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opr opr

Meta Pattern Negative Application ConditionRule

CreatingRequiredNode(p)with m>0 NACm

Figure A.1: Rule scheme for creating a required B-node

been exceeded. Then, an edge has to be inserted between the given nodes, and
this is possible. Similarly, conditions NACk and NACn may be fulfilled; i.e.,
the lower bound k has not been reached, and the upper bound n has not been
exceeded. Note, the NAC in Figure A.2 is generated in case that there is an
opposite non-containment edge type and 0   k, l,m, n   �. For all other cases
the NAC is adapted correspondingly. I.e., if the edge type is not opposite or
ppk � 0qandpl � �qq, NAC = NACp and NACm. If ppk � 0qandpn � �qq, NAC
= NACp and NACm and NACl. Similarly, the NAC is specified regarding the
bounds of the other edge direction.

ref

p1:AA

B

p1:A

:B :B

p1:A

m..n

p2:B

ref ref

p1:A

:B :B

mref ref

k..lopr

p2:B

ref

p1:A

p2:B

ref

p2:B

:A :A

opr oprl

p2:B

:A :A

opr
oprk

opr opr

with m>0 
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NACm NACn NACk NAClNACp

NAC = NACp and ((NACm and NACl) or (NACn and NACk))

Figure A.2: Rule scheme for inserting a required non-containment edge

For each required non-containment edge type ref being a loop, two rule schemes
are derived: The first rule inserts a ref -edge between two different nodes of the
same type A if the composite application condition NAC is satisfied as shown
in Figure A.3. This insertion can take place if there is not already a ref -edge
between these nodes (NACref), there are not already m ref -edges going out
of the source node to other A-nodes(NACm), and there is no loop ref -edge at
the source node plus m-1 ref -edges running to other A-nodes (NACrefm-1).
The second rule scheme inserts a loop ref -edge at an A-node if the composite
application condition NAC is satisfied as shown in Figure A.4. This loop can
be inserted if there is not already a loop ref -edge at the A-node (NACref) and
if there are not m ref -edges running to other A-nodes (NACm).

• Set of additional-node-creation rules: Figure A.5 shows the meta-pattern
as well as the resulting rule scheme for creating a node of type B being contained
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Figure A.3: First rule scheme for inserting a required non-containment loop

p:A
A

p:A

ref

with m>0

Meta Pattern Rule 2

InsertingRequiredEdge(p)

ref

p:A

ref

NACref

p:A

:A :A

m
ref ref

NACm

Negative Application Condition

NAC = NACref and NACm

m..n

Figure A.4: Second rule scheme for inserting a required non-containment loop

in an A-node. This rule scheme can be applied if NACn is satisfied, i.e., if there
are not n B-nodes already contained in this A-node.
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:B‘ :B :B
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n

m..n

opr 1
opr opr opr

Meta Pattern Rule Negative Application Condition

CreatingAdditionalNode(p) NACn

Figure A.5: Rule scheme for creating an additional B-node

• Set of required-edge-checking rules: This rule scheme checks if a required
edge is missing. If a rule of this scheme can be successfully applied, there is
at least one missing required edge. Such a rule scheme is generated for each
non-containment edge type with m ¡ 0. This meta-pattern and the resulting
rule scheme are shown in Figure A.6.
If the required non-containment edge type is a loop, another rule scheme is de-



174

ref

p:A

A

B

p:A

:B :B

p:A
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m..n ref ref

with m>0 NACmCheckingRequiredEdge(p)

Meta Pattern Rule Negative Application Condition

Figure A.6: Rule scheme for checking the existence of required non-containment
edges

rived. The meta-pattern and the resulting rule scheme are shown in Figure A.7.
A rule of this scheme is applicable if there are not already m ref -edges run-
ning from the selected A-node to other A-nodes (NACm) and there is not a
loop ref -edge at the selected node plus m-1 ref -edges running to other A-nodes
(NACrefm-1).

A

with m>0

Meta Pattern Rule

ref

ref

p:A

:A :A

m-1
ref ref

NACrefm-1

p:A

:A :A

m
ref ref

NACm

Negative Application Condition

NAC = NACm and NACrefm-1

p:A p:A

CheckingRequiredEdge(p)

m..n

Figure A.7: Rule scheme for checking the existence of required non-containment
loop edges

• Set of exceeding-edge-removing rules: The meta-patterns as well as the
resulting rule schemes are shown in Figures A.8, A.9, and A.10. The derived rule
schemes are used to remove exceeding (loop) edges in a correct way (i.e., with-
out violating the fulfillment of their upper-bound invariants) The rule scheme
in Figure A.8 removes an edge between an A-node and a B-node if the PAC is
true, i.e., if there are n+1 ref -edges running from this A-node to other B-nodes
in the model (Cn+1) or if there are l+1 opr-edges running from this B-node to
other A-nodes in the model (Cl+1).
The rule scheme in Figure A.9 removes an edge of a loop type between two
different nodes of type A (a source node and a target node) if the PAC is true,
i.e., if there are n+1 ref -edges running from this source A-node to other A-
nodes in the model (Cn+1) or if there are a loop ref -edge running from this
source A-node to itself and n ref -edges running from this source A-node to other
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Figure A.8: Rule scheme for removing an exceeding edge

A-nodes in the model (Cnref). (In a similar way, the existence of opr-edges has
to be considered.)
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Figure A.9: First rule scheme for removing an exceeding loop edge

The rule scheme in Figure A.10 removes a loop edge at an A-node if the PAC
is true, i.e., if the A-node has already a loop edge to itself (Cref) and if there,
in addition, are n ref -edges running from this A-node to other A-nodes in the
model (Cn) or l opr-edges running from the other A-node to further A-nodes
in the model (Cl).
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Meta Pattern Rule 2

RemovingExceedingEdge(p)

p:A

ref

Crefopr

p:A

:A :A

n
ref ref
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Application Condition
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Figure A.10: Second rule scheme for removing an exceeding loop edge

• Set of exceeding-node-finding rules: For each containment type with a
limited upper bound in the given meta-model, a rule is derived which finds an
exceeding (supernumerous) node. The rule is applicable if there is at least
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one exceeding node in a given model. The meta-pattern and the resulting
rule scheme are shown in Figure A.11. This rule scheme comprises an output
parameter output to retrieve an exceeding model node. The rule is designed to
comprise two nodes (the container node and the contained node). The contained
node is specified with an output parameter. The condition Cn checks if there
are n additional B-nodes yielding n+1 B-nodes altogether, i.e., exceeding the
upper bound.

concon
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1:A

output:B :B :B

concon

1:A

concon concon
n

m..n

opr 1 opr
opr opr

Meta Pattern Rule Application Condition

findExceedingNode(output) Cn

output:B

1:A

concon

opr

PAC=Cn
with 

n>0 and n!=*

Figure A.11: Rule scheme for finding a supernumerous node

• Set of node-content-deleting rules: For each path of containment types
of the given meta-model, a rule is derived. This rule scheme deletes a direct
or indirect contained node of a given node. Given a path longer than 1, there
is a rule for each sub-path. If the meta-model has such path meta-pattern as
shown in Figure A.12, for example, two rules are derived. The first one deletes
a B-node being contained in the given A-node and the other rule deletes a C -
node being contained in a B-node being contained in the given A-node. Note
that these rules aim to delete node contents. Each rule is configured with a
parameter to delete nodes contained in a given node.
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B :B

input:A

m..n

opr1 1 opr1

Meta Pattern Rule 1

deletingNodeContent(input)

con2
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Rule 2
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opr2
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input:A
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opr1

deletingNodeContent(input)

Figure A.12: Rule scheme for deleting the node-contents of a given node
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• Set of target-node-deleting rules: For each containment type of a given
meta-model, this rule scheme deletes a given node. The meta-pattern and the
resulting rule scheme are shown in Figure A.13. Each rule is configured with a
parameter to delete the given node if possible, i.e., once the given node has no
contents and no non-containment edges.

con

1:AA

B input:B

1:A

m..n

opr 1
opr

Meta Pattern Rule

deletingTargetNode(input)

con

Figure A.13: Rule scheme for deleting a given node

• Set of edge-removing rules: For each non-containment type of the given
meta-model, a rule scheme is generated which removes an edge. The meta-
patterns and the resulting rule scheme are shown in Figure A.14 and Fig-
ure A.15. Note that these rules aim to delete node contents. Each rule is
configured with a parameter to remove the non-containment edges of a given
node.

refref

input:AA

B

input:A

m..n

2:B

k..lopr

2:B

refref

opr

Meta Pattern Rule

removingEdge(input)

Figure A.14: Rule scheme for removing an edge

• Set of node-moving rules: For each containment type with a limited upper
bound in the given meta-model, a rule is derived which moves a contained
node from its container node to another container node without violating the
corresponding upper bound of the target container node. The meta-pattern and
the resulting rule scheme are shown in Figure A.16. The contained node, its
container node and the target container node are specified with input parameters
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Figure A.15: Rule scheme for removing a loop edge

pa, pb and pto, respectively. A rule of this scheme is applicable if there are not
already n B-nodes contained by the selected target container node.
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Meta Pattern Rule Negative Application Condition

MoveNode (pa, pb, pto) NACnWith 
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Figure A.16: Rule scheme for moving a contained node

In a similar way, Figure A.17 shows the rule scheme derived from a loop con-
tainment type with a limited upper bound in the given meta-model.
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Figure A.17: Rule scheme for moving a contained node

• Set of edge-moving rules: For each non-containment type with a limited
upper bound in the given meta-model, a rule is derived which moves an edge
from its source node to another source node if the composite application condi-
tion NAC at the bottom of Figure A.18 is satisfied. Condition NACp forbid to
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insert an edge between two nodes if there is already one of that type. Condition
NACn checks if the upper bound n has not been reached.
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n>0 and n!=*

NACp NACn

Figure A.18: Rule scheme for moving an edge

Similarly, Figure A.19 and Figure A.20 show the rule schemes derived from a
loop non-containment type with a limited upper bound in the given meta-model.
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Figure A.19: Rule scheme for moving a loop edge
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Figure A.20: Rule scheme for moving a loop edge
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A.2 Rules’ Examples

We demonstrate the derivation of transformation rules at the Webpage meta-model
in Figure 3.2.

Figure A.21: A rule for creating a required node of type Image

An example of the set of required-node-creation rules: Figure A.21 presents the rule
for creating an Image-node being contained in an existing Section-node if there are
not already two nodes of type DisplayElementcontained. This rule is derived due to
the lower bound of edge type elements. Similar rules have to be derived for edge types
header, body, navbars, and anchors. Note that there have to be two node creation
rules for elements since there are two different concrete target node types.

An example of the set of required-edge-insertion rules: Figure A.22 presents the de-
rived rule for inserting an edge of type target between two existing nodes: from an
Anchor-node to a DisplayElement-node assuming that the source node is not already
connected to a node of type DisplayElement by a target-edge. The opposite linked-
edge is automatically inserted in EMF as well.

Figure A.22: A rule for inserting a required non-containment edge of type target

An example of the set of required-edge checking rules: Figure A.23 presents the rule
which checks if a given Anchor-node is connected to a node of type DisplayElement
by a target-edge. If this rule is applicable to a given instance model, there is a missing
required edge of type target.

An example of the set of the additional-node-creation rules: Figure A.24 presents a
rule for creating a Footer-node being contained in a WebPage-node if there are not
already two Footer-nodes in the WebPage-node. This rule is derived due to edge type
footers. Similar rules have to be derived for edge types header, body, navbars, sections,
subSections, elements, eanchor, footers, labels, and url.

An example of the set of exceeding-edge-removing rules: Figure A.25 presents the
derived rule for removing an active-edge between two existing nodes: from a Hyper-
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Figure A.23: A rule for checking the existence of a required edge of type target

Figure A.24: A rule for creating an additional node of type Footer

Label-node to a URL-node assuming that the source node is already connected to an
URL-node (including the url-edge) by an active-edge. A similar rule has to be derived
for edge type target. Note that the upper bound of the edge type linked is unlimited.
Therefore, no rule is derived for it.

Figure A.25: A rule for removing a supernumerous target-edge

Figure A.26 presents two rules for deleting the node contents of a given Footer-node.
The first rule deletes an URL-node contained in a HyperLabel-node being contained
in the Footer-node. The other rule deletes a HyperLabel-node being contained in the
Footer-node. The Footer-node is given as an input parameter to these rules.

Figure A.26: Two rules for deleting a node (transitively) contained in a given
Footer-node
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An example of the set of edge-removing rules: Figure A.27 presents the rule for re-
moving an active-edge from a HyperLabel-node to a URL-node.

Figure A.27: A rule for removing an active-edge

An example of the set of target-node-deleting rules: Figure A.28 presents the rule for
deleting the Footer-node (given as an input parameter) from a WebPage-node.

Figure A.28: A rule for deleting a given Footer-node

An example of the set of exceeding-node-finding rules: Figure A.29 presents the rule
for finding a supernumerous Footer-node in a WebPage-node and retrieving it as an
output parameter.

Figure A.29: A rule for finding a supernumerous Footer-node

An example of the set of node-moving rules: Figure A.30 presents a rule for moving
a URL-node from its container HyperLable-node to another proper HyperLable-node.
The input parameters pa, pb and pto are specified by the user.

An example of the set of edge-moving rules: Figure A.31 presents a rule for moving
an active-edge from its source HyperLable-node to another proper HyperLable-node.
The input parameters pa, pb and pto are specified by the user.



183

Figure A.30: A rule for moving a URL-node

Figure A.31: A rule for moving an active-edge

A.3 Unit-based Template of the Repair Algorithm

In the following, we represent the repair algorithm (in Section 3.3.1) as transforma-
tion units. For the representation purpose, we use Henshin transformation units.
Henshin is a language and tool environment for EMF model transformation [3]. A
transformation unit may compose sub-units and rules.

The algorithm is represented a sequential unit RepairModel composing two sequential
units: (1) TrimInstance and (2) CompleteInstance.

Model Trimming

Figure A.32 presents the transformation unit template of the control flow of model
trimming. It consists of a sequential unit TrimInstance composing two layer units:
(1) Remove All ExceedingEdges and (2) Delete All ExceedingNodes. Note, a layer
unit is represented as a loop unit composing an independent unit. The layer unit Re-
move All ExceedingEdges is configured with all the derived exceeding-edge-removing
rules whereas the layer unit Delete All ExceedingNodes composes conditional units.
A conditional unit is of form CheckThenDelete ExceedingNode N in R. It is specified
to check the existence of an exceeding node of type N and to delete it in a proper
way. Its if-statement composes the corresponding exceeding-node-finding rule. If an
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exceeding-node-finding rule is applicable, there is an exceeding node and thus an ex-
ceeding node is retrieved. The then-statement can be represented as a sequential unit
which deletes a given node of type N and its content in a proper way. The else-
statement returns false. For each containment type whose upper bound is limited
such conditional unit is derived. Please note that we consider that a conditional unit
is applied successfully, i.e., returns true if the then-statement is executed. Other-
wise, it returns the value of the execution of the else-statement. The sequential unit
Delete SelectedNode N in R Hierarchy is specified to delete a node and its content in
a proper way as follows: (1) All the edges of the selected node and its contents are
removed. (2) All the node contents are deleted in a bottom-up way, i.e, the deletion
starts at the node leaves. Finally, the selected node, which is empty now, is deleted
using an independent unit Delete SelectedNode N From R being configured with the
target-node-deleting rules. Steps (1) and (2) could be specified using foreach units,
which is not yet introduced in Henshin, with the help of a layer unit configured with
edge-remove rules and a layer unit configured with the target-node-deleting rules, re-
spectively. Step (2) could also be specified as a layer unit being configured with the
target-node-deleting rules. Note, with the help of parameters, the rules are identified.

Model Completion

Figure A.32 presents the unit transformation template of the control flow of model
completion. It consists of a sequential unit CompleteInstance composing three
units as follows: (1) a layer unit CreateAllRequiredNodes, (2) a layer unit Con-
nectCorrelatedNodes and (3) a conditional unit CheckAndValidate AllRequiredEdges.
The layer unit CreateAllRequiredNodes is configured with all the derived required-
node-creation rules and the layer unit ConnectCorrelatedNodes is configured with
all the derived required-edge-insertion rules. The conditional unit CheckAndVali-
date AllRequiredEdges is specified as follows: The if-statement is specified as an in-
dependent unit being configured with all the derived required-edge-checking rules.
The else-statement is specified to return true. The then-statement is specified as
conditional unit. The goal of this conditional unit is: (1) to find unfulfilled re-
quired edge and create its missing node, and then (2) call the model completion
again. Its if-statement is specified as an independent unit AddOneMissingNode-
ForUnfulfilledRequiredEdge whereas the then-statement is specified to call the se-
quential unit CompleteInstance. The later independent unit is configured with con-
ditional units of form Is RequiredEdge E to Node N Missing. For each required non-
containment edge type, a such conditional unit is derived. The conditional unit
Is RequiredEdge E to Node N Missing checks if there is a missing required edge of
type E. The if-statement of it is configured with a corresponding rule of kind required-
edge-checking. The check rule is applicable if and only if there is a missing edge
of type E to a node of type N. In this case, the then-statement is called. Other-
wise, the else-statement returns false. The then-statement is specified as a priority
unit Add MissingNode N composing two ordered sub-units: (1) an independent unit
Add Node N immediately. (2) an independent unit Add Container for Node N. These
two independent units are configured with the corresponding rules of kind additional-
node-creation. The priority unit adds a node of type N immediately in an existing
container node without violating the respective upper bound. If it failed, it adds a
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container node of a container type for the type N without violating the respective
upper bound.
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B
Appendix for Part II

B.1 Proofs and Examples

B.1.1 Proofs

This section contains the proofs of the theorems presented in Chapter 6.

Proof (of Theorem 2 in Section 6.3.2). We first show that this replacement
results in a graph condition again: Since all morphisms are injective, if a subcondition
Dpa : C1 ãÑ C2q is replaced by false because of such a violation, so are all subcon-
ditions dependent of C2 in the tree structure of the condition: These subconditions
contain the same violation.

We prove the general statement using structural induction.

The statement holds for c �true since true’ = true and p |ùtrue for every injective
morphism p.

Let c � Dpa : P ãÑ C, dq be a condition and, by induction hypothesis, q |ù dô q |ù d1

for each injective morphism q from C to any EMF-model graph. First, if C neither
contains parallel edges nor multiple incoming containment edges to the same node,
then c1 � Dpa : P ãÑ C, d1q. Now, for every injective morphism p : P Ñ G, where G
is any EMF-model graph

p |ù cô D q : C ãÑ G, s.t. q � a � p and q |ù d

ô D q : C ãÑ G, s.t. q � a � p and q |ù d1

ô p |ù c1 .

Secondly, if C contains parallel edges or multiple incoming containment edges to the
same node, then c1 � false. Therefore, no injective morphism p : P ãÑ G satisfies
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c1, where G is any graph. But since no EMF-model graph G contains parallel edges
or multiple incoming containment edges to the same node, there does not exist any
injective morphism q : C Ñ G into any EMF-model graph G. Hence, there does never
exist an injective morphism q s.t. q � a � p and q |ù d1. In summary, p * cô p * c1

for all injective morphisms p : P ãÑ G for any EMF-model graph G.

The induction steps for Boolean operators are routine. l

The next proof, for all three situations, relies on the notion of parallel independence
which we first shortly recall.

Definition 13 (Parallel independence). Given two plain rules pi � pLi
liÐÝâ

Ki
ri
ãÝÑ Riq with i � 1, 2, two direct transformations Gñp1,m1 H1 and Gñp2,m2 H2

via those rules are parallelly independent if there exist two morphisms d1 : L1 Ñ D2
and d2 : L2 Ñ D1 as depicted below such that m1 � f2�d1 and m2 � f1�d2. The rules
p1 and p2 are parallel independent if every pair of transformations H1 ðù

p1
G ùñ

p2
H2

is.

R1 K1 L1 L2 K2 R2

H1 D1 G D2 H2

n1 n2

r1 l1

m1 m2

l2 r2

f1 f2

d1d2

Proof (of Theorem 1 in Section 6.3.1).

1. Let G ñp H be a transformation via rule p where G |ù c. By induction, we
show the stronger statement that for every condition c over any graph P , there
exists an injective morphism g : P ãÑ G with g |ù c if and only if there exists
an injective morphism g1 : P ãÑ H with g1 |ù c. In particular, for constraints
c � D pH ãÑ C, dq this implies that H |ù c (via the empty morphism) if and
only if G |ù c. We prove the statement by induction over the structure of the
condition. If c � true, H |ù cô G |ù c.
Let c � D pa : P ãÑ C, dq, g : P ãÑ G and g |ù c. By definition, there exists an
injective morphism q : C ãÑ G such that q � a � g and g |ù d. By induction
hypothesis, there exists an injective morphism q1 : C ãÑ H such that q1 |ù d.
Consider the constant rule idP : P Ðâ P ãÑ P (which just checks for the
existence of the graph P ). The intersection between LzK and P is empty and
therefore the rules p and idP are parallelly independent. In particular, pairs
of transformations G idP

ðG ñp H are. Hence, for the match morphism g for
rule idP in G, there exists an according match morphism g1 : P ãÑ H such
that g1 � q1 � a (compare the Local Church-Rosser Theorem and its proof [39]).
Thus, g1 |ù c.
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In the other direction, let g1 : P ãÑ H and g1 |ù c. By definition, there exists
an injective morphism q1 : C ãÑ H such that q1 � a � g1 and q1 |ù d. By
induction hypothesis, there exists an injective morphism q : C ãÑ G such that
q |ù d. Consider, again, the constant rule idP : P Ðâ P ãÑ P . The intersection
between RzK and P is empty and therefore the rules p and idP are sequentially
independent. In particular, transformation sequences G ñidP

G ñp H are.
This is equivalent to p�1 and idP being parallelly independent. Then, again by
the Local Church-Rosser Theorem, there is an injective morphism g : P ãÑ G
such that g � q � a. Thus, g |ù c.
Induction over the Boolean operators is standard, again.

2. The proof for this second situation uses parallel independence in a similar fash-
ion; since the considered constraints are not nested, we do not need an induction.
Let H denote a graph which arises by application of a monotonic rule r : K ãÑ R
to a graph G, i.e., Gñr H. A monotonic rule is parallel independent from the
rule which just checks for the existence of the graph C, i.e., each pair of trans-
formations G idC

ðG ñr H is, where idC : C Ðâ C ãÑ C is constant. Hence,
every match for the graph C in G extends to a match for graph C in H, i.e.,
G |ù cñ H |ù c.
Dually, checking the existence of a graph C is sequentially independent of ap-
plying a rule l : L Ðâ K which only deletes. Hence, every match for C in a
graph H can be extended to a match for C in G, i.e., H |ù DC ñ G |ù DC and
hence G |ù cñ H |ù c.

3. Let I be a set indexing the possible overlappings of C and R, i.e., the pairs of
jointly surjective, injective morphisms iR : R ãÑ Pi, iC : C ãÑ Pi. Let J � I be
the subset of I that consists only of that indices denoting overlappings where
at least one newly created element from the rule, i.e., an element from RzK is
overlapped with one from C. Let rac �  p

�
jPJ D jR : R ãÑ Pjq be the right

application condition of p arising by only considering overlappings from J (and
not from the whole set I). Let ac denote the application condition for rule p
when moving rac equivalently to the LHS of p.
We prove the statement by contraction. Thus, let G |ù c �  DC,Gñρ�pp,acq,m
H, so p is equipped with application condition ac, and assume H |ù  c � DC.
This means, there is an injective morphism q1 : C ãÑ H. By construction of
I, there exists an i P I such that there is an injective morphism q̃1 : Pi ãÑ H
with n � q̃1 � iR and q̃1 � iC � q (compare Figure B.1). Since p is equipped with
application condition ac, i P IzJ ; otherwise rule application would have been
prevented by that application condition:

n *  D piR : R ãÑ Piq ô n |ù D piR : R ãÑ Piq

ô D q̃1 : Pi ãÑ H, s.t. n � q̃1 � iR .

Now, like in the proofs above, checking for the existence of Pi, i P IzJ in graph
H is independent of applying rule p. Hence, the morphism q̃1 : Pi ãÑ H restricts
to an injective morphism q̃ : Pi ãÑ G and therefore G |ù  c � DC via the
injective morphism q � q̃ � iC . This contradicts G |ù c.
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Figure B.1: Existence of satisfying morphism

l

B.1.2 C-Preserving Application Conditions as Defined in the
Theory [55]: An Example

Using our running example (see Section 6.2), we present the resulting c-preserving
application condition acpres w.r.t. the construction provided by Habel and Penne-
mann in ([55], Def. 9). The construction of a c-preserving application condition is
defined by them using an implication operator as follows:

acpres � pShiftpr�1, cq ñ acguaq (B.1)

where r�1 denotes the inverse rule of the given rule r, c denotes the given
constraint and acgua denotes the c-guaranteeing application condition defined as
Leftpr, pShiftpr, cqq which is the output (of the second component) of OCL2AC.

Figure B.2 presents the c-preserving application condition of integrating the constraint
no region into the rule moveRegionFromStateTOState being constructed according
to the formula (B.1). The left column displays the antecedent that expresses that
the model was already valid before rule application and the right column displays
the consequent of the conditional. The resulting application condition acpres con-
tains 14 graphs although we have integrated only one constraint into the rule. To
further simplify the result, the material implication has to be simplified by applying
De Morgan’s Law and the distributivity law yielding a formula in conjunctive normal
form. It consists of 7 clauses where each clause contains 8 literals. To simplify the
particular clauses, subgraph isomorphism checks have to be performed. As soon as
the input constraint is really nested, the simplification becomes even more difficult
since particular clauses can no longer be simplified by simply checking for subgraph
isomorphisms. Our optimizing-by-construction technique simplifies the resulting ap-
plication conditions throughout the construction process without the need for such
costly computations. In the best case, as, e.g., in Figure 6.7, we even receive the
logically weakest possible application condition in a simplified version as output.
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Figure B.2: The resulting c-preserving application condition acpres w.r.t. the con-
struction provided by Habel and Pennemann in [55], compare with our optimized
version in Figure 6.7
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B.2 List of OCL Constraints
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B.2.1 List of OCL Constraints of Petrinet

Table B.1: OCL constraints of Petrinet

ID OCL Constraints of Petrinet
1 invariant Example09: self.name <> ’’;
2 invariant Example10a: self.preArc -> notEmpty() or self.postArc

-> notEmpty();
3 invariant Example10b: self.transition -> forAll(t|t.preArc ->

notEmpty() or t.postArc -> notEmpty());
4 invariant Example11: self.preArc -> notEmpty() or self.postArc ->

notEmpty();
5 invariant Example12: self.place -> forAll(p1|self.place ->

forAll(p2|p1 <> p2 implies p1.name <> p2.name));
6 invariant Example13a: self.place -> exists(p|p.token ->

notEmpty());
7 invariant Example13b: self.place -> select(p|p.token ->

notEmpty()) -> notEmpty();
8 invariant Example13c: self.place -> collect(p|p.token) ->

notEmpty();
9 invariant Example13d: Token.allInstances() -> notEmpty();
10 invariant Example14: self.weight >= 1;
11 invariant Example15: self.place -> size() >= 2;
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B.2.2 List of OCL Constraints of Statechart

Table B.2: OCL constraints of Statecharts

ID OCL Constraints of Statecharts
1 invariant owned: (stateMachine -> notEmpty() implies state

-> isEmpty()) and(state -> notEmpty() implies stateMachine ->
isEmpty());

2 invariant submachine states: isSubmachineState=false implies
connection -> notEmpty();

3 invariant destinations or sources of transitions:
self.isSubmachineState=true implies (self.connection -> forAll(cp
|cp.entry -> forAll(p|p.stateMachine = self.submachine) and
cp.exit -> forAll (p | p.stateMachine = self.submachine)));

4 invariant submachine or regions: self.isComposite=true implies not
(self.isSubmachineState=true);

5 invariant composite states: self.connectionPoint -> notEmpty()
implies self.isComposite=true;

6 invariant no outgoing transitions: self.outgoing -> size() = 0;
7 invariant no regions: self.region -> size() = 0;
8 invariant no entry behavior: self.enty -> isEmpty();
9 invariant no exist behavior: self.exit -> isEmpty();
10 invariant cannot reference submachine: self.submachine ->

isEmpty();
11 invariant no state behavior: self.doActivity -> isEmpty();
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B.2.3 List of OCL Constraints of UML
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Table B.3: OCL constraints of UML

ID OCL Constraints of UML
1 invariant visibility public or private: self.visibility

= VisibilityKind::public orself.visibility =
VisibilityKind::private;

2 invariant public or private: self.visibility
= VisibilityKind::public orself.visibility =
VisibilityKind::private;

3 invariant not apply to self: not self.constrainedElement ->
includes(self);

4 invariant binary associations: self.memberEnd ->
exists(aggregation <> AggregationKind::none) impliesself.memberEnd
-> size() = 2;

5 invariant association ends: (self.memberEnd -> size()>2)
implies(self.ownedEnd -> includesAll(self.memberEnd));

6 invariant only return result parameters: self.behavior.ownedParameter
-> select(p | p.direction<>ParameterDirectionKind::return) ->
isEmpty();

7 invariant derived union is derived: isDerivedUnion=true
impliesisDerived=true;

8 invariant derived union is read only: isDerivedUnion=true
impliesisReadOnly=true;

9 invariant deployed elements: self.deployment ->
forAll (d | d.location.deployedElement -> forAll (de |
de.oclIsKindOf(Component)));

10 invariant deployment target: self.deployment -> forAll (d |
d.location.oclIsKindOf(ExecutionEnvironment));

11 invariant at most one return: self.ownedParameter -> select(par |
par.direction = ParameterDirectionKind::return) -> size() <= 1;

12 invariant only body for query: self.bodyCondition -> notEmpty()
impliesisQuery=true;

13 invariant passive class: not (self.isActive=true)
impliesself.ownedReception -> isEmpty();

14 invariant visibility: self.feature -> forAll(f | f.visibility =
VisibilityKind::public);

15 invariant protocol transitions: self.region -> forAll(r |
r.transition -> forAll(t | t.oclIsTypeOf(ProtocolTransition)));

16 invariant classifier context: (not self.context -> isEmpty())
andself.specification -> isEmpty();

17 invariant classifier context: self.context -> notEmpty()
impliesnot self.context.oclIsKindOf(Interface);

18 invariant connection points: self.connectionPoint ->
forAll (c | c.kind = PseudostateKind::entryPoint orc.kind =
PseudostateKind::exitPoint);

19 invariant method: self.specification -> notEmpty()
impliesself.connectionPoint -> isEmpty();
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ID OCL Constraints of UML
20 invariant entry or exit: self.connectionPoint ->

forAll(cp|cp.kind = PseudostateKind::entryPoint orcp.kind =
PseudostateKind::exitPoint);

21 invariant initial vertex: self.subvertex -> select (v |
v.oclIsKindOf(Pseudostate)) -> select(p : Pseudostate | p.kind
= PseudostateKind::initial) -> size() <= 1;

22 invariant deep history vertex: self.subvertex -> select (v |
v.oclIsKindOf(Pseudostate)) -> select(p : Pseudostate | p.kind
= PseudostateKind::deepHistory) -> size() <= 1;

23 invariant shallow history vertex: self.subvertex -> select(v |
v.oclIsKindOf(Pseudostate)) -> select(p : Pseudostate | p.kind =
PseudostateKind::shallowHistory) -> size() <= 1;

24 invariant submachine states: isSubmachineState=true
impliesconnection -> notEmpty();

25 invariant destinations or sources of transitions:
self.isSubmachineState=true implies(self.connection -> forAll
(cp | cp.entry -> forAll (p | p.stateMachine = self.submachine)
andcp.exit -> forAll (p | p.stateMachine = self.submachine)));

26 invariant submachine or regions: self.isComposite=true impliesnot
(self.isSubmachineState=true);

27 invariant composite states: self.connectionPoint -> notEmpty()
impliesself.isComposite=true;

28 invariant entry pseudostates: self.entry ->
notEmpty() impliesself.entry -> forAll(e | e.kind =
PseudostateKind::entryPoint);

29 invariant exit pseudostates: self.exit -> notEmpty()
impliesself.exit -> forAll(e | e.kind = PseudostateKind::exitPoint);

30 invariant initial vertex: (self.kind = PseudostateKind::initial)
implies(self.outgoing -> size() <= 1);

31 invariant history vertices: ((self.kind = PseudostateKind::deepHistory)
or(self.kind = PseudostateKind::shallowHistory))
implies(self.outgoing -> size() <= 1);

32 invariant join vertex: (self.kind = PseudostateKind::join) implies
((self.outgoing -> size() = 1) and(self.incoming -> size() >= 2));

33 invariant fork vertex: (self.kind = PseudostateKind::fork)
implies((self.incoming -> size() = 1) and(self.outgoing -> size()
>= 2));

34 invariant junction vertex: (self.kind = PseudostateKind::junction)
implies((self.incoming -> size() >= 1) and(self.outgoing -> size()
>= 1));

35 invariant choice vertex: (self.kind = PseudostateKind::choice)
implies ((self.incoming -> size() >= 1) and(self.outgoing ->
size() >= 1));

36 invariant outgoing from initial: (self.kind =
PseudostateKind::initial) implies(self.outgoing.guard -> isEmpty()
andself.outgoing.trigger -> isEmpty());

37 invariant is binary: self.memberEnd -> size() = 2;
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ID OCL Constraints of UML
38 invariant aggregation: self.aggregation = AggregationKind::composite;
39 invariant control pins: self.isControl=true implies

self.isControlType=true;
40 invariant extension points: self.extensionLocation -> forAll (xp |

self.extendedCase.extensionPoint -> includes(xp));
41 invariant operands: self.operand->

forAll (op|op.oclIsKindOf(LiteralString));
42 invariant subexpressions: if self.subExpression -> notEmpty()

then self.operand-> isEmpty() else self.operand-> notEmpty()
endif;

43 invariant one output parameter: self.ownedParameter
-> select(p | p.direction=ParameterDirectionKind::out
orp.direction=ParameterDirectionKind::inout
orp.direction=ParameterDirectionKind::return) -> size() >= 1;

44 invariant generalize: self.generalization.general -> forAll(e
|e.oclIsKindOf(Stereotype)) and self.generalization.specific ->
forAll(e | e.oclIsKindOf(Stereotype));

45 invariant consider and ignore: ((self.interactionOperator=
InteractionOperatorKind::consider) or(self.interactionOperator=
InteractionOperatorKind::ignore)) implies
self.oclIsTypeOf(ConsiderIgnoreFragment);

46 invariant consider or ignore: (self.interactionOperator=
InteractionOperatorKind::consider) or(self.interactionOperator=
InteractionOperatorKind::ignore);

47 invariant type: self.message -> forAll(m |m.oclIsKindOf(Operation)
orm.oclIsKindOf(Reception) orm.oclIsKindOf(Signal));

48 invariant classifier not abstract: not (self.classifier.isAbstract
= true);

49 invariant classifier not association class: not
self.classifier.oclIsKindOf(AssociationClass);

50 invariant no type: self.target.type -> size() = 0;
51 invariant no type: self.first.type -> size() = 0

andself.second.type -> size() = 0;
52 invariant contained: self.context -> size() = 1;
53 invariant not static: self.structuralFeature.isStatic = false;
54 invariant one featuring classifier:

self.structuralFeature.featuringClassifier -> size() = 1;
55 invariant input pin: self.value.type =

self.structuralFeature.featuringClassifier;
56 invariant type of result: self.result -> notEmpty()

impliesself.result.type = self.object.type;
57 invariant type of result: self.result -> notEmpty()

impliesself.result.type = self.object.type;
58 invariant property is association end: self.end.association ->

size() = 1;
59 invariant same type2: self.value.type = self.end.type;
60 invariant end object input pin:

self.value -> excludesAll(self.qualifier.value);



201

ID OCL Constraints of UML
61 invariant qualifier attribute: self.LinkEndData.end ->

collect(qualifier) -> includes(self.qualifier);
62 invariant type of qualifier: self.value.type =

self.qualifier.type;
63 invariant one open end: self.endData -> select(ed | ed.value ->

size() = 0) -> size() = 1;
64 invariant create link action:

self.LinkAction.oclIsKindOf(CreateLinkAction);
65 invariant no regions: self.region -> size() = 0;
66 invariant cannot reference submachine: self.submachine ->

isEmpty();
67 invariant no entry behavior: self.entry -> isEmpty();
68 invariant no exit behavior: self.exit -> isEmpty();
69 invariant no state behavior: self.doActivity -> isEmpty();
70 invariant same type4: self.value.type = self.variable.type;
71 invariant has no: self.generalization -> isEmpty() andself.feature

-> isEmpty();
72 invariant not instantiable: isAbstract=true;
73 invariant sources and targets kind: (self.source ->

forAll(p | p -> oclIsKindOf(Actor) oroclIsKindOf(Node)
oroclIsKindOf(UseCase) oroclIsKindOf(Artifact)
oroclIsKindOf(Class) oroclIsKindOf(Component)
oroclIsKindOf(Port) oroclIsKindOf(Property) or
oclIsKindOf(Interface) oroclIsKindOf(Package)
oroclIsKindOf(ActivityNode) oroclIsKindOf(ActivityPartition)
or oclIsKindOf(InstanceSpecification))) and(self.target
-> forAll(p | p -> oclIsKindOf(Actor) oroclIsKindOf(Node)
oroclIsKindOf(UseCase) oroclIsKindOf(Artifact)
oroclIsKindOf(Class) oroclIsKindOf(Component)
oroclIsKindOf(Port) oroclIsKindOf(Property)
oroclIsKindOf(Interface) oroclIsKindOf(Package)
oroclIsKindOf(ActivityNode) oroclIsKindOf(ActivityPartition)
oroclIsKindOf(InstanceSpecification)));

74 invariant convey classifiers: self.conveyed.representation ->
forAll(p | p -> oclIsKindOf(Class) oroclIsKindOf(Interface)
oroclIsKindOf(InformationItem) oroclIsKindOf(Signal)
oroclIsKindOf(Component));

75 invariant classifier not abstract: not self.newClassifier ->
exists(isAbstract = true);

76 invariant no type: self.object.type -> isEmpty();
77 invariant boolean result: self.result.type = Boolean;
78 invariant property: self.end.association -> notEmpty();
79 invariant association of association:

self.end.association.oclIsKindOf(AssociationClass);
80 invariant type of result: self.result.type = self.end.type;
81 invariant qualifier attribute: self.qualifier.associationEnd ->

size() = 1;
82 invariant association of association:

self.qualifier.associationEnd.association.oclIsKindOf(AssociationClass)
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ID OCL Constraints of UML
83 invariant same type5: self.result.type = self.qualifier.type;
84 invariant unmarshall: self.isUnmarshall = true;
85 invariant event on reply to call trigger:

self.replyToCall.oclIsKindOf(CallEvent);
86 invariant one outgoing edge: self.outgoing -> size() = 1;
87 invariant associated actions: self.effect -> isEmpty();
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