










3.3 TGGs: How Incr. Model 
Synchronization? 
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3.3 TGGs: Performance of 
Incr. Model Sync 

ATL–Based Sync vs. TGGs: 
■  For 5000 model elements and 10 

changes: the TGG Algorithm is 
1000x faster as ATL 

■  As ATL-based sync executes 
includes 2x difference, 1x 
transformation and 2x merge, 
the expected speed will be even 
lower 

■  TGG Batch-Algorithm is 
significant faster as ATL! 

■  Optimal TGG Algorithm 
decouples usually the effort 
from the model size (depends 
on the change and the 
required minimal update for 
the target model) 



3.3 TGGs: Incr. Model 
Synchronization in Practice 

 Considerable part of SysML can be 
automatically mapped to AUTOSAR 

 Partial nature of mapping due to  

■  not mapped elements in SysML 

■  Additional details in the 
AUTOSAR models 

 Consistency across boundary of the 
mapped elements is also required 

■ Within the AUTOSAR models 

■ Within the SysML model 
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3. Languages & 
Execution - Conclusion 

  SPs and TGGs are smoothly aligned as required 
with class diagrams resp. meta-models 

  SPs provides an improved syntax and provide 
therefore a compact notation 

  TGGs are a relational descriptions of model 
transformations that enables their optimized 
execution 
■  Clear semantics due to grammar character 
■  Bidirectional (depending on the rules) 
■  Synchronization 
■  Incremental synchronization  
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4. Analysis 

4.1 Adaptation Correctness 

Using Invariant Checking to guarantee safety properties for 
models wit Class Diagrams and Story Patterns 

4.2 Model Refactoring Correctness 

Using Invariant Checking to guarantee preservation of well-
formedness constraints for refactorings described by Story 
Patterns 

4.3 Model Transformation Correctness 

Using Testing, Theorem Prover and Invariant Checking to 
guarantee behavior Preserving Model Transformations 
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Shuttle1 

Distance 
Coordination 

Shuttle2 

Shuttle1 

Shuttle2 

Shuttle3 

Shuttle5 

Shuttle4 

4.1 Adaptation Correct-
ness: RailCab Example 

Problem: 
  Shuttles move and create 

resp. delete Distance 
Coordination patterns 

  Arbitrary large topologies 
with moving shuttles 

Solution: 
  State = Graph 
  Reconfiguration rules = 

graph transformation rules 
  Safety properties = 

forbidden graphs 
 Formal Verification possible 
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4.1 Adaptation Correct-
ness: RailCab Example 

Track1 Track2 

t1:Track t2:Track 

Shuttle1 

Shuttle1 Shuttle2 

Shuttle2 

Shuttle1 

t:Track 

s1:Shuttle s2:Shuttle 

Forbidden Graph 

t1:Track t2:Track 

s1:Shuttle 

t1:Track t2:Track 

s1:Shuttle 

Rule:   Correctness: all 
reachable system graphs 
do not match the 
forbidden graph pattern 

Problems: 

  there could be infinite many reachable system graphs  

  fixed initial topology is not known (may change) 

[Monterey2007] 
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4.1 Adaptation Correct-
ness: RailCab Example 

Track1 Track2 

t1:Track t2:Track 

Shuttle1 

Shuttle1 Shuttle2 

Shuttle2 

t:Track 

s1:Shuttle s2:Shuttle 

Forbidden Graph 

t1:Track t2:Track 

s1:Shuttle 

t1:Track t2:Track 

s1:Shuttle 

Rule: 

[Monterey2007] 

s2:Shuttle 

  Correctness: all 
reachable system 
graphs do not match 
the forbidden graph 
pattern 



SFM 2012: MDE | Holger Giese | Graph Transformations for MDE, Adaptation, and Models at Runtime  

79 

4.1 Adaptation Correct-
ness: Invariant Checker 

Verification: 

■  Analyze whether structural changes can lead from safe 
to unsafe situations (inductive invariants) 

Checking Options: 

■  Model Checking (mapping to GROOVE; only debugging) 

□  Limited to small configurations and finite models 

□  Extension for continuous time have been developed 

■  Invariant Checker (our own development) 

□  Supports infinite many start configurations specified 
only by their structural properties 

□  Supports infinite state models 

□  Extension of time and discrete variables exist 

□  Incremental check for changed rules 

t:Track 

s1:Shuttle s2:Shuttle 

move 

correct 
system 
graph 

? 

[ICSE2006, ISORC2008] 

www.mdelab.org 
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4.1 Adaptation Correct-
ness: Invariant Checker 
Observation: any possible counter-example 
must contain an intersection between the 
nodes of the RHS of the rule and the 
forbidden graph F. Therefore, if (P,r) is a 
counterexample, then: 

(1)  exists a P’ which is the combination of a 
RHS of a rule r and a forbidden graph 
pattern F, 

(2)  P r P’ (which implies that no rule r’ with 
higher priority can be applied), and 

(3)  There exists no forbidden graph F’  
which matches P (as then the graph before 
was not correct already) 

Idea: Algorithm constructs all possible 
counter-examples and checks whether any 
could be a real one. 

RHS r 

F 

RHS 

LHS RHS r 

F 

RHS 

RHS‘ 

RHS r 

F 

RHS 

P‘ 

P‘ P 

P‘ P (3) 

(2) 

(1) 

F‘ 

RHS‘ 
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4.1 Adaptation Correct-
ness: RailCab Example 

  Real-time coordination via pattern 
■  Real-time protocol state machines for each role 
■  Real-time state machines for each connector 

  Rule-based reconfiguration 
■  Rules for instantiation and deletion of patterns 

Shuttle 2 Shuttle 1 

Shuttle2: Shuttle1: 

Distance 
Coordination 

Reference 
Data Pattern 

:Registry 

Reference 
Data Pattern 

Rule-based 
reconfiguration 
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82 Decompose verification: 

 Verification guarantees properties for the collaborations (no collision) 

 Verification guarantees conformance for components (ports refine roles) 

Compositional result: Properties hold for all collaborations in correctly 
composed component deployments 

frontRole rearRole 

Distance 
Coordination 

But, it is yet not guaranteed that shuttles nearby are 
connected via a collaboration! 

:Shuttle :Shuttle 
frontRole rearRole 

Distance 
Coordination 

frontRole rearRole 

Distance 
Coordination 

Distance 
Coordination 

:Shuttle 
rearRole frontRole 

4.1 Adaptation Correct-
ness: RailCab Example 

[ESE/FSE2003] 
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4.1 Adaptation Correct-
ness: RailCab Example 

Track1 Track2 

Shuttle1 Shuttle2 

t:Track 

s1:Shuttle s2:Shuttle 

Forbidden Graph 

Rules: 

Now, both results 
together guarantee 

the absence of 
collisions! 

Distance 
Coordination 



4.2 Model Refactoring 
Correctness 

84 
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Counterexample: invalid transformation in a minimal context Iterative verification process  
with fully automatic step 

Forbidden patterns Refactoring rules 

success 



 

4.3 Correct MTs: 
What is the Problem? 

 Correctness 
ranges from 
constraints to full 
behavior 
preservation 

 Result 
correctness is 
usually too late  

 Transformation 
correctness is 
not yet covered 
well as it is a 
hard problem! 
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
Metamodel  
Source LG 

Metamodel  
Target LG 

Definition 
Transformation 

Proof / Test 

Transformation correctness/Correctness from developer perspective 

Source model Target model Transformation  
engine 

Check 

Result Correctness/Correctness from user perspective 



 

4.3 Correct MTs: 
Conformance Testing 

 Test oracle and 
test cases are 
difficult to 
derive 

  Idea: Use TGG 
and its defined 
semantics as a 
grammar to test 
optimized 
implementations 
for the forward 
transformations 
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
Metamodel  
Source LG 

Metamodel  
Target LG 

Definition 
Transformation 

Proof / Test 

Transformation correctness/Correctness from developer perspective 

Source model Target model Transformation  
engine 

Check 

Result Correctness/Correctness from user perspective 



4.3 Correct MTs: 
Conformance Testing 
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Problem: model transformation engines include many optimizations 
that may invalidate the result 

Solution: check conformance with the model transformation 
specification (oracle + test case generation)   



 

4.3 Correct MTs: Theorem 
Prover based Verification 

 Behavioral 
conformance is 
not covered by 
tests (unless 
we would 
compare the 
simulation of 
both results)  

 Test are further 
limited 
concerning 
their coverage 

  Idea: prove 
that result is 
behavior 
equivalent 
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
Metamodel  
Source LG 

Metamodel  
Target LG 

Definition 
Transformation 

Proof / Test 

Transformation correctness/Correctness from developer perspective 

Source model Target model Transformation  
engine 

Check 

Result Correctness/Correctness from user perspective 



4.3 Correct MTs: Theorem 
Prover based Verification 

■  A semi-automatic approach which uses the theorem prover Isabelle and 
HOL to show that transformation rules preserve semantic equivalence 

■  Currently we work on a completely automatic approach for the  proof 
based on semantics formalized as graph transformation systems   
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89 VAR 
s t a t e : INT := 1 ; / s e t to ’ s t r a i g h t ’ / 
END VAR; 
CASE s t a t e OF 
1 : / c u r r e n t s t a t e i s ’ s t r a i g h t ’ / 
IF swi t ch2 r o und=t r u e THEN 
i n t e r l o c k := f a l s e ; 
s t a t e := 2 ; / s e t to ’ s t r a i g h t unlocked ’ / 
END IF ; 
2 : / c u r r e n t s t a t e i s ’ s t r a i g h t unlocked ’ / 
r o u n d c y l i n d e r := t r u e ; 
s t a t e :=3; / s e t to ’ swi t c h i n g round ’ / 
. . . 
END CASE; 
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5. Discussion 

Models with Adaptation 

  Modeling can include complex structural adaptation 

  Analysis of structural adaptation with invariant checking 

MDE with SPs and TGGs 

  Model refactoring with SPs 

  Verify refactorings via Invariant Checker 

  Model relational model transformations with TGGs 

  Verify TGGs via Testing, Theorem Prover, … 

5.1 Run-Time Models 

  … 
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5.3 Run-Time Models 
Architecture & Self 

External Approach 

Internal Approach 

[Salehie&Tahvildari2009] 



SFM 2012: MDE | Holger Giese | Graph Transformations for MDE, Adaptation, and Models at Runtime  

93 

5.3 Run-Time Models 
Models and Adaptation 

Adapt “without” models: 

■  Still explicit or implicit design-
time models are used to guide 
adaptation processes 

■  Limitation: covers only strategies 
that work according to the models 
employed during design (no 
accumulation of knowledge at run-
time) 

Adapt with runtime models: 

■  Explicit runtime models are used 
to guide adaptation processes 

■  Limitation: covers also the 
changes captured by the runtime 
model 
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5.3 Run-Time Models 
Adaptation Loop 

[Brun+2009] 



5.3 Run-Time Models 
Basic Idea 

Runtime Models: 

 Represent the core application 

 Describe synchronization between software 
model and core application 

 Describe adaptation steps such as analysis 
and decide 

Runtime Model Operations: 

  Incremental synchronization contains 

■ Collect = upward sync 

■ Act = downward sync 

 Analysis 

 Decide 
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Adaptation 
Mega Model  
(level 1) 

Software 
Model 

Sync 
ModOp 

Analysis 
ModOp 

Decide 
ModOp 

Core Application 
(level 0) 
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5.3 Run-Time Models 
Using SPs and TGGs 

■  Bidirectional incremental model synchronization via TGGs between the 
source model and multiple target models 

■  SPs, OCL and other MDE techniques can then be used to analyze and 
manipulate the target models 
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5.3 Run-Time Models 
Example: EJB 

■  Supports adaptation loops for models 
using “meta-models” (EMF) and 
bidirectional model transformation 
techniques (Tripple Graph Grammars) for 
an EJB application server 

□  Extract abstract runtime models for 
different autonomic managers for 
monitoring EJB applications  

□  Adapting managed subsystem via 
extracted runtime models (parameter 
and structural adaptation; not as easy 
as monitoring!) 

□  Synchronize runtime models 
incrementally (faster as non 
incremental manual implementations)  
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6. Conclusion 

  Graph Transformations are a formal model that is close to 
UML object models including behavior resp. meta models and 
model operations 

  Due to the sound foundations substantial optimizations are 
possible (see, for example,  model synchronization) 

  Due to the sound foundation powerful analysis capabilities 
exist that permit to verify the correctness of the models 
resp. the model operations 

  In case of run-time models the support of graph 
transformations for behavior as well as model operations 

permits to handle both in a uniform manner.  



6. Conclusion (2) 

Graph transformations provide a rigorous foundation,  
modeling techniques, and analysis techniques for 

  model-driven engineering 
 analyze/verify models and model operations 

  incremental/iterative model-driven engineering  
 incremental bidirectional model synchronization with TGGs 

  model-driven engineering of self-adaptive software 
 model run-time adaptation and run-time models  
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