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Abstract

Model transformations are a key concept for modular and distributed model driven devel-
opment. In this context, triple graph grammars have been investigated and applied to several
case studies and they show a convenient combination of formal and intuitive specification
abilities. Especially the automatic derivation of forward and backward transformations out of
just one specified set of rules for the integrated model simplifies the specification and enhances
usability as well as consistency.

Since negative application conditions (NACs) are key ingredient for many model trans-
formations based on graph transformation we embed them in the concept of triple graph
grammars. As a first main result we can extend the composition/decomposition result for
triple graph grammars to the case with NACs. This allows us to show completeness and cor-
rectness of model transformations based on rules with NACs and furthermore, we can extend
the characterization of information preserving model transformations to the case with NACs.

The presented results are applicable to several model transformations and in particular to
the well known model transformation from class diagrams to relational data bases, which we
present as running example with NACs.

Keywords: model transformation, triple graph grammars, completeness,
correctness, negative application conditions

1 Introduction

Model transformations based on triple graph grammars have been introduced in [1, 2]. In order
to define a general framework independent of the specific domain and target language the corre-
spondences between source and target models are defined as relational mappings, where forward
and backward transformation rules are derived automatically.

In [3] we showed how to analyze bi-directional model transformations based on triple graph
grammars with respect to information preservation, which is based on a decomposition and com-
position result for triple graph grammar sequences. Moreover, completeness and correctness of
model transformations have been studied on this basis in [4, 5]. All formal results in these papers,
however, do not consider negative application conditions (NACs), which are very important for
several practical applications (see [6]). The main purpose of this paper is to extend TGGs with
NACs on a formal basis.

As a main result we show completeness, correctness and information preservation of model
transformations with NACs. Our new result can be used to check, whether a model transformation
performed by an algorithm using triple graph transformations with NACs such as [6] is correct
(see Section 7). The relationship between forward and backward model transformation sequences



was analyzed already in [3] based on a canonical decomposition and composition result for triple
transformations and this paper extends it to the case with NACs.

In Section 2 we review triple graphs and introduce the case study for a model transformation
from class models to relational data base models. Section 3 reviews triple rules and triple graph
transformations as introduced in [1] and extends them to the case with NACs showing that the
composition and decomposition result is also valid for this extension. The second main result of
correctness and completeness of model transformations based on source consistent model transfor-
mations with NACs is presented in Section 4 and explained on a concrete model transformation
sequence of the example. Section 5 shows how the characterization of information preserving bidi-
rectional model transformations is extended to the case with NACs. Related and future work are
discussed in sections 6 and 7, respectively.

2 Review of Triple Graphs

Triple graph grammars [1] are a well known approach for bidirectional model transformations.
Models are defined as pairs of source and target graphs which are connected via an intermediate
correspondence graph together with its embeddings into these graphs. In [2], Konigs and Schiirr
formalize the basic concepts of triple graph grammars in a set-theoretical way, which was gener-
alized and extended by Ehrig et. el. in [3] to typed, attributed graphs. In this section, we shortly
review triple graphs, while triple rules are defined in Sec. 3 together with the extension to negative
application conditions (NACs).

Definition 1 (Triple Graph and Triple Graph Morphism). Three graphs Gs, G¢, and G, called
source, connection, and target graphs, together with two graph morphisms sq¢ : Go — Gg and
tg : Go — Gp form a triple graph G = (Gg £ Geo g Gr). G is called empty, if G, Ge, and
Gt are empty graphs.

A triple graph morphismm = (s, ¢, t) : G — H between two triple graphs G =(Gs &£ G¢ <t Gr)
and H = (Hg & He 2: Hr) consists of three graph morphisms s : Gs — Hg, ¢ : Go — He and
t:Gp — Hrp such that sosg =sgoc andtotg =ty oc. It is injective, if morphisms s, ¢ and
t are injective. A typed triple graph G is typed over a triple graph TG = (TGgs — TG¢c — TGr)
by a triple graph morphism tg : G — TG.

Example 1. The type graph of the ex-

T . : : Class ] : Table
ample is given in Fig. 1 showing the name: String [ o ™ name: String
. . parent *cols
structure of class diagrams in the source attrs

. . next Attr Column
component and relational databases in name: Sting | @ name: String | next
the target component. Classes corre- L>type: String ¢ "type: String |+

spond to tables and attributes to columns.
Throughout the ezample, originating from Figure 1: Triple type graph for CD2RDBM

[6] and [3], elements are arranged left, center, and right according to the component types source,
correspondence and target. Morphisms starting at a connection part are given by dotted arrow
lines. Note that the case study is equipped with attribution, which is based on the concept of
E-graphs [7].

The extension of the results of this paper to the case with attributes shall be straight forward,
all results can be shown in the framework of weak adhesive HLR categories and hence, also for
the category AGraphs 1. of attributed graphs.

3 'Triple Graph Grammars with NACs

Many model transformations use the concept of negative application conditions (NACs) introduced
in [8]. NACs can ensure termination and they can control the application of model transformation
rules by defining forbidden structures as extensions of left hand sides of rules. If a forbidden
structure is present around the selected match, the corresponding rule is not applicable and the
match is invalid, i.e. NACs restrict the applicability of model transformation rules.



While triple graph grammars (TGGS) are an elegant way to descriptively define model trans-
formations by defining triple rules that specify the synchronous creation of source and target
model, formal results are mainly given for the case of TGGs without NACs. In this section we
review triple rules, derivation of transformation rules and we define NACs for triple rules. The
case study presents rules with NACs motivated by a similar model transformation in [6], where
NACs are used to ensure well formed list structures.

A triple rule is used to build up source and target graphs as well as their connection graph,
i.e. they are non-deleting. Structure filtering which deletes parts of triple graphs, is performed by
projection operations only, i.e. structure deletion is not done by rule applications.

tr

Definition 2 (Triple Rule and Triple Transformation Step). 7, — (Ls <~ Lo —Ls L)
A triple rule tr consists of triple graphs L and R, called left- “’\L S\L c¢ W
hand and right-hand sides, and an injective triple graph mor-

phism tr = (s,¢,t) : L — R. Given a triple rule tr = (s, ¢, t) : R =(Rs < Re tr Rr)

L — R, a triple graph G and an injective triple graph mor- Ls<—L¢ — Lt
phism m = (sm,cm,tm) : L — G, called triple match m, a it e ke

. . tr,m G:<GS<‘GC‘>GT)
triple graph transformation step (TGT-step) G == H from y

N \
G to a triple graph H is given by three pushouts (Hg, s ,sn), trﬂ | Rs—< i Rg l> Ry
/ ! - . . S o 3 ~
(Hc,c., en) and (Hp,t',tn) in category Graph with induced H = (Hg H, cn Hy)
morphisms sy : SH th

He — Hg and tyg : Ho — Hrp. Morphism n = (sn,cn,tn) is called comatch.

Moreover, we obtain a triple graph morphism d : G — H with d = (¢/, ¢, t’) called transforma-
tion morphism. A sequence of triple graph transformation steps is called triple (graph) transfor-
mation sequence, short: TGT-sequence. Furthermore, a triple graph grammar TGG = (S, TR)
consists of a triple start graph S and a set T'R of triple rules. Given a triple rule tr we refer by
L(tr) to its left and by R(¢r) to its right hand side.

Definition 3 (Triple, Source and Target Language). A set of triple rules TR defines the triple
language VL = {G |0 =* G via TR} of triple graphs. Source language V Lg and target language
are derived by projection to the triple components, i.e. VLg = projs(VL) and V Ly = projr(V L),
where projx is a projection defined by restriction to one of the triple components, i.e. X €

{S,C,T}.

Definition 4 (Derived Triple Rules). From each triple rule tr = L — R we have the following

source, forward, target and backward rules:

(LSEQHQ) (Q]%@;)LT) (ng_[/cglqﬂ (LSich—RT)

sy v Voo v AN SRS A TR R S 1
(Rs<=—0—=0) (@<=—0—=Rr) (Rs<=Re—>Rr) (Rs<“ Rc—>Rr)
source rule trg target rule trr forward rule trg backward rule trp

Source rules allow to create all elements of V Lg as restriction of VL, but they contain less
restrictions for matches during transformation in comparison to their corresponding complete
triple rules. Thus, they possibly allow to generate more elements than V' Lg contains. This means
that in general we have inclusion VLg C VLgo = {Ggs |0 =* Gs via TRg} resp. VLyr C VLo =
{Gr |0 =* Gr via TRy}, where TRg and TRy are the sets of source resp. target rules derived
from TR.

Definition 5 (General Negative Application Condition). Given a triple rule tr = (L 5 R), a
general negative application condition (NAC) (N,n) consists of a triple graph N and an injective
triple graph morphism n: L — N.

A match m : L — G is NAC consistent if there is no injective ¢ : N — G such that gon =m. A
triple transformation G = H is NAC consistent if all matches are NAC consistent.

Definition 6 (Source-Target Negative Application Condition). A source-target NAC (N,n)
is a NAC with injective triple graph morphism n : L — N with n = (ng,idL,,idr,.) or



n = (idLs,idLC,nT).
This means a source-target NAC is a NAC which only prohibits the existence of certain structures
either in the source (source NAC) or in the target part (target NAC).

Class2Table(n:String) Subclass2Table(n:String)
+4 ++ : . I
:Class /—<+ :Table Gl Y —l_.Ta:IbIe
— [* ) > - ‘parentd, A
name=n name=n +
:Class Nt
-t CT
name=n /

Figure 2: Rules for transforming classes to tables

In most usecases we encounter only source-target NACs, therefore we regard them as the
standard case. In the following when speaking of NACs we always mean source-target NACs. If
this is not the case we will explicitly refer to the term general NAC.

Attr2Column(n:String, t:String) Source rule: Attr2Columng(n:String. t:String)
:cols [NAC2
(er) o[ t:Table 1
;attrs ‘cols :attrs
Y 4 Laa Y 4
‘Attr -Column ‘Attr
name=n £ name=n name=n
- 1] -
type=t type=t type=t
Attr2NextColumn(n:String. t:Strini Forward rule: Attr2Columng(n:String, t:String)
:cols [NAC2 NACT
@>| t1:Table I—
:Column
-attrs :cols | :cols
Y 4 Y 44 :cols
:Attr . n . :
. :Column ?Xt :Class |- @ >| t1:Table
name=n name=n - s
~ el Helwpest | : :attrs -co
type=t yp :next v Y L,
NextAttr2NextColumn(n:String, t:Strin ‘Attr :Column
~ols [ name=n . o name=n
>| t1:Table I——* type=t type=t
:cols | :cols :Column
i PR
: :Column :
+#H [name=n -
type=t il " ™ type=t  [:next™

Figure 3: Rules for transforming attributes to columns and derived source and forward rule

Definition 7 (Derived Triple Rules with NACs). Given a triple rule tr with NACs and let tr be
its underlying triple rule without NACs. Let trs, trr, trp and trp be the derived rules from tr
according to Def. 4. Then, source rule trg, target rule trp, forward rule trp and backward rule
trp are giwen by the underlying rules trg, trr, trr and trg, where additionally trg as well as trp

contain all source NACs of tr and trp as well as trg contain all target NACs of tr.

Example 2 (Triple Rules). Examples for triple rules are given in Fig. 2 and Fig. 8 in short
notation. Left and right hand side of a rule are depicted in one triple graph. FElements, which
are created by the rule, are labeled with green ”++" and marked by green line coloring. Rule
”Class2Table” synchronously creates a class in a class diagram with its corresponding table in the
relational database. Accordingly the other rules create parts in all components. NACs are indicated
by red frames with label “NAC” around the extension of the left hand side of a rule. Fach forward
rule is derived from a triple tr rule as follows: The source components which are created in tr are



preserved by trg, i.e. they are in the left hand side. The source NAC is omitted and the rest of
tr keeps the same. For example the forward rule of “Attr2Colum” is derived by omitting “NAC1”
and adding to the left hand side the attribute node with its connecting edge to the class node shown
on the right part of Fig. 3.

Theorem 1 as a main technical result of the paper shows that TGT-sequences can be decom-
posed to source and forward sequences and composed out of them. All together this correspondence
is bijective. The result uses the following notion of match consistency.

Definition 8 (Match and Source Consistency). Let tr§ and tr}, be sequences of source rules trig
and forward rules trip, which are derived from the same triple rules tri for i = 1,...,n. Let

further Gog L—§> Gro ”:F> Gnn be a TGT-sequence with (mig,nig) being match and comatch of

trig (respectively (mip,nig) for trig) then match consistency of Goo AN Gro AN Gpn means
that the S-component of the match mi is uniquely determined by the comatch nig (i =1,...,n).

try . . . . .
A TGT-sequence Gpog == Gnn is source consistent, if there is a match consistent sequence

1] tr:s> Gno g Gun- Note that by source consistency the application of the forward rules is
controlled by the source sequence, which generates the given source model.

The following Lemma 1 and Lemma 2 are needed as part of the proof for our main result,
Theorem 1.

Lemma 1. The injective match of a triple rule tr is NAC-consistent if and only if the injective
matches of the derived rules trg and trg are NAC-consistent.

Proof of Lemma 1. From [3] we know that any tr is equal to the E-concurrent rule trg xg trp
with F = Lp. Now we consider the NACs of tr and the corresponding NACs of trg and trp (as
described in Def. 7) using this construction (see fig. 4 resp. fig. 7). It remains to show that
the matches of the source rule trg and the forward rule trp are NAC consistent if and only if the
match of the triple rule ¢r is NAC consistent.

(Ns 0 —0)
n'=(ns,0,0 /
s/
‘s 7 '
(Ls<—@—>®)t45/>/(Rs<—@—>(/)) (RS<—LC—>LT)i>(R5<—Rc—>RT)
_ , (id.0.0) i _
\L(zd,@,(])) 0 \ / izd
(Ls < L¢ — Lzrj (Rs < Lc — L) (Rs < Rc — Rr)
7 —(ng,id,i ,
(mg,mc,mT)\L /// a=(ns,id,id) J/(ms,mc,mT) i/
(Gs — Gec — Gr) \ (Hs «— Gc — Gr) (Hs « Hc — Hr)
~€\
a7~ L

(Ng < L¢ — Ly)

Figure 4: E-concurrent rule with source NAC

e match of tr is NAC-consistent for source NAC = match of trg is NAC-consistent: Assume
trg is not NAC consistent = 3 injective ¢’ : N — G with ¢ = (¢4, ¢, ¢p) such that
q¢ on' = (mg,D,0). Then we are able to construct an injective morphism ¢ : N — G with
q = (¢5, mc, mr) such that gon = (mg, me, mrp) (fig. 4). ¢ is a valid triple graph morphism
if (1) and (2) commute in fig. 5. (2) commutes because (mg, me, mr) is a valid morphism by
construction and therefore commutes. sgome = mgosy = ggongosy, = gsosnoid = g4osN,
hence (1) commutes too. This means ¢r is not NAC consistent = contradiction!

e match of trg is NAC-consistent = match of tr is NAC-consistent for source NAC: Assume
tr is not NAC consistent = 3 injective ¢ : N — G with ¢ = (gs,qc,qr) such that



L (LS<TL04>LT)

| i mc/ A

(ms,mc,mr) N LC — L)
va
q (1) (2) mr
l \ f \ \L v/
G (Gs <;o— Go —=Gr)

Figure 5: constructed morphism ¢ is valid

- Ls Q‘) 0)
l / ‘ /’ ‘ N\
n’ ) 0
/ ¢ v
(ms,0,0) N’ { 0 0) \;w
| b))
\q l ff (1)\ ! (2) ¢

G (Gs =<—Go —Gr)

Figure 6: constructed morphism ¢’ is valid

gon = (mg,mc, mr). Then we are able to construct an injective morphism ¢’ : N’ — G
with ¢’ = (gs,0,0) such that ¢’ on’ = (mg,0,0) (fig. 4). ¢’ is a valid triple graph morphism
if (1) and (2) commute in fig. 6, which they obviously do. This means trg is not NAC
consistent = contradiction!

e match of tr is NAC-consistent for target NAC = match of trg is NAC-consistent: Assume
trp is not NAC consistent = 3 injective ¢’ : N’ — G’ with ¢’ = (g%, ¢¢, ¢p) such that
q'on’ = (m/y, mc, mr). Then we are able to construct an injective morphism ¢ : N — G with
q = (mg, m¢, ¢r) such that gon = (mg, me, mp) (fig. 7). ¢ is a valid triple graph morphism
if (1) and (2) commute in fig. 8. (1) commutes because (mg, me, mr) is a valid morphism by
construction and therefore commutes. tgome = mroty = qronroty = qrotyoid = groty,
hence (2) commutes too. This means ¢r is not NAC consistent = contradiction!

e match of trp is NAC-consistent = match of tr is NAC-consistent for target NAC: Assume
tr is not NAC consistent = 3 injective ¢ : N — G with ¢ = (¢s,qc, gr) such that
gon = (mg,mc,mr). Then we are able to construct an injective morphism ¢’ : N — G’
with ¢’ = (mly, mc, ¢r) such that ¢’ on' = (mly, me, my) (fig. 7). ¢ is a valid triple graph
morphism if (1) and (2) commute in fig. 9, which they do analoguously. This means trg is
not NAC consistent = contradiction!

(Ls — 0 — 0) —2> (Rg — 0 — 0) (Rs « Lc — L) —%> (Rs — Ro — Rr)
(id,0,0
J/(id,@,@) \) Ay \ iid
(Ls « Lc — L) (Rs « Lc — L) (Rs «+ Rc — Rr)

- |
(ms,momT)\L aZ (id,idnr) J/(m/yTnc,mT) . n'=(id,id,nr) \L
/

(Gs — G¢c — Gr) (Hs — Gc — Gr)

h \ \q /
q\ -~ r ~

(LS — LC — NT) (RS — Lc — NT)

Figure 7: E-concurrent rule with target NAC
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mS‘ L5<—HLCHNT
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Gs<—Gc—>GT

(ms,mc,mT)

Figure 8: constructed morphism ¢ is valid

Lp (RS -~ Lc — LT
n/l / z\f mc/ i\f \
(ms,mc,mr) N’ my ‘ (Rs <—{— Lo —— NT :;mT
, \ | | /
q \ m/ 1)\ mc (2) qr
J« Y v \»’
el (Hs <—Go —Gr)

Figure 9: constructed morphism ¢’ is valid

O

Lemma 2. Given sequentially independent rules trog and trip with NACs the following holds:
The injective matches of G (trap,ma) G (tras,mz) Ga1 are NAC consistent if and only if the

(tTgs,m2/) G20 (t’l"lF,mll)

Go1 are NAC consistent too.

injective matches of G1g

Proof of Lemma 2. Having constructed a NAC consistent match consistent sequence (3) we now
want to reorder the rules according to Fig. 10 until we have sequence (2). We have to show that
upon swapping the rules the NAC consistency is preserved (see fig. 11 resp. fig. 13).

(trlp,ml) (tr2g,m2)
tro F, S,
L, s R, Lo —2 R, / \
Gs
92 tr2s m2 trlp ml

Figure 10: sequential independence of source and forward rules

e match mo of tr2g is NAC consistent = match mb = d of tr2g is NAC consistent: Assume
d is not NAC consistent = 3 injective ¢’ : N — Gy with ¢’ = (¢%, ¢t ¢r) = (¢5,0,0) such
that ¢’ on = d. Furthermore we know that g; o d = my. Thus ¢; o ¢’ o n = msy. Because ¢;
is based on a forward rule we know that (G1o)s = (G11)s and g1 = idg,,s = 3 injective
q: N — Gy1 with ¢ = g1 04" = (¢%,0,0) such that gon = mq because gon = g10¢’ on = mo.
q is a valid triple graph morphism if (1) and (2) commute in fig. 12, which they obviously
do. This means ms is not NAC consistent = contradiction!

e match d of tr2g is NAC consistent = match mo of tr2g is NAC consistent: Assume meo
is not NAC consistent = 3 injective ¢ : N — G111 with ¢ = (gs,9c,91) = (¢s,0,0) such
that ¢ on = my. We know that g; od = my. Thus g; od = g on. Because g; is based on



/ N\
y Tn—\(nsﬂ)ﬂ))
\
/ Lo lq

(I// i &s
m
/ ¥
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Figure 11: sequential independence: source rule with NAC

Lo (Las
/

Loy
l \f ‘”\%

G (Giis =— Giic — GllT

N\

)
/)

S|S<es—

0)
0)
Figure 12: constructed morphism q is valid

a forward rule we know that (G19)s = (G11)s and g1 = idg,ys = ds = gsong = 3

injective ¢’ : N — G1o with ¢’ = (gs, 0,0) such that ¢’ o n = d because g5 ong =ds. ¢’ is a
valid triple graph morphism by the same arguments as in fig. 12. This means d is not NAC
consistent = contradiction!

l f”“/i

VoG
ﬂl A \
N .
G1o 93%m G2
\
\g\ /
Y
Gao

Figure 13: sequential independence: forward rule with NAC

match my of trlp is NAC consistent = match m}y = g3 omy of trlp is NAC consistent:
Assume m/) is not NAC consistent = 3 injective ¢’ : N — G2 with ¢’ = (¢%, 90, 97)
such that ¢’ on = m). We know that (L1)s = Ng and (L1)¢c = N¢ with ng = idp,, and
ne = idp, .. Furthermore g3 is based on a source rule which means that (G19)r = (G20)r
and g3, = idg,,,- Thus 3 injective ¢ : N — Gio with ¢ = (mi1,,m1.,¢}) such that
gon = my. ¢ is a valid triple graph morphism if (1) and (2) commute in fig. 14. (1)



commutes obviously. t¢,, omic =murotr, = ¢ronroty, =qgrotyoid= gy oty, hence
(2) commutes too. This means m; is not NAC consistent = contradiction!

L (13‘15 Lic Lir)
/ //
n % mic i nr
l / f / \Li tN \
m mis i (NS — N¢ NT) jmir

| | |
q \m S (1) mic (2) q;
AN l b \I} \ tGig \f

G1o (G1os G1oc Gior)

Figure 14: constructed morphism ¢ is valid

e match m}y = gz omy of trlp is NAC consistent = match my of trlp is NAC consistent:
Assume my is not NAC consistent = 3 injective ¢ : N — G119 with ¢ = (¢s, 9c, 1)
such that g on = m;. We know that (L;)s = Ng and (L1)c = N¢ with ng = idy,, and
ne = idg, .. Furthermore g3 is based on a source rule which means that (Gio)r = (G20)1
and g3, = idg,,,. Thus 3 injective ¢’ : N — G with ¢’ = (mfg, mic, qr) such that
¢ on = g3omi. ¢ is a valid triple graph morphism by the same arguments as for fig. 14.
This means m/ is not NAC consistent = contradiction!

O
Theorem 1 (Decomposition and Composition of TGT-Sequences with NACs).
1. Decomposition: For each TGT-sequence
Go 2% G = ... 22 G, (1)
with NACs there is a corresponding match consistent TG T-sequence
Go = Goo 2155 Gip = ... 225 Gro 25 Gy = ... 2228 Gy = Gy (2)

with NACs.

2. Composition: For each match consistent transformation sequence (2) with NACs there is
a canonical transformation sequence (1) with NACs.

3. Bijective Correspondence: Composition and decomposition are inverse to each other.

Remark 1 (Injective matches). Opposed to the version without NACs in [3] the matches of the
triple rules are required to be injective. If we allow mon-injective matches, then we must allow n
and q in definition 5 to be non-injective as well.

Proof of Theorem 1. This proof is based on the proof without NACs in [3] and the following
triangle diagram.
Goo =22 Gro =22 Glyo ... 25 G

trip trip trir
try

trns

G11£G21...:>Gn1

trop trap
t’l‘z
trop
try

Gnn




In a first step we want to decompose the match consistent NAC-consistent TGT-sequence (1)
with injective matches into an intermediate version

Go = Goo 125 Gyg 2Ly Gy 2255 . 25 G gy 2258 Gy = Gy, (3)

which is match consistent and NAC-consistent.

In [3] it has been shown that any ¢r is equal to the E-concurrent rule trgxg trr without NACs
with E = L - the left hand side of the forward rule. Using this result following Lemma 1 multiple
times we are able to split the triple rules with NACs until we obtain sequence (3).

Thereafter we can reorder the rules until we have sequence (2). In [3] it has been shown that
tris and trjp are sequentially independent for ¢ > j without NACs. Following Lemma 2 multiple
times finally leads to sequence (2) which is still match consistent and NAC-consistent.

Analogously we can transform sequence (2) back into sequence (1). The bijective correspon-
dence follows from the bijective correspondence of the Concurrency Theorem and the Local
Church-Rosser Theorem in conjunction with the equivalence of the NAC-consistency according
to Lemma 1 and 2.

O

4 Completeness and Correctness of Model Transformations
with NACs

Model transformations with NACs from models of the source language VLgg to models of the
target language VLzq can be defined on the basis of forward rules as shown in [3] without NACs.
Vice versa, it is also possible to define backward transformations from target to source graphs
using derived backward rules leading to bidirectional model transformations. In this section we
analyze completeness and correctness of model transformations. Main results are based on the
composition and decomposition result in Thm. 1 in Sec. 3.

*
tre

Definition 9 (Model Transformation). MT = (Gg,G =% H, Hr) is a model transformation

from Gg to Hrp, if G g H is source consistent with NACs, where Gs and Hr are the source
and target graphs of G and H, respectively.

As pointed out already source consistency with NACs of G 2_1% H means that the forward

sequence is controlled by the corresponding source sequence () ;Té G which generates G. Model
transformations are correct and complete with respect to the source and target language V Lg =
projs(VL) and V Ly = projr(VL) (see Def. 3).

Theorem 2 (Correctness with NACs). Each model transformation MT = (Gg,G ”:F H,Hr)
is correct, i.e. Gg € VLg and Hr € V L.

Proof. (G BN H) source consistent = 3 (() RNy H) match consistent and Gg = Hg
= 30X H)by Thm. 1 = H € VL and Hy € VLy and Gg = Hg € VLg. O

Theorem 3 (Completeness with NACs). For each H € VL : 3 model transformation MT =
(Gs,G % H,Hr) with Gs € VLg, Hr € VL. This means in particular:
e For each Hr € VLy: 3 Gs € VLg and model transformation MT = (Gg,G g H,Hr),
e For each Gg € VLg : 3 Hy € V Ly and model transformation MT = (Gg, G £F:> H Hr).

Proof. He VL = 3 (0 2 H) Lhml, 3 match consistent (0 s, g ey H) and Gg = Hg

= Gg € VLg,Hr € VLr and G gé H is source consistent = MT = (Gg,G §F=> H Hrp) is
model transformation. O
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Forward Sequence Elements Backward Sequence Elements
Step | Matched Created Matched Created
1 sl cl,tl tl sl,cl
2 sl,cl,t1,54,89 c4 sl,cl,t1 s4,89,c4
3 s1,s2,s87,c1,t1 c2,t2,t5 sl,cl,t1,t2,t5 $2,87,c2
4 s1-s3,56-s8,c1,t1,62,t5 | ¢3,t3,t6,t7 | sl,cl,t1-t3,52,c2,s7,t5-t7 | c3,83,56,58
5 s4,85,510,c4,t1,t3,t6 cH,t4,t8,t9 | s4,c4,t1,t3,t4,t8,t9 ¢H,s5,810

Table 1: Steps forward and backward model transformation

Coming back to the example of a model transformation from class diagrams to database models,
the relevance and value of the given theorems can be described from the more practical view.
The resulting data base of the following model transformation is correctly typed and completely
corresponds to the class diagram, which is the source model of the transformation.

Example 3. Fig. 15 shows triple graph G5 of the model transformation (Gs = Go.s,Go E__£>

Gs,Gr = Gsr) with the following forward sequence: Gy Class2Table,  y,  _Subclass2Table

G2 Attr2Col GS NextAttr2NextCol G4 Attr2NextCol G

J

where Gg is generated by the correspond-

ing source sequence ) 25:> Go. All el- namzlz'fz::on“ - o > nam;i"::in“ 1
ements are labeled with numbers spec- " ‘s?:attrs  (5rcols ‘ 6ol
ifying the matches and the created ob-

jects for each transformation step ac- Szfm o @ ‘n:;ﬁ;gg.lgTS“
cording to the left part of Table 1. Gg ;T:Z:gtrsmf ) < : type=String

is given by Gs restricted to elements sB'next‘ ¢t7:next

of the class diagram part. After creat- :

ing the table and building up the cor- Ss:én,r < c3: =n;§§35g;§2ﬂ
respondences to the class nodes in the —»nam: b.mh = type=;tring

first two derivation steps, rules for trans- soparent [N

lating attributes are applied. All steps s4:Class - AW _

of the sequence respect the NACs and BameSiBNstomos < et t8:cols
furthermore, they correspond to a suit- sio:atus i

able source sequence making the forward SSAtr | || _ t4:Column
transformation source consistent. In the name="customer_id" || | A€ - T ER LR (6
third step, rule “Attr2Column” is applied ype=integer e

and translates attribute “s2” to column

“t27. Attribute s3 is generated after so Figure 15: Gy of Forward Sequence

in the source sequence, which is required by the source NAC of “NextAttr2NextColumn”. Thus,
the corresponding forward transformation translates ss3 after so. The remaining two attributes
are translated by “NextAttr2NextColumn” and “Attr2NextColumn”, where the target NACs ensure
that the created columns are inserted after the last existing one of table “t1”7. Thus, the ordering
of the created columns is not completely determined by the source model itself, but depends on the
chosen source sequence. The nodes and edges of correspondence and target component as well as
the morphisms (Gs,g < Gs,c — Gs,r) are created during the forward transformation.

5 Information Preserving Model Transformations

In [3] we have shown that there is an equivalence between corresponding forward and backward
TGT sequences. This equivalence is based on the canonical decomposition and composition result,
which is extended to the case with NACs in this paper (see Theorem 1).

Theorem 1 and its dual version lead to the following equivalence of forward and backward TGT-
sequences with source-target NACs, which can be derived from the same general TGT-sequence.
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Theorem 4 (Equivalence of Forward and Backward TGT-sequences with source-target NACs).
Each of the following TGT-sequences with source-target NACs implies the other ones where the
matches are uniquely determined by each other.

1. GoE 6226, — .. 22 a, (1)

2. GOZGoogGwﬁ...gﬁGnoanlﬁ...annan, (2)
which is match consistent. In this case we have: Goo,r = Gro,1, Gro,s = Gnn,s-

3. G() = G()o g G(n = ... g G()n g Gln = ... g Gnn = Gn, (3)

which is match consistent. In this case we have: Goo,s = Gon,s, Gon,7 = Gnn,7-

Proof. Theorem 4 is a direct consequence of Theorem 1 concerning decomposition and composition
of forward TGT-sequences with NACs and its dual version for target rules tri; and backward rules
trip where match consistency in Part 3 is defined by the T-components of the matches. O

Theorem 5 (Information Preserving Forward Transformation).
Each source consistent forward TGT-sequence G tT:F> H is backward information preserving, i.e.

for K = (0 <« @ — Hr), there is a backward TGT-sequence K ;Té H, which means that the
source model Gg can be reconstructed from the target model Hp:
try

G Ley g oproir, | M5 owith Gg = H.

Proof. G "k, H is source consistent which implies the existence of (2) 0 NNy being
match consistent with Gg = Hg. By Theorem 4 with Go = 0, G0 = G, Go, = K and G,, = H

we obtain (3) () % K ir—i> H being match consistent with K = Hp and Hg = G leading to
G Ley [ proiv, ¢ By fT Hence, G e [ is backward information preserving. O

Example 4. Ezample 8 Table 1 shows that for the given model transformation G ”:F> G

. . . . tri .
according to Thm. 5 there is an inverse backward transformation Gg|r B G5, i.e. the source
model can be reconstructed. However, there are also target consistent backward transformations

Gs|r LN G5 with G§ ¢ # Go.g, because there are some class models with different inheritance
relations corresponding to the given data base model.

6 Related Work

Correctness of model transformations can be analyzed from different perspectives. Baleani et.
al. motivate in [9] that correctness of model transformations for industrial tools should be based
on formal models in order to ensure correctness by construction. For this purpose they suggest
to use a block diagram formalism, called synchronous reactive model of computation (SR MoC).
However, correct interpretation of the model transformation rules does not imply a correct result,
such that it is a model of the target language. Semantical correctness is discussed by Karsai
et. al. in [10], where specific behavior properties of the source model shall be reflected in the
target model. This property can be checked for a restricted class of models. In [11] semantical
correctness is ensured by using the rules for the model transformation also for the transformation
of the operational semantics, which is given by graph rules. This way the behaviour of the source
model can be compared with the one of the target model by checking mixed confluence. However,
this paper concentrates on syntactical correctness based on the integrated language generated by
the triple rules.

Our example in this paper presents a model transformation with NACs from class diagrams
to relational data bases and it is based on the grammars defined in [3] and especially on [6]. In
contrast to the presented algorithm in [6] for controlling the model transformations we introduced
NAC consistency based on source consistent forward sequences. In this way we could extend
several important results to the case of TGGs with NACs. In particular, model transformations
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given by source consistent forward transformations are correct and complete with respect to VL
by Theorems 2 and 3. While a formal proof of correctness for the above mentioned algorithm is
not given in [6], completeness of the algorithm is effectively not ensured, because recursion calls
may cause transformations that produce structures forbidden by other necessary rule applications.

But still the algorithm in [6] convinces to be an elegant approach for a restricted class of
relations to efficiently detect correct rule orderings for a subset of model transformations. This
opens the possibility to combine efficiency with the here presented results in the following way:
Each model transformation with NACs given by an efficient algorithm can be checked to be correct
by performing the test of source consistency presented as Fact 2 in [5], which is now also valid for
model transformations with NACs according to Thm. 1.

Model transformations based on triple rules with NACs were also analyzed in [12] for a re-
stricted class of triple rules with distinct kernel elements. Special NACs of forward rules ensure
that kernels are not translated twice and kernel typing guarantees that each rule produces exactly
one kernel. For this restricted class of triple graph grammars local confluence and termination can
be analyzed and thus, model transformations can be checked for functional behaviour.

7 Conclusion

This paper focusses on syntactical correctness and completeness. In order to analyze these impor-
tant properties we extended the composition and decomposition result for triple graph transfor-
mations in [3] to the case with NACs, i.e. TGT sequences with NACs can be decomposed into
source and forward as well as target and backward transformations, respectively, and vice versa.
Based on this fundamental property we have shown that source consistent model transformations
are correct and complete with respect to the language given by the original triple rules. This
extends the result in [13] to triple rules with NACs.

Source consistency of model transformations guarantees that each element of the source model
was matched by a model transformation rule and correspondences to target model elements were
created. A suitable source sequence can be calculated by parsing the source model using the
source rules and the corresponding forward transformation can be checked to be source consistent.
Alternatively, forward transformations can be created by an arbitrary strategy and checked after-
wards using the algorithm for checking source consistency presented in [5]. Source consistency is
not restricted to cases, where all source nodes have to be connected via correspondence nodes.
Therefore, correctness of many algorithms for model transformations based on triple rules with
NACGs can be checked using the source consistency check.

According to [13] model integration sequences can be characterized as special model transfor-
mation sequences, such that the results of this paper for model transformation can be transferred
to model integrations based on triple rules in a next step.

In this paper we focused on NACs which specify conditions on separately source and target
elements. They are sufficient to most model transformations, which were considered by case studies
so far. However, future work will include the analysis of how to handle general NACs and their
relevance for language specification. An interesting problem - which could be solved with general
NACs - is termination, where a parsing of the source model is omitted. A possibility may be to
introduce additional NACs for the forward rules, such that source elements, which are already
in correspondence with target elements, cannot be matched again for translation. In this way
termination for a restricted class of rules could be ensured automatically. But note that NACs,
which are equal to the right hand side of a forward rule, are not sufficient, because in this case
matches of the transformation are required to be essential.
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