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Graph transformation systems are a powerful formal model to capture model
transformations or systems with infinite state space, among others. However, this
expressive power comes at the cost of rather limited automated analysis capabilities.
The general case of unbounded many initial graphs or infinite state spaces is
only supported by approaches with rather limited scalability or expressiveness.
In this paper we improve an existing approach for the automated verification
of inductive invariants for graph transformation systems. By employing partial
negative application conditions to represent and check many alternative conditions
in a more compact manner, we can check examples with rules and constraints
of substantially higher complexity. We also substantially extend the expressive
power by supporting more complex negative application conditions and provide
higher accuracy by employing advanced implication checks. The improvements are
evaluated and compared with another applicable tool by considering three case
studies.






1. Introduction

Graph transformation systems are a powerful formal model to capture model
transformations, systems with reconfiguration, or systems with infinite state space,
among others. However, the expressive power of graph transformation systems
comes at the cost of rather limited automated analysis capabilities.

While for graph transformation systems with finite state space of moderate size
certain model checkers can be used (e.g., [9, [16]), in the general case of unbounded
many initial graphs or an infinite state space only support by techniques with
rather limited scalability or expressiveness exists.

There is a number of automated approaches that can handle infinite state spaces
by means of abstraction [5) 17, [14} [13], but they are considerably limited in expres-
sive power as they only support limited forms of negative application conditions at
most. Tools only targeting invariants [4), 2] also only support limited forms of nega-
tive application conditions at most; in some cases additional limitations concerning
the graphs of the state space apply (cf. [4]). On the other hand the SeekSat/ProCon
tool [15, 1] is able to prove correctness of graph programs with respect to pre- and
postconditions specified as nested graph constraints without such limitations, but
requires potentially expensive computations.

In this paper we present improvements of our existing approach introduced in
[2] for the automated verification of inductive invariants for graph transformation
systems. Inductive invariants are properties whose validity before the application
of a graph rule implies their validity thereafter. Our general approach involves
the construction of a violation of the invariant after application of a graph rule,
represented in a symbolic way (target pattern), followed by calculation of the
symbolic state before rule application (source pattern). If a violation can then be
found in all such source patterns, the rule does not violate the inductive invariant;
otherwise, it does and the construction yields a witness. Since inductive invariants
are checked with respect to the capability of individual rules to violate or preserve
them, this technique avoids the computationally expensive computation of state
spaces and can even handle infinite systems.

By employing partial negative application conditions to represent and check
many alternative conditions in a more compact manner, our approach is now able
to check examples with rules and constraints of substantially higher complexity.
Our improvements also provide higher accuracy by employing advanced implica-
tion checks and extend expressive power by supporting more complex negative
application conditions. While not as expressive as the general concept of nested
graph conditions [11], there is a significant number of examples [2, 10, 3] for which
the supported level of expressive power is sufficient. Of those, we employ three case
studies concerned with car platooning and model transformations to evaluate our
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improvements and to compare them with the SeekSat/ProCon tool, demonstrating
that our approach shows better scalability for certain cases.

The report is organized as follows: The formal foundations are introduced in
Section |2} Our restrictions and important constructions in our algorithms are ex-
plained in Section [3} Section [4] presents the employed inductive invariant checking
scheme with its formal justification. Section [5| presents our evaluation, with Section
(6] then discussing related work. Finally, Section [7] provides a summary and outlook
on possible future work. Additional prerequisites concerning the formal model
can be found in Appendix [A]and [B} omitted proofs can be found in the respective
sources.



2. Foundations

This section shortly describes foundations of graph transformation systems we use
in our verification approach. For additional definitions, we refer to Appendix

The formalism used herein (cf. [[7]) considers a graph G = (V,E, s, t) to consist of
sets of nodes, edges and source and target functions s, ¢ : E — V. A graph morphism
f : G1 = Gy consists of two functions mapping nodes and edges, respectively, that
preserve source and target functions. In this paper we put special emphasis on
injective morphisms (or monomorphisms), denoted f : G; < G, and consider typed
graphs, i.e. graphs typed over a type graph TG by a typing morphism type: G - TG
and typed graph morphisms that preserve the typing morphism. We also adopt the
concept of partial monomorphisms:

Definition 1 (partial monomorphism ([15], adjusted)). A partial monomorphism
p: A= Bisa2-tuple p = (a,b) of monomorphisms a, b with dom(a) = dom(b), dom(p) =
codom(a), and codom(p) = codom(b). The interface of p refers to the common domain of
aand b, i.e., iface(p) = dom(a) = dom(b). A partial monomorphism p = (a,b) is said to be
a total monomorphism b, if a is an isomorphism, i.e. a bijective morphism.

Al——s A

Thus, the partial monomorphism p : A — B describes an inclu- ¢

sion of a subgraph A’ of A in B. With partial monomorphisms b{ A,m
we can define partial application conditions, which, similar to B
nested application conditions [11], describe conditions on mor-
phisms. Graph constraints, on the other hand, describe conditions on graphs.

Definition 2 (partial application condition ([8], extended to partial morphisms)). A
partial application condition is inductively defined as follows:

1. For every graph P, true is a partial application condition over P.

2. For every partial monomorphism a : P — C with a = (p,c) and monomorphisms
p:P" = Pandc:P"~ Cand every partial application condition ac over C, 3(a,ac)
is an application condition over P.

3. For partial application conditions ac, ac; over P with i € I (for all index sets 1), —ac
and Aer ac; are partial application conditions over P.

P,‘T'P P,\?P
c c
Am a=(p.c)
aceC ac>C—— G
q e ac
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Satisfiability of partial application conditions is inductively defined as follows:

1. Every morphism satisfies true.
2. A morphism g : P — G satisfies 3(a,ac) over P with a : P — C with a = (p,c) if
there exists an injective q : C — G such that qoc = go p and q satisfies ac.
3. A morphism g : P — G satisfies —~ac over P if g does not satisfy ac and g satisfies
Aier ac; over P if g satisfies each ac; (i € I).
We write g & ac to denote that the morphism g satisfies ac.
Two application conditions ac and ac’ are equivalent, denoted by ac = ac’, if for all
morphisms §: P - G, g & ac if and only if g & ac’.
If all morphisms involved in a partial application condition are total morphisms we say
that it is a total application condition.
3p abbreviates 3(p, true). Y (p,ac) abbreviates —3(p, —ac).

Definition 3 (graph constraint [11]). A graph constraint is an application condition
over the empty graph @. A graph G then satisfies such a condition if the initial morphism
i : @ = G satisfies the condition.

o [PH] [HoH<]SPHaHe] o [o
be cC e n ip

~ :
p=w@n ] LHaH< mmeg o
. . P_ﬁ
. . n F = ﬁa(ip,an)

ac= —3p |0 |ac’ = ~3c A=3d A Te = =3(ip, ~3x)

(a) Partial condition (b) Total condition (c) Graph constraint

Figure 1: Partial and total conditions and graph constraint

Example 4. Figure[1|shows an example from a software refactoring context (cf. [3]) with
node types P, I, C, O standing for Package, Interface, Class, and Operation, respectively.
Although equivalent, the partial condition ac in Figure is much more compact — and
also less expensive in computation — when compared to the total condition ac’ in Figure[1(b)]
Both conditions describe the absence of an implementing class and contained operation for
the interface. Further, Figure shows a graph constraint F, which forbids the existence
of an interface without an implementing class containing an operation.

Application conditions can also be used in graph rules, which are used to trans-
form graphs. Finally, a graph transformation system consists of a number of rules
and, in our case of typed graph transformation systems, of a type graph.

10



2. Foundations

Definition 5 (rules and transformations [8]). A plain rule p = (L «< K = R) consists
of two injective morphisms K - L and K < R. L and R are called left- and right-hand
side of p, respectively. A rule b = (p,acr,acr) consists of a plain rule p and a left (right)
application condition acy, (acg) over L (R).

acy >L -<l—/K\—r>- R<acg

A direct transformation consists of two pushouts (1) and (2) such that m = acy, and
m' = acr. We write G =, ,, v H and say that m : L — G is the match of b in G and
m' : R - H is the comatch of b in H. We also write G =,,, H, G =, Hor G = H to
express that there exist m', m or b such that G =, H.

We also introduce the concept of a reduced rule, which basically is a rule without
certain elements irrelevant for a specific application via a match once the applica-
bility for that match is ensured. By using reduced rules, we can reduce the effort
necessary for verification, as will be shown later.

Definition 6 (reduced rule). Given a plain rule b = (L < K — R), we define a reduced
rule of basarule b* = (L* < K* - R*) with injective morphisms r* : R* - R, I* : L* - L
and k* : K* < K such that for all graphs G, H and injective morphisms m, m’ it holds that
G =b,m,m’ H<G =b*,mol*,m’or+ H.

1 r

L K - R L K R
e DoEmEsEEE
m| L* <— K~ R* |/ e ge .l
’ ol sleHA]
G D‘ H L K* R*

Example 7. The figure above shows a plain rule describing the replacement of a package
containing an existing interface and class. In general, a corresponding reduced rule (also
depicted) can be constructed by choosing K* as any subgraph of K whose images under
and r include all nodes attached to edges to be deleted or created and then constructing L*
and R* as the pushout complements of (k*,1) and (k*,r), respectively.

11
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3. Restrictions, Constructions, and Implication

With the foundations established, we will now introduce certain restrictions that
apply to our specifications and the main constructions used by our algorithms.

The most important adjustments are concerned with the notion of rules and
application conditions. Since most application conditions that will be encountered
in this paper have the same structure, we define a special kind of negative appli-
cation conditions without additional nesting. In comparison to our previous work
[2], this is a significant difference in expressive power, as [2] allowed only negative
application conditions with each having a node and an edge, at most.

Definition 8 (composed negative application condition). A composed negative
application condition is an application condition of the form ac = Ajj —~3a; for partial
monomorphisms a; of a common domain. An individual condition —3a; is called negative
application condition. A (composed) total negative application condition is a (composed)
negative application condition including only total graph morphisms.

Our properties for verification are described by so-called forbidden patterns:

Definition 9 (pattern). A pattern is a graph constraint of the form F = 3(& — P, acp),
with P being a graph and acp a composed total negative application condition over P. A
composed forbidden pattern is a graph constraint of the form F = \j; —F; for some
index set I and patterns F;. Patterns F; occurring in a composed forbidden pattern are also
called forbidden patterns.

We also allow graph transformation systems to be equipped with a special
variant of composed forbidden pattern called composed guaranteed pattern. Such a
pattern is a constraint whose validity is guaranteed by some external means or
additional knowledge about the system under verification.

While our specification language concerning patterns and application conditions
is more limited than the general concept of nested application conditions [11], the
level of expressive power we support is sufficient to verify a number of case studies
[2, 10, 3]. On the other hand, the following additional limitations in our approach
(except for the second) do not result in a loss of expressive power [11, [7, [8]:

Morphisms in application conditions (Definition [2) must be injective.

Left application conditions (Definition [5) in rules are required to be composed
total negative application conditions.

Right application conditions (Definition [5) in rules are required to be true.

Rule applicability (Definition |5) requires injective matches and comatches.

12



3. Restrictions, Constructions, and Implication

To conclude the definitions used in our verification approach, we introduce our
notion of inductive invariants for graph transformation systems. Informally, all
rule applications should preserve the validity of a composed forbidden pattern
F. Since the system is assumed to prevent violations of a composed guaranteed
pattern G by other means (e.g., a postprocessing step) or additional knowledge,
rule applications leading to such a violation do not need to be considered.

Definition 10 (inductive invariant). Given a composed forbbidden pattern F and a
composed guaranteed pattern G, a typed graph transformation system GTS = (TG, B) is
preserving F under G if, for each rule b in B, it holds that

VG, H((G =y H) = (GE FAGEG) = (He FvHHEG))).

A composed forbidden pattern F preserved by GTS under G is an inductive invariant for
GTS under G.

3.1. Constructions

An important part of our algorithm is the transformation of application conditions
over morphisms and rules. [8] presents a Shift-construction for a transformation
of application conditions over morphisms into equivalent application conditions.
For our restricted formal model, we use a marginally adjusted form of the Shift-
construction. Its validity is proven in Lemma [36]in Appendix

Construction 11 (Shift-construction, adjusted from [8]). For each total application
condition ac over a graph P and for each morphism b : P — P’, Shift(b,ac) transforms ac
via b into a total application condition over P’ such that, for each morphism n : P' — H, it
holds that n o b & ac < n & Shift(b, ac).

The Shift-construction is inductively defined as follows:

Shift(b, true) = true.

—bopr Shift(b,3(a,ac)) = V(apryer 3(a’, Shift(b',ac)) if

W o F={(a’,b") | (a’,b") are jointly surjective, a’,b’ are injective,
and (1) commutes (b' oa =a’ob)} + & and false, otherwise.

-~ C"  Shift(b,~ac) = -Shift(b,ac).
e Shlft(b, /\ie[ ElCl') = /\ie] Shift(b,&lc,‘).

While this construction can be employed to equivalently transform total applica-
tion conditions, the calculation of the respective morphism pairs is computationally
expensive. To avoid executing that calculation, we construct partial application con-
ditions instead and establish their equivalence to the result of the Shift-construction
in the following construction and lemma. As before, proof of validity and a more
detailed version can be found in Lemma [40]in Appendix

a

<~

|

13
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Construction 12 (PShift-construction). For each total application condition ac over P’
and for each morphism p' : P' — P, PShift(p',ac) transforms ac via p' into a partial
application condition over P such that, for each morphism n : P — H, it holds that
nop'Eac < n = PShift(p’,ac).

The PShift-construction is defined as follows:

pr.p PShift(p’', true) = true.

[ PShift(p’,3(a,ac)) = 3(c,ac) with c = (p’,a).
" e=tpaty PShift(p', ~ac) = -PShift(p’, ac).

C PShift(p’, Nicraci) = Nieg PShift(p’, ac;).

A

Lemma 13 (equivalence of Shift and PShift). For each application condition ac over P
and each monomorphism p': P — P’, we have Shift(p',ac) = PShift(p’, ac).

’ /

ac DP\—p> P'q Shift(p’,ac) ac DP‘—p> P4 PShift(p’,ac)
nk\ B / nop\* ) /
H H

Proof. This follows directly from Lemma [36, Lemma [g0|and the respective construc-
tions. O

We also transform application conditions over rules using the L-construction
found in [8]. Lemma [37]in Appendix [B|describes the formal basis for this construc-
tion.

Construction 14 (L-construction [8| @1l]). For each rule b = (L < K = R) and each
total application condition ac over R, L(b,ac) transforms ac via b into a total application
condition over L such that, for each direct transformation G =, ,,» H, we have m &
L(b,ac) < m' = ac.
The L-construction is inductively defined:

L(b,true) = true.
; L(b,3(a,ac)) = 3(a’,L(b',ac)) (with b' =

L K R (L" < K' = R’) constructed via the pushouts (1)
a’j 2 l 1 la and (2)) if (v, a) has a pushout complement (1) and
false, otherwise.
L(b,-ac) = -L(b, ac).
L(b, Aieraci) = Nier L(b, ac;).

!

L(b/,ﬂC)DL’ #’K"ﬁ' R'qac
r

14



3.2. Implication

One of the main requirements for our algorithm is the comparison of graph con-
straints or, more precisely, the notion of implication of patterns.

Definition 15 (implication of patterns). Let C = 3(@ — P,ac) and C' = 3(@ - P’',ac")
with composed partial negative application conditions ac and ac’ be two patterns. C’
implies C (C' & C), if the following condition holds:

VG(GEC' = Gk Q).

Since a pattern may be fulfilled by an infinite number of graphs, we cannot
(in general) check the above condition for all such graphs. Instead, we establish
a condition sufficient to imply implication when comparing patterns. Depending
on whether the patterns’ application conditions ac and ac’ are partial, total, or
nonexistent (i.e. true), the procedure and its computational effort varies. The fol-
lowing theorem describes the most interesting case with a composed partial (total)
negative application in the implying (implied) pattern, respectively.

Theorem 16 (implication of patterns). Let C = 3(& < P,ac) and C' = 3(@ - P’,ac’)
be patterns with a composed total negative application condition ac = N\jey -3(P =% X;)
and a composed partial negative application condition ac’ = \jej —-3(P’ oY X].’ ). Then
C'" & C, if the following conditions are fulfilled:

m’ 1. There exists a monomorphism m : P — P’ such that:
p/_\<Lp'<_ N: 2. For each i € 1, there exists a j € ] such that
D n].’ J Iy ’ .
' ) n].(zface(x].)) c m(P) and there exists a monomor-
X ' n;i)=x! . .
()= nj phism y : X[ — X; such that yon; = x;jom’, with
Xi <y—’X]-' m’:m‘lonj’.

Proof. Assuming that the above conditions hold, we have to show VG(G = C' =
GEe Q).

Consider an arbitrary graph G with G = C'. By definition of satisfaction, we have
ic £ C', implying the existence of a monomorphism g’ : P’ - G with ¢’ = ac’. By
assumption, there is a monomorphism m : P — P’. Then there exists a morphism
g P - G with g = ¢’ om. Since the set of monomorphisms M is closed under
composition, ¢ is a monomorphism.

15
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m'=mLon!

\/
LN

X<#X’

We will show g E ac by contradiction. Suppose g # ac, implying the existence of
a x = x; for some i € I and a corresponding monomorphism q: X < G with g=qox,
Le. g # -3x. By assumption, there is a monomorphism y : X’ - X with X’ = X/
for some j € | and with yonj =xom’ and m' =m0 n](. Consequently, there is a
monomorphism g’ : X’ = G with q' = goy. In addition, we have:

yon;= xom'
— E]Oyo]’l]': quOm,
— q'on;= gom'  (q'=qoyandgox=g)
— q'on;= g omom'’ (§=8"om)
— q'onj= g’omomlon]’ (m':m‘lon]-')
— q'on;= g'on ]' (nj'(iface(x]")) cm(P))

This implies ¢’ # -3x’ and therefore ¢’ # ac’. This is a contradiction, thus we
have g = ac. With ¢: P = G and g F ac, we get G & C, concluding the proof. O

For patterns without negative application conditions, the theorem is also applica-
ble as the second condition is trivially true. For cases where the implying pattern’s
partial negative application conditions do not satisfy the interface condition, a
partial expansion of the implied pattern’s condition is required, which requires
additional computational effort.

In general, all cases can be transformed into a default case by expanding all
composed partial negative application conditions into composed total negative
application conditions with the Shift-construction. The comparison in that case is
explained in Theorem [41|in Appendix Bl The desired effect of the above theorem is
to avoid this computationally expensive default case as often as possible.

This theorem only considers one implying pattern at a time. We also use an
advanced implication check considering more complex relations between forbidden
patterns and negative application conditions, such as implication of a single pattern

16



3. Restrictions, Constructions, and Implication

by multiple patterns. The theory and implementation of such a check for the more
general concept of nested conditions have already been introduced by Pennemann
et. al. in [15]. Hence, we will not discuss our implementation here.

Besides graph constraints we will also encounter application conditions over a
rule side, which can be interpreted as graph constraints as follows:

Lemma 17 (reduction to pattern). Let ac = 3(s: L < S,acs) be an application condition
over L with acg being a composed partial negative application condition. For the reduction
to a pattern acy = 3(is : @ = S, acs) of ac we have the following property: for each graph
G with a monomorphism m : L — G such that m = ac, we have G E acg.

Y

uCSDS
mE ac ic =goig
>
g[

Proof. Consider an arbitrary graph G with a monomorphism m : L < G such that
m k ac. By definition of satisfiability, there exists a monomorphism g: S < G such
that g F acs. For i : @ — G, we have i; = goig and with g  acs, we have i F acg.
By definition of satisfiability, this implies G & acg, concluding the proof. O

17
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4. Inductive Invariant Checking

Our inductive invariant checking algorithm consists of four basic steps:

1) From a composed forbidden pattern and a rule set, we create all pairs of
individual forbidden patterns and rules to be analyzed on a per-pair basis. 2) We
construct target patterns for each pair by applying the Shift- and PShift-constructions,
such that each target pattern represents a satisfaction of a forbidden pattern after
rule application. 3) From each target pattern, we construct a source pattern by
applying the L-construction such that a source pattern is a representation for graphs
before a rule application leads to a forbidden pattern. 4) We analyse source and
target pattern pairs (counterexamples) for other forbidden or guaranteed patterns,
which might invalidate the counterexample.

The first step of splitting a composed forbidden patterns into forbidden patterns
for individual analysis is shown to be correct in the following lemma. It also
explains the analysis of source and target patterns in step 4.

Lemma 18. Given a composed forbidden pattern F = N1 —F;, a composed guaranteed
pattern G = \jej —=Gj and a typed graph transformation system GTS = (TG, B), GTS is
preserving F under G if, for each rule b in B it holds that:

VG, H((G =, H) = (3n(HEe F,) = 3k(HE Gy vG E Gy v G E F)))

Proof. We can rearrange the formula from Definition 10| (with j,k € I and for each
rule b € B).

VG, H((G% H) = ((GEFAGEG) = (HE FVH#G)))
— YG,H(G% H) = (HEFAHEG) = (G#FVGHG)))
— VG, H(G2 H) = (H#F) = (HEGVG # FVGHG)))
— VG, H((G = H) = (Hr \/F) = (H= \/GvGE\/GjvG ¢V F)))

iel jeJ jeJ iel

VG, H((G 2 H) — (3n(HEe F) = 3k(HE G vG = Gy v G E F)))

4.1. Step 2: Construction of Target Patterns

The second step in our inductive invariant checking algorithm is the creation of
target patterns for each pair of a graph rule and a forbidden pattern such that the
forbidden patterns occurs in the target pattern. Target patterns in general represent
a set of graphs with a match for the right side of a specific graph rule.

18



4. Inductive Invariant Checking

Definition 19 (target pattern). A target pattern over the right side R of a rule b is an
application condition of the form tar = false or tar = 3(t : R < T,acr) with a composed
partial negative application condition act over T.

The set of graphs fulfilling such a target pattern is the set of graphs H with a
comatch m’: R = H such that m’ = tar. For a rule b in B and a forbidden pattern F,
we can create target patterns by transforming F over the morphism ig : @ < R into
an application condition over the right rule side R:

Lemma 20 (creation of target patterns). Let b = ((L < K < R), acr, true) be a rule and
F=3(ip: @~ P,acp) a forbidden pattern with acp and acy, being composed total negative
application conditions. Let b* = ((L* < K* = R*)) be a reduced rule of b with respective
injective morphisms r* : R* < R, 1" : L* - L, and k* : K* - K. Then we have:

1. Shlft(?"_'-, Shlft(iR*, Hlp)) = V]e] E|tj.
2. Ve tar; is a set of target patterns for tar; = I(t;, PShift(t!, Shift(t",acp))).
3. For each graph H and each monomorphism h : R — H, it holds that 3j(j € [Ah &

tlli"]‘) < HEeF.
iH:hOiR
m
/_\
@ — R*~ R H
IR* rt h
ip[ = [t; [tl
i
*
P T T,
A acrx

]

Proof. First, we will show that the construction yields the required structure.

According to the Shift-construction, we have Shift(ig-,3ip) = Viex 3t;, where
the index set K depends on the number of injective and jointly surjective mor-
phism pairs (#/ ,t,g*). Further, again because of the Shift-construction, we have
Shift(r", Viex It;) = Vjes 3tj, where the index set | now depends on the number of
injective and jointly surjective morphism pairs (¢}, t]+)

Since acp is a composed total negative application condition over P and by
Lemma acrx = Shift(t[*,ac,) is a composed total negative application condition
over a specific T;'. By the PShift-construction, PShift(t]’-“,acT;) is a composed partial
negative application condition over T;. Hence, tar; = 3(t;, PShift(t;, Shift(¢,*,ac,)))
is a target pattern over R and thus V; tar; is a set of target patterns over R.

19



Inductive Invariant Checking with Partial Negative Application Conditions

Second, by the Shift- and PShift-construction and by definition of satisfiability
we have for each graph H and each monomorphism /: R - H:

HEeF
<~ igkEF (Definition [3))
<= hortoig« e F
<= hor" = Shift(ig+, F) (Shift-construction)
<= h & Shift(r*, Shift(ig+, F)) (Shift-construction)
< h = Shift(r*, \/ 3(t;, Shift(t;*,acp))) (Shift-construction)
keK
<= h&\/ 3(t;,Shift(t], Shift(t*,acp))) (Shift-construction)
jel
< h=\/3(t;, PShift(t], Shift(t;",acp))) (Lemma [13))
jel
—he\/ tar;
jel

< 3j(je ] nhE tar))
O

In other words, we shift the exterior application condition (Jip in step 1) of
the forbidden pattern to the right rule side, but its interior composed negative
application condition (acp in step 2) to a partial application condition using the
reduced rule. Thus, we avoid creating a large number of morphism pairs when
shifting the interior application condition to the complete right rule side.

In conclusion, for each morphism h : R < H the satisfaction of the forbidden
pattern F by a graph H is equivalent to the existence of a target pattern tar; satisfied
by h. In other words, for each result of a possible rule application leading to a graph
satisfying the forbidden pattern we have constructed a target pattern. Since target
patterns (as shown above) are disjunctively combined, we can analyze each target
pattern individually and compute its source pattern. By construction, we always
have a finite number of target patterns.

4.2. Step 3: Construction of Source Patterns
For each target pattern constructed as described above, we try to generate a source
pattern to represent the state before the application of the rule lead to the forbidden

pattern. In general, we define source patterns analogously to target patterns as
application conditions over the left side of a specific graph rule.
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4. Inductive Invariant Checking

Definition 21 (source pattern). A source pattern over the left side L of a rule b is an
application condition of the form src = false or src = 3(s : L — S,acg) with a composed
partial negative application condition acg over S.

To construct source patterns to our target patterns, each target pattern is trans-
formed into an application condition over the left rule side using the L-construction.
Due to the nature of the L-construction, we create at most one source pattern per
target pattern transformation.

Lemma 22 (creation of source patterns). Let tar = 3(t: R — T,acr) be a target pattern
specific to a forbidden pattern F and a rule b = ((L < K < R),acy, true) with a reduced
rule b* = ((L* < K* = R*)) of its plain rule and constructed as described above. Further,

let act be a composed partial negative application condition act = PShift(t*,act) with acy
being a composed total negative application condition over T*. Then we have:

1. L(b,3t) is a source pattern and L(b, 3t) = false or L(b, 3t) = 3s.

2. For the latter case, src = 3(s, PShift(s*,L(b’,act))) is a source pattern, with b' =
(S* « K" = T*) being the rule constructed via the pushout complement (1) and the
pushout (2) and s* : S* — S such that S =/ g+ 1+ T.

3. For each direct graph transformation G =, ,,» H: m  src < m' e tar.

Ll k" .R
m=gqos L*sl K*—— R* mt=q" ot

{* (2) l:k’ 1) t*‘[

L@’ ach) >S¥ <—1K’\—> T*<ach

SN

G-<1-5§ K" . T

" r q'Eact

Proof. First, we will show that the construction yields the required structure.
We distinguish two cases:

1. (r,t) does not have a pushout complement. Then L(b, 3t) = false. Since false
is a source pattern, this case yields the required structure.

2. (r,t) has a pushout complement. Then, by constructing the pushout (S,1”,s),
we gain L(b,3t) = 3(s : L = S), which already is a source pattern. Fur-
ther, L(b,3t) = 3s implies S =, T and, because of the reduced rule b*,
S = sol+ tor+ 1. With tor® =" ot from the construction of the target pattern
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Inductive Invariant Checking with Partial Negative Application Conditions

and, consequently, the existence of the pushout complement of (t*ot*,r*),
we can conclude the existence of the pushout complement of (t*,7*) to the
pushout (1). This shows the existence of the rule b’ = (§* « K’ = T*).
Because of the construction of b’ and since S =px goj+ jor+ T, We can con-
clude the existence of the pushout complement of (r’,t") and hence, the
existence of an injective morphism s : 5* — S such that S =4+ ;+ T. Then,
PShift(s*,L(b’,acr)) is a composed partial negative application condition
over S and src = 3(s, PShift(s*,L(b’,ac}))) is a source pattern.

Furthermore, for each direct graph transformation G =, ,,» H we have:

m' E tar
> m'E3(t: R T,acy)
< m' e 3(t,PShift(t",act)) (act = PShift(t",acr))
<= m' & 3(t,Shift(t*,act)) (Lemma [13))
< 3g'(m’' =q' ot Aq’ E Shift(t",act))
< 3q'(m' =q'otng’ot" Each)
< Jg(m=gosnqgos™ EL(b',act)) (Lemma[37 S =g 4+ T)
< 3q(m = qgosnqE PShift(s*, L(b',acr)))
< mE I(s: L= S,PShift(s*, L(b’,act)))

<= m E Src
OJ

Such a source pattern represents graphs before the application of the rule in
question which leads to graphs satisfying the forbidden pattern. To also take left
application conditions into account, they need to be transformed via Shift(s, acy,)
into conditions over the source pattern. For details, we refer to Lemma in
Appendix

In summary, the source and target patterns src and tar represent a correct rule
application of a rule b leading to the existence of the forbidden pattern F. To
represent all possible rule applications, i.e. all graphs G and H with G =}, H, we
need to consider all target patterns and their corresponding source patterns.

4.3. Step 4: Analysis of Source Patterns and Counterexamples
Each target pattern and corresponding source pattern specific to a rule and a

forbidden pattern specify a counterexample for our inductive invariant, i.e. a
situation where a rule application leads to the occurrence of a forbidden pattern F,.
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4. Inductive Invariant Checking

To investigate whether this is indeed a violation of the inductive invariant 7 under
G, the following three conditions are considered:

1. The target pattern also violates the composed guaranteed pattern.
2. The source pattern violates the composed guaranteed pattern.
3. The source pattern violates the composed forbidden pattern.

Theorem 23 (inductive invariant checking). Let GT'S be a graph transformation system
and F = Njey ~F and G = \jej =G be a composed forbidden and composed guaranteed
pattern. Let, for each rule b € B and for i € I, srcy; (tary;) be the set of source (target)
patterns constructed from the pair (b, F;) and srcy ) ; (taryy ;) be the set of these source
(target) patterns reduced to graph constraints.

GTS preserves F under G if, for all reduced source patterns srcy created from a pair of a
rule and a forbidden pattern (b, F;) and the corresponding reduced target pattern targ, one
of the following conditions holds:

1. Jk(k € [ Ataryg = Gy)
2. Jk(k e J Asrey = Gi)
3. Jk(keInsrcy = F)

Proof. By Lemma (18} the preservation of F under G by GTS is implied by (for each
rule b € B and with k, k' € I):

VG, H((G % H) => (3j(H £ F;) = 3k(H £ Gy v G = Gy v G = F)))

Consider an arbitrary rule b = ((L < K = R),acg, true) from B and graphs G, H
with G =! H and 3k’ (H & F/) with, for ease of reading, Fy, = F. As a forbidden
pattern, F has the form F = 3(¢ < P,acp) with acp being a composed negative
application condition.

From G :b> H, we conclude the existence of a comatch m': R - H. By construction
of target patterns (Lemma , we have a number of target patterns tar; and with
H & F we gain 3j(j € ] Am’ & tarj). Consequently, there is a target pattern tar = 3(¢:
R = T,acr) with m' & tar for the specific tar; = tar.
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Inductive Invariant Checking with Partial Negative Application Conditions

ac <l <L K" R

By construction of source patterns (Lemma [22), we get a source pattern src with
src € srcy k- (remember F = Fi/). Note that src cannot be false, as this would con-
tradict G =4 H. With G =, ,,» H, where m is a monomorphism m : L - G, and
m'  tar, we get m E src.

By precondition, one of the following cases is true:

1. There is a k € | such that tary £ G;. Remember that tary = 3(@ < T,acr) is
the reduction of tar to a pattern. By Lemma 17, m' k= tar implies H & tary and
with targ £ Gy and by Definition [15| we have H = Gy, which concludes this
case.

2. There is a k € | such that srcy £ G¢. By Lemma m E src implies G E srcy
and with srcy E Gy and by Definition 15 we have G = Gi, which concludes
this case.

3. There is a k € I such that srcy E F. By Lemma m E src implies G k& srcy
and with srcy E Fy and by Definition |15/ we have G & F, which concludes this
case.

O

This shows that GTS preserves F under g, if the condition from Theorem
holds. In other words, F is an inductive invariant for GTS under G. The con-
struction of target and source patterns and the verification of this condition by
application of Theorem [16|is, in short, the essence of the Invariant Checking al-
gorithm. On the other hand, source and target patterns not discarded by that
conditions are counterexamples for the inductive invariant.

Example 24. Figure|2|shows a source and target pattern pair src and tar created from the
forbidden pattern F and rule in Examples 4| and [7} In tar, the condition 3t is one amalga-
mation of F and the right rule side (Lemma |20} step 1); —3p is the pattern’s application
condition transformed with PShift over t* (Lemma |20} step 2). Since the forbidden pattern
can be found in the source pattern (srcy & F), this counterexample is discarded by the
analysis in Theorem
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FHEHE _ HEHE -

siLo S KA = Irt S tRoT
[eHaHe]oleHale=s w=rleHa] o [eHu]
s b'f

=

src = 3(s,—-3p") m tar = 3(t,—3p)

Figure 2: Source and target pattern pair created from a rule and a forbidden pattern

Because the implication checks (Theorems |16 and compare only individ-
ual patterns and disregard more complex interdependencies and satisfiability of
multiple patterns, this algorithm may still produce false negatives (i.e., spurious
counterexamples). Our advanced implication check then serves to reduce this num-
ber and may also be applied to reduce the number of forbidden patterns to be
analyzed by subsuming some of them. Since the general concept has already been
introduced by Pennemann et. al. in [15], we do not discuss it here. However, our
technique is safe in the sense that all violations will be reported.
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5. Evaluation and Discussion

To evaluate our results, we employ three case studies: The first example car platooning
describes rules and constraints in a car platooning system. It was employed in the
context of the SeekSat/ProCon tool [15] and was originally described in [12]. In
order to conform to our restrictions it had to be adjusted, resulting in the addition
of twelve new constraints. Our second and third case study are a simple and
complex example for verification of behavior preservation of model transformations
by bisimulation with the simple case initially employed by us in [10] and both
examples described in [6]. In the first case (MT - Simple), behavioral equivalence
between single lifelines and automata derived by a triple graph grammar (TGG)
is proven. In the more complex example (MT - Complex), behavioral equivalence
between sequence diagrams with multiple lifelines and networks of automata is
proven. In both cases the check involves two inductive invariant checks: one for the
TGG generating all possible model pairs and one for the Semantics of any possible
pair of models to prove bisimilarity.

The first point of reference for our evaluation is our improved inductive invari-
ant checker in its basic variant (invcheck-total). We also compare variants employing
advanced implication checks (invcheck-total/impl), partial negative application condi-
tions (invcheck-partial), and both (invcheck-partial/impl). On the other hand, the former
version of our inductive invariant checker [2] only supported a restricted form of
negative application conditions for constraints and rules and was thus not expres-
sive enough for the considered case studies.

In addition, we will consider the SeekSat/ProCon tool [15) [11], which is able
to prove correctness of graph programs with respect to pre- and postconditions
specified as nested graph constraints. To verify an inductive invariant (F) of a graph
transformation system (GTS) with guaranteed constraints (G), the equivalent check
contains a graph program nondeterministically choosing a rule from GTS, the
precondition {F A G} and the postcondition {F v -G}. While the technique behind
SeekSat/ProCon is more expressive than our approach, we use this comparison
to demonstrate the relevance of our more specialized tool for the verification of
certain cases where that level of expressiveness is not needed.

Besides the evaluation of the case studies as a whole, we also want to study the
impact of the complexity of the checking problem by considering the sum of all
possible amalgamations between a forbidden pattern and the right side of a rule
and the number of total negative application conditions for those amalgamations.
To get more fine-grained results, we separated some examples into multiple cases
by splitting postconditions (Ajer F;) v =G into less complex i subproblems with
postconditions F; v -G or by considering rules in a set separately.
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5. Evaluation and Discussion

Table 1: Complexity of verification problems and results of evaluated algorithms

without advanced implication check with advanced implication check
I_ Characteristics SeekSat/ProCon Invcheck-total Invcheck-partial | Invcheck-total/impl] Invcheck-partial/impl|
Example Check Complexity] time (s)| result | time (s)| result |time(s)| result |time(s)| result | time (s) result
MT - Simple - Semantics __|subproblem 4 20 true <1 true <1 true <1 true <1 true
MT - Simple - Semantics _ |subproblem 4 20 true <1 true <1 true <1 true <1 true
MT - Complex - TGG subproblem 4 <1 true <1 true <1 true <1 true <1 true
MT - Complex - TGG subproblem 4 <1 true <1 true <1 true <1 true <1 true
MT - Complex - Semantics |subproblem 5 10 true <1 true <1 true <1 true <1 true
MT - Complex - Semantics |subproblem 5 9 true <1 true <1 true <1 true <1 true
MT - Simple - Semantics _ |subproblem 1 40 true <1 true <1 true <1 true <1 true
MT - Complex - TGG subproblem 11 <1 true <1 true <1 true <1 true <1 true
MT - Complex - Semantics |subproblem 12 out of memory timeout <1 false negatives timeout <1 true
MT - Complex - Semantics |subproblem 17 17 true <1 false negatives <1 false negatives <1 true <1 true
MT - Complex - TGG subproblem 20 timeout <1 true <1 true <1 true <1 true
MT - Simple - Semantics _ |subproblem 30 20 true <1 true <1 true <1 true <1 true
MT - Simple - Semantics _ |subproblem 70 40 true <1 true <1 true <1 true <1 true
MT - Complex - Semantics |subproblem 72 timeout <1 false negatives 1 false negatives 1,5 true 1,5 true
MT - Simple - Semantics __ |subproblem 78] 6,5 true <1 true <1 true <1 true <1 true
MT - Complex - Semantics |subproblem 188 out of memory 1,5 false negatives 2,5 false negatives <1 true <1 true
Car Platooning subproblem 258 <1 true <1 true <1 true <1 true <1 true
Car Platooning subproblem 610 <1 true <1 true <1 true <1 true <1 true
MT - Simple - Semantics __|subproblem 807 timeout <1 true <1 true <1 true <1 true
Car Platooning complete 947 <1 false <1 false negatives <1 false negatives 3 false 3 false
MT - Simple - TGG subproblem 2778] 220 true 1,5 false negatives 1 false negatives 1,5 true true
MT - Simple - TGG subproblem 2778] 226 true 1,25 | false negatives 1 false negatives| 1,25 true true
MT - Simple - Semantics _ |complete 3870 timeout 1,5 true 1 true 1,5 true true
IEF - Simple - TGG complete 5556|562 true 2 false negatives 2 faise negatives| 2,25 true 1,75 true
MT - Complex - Semantics |subproblem 607312 out of memory timeout 90 false negatives timeout <1 true
MT - Complex - Semantics |complete 607500 out of memory timeout 95 false negatives timeout <1 true
MT - Complex - TGG complete 1817622 timeout timeout |~100min|  true timeout | ~50min true

The experiments were executed on a computer with an Intel Core-i7-2640M
processor with two cores at 2,8 GHz, 8 GB of main memory and running Eclipse
4.2.2 and Java 8 with a limit of 2 GB on Java heap space. All values were rounded
and values under a second were not distingiuished. Timeout refers to a forced
timeout issued by the tool (SeekSat/ProCon) or manual abortion (our tool) — for
the related cases in our tool after more than two days of calculation. Out of memory
means that memory exceeded the Java heap space limit of 2 GB.

Table [1|shows an overview of the verification of our complete examples (marked
as complete; in gray) and a more detailed list of subproblems ordered by complexity
(marked as subproblem), respectively. All algorithms perform comparably well for
the car platooning example, with SeekSat/ProCon performing significantly better
for the unadjusted version than our algorithms. However, for the other complete
cases our tool terminates while SeekSat/ProCon does not.

It is important to note that the inductive invariant checker without advanced
implication checks yields false negatives for certain subproblems. Even more im-
portantly, these false negatives do not occur when using the variant with advanced
implication checks. This demonstrates that the improvement in accuracy due to
advancement in implication checks is indeed relevant for the case studies.

Further, the results demonstrate that the complex model transformation case
study cannot be verified by the inductive invariant checker variants without partial
negative application conditions, as these attempts were aborted after more than
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two days of calculation without a result. In contrast to that, a verification time of
100 minutes (for the longest case) when employing partial negative application
conditions shows a drastic improvement in scalability for the considered more
complex cases. The additional use of advanced implication checks does then not
only eliminates false negatives, but, for one case, also halves the verification time,
showing another notable effect on performance.

While these case studies show both our improvements and the relevance of
verification for specifications that conform to our restrictions, the data is not com-
plete and heterogeneous enough to derive claims for the general case. While Seek-
Sat/ProCon’s more general approach is also successfully applicable for specifi-
cations that are significantly more expressive, our tool has been optimized for a
particular class of problems present in the two more complex case studies and their
verification only succeeded with our tool.

28



6. Related Work

As already discussed in Section 5| the SeekSat/ProCon tool [15} 11] is more general
than our approach and thus is in principle capable of addressing the case studies.
However, the limited scalability of the SeekSat/ProCon tool demonstrates that
there is still a need for a tool optimized for a particular class of problems that
scales up to the presented two more complex case studies.

For all other automated approaches that approach graph transformation systems
with infinite state space [17, [5, [14) [4} 2 13} ], it holds that, in contrast to the ap-
proaches considered in the evaluation, they cannot be used for the case studies
which require unrestricted negative application conditions: The model checking
approach [17] employing abstraction based on the summarization in shape analysis
and the model checking approach [5] employing a neighborhood abstraction, but
both do not support negative application conditions for the constraints or rules.
The tool Uncover [14] supports well-structured graph transformation systems that
can only be established for negative application conditions which forbid the exis-
tence of edges but not of nodes. The Augur tool [13, @], which constructs a over-
approximation in form of a so-called Petri graph, also considers only graph trans-
formation systems without negative application conditions. Finally, the RAVEN
tool [4] can check only invariants for graph transformation systems without nega-
tive application conditions whose reachable graphs are accepted by a finite graph
automaton. Since two of our case studies describe reachable graphs by TGGs, they
cannot be covered by a finite graph automaton.

For additional discussion of related work with respect to the general concept of
inductive invariants, we refer to the respective section in [2].
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7. Conclusion and Future Work

In this paper, we presented several improvements for the inductive invariant
checker for graph transformation systems introduced in [2]. Support for more
expressive negative application conditions in constraints and rules was shown to
be necessary to address the considered case studies at all. The introduction of par-
tial negative application conditions allowed avoiding the explicit representation of
a large number of application conditions, which considerably improved scalability.
The addition of advanced implication checks improved the accuracy, so that no
false negatives are reported for the case studies.

In addition we demonstrated the outlined improvements by means of three case
studies and compared our approach for a restricted class of problems with an
existing tool that targets more general problems. For the more complex problems
considered, our approach was still able to check them; the other tool was not.

While the results are promising, the evaluation also raises a number of possible
future directions such as employing even more partial shifts in our constructions,
and experimenting with the parallel execution of alternative strategies.

Acknowledgments

We would like to thank the group of Annegret Habel, in particular the authors of the
SeekSat/ProCon tool [15], for allowing us to do the comparison and Leen Lambers for her
work on behavior preservation of model transformations.

This work was partially developed in the course of the project Correct Model Transfor-
mations II (GI 765/1-2), which is funded by the Deutsche Forschungsgemeinschaft.

30



References

[1]

[2]

[3]

(4]

[5]

[6]

[7]

[8]

P. Baldan, A. Corradini, and B. Koénig. A Static Analysis Technique for Graph
Transformation Systems. In Proc. CONCUR, volume 2154 of LNCS, pages
381-395. Springer, 2001.

B. Becker, D. Beyer, H. Giese, F. Klein, and D. Schilling. Symbolic Invariant
Verification for Systems with Dynamic Structural Adaptation. In Proc. of the
28th International Conference on Software Engineering (ICSE), Shanghai, China.
ACM Press, 2006.

B. Becker, L. Lambers, J. Dyck, S. Birth, and H. Giese. Iterative Development
of Consistency-Preserving Rule-Based Refactorings. In J. Cabot and E. Visser,
editors, Theory and Practice of Model Transformations, Fourth International Confer-
ence, ICMT 2011, Zurich, Switzerland, June 27-28, 2011. Proceedings, volume 6707
of Lecture Notes in Computer Science, pages 123-137. Springer / Heidelberg,
2011.

C. Blume, H. Bruggink, D. Engelke, and B. Kénig. Efficient Symbolic Imple-
mentation of Graph Automata with Applications to Invariant Checking. In
H. Ehrig, G. Engels, H.-]. Kreowski, and G. Rozenberg, editors, Graph Trans-
formations, volume 7562 of Lecture Notes in Computer Science, pages 264—278.
Springer Berlin Heidelberg, 2012.

I. B. Boneva, J. Kreiker, M. E. Kurban, A. Rensink, and E. Zambon. Graph
abstraction and abstract graph transformations (Amended version). Technical
Report TR-CTIT-12-26, Centre for Telematics and Information Technology,
University of Twente, Enschede, October 2012.

J. Dyck, H. Giese, and L. Lambers. Automatic Verification of Behavior Preserva-
tion for Model Transformation via Invariant Checking. Technical report, Hasso
Plattner Institute at the University of Potsdam, Germany, 2015. (forthcoming).

H. Ehrig, K. Ehrig, U. Prange, and G. Taentzer. Fundamentals of Algebraic Graph
Transformation (Monographs in Theoretical Computer Science. An EATCS Series).
Springer-Verlag New York, Inc., Secaucus, NJ, USA, 2006.

H. Ehrig, U. Golas, A. Habel, L. Lambers, and F. Orejas. M-Adhesive Trans-
formation Systems with Nested Application Conditions, Part 1: Parallelism,
Concurrency and Amalgamation. Mathematical Structures in Computer Science,
volume 24, 2014.

31



Inductive Invariant Checking with Partial Negative Application Conditions

[9]

[10]

[11]

[12]

[14]

[17]

A. H. Ghamarian, M. J. de Mol, A. Rensink, E. Zambon, and M. V. Zimakova.
Modelling and analysis using GROOVE. International journal on software tools
for technology transfer, 14(1):15—40, February 2012.

H. Giese and L. Lambers. Towards Automatic Verification of Behavior Preser-
vation for Model Transformation via Invariant Checking. In H. Ehrig, G. En-
gels, H. Kreowski, and G. Rozenberg, editors, Proceedings of Intern. Conf.
on Graph Transformation (ICGT 2012), volume 7562 of LNCS, pages 249—263.
Springer, 2012.

A. Habel and K.-H. Pennemann. Correctness of high-level transformation
systems relative to nested conditions. Mathematical Structures in Computer
Science, 19:1-52, 2009.

A. Hsu, F. Eskafi, S. Sachs, and P. Varaiya. The design of platoon maneu-
ver protocols for IVHS. Technical Report UCBITS-PRR-91-6, University of
California, Berkley, 1991.

B. Kénig and V. Kozioura. Augur 2 — A New Version of a Tool for the Analysis
of Graph Transformation Systems. Electronic Notes in Theoretical Computer
Science, 211:201-210, 2008. Proceedings of the Fifth International Workshop on
Graph Transformation and Visual Modeling Techniques (GT-VMT 2006).

B. Konig and ]. Stiickrath. A General Framework for Well-Structured Graph
Transformation Systems. In P. Baldan and D. Gorla, editors, CONCUR 2014
— Concurrency Theory, volume 8704 of Lecture Notes in Computer Science, pages
467-481. Springer Berlin Heidelberg, 2014.

K.-H. Pennemann. Development of Correct Graph Transformation Systems. PhD
thesis, Department of Computing Science, University of Oldenburg, 2009.

A. Schmidt and D. Varré. CheckVML: A Tool for Model Checking Visual
Modeling Languages. In Proceedings of the 6th International Conference on the
Unified Modeling Language, UML2003, volume 2863 of Lecture Notes in Computer
Science, pages 92—95. Springer Verlag, 2003.

D. Steenken. Verification of Infinite-State Graph Transformation Systems via Ab-
straction. PhD thesis, University of Paderborn, March 2015.

32



A. Additional Definitions

This section lists additional basic definitions and facts from [7] and [8] that are not
included in the main report. For omitted proofs, we refer to the respective sources.

Many of the following notions also exist in more general forms which can be
described by the concepts of category theory. However, this report is only concerned
with the categories of typed graphs, or Graphs (for a type graph TG), although
generalization of its concepts may be possible. Hence, some of the more general
definitions, facts and lemmas taken from [7] and [8] have been slightly adjusted to
fit this scope.

Definition 25 (graph [7]). A graph G = (V,E,s,t) consists of a set V of nodes (also
called vertices), a set E of edges and two functions s,t : E - V, the source and target
functions.

Definition 26 (graph morphism [7]). Given graphs G1, G, with G; = (V;, E;, s, t;) for
i =1,2,a graph morphism f : G - Gy, f = (fv, fg) consists of two functions fy : Vi -
V, and fg : Ey - Ej that preserve the source and target functions, i.e. fy osy = sy o fg and
fvoti=tyof.

A graph morphism f is injective (or surjective) if both functions fy, fg are injective
(or surjective, respectively); f is called isomorphic (or an isomorphism) if it is bijective,
which means both injective and surjective. We use the terms injective morphism and
monomorphism synonymously and describe the set of all monomorphisms with M.

Fact 27 (composition of graph morphisms [7]). Given two graph morphisms f =

(fv, fe) : G1 — Gpand g = (gv,8E) : Go = Gs, the composition go f = (gv o fv,ge° fE) :
G1 — Gz is again a graph morphism.

Definition 28 (typed graph and typed graph morphism [7]). A type graph is a
distinguished graph TG = (Vrg, Erg,stc,trc). Vrg and Etg are called the vertex and
the edge type alphabets, respectively.

A tuple (G, type) of a graph G together with a graph morphism type : G — TG is then
called a typed graph.

Given typed graphs Gl = (Gy, typer) and GI = (Gy, typey), a typed graph morphism
f:GI - GI is a graph morphism f : G - Gy such that types o f = types.

Definition 29 (jointly surjective (adjusted from [7])). A graph morphism pair (e1,e;)
with e; : Aj - B (i = 1,2) is called jointly surjective if, for all g,h : B - C with
goej=hoe;fori=1,2, we have g = h.

Definition 30 (pushout [7]). Given morphisms f: A - Band g: A - C in a category
C, a pushout (D, ', g") over f and g is defined by
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* a pushout object D and
e morphisms f':C - Dand §': B— D with f'og=g"of

such that the following unsiversal property is fulfilled: For all objects X and morphisms
h:B— Xandk:C — X withkog=ho f, there is a unique morphism x : D — X such
that xo g' =hand xo f' =k,

Fact 31 (pushouts [7]). Given morphisms f : A - B and ¢ : A - C and a pushout
(D, f',g") over f and g, we have the following properties:

1. If f is injective (or surjective), then f' is also injective (or surjective, respectively).

2. The pair (f',g") is jointly surjective, i.e. for each x € D there is a preimage b € B
with g'(b) = x or c € C with f'(c) = x.

3. If f is injective and x € D has preimages b € B and ¢ € C with g'(b) = f'(c) = x,
then there is a unique preimage a € A with f(a) = b and g(a) =c.

4. If f and hence also f' is injective, then D is isomorphic to D' = CuB~ f(A).

When trying to determine the applicability of graph rules, as will be explained
in the following, the reverse construction of a pushout is required [7]. This notion
is defined as the pushout complement.

Definition 32 (pushout complement [7]). Given morphisms f : A - Bandn:B - D,
then A% C 5 D is the pushout complement of f and n if (1) below is a pushout:

f

AL

n

O<~—w

m| o (1)
C—g>

Fact 33 (application of graph rules [8]). The application of a graph rule b = (p,acr,acr)
amounts to the following steps:

1. Find a match m : L — G satisfying acy, as well as the gluing condition:
Dangling condition: No edge in G ~ m(L) is incident to a node in m(L) ~ m(K).
Identification condition: For all distinct items x,y € L, m(x) = m(y) only if x,y € K.
(This condition is understood to hold separately for nodes and edges.)

2. Remove m(L \ K) from G, yielding a graph D and add R \ K, yielding a graph H.

3. Check whether the comatch m': R — H satisfies acg.

Due to our restriction on injective matches and comatches, we do not need
to consider the identification condition. Note that the satisfiability of the gluing
condition is equivalent to the existence of the context graph D with the pushout
(1), i.e. the existence of the corresponding pushout complement [7].
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Definition 34 (graph transformation system [7]). A graph transformation system
GTS = (B) consists of a set of graph rules B. A typed graph transformation system
GTS = (B, TG) consists of a set of gprah rules B and a type graph TG.

35



Inductive Invariant Checking with Partial Negative Application Conditions

B. Additional Lemmas and Constructions

This section lists additional lemmas and constructions, which are not included in
the main report and are mainly relevant for proofs.

Construction 35 (construction of reduced rules). Given a rule b = (L < K- R), a
reduced rule b* = (L* < K* = R*) of b can be constructed as follows:

1. Create K* as a subset of K containing at least all nodes n that fulfil at least one of the
following two conditions:
a) The image of n under r is adjacent to an edge in R ~ r(K).
b) The image of n under | is adjacent to an edge in L ~ 1(K).
2. Create K* > R* &> R as the pushout complement of k* and r.
3. Create K* 515 Las the pushout complement of k* and 1.
Proof. We have to show that for all graphs G, H and all monomorphisms m,m’, it

holds that G =, ;s H < G =+ yyo1+ mror+ H. Note that both pushout complements
(1) and (2) exist by construction of K*.

L<' k" .R

}ﬁ 1) k+T (2 r*}
m m’

L>(- @K*\L‘ R*

I* k

8 h

G

Only if. Since (1) is a pushout by construction and (G, g,m) is a pushout by pre-
condition, by pushout composition, (1) + (G, g,m), or (G,g,mol") is a pushout.
Since (2) is a pushout by construction and (H, &, m") is a pushout by precondition,
by pushout composition, (2) + (H,h,m"), or (H,h,m’ or") is a pushout, so that
G = b*,mol*,m’or+ H.

If. Since (G,g,mol*), or (1) +(G,g,m) is a pushout by precondition and (1)
is a pushout by construction, by pushout decomposition (G, g,m) is a pushout.
Since (H,h,m'or*), or (2) + (H,h,m") is a pushout by precondition and (2) is a
pushout by construction, by pushout decomposition (H, h,m") is a pushout, so that
G =p,mm H. This conlcudes the proof. O

D+ H

The following lemmas and constructions are concerned with the transformation
on application conditions over morphisms and rules.
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B. Additional Lemmas and Constructions

Lemma 36 (shift of application conditions over morphisms, adjusted from [8]).
There is a Shift-construction such that, for each application condition ac over P and for
each morphism b : P — P', Shift transforms ac via b into an application condition with
only monomorphisms Shift(b,ac) over P such that, for each morphism n : P' — H with
neM,nob = ac < nk Shift(b,ac).

ac> P P4Shift(b,ac)

nob n

H

Construction (Shift-construction, adjusted from [8]). The Shift-construction is induc-
tively defined as follows:
Shift(b, true) = true.
P—Y~p'  Shift(b,3(a,ac)) = V(arpryer I(a’, Shift(b’,ac)) if
“L " [u’ F={(a’,b")|(a’,b") are jointly surjective and b" € M and
a' € M and (1) commutes} # & and false, otherwise.

/ . .
ET C Shift(b, —~ac) = -Shift(b, ac).

ac Shlft(b, /\ieI ElCl') = /\1'61 Shift(b,aci).
Proof. The proof in [8] can be adjusted to the special case where only monomor-
phisms are concerned. O

Lemma 37 (shift of application conditions over rules [8}x1]]). There is a L-construction
such that, for each rule b and each application condition ac over R, L transform ac via b
into L(b,ac) oder L such that, for each direct transformation G =, ,,» H, we have
m e L(b,ac) < m' E ac.

L(b,ac)> L ~<Z—JK“—r> R<ac
mn:L(b,ac)l (1) l (2) lm’t:ac
G<~—D——sH

Construction (L-construction [8, 11l]). The L-construction is inductively defined:
L(b,true) = true.
Ll kR L(b,3(a,ac)) = 3(a’,L(b',ac)) (with b’ =
(L" < K" = R’) constructed via the pushouts (1)
a’l 2 l 1 la

and (2)) if (r, a) has a pushout complement (1) and

Lo’ ne)p L’ ~——K'——= R'aac false, otherwise.
I’ r’ L(b,-ac) = =L(b, ac).
L(b, Nieraci) = Nier L(b, ac;).
The following two lemmas are concerned with the structure-preserving proper-
ties of both the Shift- and L-construction with respect to composed total negative
application conditions.
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Inductive Invariant Checking with Partial Negative Application Conditions

Lemma 38. Let ac = 3(a : P - C,acc) with graphs P,C, an application condition acc
and a monomorphism a : P — C be an application condition. For each graph P and each
monomorphism b : P — P’, there is a jointly surjective morphism pair (b',a") with a’ e M
and b’ € M such that b' oa = a’ ob. Also, Shift(b,ac) does not produce the trivial case
false.

Given a composed total negative application condition acn = Nieg-3(x; : N = X;)
with graphs N, X;, monomorphisms x; and an index set I, for each graph N' and each
monomorphism n : N — N' the application condition ac}; = Shift(n,acy) is a composed
total negative application condition.

Proof. Given ac = 3(a : P - C,acc) and a monomorphism b : P - P/, we can
construct the pushout (C’,b’,a") over b,a. By Fact |31} we have the pushout object
C’ and the jointly surjective morphism pair (b’,a") with a’ € M and b’ € M and
b'oa = a’ob. Considering Lemma [36) we have F = {(a’,b") € £'|b’ ¢ M and a’ ¢
M and (1) commutes} # @. Therefore, Shift(b,ac) does not produce the trivial case
false (see the construction to Lemma [36). This shows the first property and can be
extended to Boolean combinations of application conditions.

For a composed total negative application condition acy = Aje; ~3(x; : N = X;), con-
sider the following diagram and equations, with F; = {(x/,n/) e £'|x/ e M and n/ €
M and (1) commutes} (see construction to Lemma [36).

N 2~ N’

xit (1) [xi/

n! !

1
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B. Additional Lemmas and Constructions

Shift(n,acy) = Shift(n,_/\l -3(x;: N = X;))
= /}(Shiftl(en,ﬁEl(xi :N = X;))) (Lemma [36)
= }e}(ﬁShift(n, I(x;: N = X;))) (Lemma [36)
= }e}(ﬁ( \/) 3(x/,Shift(n;, true))) (F; + @, see proof above)
iel  (x!n)er;

=A- V)

iel  (x/n!)eF;

=AC A -3 (De Morgan’s laws)
iel (x/,n!)eF;

As a conjunction of conjunctions of negative application conditions, ac}; = Shift(rn,acy)
is again a composed total negative application condition. This concludes the
proof. O

Lemma 39. Given a composed total negative application condition ac = Nje; -3(x; : R —
Xi), for each rule b = ((L < K < R),acy, true), L(b,ac) is a composed total negative
application condition.

Proof. Consider the following diagram, illustrating the monomorphisms x; for
which (r, x]-) has a pushout complement (1). We need to distinguish the cases
where the pushout complement to (1) exists from the cases where it does not.
Hence, we separate the index set I in two disjoint sets ] ¢  and K ¢ [ with [nK =g
and JuK = I such that | = {i € I |[(r,x;) has a pushout complement (1)} and
K={iel|(r x;) does not have a pushout complement (1)}.

1

L K—I s R

xj,[ (2)

G
] l].’

{ (M [x/
jl

Dj——X;
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Inductive Invariant Checking with Partial Negative Application Conditions

L(b,ac) = L(b, A-3(x; : N = X;))

= /\(Ijzzrﬂ3(xi N = X)) (Lemma 37)
= X(ﬂL(b/3(xi N = X)) (Lemma 37)
= ;/:\j(ﬁL(b,a(xj :N = X)) A}(/g}((ﬁL(b,El(xk N < X))

- j/g(ﬁa(x; N = X)) A (Sfalse)

= N30 N = X)) ntrue

= j/e\](_‘zl(xj, N = Xj))

If ] =3, L(b,ac) = /\jej(ﬂEI(x]-’ :N > X]-’)) is true, which is a combined negative
application condition (Definition . It ] # @, L(bac) = Aje ](ﬁﬂ(xj’ : N > X].’ )
has the structure required in Definition |8, making it a composed total negative
application condition. O

The following lemma and construction offer a means of creating equivalent
(with respect to a morphism) partial application conditions from total application
conditions.

Lemma 4o (creation of partial application conditions). There is a PShift-construction
such that, for each application condition ac over P’ and for each morphism p' : P' — P,
PShift transforms ac via p' into a partial application condition PShift(p',ac) over P such
that, for each morphism n : P — H withn € M, nop' = ac < n & PShift(p’,ac).

’

p

ac> P’ P «PShift(p’,ac)

’ n

H

nop

Construction (PShift-construction). The PShift-construction is defined as follows:

pr.p PShift(p’, true) = true.

[a PShift(p’,3(a,ac)) = 3(c,ac) with c = (p’,a).
c=(p’a’)  PShift(p’,~ac) = -PShift(p’,ac) and PShift(p', Aicjac;) =
g Nier PShift(p',ac;).
ac
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B. Additional Lemmas and Constructions

Proof. (Adopted from Lemma [36| [8].) The statement is proven by structural induc-
tion:

Buasis. For ac = true, the statement holds.

Inductive step. For an application condition ac = 3(a,ac’), we have to show nop’ =
ac < n e PShift(p’,3(a,ac’)).

Only if. Let no p’ = 3(a,ac’). Consequently, there exists a monomorphism q: C -
H such that nop’ = goa and g E ac. Thus, by satisfiability of partial application
conditions, we have n = 3(c,ac) with ¢ = (p’,a) and by construction we get n =
PShift(p’,3(a,ac’)).

If. Let n = PShift(p’,3(a,ac”)). By construction, we have n = 3(c,ac) with ¢ =
(p’,a). By satisfiability of partial application conditions, we conclude the existence
of a monomorphisms g : C - H such that nop’ = goa and g E ac. Thus, we have
p' & ac, which concludes the inductive proof. ]

To avoid unnecessary computational effort, partial application conditions can be
used instead of shifting total application conditions. The following lemma describes
this equivalence.

As opposed to the theorem presented in the short version, the following theorem
establishes a sufficient condition for checking implication of patterns for patterns
with composed total negative application conditions.

Theorem 41 (implication of patterns). Let C = 3(& < P,ac) and C' = 3(@ - P',ac’)
with composed total negative application conditions ac = Njeg-3(P =% X;) and ac’ =
Njey =3(P’ o7 X[) for index sets 1,] be two patterns. Then C" & C, if the following
conditions are fulfilled:

1. There exists a monomorphism m : P — P’ such that:
2. With Shift(m,~3x;) = Agex, ~3(P" =% X} for a number of corresponding index
sets K;, for each x; it holds that

Vk(k e K; = 3j3y(y : Xj, > X Axy = yoxj’)).

P _ P’
x!
X,[ ik g [x]’
" /
Xi—= Xy <5 —X;

M

Proof. Assuming that the above conditions hold, we have to show VG(G £ C' =
GEe Q).

Consider an arbitrary graph G with G £ C’. By definition of satisfaction, we have
ic £ C', implying the existence of a monomorphism g’ : P’ - G with g’ E ac’. By
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Inductive Invariant Checking with Partial Negative Application Conditions

assumption, there is a monomorphism m : P — P’. Then there exists a morphism g :
P — G with g = g’ om. Since M is closed under composition, g is a monomorphism.

We will show g E ac by contradiction. Suppose g # ac, implying the existence
of a x = x; for some i € I and a corresponding monomorphism g4 : X < G with
g = gox,ie. g# -3x. For Shift(m,-3x) = Agegx =3(P’ =% X}') for an index set
K depending on x, we have g’ & Shift(m,-3x) < g’ om = -3(x;) (Lemma [36).
Since g = g’ om, we have ¢’ # Shift(m,-3x) and thus g’ # Agex ~3(P’ =% X/).
This implies the existence of a x = x/’ for some k € K with g’ # ~3(P’ =*" X").
Then there exists a monomorphism " : X" - G with ¢’ = ¢q” o x”. By assumption,
there exists a monomorphism y : X/ - X" with x” = yox{ for some j ¢ J. This
implies the existence of a monomorphism 4" : X; - G with ¢’ = g” oy and thus
q'ox{=q"oyox;=q"ox"=g" Thus, g’ -3x; for the specific j ¢ | and therefore
¢'# ac’. This is a contradiction, thus we have g = ac. With ¢: P = G and g F ac, we
get G = C, concluding the proof. O

Theorem |41| describes a case for implication of patterns where both pattern
contain only composed total negative application conditions. It can be seen that the
creation of composed total negative application conditions from composed partial
negative application conditions requires a high effort and that the computational
effort for checking implication is also usually higher than for the partial case (cf.
Theorem since all negative application conditions from the implied pattern
have to be shifted to the implying pattern.

Finally, the following lemma describes the translation of composed total negative
application conditions defined over a left rule side (as part of a graph rule) to
conditions over a source pattern.

Lemma 42 (transformation of left application conditions to source patterns). Let
scr' =3(sp: L = S,ac$) = L(b, tar) be a source pattern constructed from a target pattern
tar and a rule b = ((L < K < R),acy, true). Let acg further be a composed partial negative
application condition. Then scr = 3(sp : L < S,acs) with acs = ac{ A Shift(s,acr) is a
source pattern over L and we have:
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B. Additional Lemmas and Constructions

1. For each graph G and each monomorphism m : L - G: (m e sr¢’ Am = acy) < mE
src.

2. For each each direct graph transformation G =, ,, v H we have: m = src < m' =
tar.

Proof. Since acy, is a composed negative appplication condition, according to Lemma
[38|Shift(s, acy ) is a composed negative application condition. By definition of source
patterns, acg is a composed negative application condition. Hence, acg A Shift(s, acy )
is a composed negative application condition, which makes src = 3(s : L <
S,ac{ A Shift(s,acy)) a source pattern.

For the first property, we transform the left side of the equivalence as follows.

acy [V % o~ Gq acs = Shift(s,acy) aac

mﬁk - 4\”(:’
S
G

m e src’ A E acy
<~ mkE3(s: L= S,aci) A mEact
<~ 3¢(¢g:S>G Am=gos A gkEact) A mEact
<~ 3¢(g:S>G A m=gos A gFacs A gk Shift(s,acr)) (Shift-lemma)
< 3¢(¢g:S>G Am=gos A gk (acg A Shift(s,acy)))
<= 39(g:S>G A m=gos A gFEacg)

< m k= Src

This shows the first property.

By the L-lemma, for each direct graph transformation G =, ,» H we have
m  src’ < m' e tar. From G =, ,» H we get m = acy. With (m = acp Am &
src’) < m  src from the first property, we have m E src < m' E tar, concluding
the proof.

ac < L ;/K\;. R

e
m'etar

acs<4S -b,/K’\—,> T<acr

1 r
g F acg \

G D- H
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