¢ -> TestCstraint c
-- protect v in c
protect :: (Constraint c) =>
String -> ¢ -> ProtectCstraint c
-- not c¢
notc :: Constraint c => c¢c -> ¢
-— let v = e in c
letc :: (Expression e, Constraint c) =>

String -> e -> ¢ -> LetCstraint e ¢
-- constant

intConst :: Int -> ConstExpr

stringConst :: String -> ConstExpr

nullConst :: ConstExpr

-- d.k

infixl 6 <.>

(<.>) :: String -> String -> DictGetExpr

-- let v = e in e

lete :: (Expression exprl, Expression expr2) =>

String -> exprl -> expr2 -> LetExpr exprl expr2

Figure 7.8: Auxiliary functions for building Beanbag constraints
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>equal .exe --check

The program will then wait for you to input the data for the main relation.
We can input the data using the syntax we presented in the previous chapter,
and Beanbag will prompt whether the constraint is satisfied or not.

>{a=1, b=1}
The constraint is satisfied.

Alternatively, if we provide no argument for the executable file, the pro-
gram will enter synchronization mode. The program will wait for us to input
two lines of text, where the first line is interpreted as the value bindings and
the second line is interpreted as the update bindings. After typing the two
lines, the program output the updates to make the variables consistent.

>{a=1, b=1}

>{a->2}

output updates: {$a->2,$p->2%}

We can further ask the program to output the updated data ( using pa-
rameter "—updatedValues”) as well as the effective update ( using parameter
"—effectiveUpdates” ) that actually changes the data.

>equal.exe --updatedValues --effectiveUpdates
>{a=1, b=2}

>{}

output updates: {$a->2,$p->2}

effective updates:{$a->2,}

output values: {$a->2,%p->2}

It is worth remarking the output of the compiled program is always
through a standard format. If a user wants to integrate this program into
an application written in another programming language, it should be easy
for him to write code to interact the Beanbag program through standard 10,
generating input and parsing output.

7.2 Imperative Implementation Issues

Although the Haskell implementation is easy and clean, people may still want
to implement Beanbag in other languages so that the generated synchronizers
can be better integrated into applications written in other languages. An-
other reason for implementing Beanbag in other languages is performance.
Haskell language is designed to be a high-level language independent of hard-
ware model of computation. Optimizing the performance of Haskell programs
often requires the knowledge of particular implementations and is very diffi-
cult in general.
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As we have discussed, one of the most difficult issue in implementing
Beanbag is how to ensure the synchronization function is free of side-effect
at failures while ensuring efficiency both in development and in execution.
One method is to copy the update environment every time, which is efficient
in development but is not efficient in execution. Another one is to directly
change the input update environment to reach the output. Every time we
change the update environment, we store an inverse operation to cancel the
operation, and when the synchronization fails, by throwing an exception
or returning a failure flag, we invoke all stored operations to roll back the
updates.

This second method has better performance, but every time we implement
a synchronization function, we have to store and inverse operations, which
is a development-intensive task. Here we use aspect-oriented techniques to
solve this problem. We capture the repeated code as a reusable aspect and
let aspect-orient compiler to automatically weave the aspect into the imple-
mentation code. Figure 7.9 shows the pseudo code of the aspect. The syntax
is borrowed from AspectJ [KHH'01], but the concepts are general and can
be applied to other aspect-oriented languages.

We assume class Operation is the base class of all operations applied on
an update environment, where its apply method changes the update envi-
ronment, and its getInverse method returns an inverse operation to cancel
the operation. Note here we are talking about the update operations on
update environments, and should be distinguished from updates on values.
Nevertheless, as the update environments share the similar dictionary struc-
ture as values, the update operations on the environments can be similar
implemented.

The aspect contains two abstract pointcuts, where callSynchronize is
supposed to capture the join points where the synchronization functions are
called, and modifyUpdateEnvironment is supposed to capture the join points
where the update environment is changed by users.

We use a stack of stack to store operations, where the external stack is
to distinguish different invocations in nested invocations. A stack of opera-
tions is created before any invocation to the synchronization function, and is
popped out after the invocation. Every time an operation is to be applied,
we push the inverse of the operation into the stack at the top of the external
stack. If the synchronization function fails, the operations in the top stack
are applied in the inverse order to cancel the changes. If the synchronization
function succeeds, the operation in the top of the stack is popped without
applications. One special case is that the external stack is not empty when
the synchronization successfully returns. In other words, the synchroniza-
tion function is invoked by some external synchronization function. We need
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public abstract aspect StateAspect {
abstract pointcut callSynchronize ();
abstract pointcut modifyUpdateEnvironment (Operation op);

Stack<Stack<Operation>> opeartionStack;

before() : callSynchronize () {
operationStack.push(new Stack<Operation>());
}

after () returning : callSynchronize () {
Stack<0Operation> ops = operationStack.pop();
if (!loperationStack.empty()) {
operationStack.peek().addAll (ops);
}
}

after () throwing : callSynchronize () {
Stack<0Operation> ops = operationStack.pop();
while (!ops.emtpy (D)
ops.pop () .apply O);
}

before (Operation op) : modifyUpdateEnvironment (op) {
operationStack.peek () .push(op.getInverse());
}

Figure 7.9: The pseudo code for the state aspect
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to append all operations to the stack of the external function so that the
operations are successfully canceled when the external functions fails.

7.3 Application

In software engineering, there exist many applications that Beanbag can be
applied to. Examples include synchronizing multi-views in visual language
editors [GHZLO06], integration of heterogeneous tools [Tra05], synchronizing
software architecture and runtime system [HMYO06], and etc. We have suc-
cessfully applied Beanbag to several case studies. In this section we describe
one application - a multi-view Enterprise JavaBean (EJB) modeling tool.
This application shows a typical architecture of integrating a Beanbag syn-
chronizer into an application. We implement this application using a Java
implementation of a previous version of Beanbag [XZH'08] that is slightly
different from the version described in the thesis. However, the techniques
described here also apply to the new language and the Haskell implementa-
tion.

[d] Deployment 2@\ A [d] Perzistent 527 =0
. N A

_ i e

<= Signcn : Module || ‘EJB = UserEIR “
This module is for authenticating users % Module = Signon g
. — 2| primarykey = useriame I

<4 SignOnElR | EJB 7 fr

Persistent = false

A

‘EJB = DepartmentEIB
Madule = Signon

| Frimarykey = departmentid
4 DepartmentEs ; EJ8 '
Persistent = true

i o 21

Figure 7.10: An EJB modeling tool

Figure 7.10 shows the interface of the EJB modeling tool. The tool pro-
vides two types of editable diagrams: the deployment diagram and the per-
sistent diagram. The deployment view shows how EJBs are organized into
modules, while the persistent diagram shows a list of persistent EJBs (en-
tity beans). In the figure there are three EJBs: SignOnEJB, UserEJB, and
DepartmentEJB, all of which belong to a module SignOn. The persistent at-
tributes of UserEJB and DepartmentEJB are true, indicating they are entity
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Figure 7.11: The architecture of the EJB tool

beans and are listed in the persistent diagram. For each entity bean, we list
its EJB name, its module name and its primary key.

Several consistency relations exist over the two diagrams. For example,
the EJB name and the module name of an entity bean should be equal the
names in the deployment diagram. An EJB should only exist when there is
a module. We capture the consistency relation between the two diagram by
a Beanbag program.

The main components of the tool are editing components generated by
Eclipse Graphical Modeling Framework (GMF') [Ecl08] and a synchronization
component generated from the Beanbag program, and we only write a few
hundred lines of Java code to glue them together.

GMF is a framework for generating graphical editors. Given a model
definition, a view definition and their mappings, GMF generates a graphical
view that reads from and writes to the model. GMF can generate multiple
views for one model, but in a quite limited way: the views and the model
cannot be structurally different, and multiple views cannot be edited at the
same time. As the two views in the EJB modeling tool are structurally
different (one hierarchical and one flat), the tool cannot be directly generated
by GMF.

Therefore we discard the usual way of generating two views for one model.
Instead, we generate two editors, each with an independent model. The two
models can be structurally different and their consistency is maintained by
a Beanbag synchronizer. On the interface side, the two editors are both
integrated into Eclipse and act like one application.

The architecture of our implementation is shown in Figure 7.11. Besides
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the two diagrams, we also keep a set of dictionary-based values representing
the contents of the diagrams. Initially, the values are empty dictionaries,
corresponding to empty diagrams. When users update a model, we capture
the updates by an update listener. When the two views need to be synchro-
nized (when users explicitly request synchronization or, more automatically,
whenever users update a model), we pass the updates and the values to the
synchronizer. After synchronization, a model updater updates the models
as well as the values according to the output. By keeping the dictionary-
based values, we avoid converting models into dictionaries, saving both the
development cost and the execution time.

One issue of implementing the update listener is how to convert the GMF
updates to the Beanbag format. The GMF updates refer to objects through
the in-memory addresses, but in Beanbag we generate unique keys for each
object. To convert the object addresses into Beanbag keys, we keep a bijective
mapping between the keys and the in-memory addresses of objects. Because
the generated keys are just integers, we can easily save the mapping with
models using the serialization support of GMF, ensuring that the object
addresses are always valid.

This small technique has great value in practice. To identify objects in
state-based synchronization, users are often required to designate some key
attributes [ObjO8][BFPT08] whose values are unique among all instances.
However, based on our experience, many application data do not have a
suitable candidate to be a key attribute [YKW™08]. On the other hand, as
operation-based synchronizers are tightly integrated into the system, we can
directly use the in-memory address and get rid of the key attribute.



Chapter 8

Concluding Remarks

In this thesis we propose a language-based approach for model synchroniza-
tion. We give synchronization semantics to high-level specification languages
and derive synchronizers from high-level specifications in these languages.
In particular, for off-site synchronization, we show that synchronizers can
be derived from a unidirectional transformation program by recording an
executable trace. We also show that a bidirectional model transformation
can be wrapped into a synchronizer by a model difference operation. For
on-site synchronization, we propose a first-order logic language to write syn-
chronizer, showing that complex synchronization behavior can be specified
by assigning synchronization semantics to (mainly) the original constructs
in first-order logic. We also show that this language can be compiled into
an efficient incremental synchronizer to ensure short synchronization time
in practice. All these techniques are built upon our theoretical foundation
framework for model synchronization, which includes three properties to en-
sure the correctness of synchronization and discusses the relation between
operation-based synchronizer and state-based synchronizer. In addition, all
the languages and algorithms have been implemented and have shown their
usefulness in practical cases.
In the following, we highlight some interesting future work.

Conflict Management

Through this thesis, conflicts are treated in a simplified way. In the the-
oretical foundation, conflicts are defined by the union operation and the
synchronization function. This definition does not really impose the require-
ment of conflict handling on these operations. One can, for example, define
a function that is undefined at all input.

In the languages and algorithms for synchronization, we only report the

139
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existence of conflict and provide no support for conflict-resolving. This makes
it difficult to resolve conflicts in some situations. For example, it is possible
that two users have edited the models a lot before synchronization in a dis-
tributed environment. If there is a conflict, users have to check through all
edited parts to find the conflict updates.

To support real world synchronization work, the current approach needs
to be augmented with conflict management. In the theoretical foundation, we
need to clearly define what a conflict is and requires the union operation and
synchronization function to capture conflicts. As a conflict in heterogeneous
synchronization is often related to the consistency relations considered, we
need to build a model to capture updates and consistency relations together.
In addition, as the existence of conflicts differs when we consider different
sets of updates, we probably need to neglect the current black-box way of
treating updates as single units and defining consistency using a subset, and
use a white-box means so that we can analyze the structure of updates and
the consistency relations. Omne possible way to achieve this is to capture
consistency relations as classic logic expressions and use paraconsistent logic
to build a model that connects the classic logic expression and conflicts.

In the languages and algorithms, we need to add the capability of handling
conflicts. Grundy et al. [GHM9S8] discuss a set of requirements for conflict
management. Besides the detection of conflicts, we need at least to represent
the conflicts and the reason of conflicts to users, interact with users to resolve
the conflicts and support negotiation if there is more than one user involved
in conflict resolution. Most of these requirements are related to the definition
of conflicts and are highly promising to be satisfied if we build a well formal
foundation of conflicts.

Handling Ordered Data

The approach in this paper depends on the dictionary-based representation
of models and updates. We show how to represent most concepts of models
in dictionaries but so far we have not developed a method to represent order
attributes in dictionaries. This is a pragmatic simplification so that we can
focus on other aspect of synchronization by considering only a small set
of data types. However, as ordered data plays an important role in many
systems, we need to handle ordered data to make our synchronization system
practical.

One possible way of handling ordered data is to represent ordered data
in dictionaries. Foster et al. [FGM'07] discuss a method to represent or-
dered data as a dictionary of two entries where the first entry is the first
item in the list and the second entry is the rest of the list. For example, a se-
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quence of two elements, <"el", "e2"> can be represented as {head->"el",
tail->{head->"e2", tail->null}}. However, on this representation it is
difficult to define some common list operations like removing an item at an
index using the current dictionary updates.

Another possible way is to develop a new data representation which con-
tains ordered data. However, how to represent updates on order data, how
to calculate the union of updates so that the result preserves both updates,
and how to detect conflicts between updates are all unsolved problem. Both
semantic foundation and practical algorithm are needed for a ordered data
structure.
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