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Abstract—The increasing popularity of MDE results in the model expressiveness by restricting the type of modeling
creation of larger models and model transformations, hence and OCL constructs that may be used [2], [3], require
converting the speci cation of MDE artefacts in an error-prone user-interaction [4] or are semi-decidable [5]. However

task. Therefore, mechanisms to ensure quality and absence . p th limitati . th d
of errors in models are needed to assure the reliability of In-our opinion, these limitations compromise (he adop-

the MDE-based development process. Formal methods have tion of formal methods as a valid alternative to ensure
proven their worth in the veri cation of software and hardware model correctness. Instead, we follow an approach based on
systems. However, the adoption of formal methods as a valid pounded veri cation to ensure termination, automation and
alternative to ensure model correctness is compromised for the expressiveness of the veri cation process. A more detailed

inner complexity of the problem. To circumvent this complexity, . . .
it is common to impose limitations such as reducing the ~COMParison with the other approaches can be found in the

type of constructs that can appear in the model, or tuming  related work.
the veri cation process from automatic into user assisted. In this sense, this paper presents EMFto& 3R Eclipsé
Since we consider these limitations to be counterproductive integrated tool for the veri cation of EMEmodels annotated

for the adoption of formal methods, in this paper we present - . .
EMFtoCSP, a new tool for the fully automatic, decidable and with OCL constraints. EMF is the de facto standard mod-

expressive veri cation of EMF models that uses constraint logic ~ €ling framework in the industry. Unfortunately, there is no

programming as the underlying formalism. of cial Eclipse project devoted to the veri cation of EMF
models. EMFtoCSP is a rst step in this direction.
|. INTRODUCTION In EMFtoCSP, the initial model along with its constraints

. . . . and the correctness properties to be checked, are translated
Model-driven Engineering (MDE) is a popular approach;

he devel £ soft based h £ mod gto a constraint satisfaction problem (CSP). Then, a con-
to the development of software based on the use of mode raint solver is used to determine whether a solution for

as primaryhartfifacts.lln an '\QDE'b"’,‘SE’d s%ftware.deve][opméa e CSP exists or not. The CSP is build such that the CSP
process, the focus Is on the design and creation of models, o , sqution iff the model plus the constraints satisfy

to be (semi)automatically transformed into new modelSy,q oorrectness property. If a solution is found, EMFtoCSP

ggng\:gn;u::gn:mrzt:;? tﬁgieoahztir(\a/\(l:ll: Cgcﬂ?rzls?t Lhehgiv(;’provides a valid instance of the input model to certify it.
y ’ y grhy " As of now, EMFtoCSP supports the veri cation of the

The increasingly popularity of MDE has led to a growingf lowi ¢ fes: st tis abilit K
complexity in models, thus turning their design and creation 0" 2WING COITECINESS properties. strong saus ability, wea
tis ability, lack of constraint subsumptions and lack of

into an error-prone task, that may compromise the reliabilitySa traint redundancies. Itis i tant t tice that there |
of the development process and therefore the soundness gynstraint redundancies. It 1s important to notice that there 1S

the resulting software system. For this reason, and to ensu'aerelationship between some of these properties, for example,

the reliability of MDE-based processes, it is necessary thgtrong satis ability implies weak satis ability and the lack

presence of mechanisms to ensure model correctness. Sin&%constramt subsumption between two constraints implies

model transformations can be seen as a particular kind o at none of them are redund.ant. )

models [1], the approach to be followed at the time of EMFtoCSP is as an evqu_tlon of a previous topl called

verifying model transformations is the same followed to UMLtoCSP [6] aimed specically at the verication of

verify models. UML class diagrams. Thanks to its more general scope,
Formal methods play an important role to ensure softwaré&MFtOCSP can be used to verify a larger variety of models

correctness, but their adoption to ensure model correctneddit: noticeably, it can also be used to analyse the quality

is compromised since, it is well known that formal veri - Of domain-speci c modeling languages by evaluating the

cation of models is a very complex problem, undecidable

in general, and.espemally.ln those cases in which models Ihttp://code.google.com/a/eclipselabs.org/plemftocsp/

are extended with constraints expressed with the OCL. To 2htp:/mww.eclipse.org/

overcome this problem, existing approaches typically limit 3http:/Awww.eclipse.org/modeling/emf/



correctness of their abstract syntax (e.g. by checking if itas predicates in a Prolog-based language, we will colloqui-

is possible to create models conforming to that metamodel)lly refer to as “ECL code” from now on, since CSPs must
This paper is organized as follows: Section 2 providesbe stored in les with “.ecl” extension in order to be loaded

some background on constraint programming. Section #to the solver.

describes in detail how the CSP is built. Section 4 introduces

EMTtoCSP, its usage and its overall architecture. Section I1l. CSP GENERATION

5 illustrates a performance analysis of the tool. Section 6 wWith our approach, the problem of verifying the cor-
reviews the related work and, nally, Section 7 draws somerectness of a model is reduced to the problem if the CSP
conclusions and outlines some challenges we would like tgenerated from it has a solution. We brie y show in this
address in a near future. section how the translation process is performed, using the
syntax provided by the ECBS Constraint Programming
System.

Constraint programming is an alternative approach to pro- For the sake of ef ciency, the veri cation problem can be
gramming in which the programming process is limited tosplit into two subproblems:
a generation of requirements (constraints) and a solution of Subproblem 1 choose a valid population size for the
these requirements by means of general or domain SpeciC  model, i.e. decide the number of instances of each class
methods. In constraint programming, the constraints state (objects) and association (links) thatay provide a
the relations between a number of variables, and a constraint  ,55id solution.

sol\{er is employed to try to nd a squFion, that is, a valge Subproblem 2 given a speci ¢ population size, assign
assignment to the variables that satis es the constraints. legal values to all attributes of objects and association

Therefore, problems addressed by constraint programming  ands of links and check if the assignment constitutes
are known as constraint satisfaction problems (CSP). indeed a valid solution.

Formally speaking, a CSP is represented by the tuple
CSP = hV;D;Ci whereV denotes the set of variables,

Il. CONSTRAINT PROGRAMMING

Both subproblems can be de ned as CSPs and solved
D the set of domains, one for each variable, aBdthe sequentially, using solutlon_s to subproblem_l as an input to
subproblem 2. In the following, we characterize the contribu-

set Of. co_nstramts.. Typlc_a Iy, constramts are descr!bed by fon of each EMFtoCSP input element (models, constraints
combination of arithmetic expressions, mathematical com-

arison operators and logical operators. As it was mentionegnd properties) to each subproblem. Our running example
b P 9 P : will be the EMF model in Fig. 1, which describes a simple

before, a solution to a CSP is an assignment of values tQ : . L .

. : ) metamodel for Entity-Relationship diagrams annotated with
the variables that satis es the constraints. In the case there . .
. ) . . several OCL invariants.
is no solution, the CSP is called unfeasible.

At the time of looking for a solution, the most common A Model Translation
technique used by constraint solvers is backtracking, com-
bined with constraint propagation techniques. During this
process, the solver attempts to assign values to variablé® _ .
following a certain order. If the partial solution violates any In subproblem 1, there is one integer
constraint, then the solver reconsiders the last assignment, variable for each class (e.g.SizeSchema,

trying a new value in the domain and backtracking to  SizeRelship ) and another for each association

The model is the core of the CSPs for both subproblems,
it de nes the relevant variables and domains:

previous variables if there are no more values available.  (€.9. SizeAttributeEntity )- The domain of
The process continues until a solution is found or all  these variables goes from O to the maximum number
possible assignments have been considered. Termination is ©f objects/links to be considered in the (bounded)
guaranteed by forcing all the variable domains to be nite. ~ search, a value which can be con gured by the user of
Constraint propagation techniques make the backtracking EMFtOCSP.

process much more ef cient by pruning the search tree.  In subproblem 2, the number of objects and links is
To do that, information about the structure of the existing xed (by the previous subproblem). For each object,

constraints and the decisions already made is employed there is one integer variabl®il ) and one variable
to identify and avoid unfeasible values in the domain of  Per attribute (e.gname andisKey ). For each link,

unassigned variables. there is one variable per association end (schema,
EMFtoCSP utilizes a constraint solver called ERE entites , ...). The domain of attributes is user
Constraint Programming SysténThis solver is capable of supplied in the con guration of EMFtoCSP, while the
reasoning about, among others, boolean, interval, linear and ~domain ofoid is set by the tool and directly related
arithmetic constraints. In ECBS’, constraints are expressed to the number of instances of each class. Finally, the

domain of association ends is precisely the domain for
“http://eclipseclp.org ; Do not confuse with the Eclipse IDE and Platform oid s in the class adjacent to the association end.



Figure 1.

Moreover, the graphical constraints in the model must be

also captured in the CSPs:

In subproblem 1, the multiplicity of association ends
de nes constraints over the population of the classes
participating in the association. Also, inheritance hier-
archies de ne constraints over the population of sub-
classes and superclasses, e.g. each instance of a class
is also an instance of its superclasses.

In subproblem 2, the multiplicity of association ends
constrains the choice of values for the association
end variables: there is a lower and upper bound to
the number of times that an object may participate
in an association. Inheritance hierarchies constrain the
assignment ofoid s: an object should be given the
sameoid in a subclass as in the superclass, taking
into account restrictions such as disjointness or com-
pleteness of the inheritance relationship. Finally, there
are some additional well-formedness constraints that
must be captured in the CSP, such as the unigqueness
of oid s within a class or the uniqueness of links in an
association.

context Schemanv ERN:
entities > forAll(e: Entity j relships > forAll(r: Relship j

e.name<> r.name))
context Schemainv RN:
relships >forAll(rl, r2: Relshipj rl.name = r2.name implies rl = r2)
context Schemainv EN:
entities >forAll(el, e2: Entityj el.name
context Entity inv EAN:
attrs >forAll(al, a2: Attributej al.name =
context Entity inv KEY:
attrs > exists(a: Attributg a.isKey = true)
context Relshipinv REN:
ends > forAll(el, e2: RelshipEngl el.name = e2.name implies el = e2)

e2.name implies el = e2)

a2.name implies al = a2)

(b)

Running example: (a) Metamodel for ER diagrams, (b) OCL invariants constraining the choice of identi er names.

example, the boolean constdalse is translated into

the predicate
evalConstantFalse( _, Result ) :-

Result = 0.
where “ " states that the result of this predicate does
not depend on the rest of the variables of the CSP.
Intermediate nodesdescribe the result as a combina-
tion of the result of its subexpressions. For instance, a
node with an integer multiplication operator would be
translated into the following predicate:
evallmplies( Instances, Result ) :-

evallstChild( Instances, Resultl ),

eval2ndChild( Instances, Result2 ),

=>(Resultl, Result2, Result).
This predicate does not compute the implication, as the
variables of the CSRr{stances ) do not have a value
until a solution to the CSP is found. Instead, it states
the relationship between the result of the implication
and its subexpressions. This relationship will be used
to guide the search process for a feasible solution, e.g.
if Resultl is false, then we know thaResult is
true without having to evaluatResult2

B. Constraints Translation

. : . : . Finally, the ECLPS predicate for the root node of the
OCL myanants establish properties that must be S.a“s edAST is evaluated on all objects of the context class, forcing
by all objects of the context class. These properties are . Lesult to be true i eevalRoot(Instances, 1)
translated into constraints of subproblem 2 that refer to the n '

variables of the CSP. C. Properties Translation

First, the OCL invariant is parsed as abstract syntax  Correctness properties state desirable conditions about
tree (AST) where each node represents an expression: innodels that we are interested in checking. Given a model
termediate nodes are the operators and method calls apgd and a correctness prope®, our goal is to compute a
leaves are_constants, attribute. names, ...Each expression|é§a| instantiation oM (one that satis es all graphical and
translated into an ECPS’ predicateeval(Instances, textual constraints dfl ) that is awitnessof P, i.e. it proves
Result)  that receives all variables of the CSP as aihatM satis esP.
parameter and characterizes its result: Currently, we consider two families of correctness proper-

Leaf nodeseither set a constant value for the resultties: conditions about thpopulationof the model, e.g. that
or relate it to the value of a variable of the CSP. Forit is not empty, or about theelationship among constraints



Table |
CATALOG OF CORRECTNESS PROPERTIES

There is a legal instance of the model with a non-empty population fpr:
all classes and associatiorstrong satis ability )
some classweak satis ability )
Given a pair of OCL constraints of the modei andCs, it is possible td
build an instantiation where:
C1 holds andC, does not fon-subsumption C; does not imply
C
orfg constraint holds, but not the other oner{-redundancy)

e.g. that no pair of invariants is equivalent. These conditions
are encoded in the CSP as additional constraints in subprob
lem 1 (for conditions on the population size) or subproblem
2 (for conditions about the relationship among invariants). ﬁ
Table | summarizes the correctness properties under con- ¥
sideration. Their translation into EQRS constraints is
straightforward. For example, weak satis ability requires
that the sum of all size variables in subproblem 1 is greater 2
than zero:

weakSatisfiability( SizeVars ) :-
sum(SizeVars) #> 0.

As another example, to check if constraints RN and EN
from Fig. 1 (b) are non-redundant, a constraint is added to
subproblem 2 stating that the root predicates of RN and EN
evaluate to a different result:

Figure 3. EMFtoCSP architecure

nonRedundant RN_EN( Instances ) :-
evalRootRN( Instances, Resultl ),
evalRootEN( Instances, Result2 ),
Resultl # n= Result2.

verify Fig. 2 (c), and nally establishing the location where
the outputs will be located Fig. 2 (d).

As the result, EMFtoCSP will display a message inform-
ing the user whether the input model satis es the selected
properties or not. If it does, EMFtoCSP will additionally

IV. THE ToOL output a valid instance of the input model that proves the

Once the theoretical background has been introduced, wroperty. An example of this can be seen in Fig. 2 (e), where
now describe the EMFtoCSP tool itself. a valid instance of the metamodel of Fig. 1 is displayed as
a solution for the inputs provided in Figs. 2 (a), 2 (b) and 2

A. Usage (c). Besides this, EMFtoCSP always provides the ECL code

EMFtoCSP is integrated in the Eclipse IDE, so it is Of the CSP generated as input for the CSP solver.

necessary to have Eclipse up and running in order tq architecture
use EMFtoCSP features. Once the Eclipse environment
is opened, launching EMFtoCSP consists simply in right- . -
clicking on the model we want to verify and choosing are managed by the subsystem called “ECL Generator”,

“validate model..” from the context mefuo display the which is in charge of generating the code to feed the
EMFtoCSP GUI solver with. In this subsystem, three different components

As can be seen in Fig. 2, EMFtoCSP provides a cui@re clearly distinguished each one coping with the different

in the form of an easy-to-use wizard that guides the uselnput elements that need to be translated, namely, the model,
pe set of constraints over the model and the properties to

through a sequence of prede ned steps to collect the use% . .
input for the veri cation process. Namely, selecting the le . e checked. The EMF and O€parsers in Eclipse are used

with the OCL constraints Fig. 2 (a), determining the limits in the process.

: ; - Once the translation process has been performed, the
of the search space Fig. 2 (b), choosing the properties to : ; ’
P g-2 (b g prop generated ECL code is sent to E@S’ to check whether

. . |
5The launcher of EMFtoCSP can only be accessed from the “Packagt€ input model holds the properties selected. Once BEL

Explorer” view, so it is important to choose a perspective in which this
view remains visible Bhttp://www.eclipse.org/modeling/mdt/?project=ocl

The tool architecture can be seen in Fig. 3. User inputs



Figure 2. EMFtoCSP Graphical User Interface

nishes the search of a solution for the CSP, its feedbackshe can start by verifying the model using a small search
is interpreted and a message informing whether the inputpace and expanding it later on if necessary.

model holds the selected properties or not is displayed to the In general, the scalability of the tool depends on the

user. If the result is positive, the tool GraphVis used to  ,niraints of the model and the generated CSP. Two main
graphmally display the valid instance of the model identi ed factors are: (1) how much of the CSP can be solved using
as a solution by the solver. constraint propagation (and therefore avoiding backtrack-

It is worth noting that EMFtoCSP has been designedng) ang (2) whether the CSP is non-trivially unsatis able
keeping in mind several possible extensions in the future. FO(for the reason of symmetries).

instance, it is possible to plug modules translating models

into other formalisms than the one used by ERE, as This can be illustrated using the ER example from Fig. 1.
well as other solvers, provided that these modules resped@Ple Il shows the runtimes of EMFtoCSP for several
the de ned interfaces. satis able ranges. All tests were conducted on a standard

2.2Ghz of ce laptop running Windows 7 and E@S6.0
with default settings. The ranges for RelshipEnd, the name
attributes, and all link set sizes were set to 0..1000. We
A tool like EMFtoCSP is only useful as long as it can see the tool nds ER instances of up to several hun-
can scale when applied beyond toy examples. Though, adred objects (in total) in reasonable time. For these cases,
course, this is a work in progress, we have performed somEMFtoCSP ef ciently nds a valid link set (using linear
experiments that show the applicability of the tool. The factconstraint propagation to determine a valid link set size in
that the designer can decide herself the limits of the searcthe rst step and using a global cardinality constraint as
space also facilitates using the tool with large models, wheréescribed in [7] in the second step). For this link set, a valid
assignment of all attributes is then determined using linear
"http://www.graphviz.org/ constraint propagation, because at this time, the universal

V. PERFORMANCE



Table II is a very complex problem, the selection of this formalism

Entitii“”g;i;ggSﬁ\;ﬁé‘;ii OFIRI’EuFf‘\time always entails some kind of trade-off. Some works avoid
T 1 T 01s decidability problems by restricting to UML class diagrams
10 10 50 0.76s without constraints (or just with some speci ¢ types of basic
10 20 50 1.45s constraints). Among them, some are based on description
gg ig gg é:?gz logics [2], [9], [10] or constraint or linear programming [3],
50 20 50 3.30s [11], [12]. Compared to them, our approach does not impose
20 20 100 5.52s any theoretical restriction on the complexity of the OCL
gg ég }88 1%;2 constraints that can be used, although at this moment,
50 50 100 24.91s the current implementation of EMFtoCSP does not support
yet all the features in the OCL 2.2 specication. Other
Table 11l tools are semidecidable (e.g. AuRUS [13], [5], based on
__ RUNTIMES FORUNSAT CASES OFER query containment checking) or require user interaction to
Entities | Relships| Attributes | Names| Runtime . .
> > > 1 0'1s complete proofs like HOL-OCL [4] (based on higher order
3 3 3 2 0:1s logics). However, both approaches provide complete proof
4 4 4 3 0:1s procedures whereas EMFtoCSP, like all bounded veri ca-
5 5 5 4 0:1s . . .
6 6 6 5 0.435 tion methods, is decidable but not complete (absence of a
7 7 7 6 5.77s solution in the search space cannot be used as a proof).
8 8 8 7] 9308s Other approaches follow our same bounded verica-

, i tion strategy. For instance, UML2Alloy [14] transforms
quantl ers have been completely u.nrolled, leaving a p”,re.IVUML/OCL classs diagrams into Alldy However, Alloy can
linear proble_m. To make sure solutions foun_d are non-t_nwalnot directly manipulate operations involving integers and
(e.g., all attributes connected to the rst entity), we veri ed s 1y transforming the problem into an instance of SAT

that the resulting runtimes are similar when changing thegasis apility of a boolean formula). The drawbacks of this
upper multiplicity bounds of the rolesntities relships and  5r6 twofold. Firstly, numbers must be expressed in terms

attributesfrom *” to 0..10. ~ of boolean variables, specifying the number of bits used
Table 11l shows the runtimes for several *hard” unsatis - {4 encode each value, and secondly, operations on numbers
ablg cases._lnthls setting, we restpcted the range of the namg st be encoded as boolean formulas operating at the bit
attributes (i.e., the number of different names per type)jeyel. All this can lead to a combinatorial explosion in the
There are not enough names to fulll the correspondinggize of the formula when the bit-width of integers increases.
constraints of the model. The table shows that EMFOCSR, 5 csp encoding arithmetic expressions is straightforward.
scales much worse for these cases. The reason is that t@%sides, UML2Alloy is not an integrated tool like it is
(failing) attribute assignment is tried for all symmetrical link (1o case with EMFtoCSP (where the access to the solver
sets before reporting UNSAT. We hope to partly address thigs yansparent to the user). Another SAT-based solver with
issue using a symmetry breaking during search approaclniiar trade-offs but increased ef ciency has recently been
such as described in [8]. . . incorporated into the USE validation tool [15]. The approach
While the employed example is very small in terms of thef 116] translates the classes and constraints into rst-order
number of classes, we want to stress that our tool can aIngiC and employs SMT solvers to automatically reason
solve larger class diagrams, as the complexity of the searchyot it. However, it is still open which class of models can
problem is not directly related to the number of classes in thgye golved this way, and the translation tool is not available
model. On the contrary, given a number of objects (such ag, the public. Finally, other approaches consider the use of

the 200 objects in the last line in table 1), the search space igearch (genetic algorithms) to compute instances that satisfy
typically even smaller when these objects are distributed 0B get of OCL invariants [17].

more classes, because there are less possible combinations.

VIl. CONCLUSIONS ANDFUTURE WORK

VI. RELATED WORK i
In this paper we have presented EMFtoCSP, a tool for

To the best of our knowledge, there is an important lackihe fully automatic, decidable and expressive veri cation of
of tools aimed at veri cation of EMF models in Eclipse. In EMF models extended with OCL constraints, based on their
fact, there is very limited tool support for the veri cation of translation into a CSP such that the CSP has a solution iff
static models under the presence of integrity constraints. the model satis es the chosen correctness property.

Most tools/approaches focus on the verication of Our approach follows a bounded verication strategy

UML/OCL class diagrams, based on the transformation othat ensures termination by limiting the search space when
the diagram into a formalism where ef cient solvers or theo-

rem provers are available. However, since formal veri cation @http:/alloy.mit.edu/alloy/



looking for a solution for the CSP. Limits are created by [5] A. Queralt and E. Teniente, “Verication and validation
restricting the number of instances per class and association ©f UML conceptual schemas with OCL constraintACM
and the domains of each attribute in the model. The trade- ~ TOSEM vol. 21, p. to appear, 2012.
off is that the veri cation process is not complete (i.e. the [6] J. Cabot, R. Clarig, and D. Riera, “UMLtoCSP: a tool for
CSP may have a solution beyond the considered search the fOI’ma'_Vel'i (_:ation of UML/OCL models using constraint
space), although we believe it is a reasonable trade-off ~ Programming,”inASE  ACM, 2007, pp. 547-548.
considering the advantages of our method compared to[7] J.-C. Régin, “Generalized arc consistency for global
alternative approaches. The translation of models into CSPs ﬁg:%gg:ité’on‘;gpes&agngg Ai?trgsi??r?tcjeimgz ng; tr\‘/‘z Iut;‘:rtzz?th
on innitive domains is also possible, though. In these — J8/AFE COVEIIEE Oty (0T 500 215 [On”nefAva“_
cases, constraint solvers allow incomplete search [18] where  4pje: http://dl.acm.org/citation.cfm?id=1892875.1892906
termination is not guaranteed and heuristics are needed to | Gent and B. Smith. “Svmmetrv breaking during search
guide the search process. Under these circumstances olf! o eonstant p.rogramr’ningy,'Procegdings ECgAIvol. %000,
method would become semidecidable but complete (for  5ggq.
properties that can be satis ed by nite instances). _

R. V. D. Straeten, T. Mens, J. Simmonds, and V. Jonckers,

: : [9]
In the future we plan_to Improve the.ef ciency of the. “Using description logic to maintain consistency between
generated CSP by re ning our translation process. This UML models;” in UML, ser. LNCS, vol. 2863. Springer,

can be done in a number of ways such as automatically 2003, pp. 326-340.

de ning appropriate ranges for attribute domains, based o 10] M. Balaban and A. Maraee, “A UML-based method
an analysis of the OCL constraints that reference them, ~ for deciding nite satis ability in description logics,” in
extracting implicit constraints to be used by the solver to Description Logics ser. CEUR Workshop Proceedings, vol.
improve constraint propagation [19], removing symmetries  353. CEUR-WS.org, 2008.

during the search phase [8] or partitioning the model to[11] H. Malgouyres and G. Motet, “A uml model consistency
perform a parallel and independent (as much as possible) veri cation approach based on meta-modeling formalization,”

veri cation of each submodel, similar to [20]. in SAC  ACM, 2006, pp. 1804-1809.

EMFtoCSP is part of a more ambitious and collaborative[12] A. Maraece and M. Balaban, “Efcient reasoning about
vision for model veri cation. We plan to work on gener- nite satis ability of UML class diagrams with constrained
alizing the tool infrastructure to transform it into a more generalization sets,” iIECMDA-FA ser. LNCS, vol. 4530.
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