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Roadmap 

•  Model-based Testing - Overall Concept 
 
•  Model-based Testing - Some Theory 
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MBT – Overall Idea 
 
„MBT encompasses the processes and techniques for the automatic derivation of abstract 
test cases from abstract models, the generation of concrete tests from abstract tests, and the 
manual or automated execution of the resulting concrete test cases.“ 
 
[Mark Utting, Alexander Pretschner, Bruno Legeard: A taxonomy of model-based testing 
approaches. Softw. Test., Verif. Reliab. 22(5): 297-312 (2012)] 
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Process of MBT A TAXONOMY OF MODEL-BASED TESTING APPROACHES
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Figure 1. The Process of Model-Based Testing.

requirements. Validating the model means that the requirements themselves are scrutinized for
consistency and completeness, and this often exposes requirements errors.

In terms of MBT, the necessity of validating the model implies that the model must be simpler
(more abstract) than the SUT, or at least easier to check, modify, and maintain. Otherwise, the
efforts of validating the model would equal the efforts of validating the SUT. Throughout this paper,
the term ‘abstraction’ will be used to denote both the deliberate omission of detail in the model
and the encapsulation of details by means of high-level language constructs (see Section 3.1).
The test model can reside at various levels of abstraction. The most abstract variant maps each
possible input to the output ‘no exception’ or ‘no crash’. It can also be abstract in that it neglects
certain functionality, or disregards certain quality-of-service attributes such as timing or security
[17, Section 3.1].

On the other hand, the model must be sufficiently precise to serve as a basis for the generation
of ‘meaningful’ test cases. This means that the tests generated from the model should be complete
enough in terms of actions, input parameters and expected results to provide real added value. If
not, the test design job still has to be done manually, and there is little added value in generating
tests from the model.

Step 2. Test selection criteria are chosen, to guide the automatic test generation so that it
produces a ‘good’ test suite—one that fulfills the test policy defined for the SUT. Defining a clear
test policy and test objectives for a system and associated development project is part of all testing
methods such as TMap R⃝ [18] or the ISTQB guidelines [19] that are widely used in industry. In
such methods, the test policy and test objectives are formalized into Test Plan documents, which
define the scope of testing and the various testing strategies and techniques that will be used in
the project for each testing level (e.g. unit testing, integration testing, system testing, acceptance
testing).

Test selection criteria can relate to a given functionality of the system (requirements-based
test selection criteria), to the structure of the test model (state coverage, transition coverage,
def–use dataflow coverage), to data coverage heuristics (pairwise, boundary value), to stochastic

Copyright � 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/stvr

Softw. Test. Verif. Reliab. 2012; 22:297–312
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MBT – Example: State Charts 
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Taxonomy of MBT A TAXONOMY OF MODEL-BASED TESTING APPROACHES
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Figure 2. Overview of the Taxonomy.

The choice of these six dimensions directly reflects the process introduced in Section 2. Step 1
(building the model) is reflected by the three dimensions within the model specification category:
scope, characteristics, and modelling paradigm. Steps 2 and 3 (choosing test selection criteria and
building test case specifications) are reflected by the test selection criteria dimension within the
test generation category. Step 4 (generating tests) is reflected by the technology dimension with
the test generation category. Step 5 (running tests) is reflected by the on/offline dimension of the
test execution category.

Other perspectives that give rise to a taxonomy of MBT and that do not start from the process
can, of course, also be justified. For instance, one could also start from the different artefacts that
are developed or used in that process, e.g. models, test specifications, test drivers, properties, tests,
etc. The rationale for the decision to use the process as a basis is that it is easier to agree on the
activities of the process, and thus to justify the completeness of the taxonomy, than to agree on the
different relevant artefacts. This, of course, does not mean that such a different taxonomy would
not be valuable as well.

3.1. Model scope

The first dimension is the scope of the model, which is classified into a binary decision: does the
model specify only the inputs to the SUT, or does it specify the expected input–output behaviour
of the SUT? The input-only models are generally easier to specify, but they have the disadvantage
that the generated tests will not be able to act as an oracle. The generated tests may implement an
implicit ‘robustness’ oracle, such as checking that the SUT does not crash or throw any exceptions,
but they cannot check the correctness of the actual SUT output values, since the model does not
specify the expected output values. So input-only models produce weak oracles that are incapable
of verifying the correctness of the SUT functional behaviour.

Input–output models of the SUT not only model the allowable inputs that can be sent to the
SUT, but must also capture some of the intended behaviour of the SUT. That is, the model must

Copyright � 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/stvr

Softw. Test. Verif. Reliab. 2012; 22:297–312
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[Mark Utting, Alexander Pretschner, Bruno 
Legeard: A taxonomy of model-based testing 
approaches. Softw. Test., Verif. Reliab. 22(5): 
297-312 (2012)] 
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Advantages of MBT 

§  Systematic and automatic test case generation 

§  Useable in early development phases (Model-in-the-Loop) 

§  Automatization of test case execution 

§  Regression test planning by analysis of model changes 
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Model-Based Testing – A more theoretical perspective 
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Conformance Relations 
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implementation relation: 𝒊 ≃ 𝒔 with implemetation i and  formal behavioral  
    specification s 
 
preorder relation:  𝒊 ⊑ 𝒔 implementation shows at most the behaviors of the 
    specification 
 
 
intentional conformance: 𝒊  𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒔  𝒔 ∶⇔    𝒊 ⊆ 𝒔    
    where ⋅   defines sets of all observable behaviors 
 
 
extensional conformance: 𝒊  𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒔  𝒔 ∶⇔ ∀𝒖 ∈ 𝓤 ∶ 𝒐𝒃𝒔 𝒖, 𝒊 ≈ 𝒐𝒃𝒔(𝒖, 𝒔)   
    where 𝒰 defines sets of all observers 
 
 

MBT from a Theoretical Point of View 
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Model-based I/O Conformance Testing 

•  Proposed by Jan Tretman in the 90’s 

•  Model-based functional conformance testing of 
systems with reactive, non-deterministic behaviors 

•  Input, output, and quiescence based testing theory 

•  Based on I/O labeled transition systems  
as test models AND implementation models 

•  Proven sound and exhaustive 

•  Rich tool support 

•  Formal basis for many advanced testing frameworks 
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Running Example 

Beverage vending machine 
 
•  Input actions 

•  𝐼={1€,  2€} 
•  Transitions labels prefixed with “?” 

•  Output actions 
•  𝑈={𝑐𝑜𝑓𝑓𝑒𝑒,  𝑡𝑒𝑎} 
•  Transition labels prefixed with “!” 
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I/O-Labeled Transition Systems 
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I/O-Labeled Transition Systems 

I/O Labeled Transitionsystem: 𝑸, 𝒒𝟎, 𝑰, 𝑼,→ , where 

• 𝑸 is a countable set of states, 
 
• 𝒒𝟎 ∈ 𝑸 is the initial state, 
 
•  𝑰 and 𝑼 are disjoint sets of input actions and output actions, and 
 
• →  ⊆ 𝑸 × 𝒂𝒄𝒕 × 𝑸  is a labeled transition relation. 
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LTS - Examples 
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LTS - Examples 

𝑇𝑟 𝑞ଵ = {? 1€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ? 1€ ⋅ ! 𝑡𝑒𝑎}   
 
 
 
 
 
 
 
𝑇𝑟 𝑞ହ = ? 1€, ? 2€  

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଵ 

?  1€ ? 2€ 

𝑞ହ 
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LTS Trace Semantics 
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Each compution  refers to some path 

LTS Trace Semantics 

𝑞
ఓభ 𝑠ଵ

ఓమ 𝑠ଶ
ఓయ ⋅⋅⋅

ఓషభ 𝑠ିଵ
ఓ 𝑠 

The behavior of a computation is  defined by a trace 

𝑡𝑟𝑎𝑐𝑒  𝜎 = 𝜇ଵ𝜇ଶ ⋅⋅⋅ 𝜇 ∈ 𝑎𝑐𝑡∗ 
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LTS - Examples 
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LTS - Examples 

𝑇𝑟 𝑞ଷ = ? 1€, ? 2€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ? 2€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒  
 
 
 
 
 
 
 
𝑇𝑟 𝑞ଶ = ? 1€, ? 2€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ? 1€ ⋅ ! 𝑡𝑒𝑎, ? 2€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ? 2€ ⋅ ! 𝑡𝑒𝑎  
 

?  1€ ? 2€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 

𝑞ଷ 

?  1€ ? 2€ 

𝜏 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଶ 

𝜏 
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LTS Trace Notations 
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LTS Trace Notations 

Let s be an I/O 𝓛𝓣𝓢, 𝝁𝒊 ∈ 𝑰   ∪ 𝑼 ∪ 𝝉  and 𝒂𝒊 ∈ 𝑰 ∪ 𝑼   
 

𝑠
ఓభ⋅⋅⋅ఓ 𝑠ᇱ ≔   ∃𝑠, … , 𝑠 ∶ 𝑠 = 𝑠

ఓభ 𝑠ଵ
ఓమ ⋅⋅⋅

ఓ 𝑠 = 𝑠ᇱ 
 
 

𝑠
ఓభ⋅⋅⋅ఓ ≔   ∃𝑠′ ∶ 𝑠 = 𝑠

ఓభ⋅⋅⋅ఓ 𝑠ᇱ 
 
 

¬𝑠
ఓభ⋅⋅⋅ఓ   ≔ ∄𝑠ᇱ ∶ 𝑠

ఓభ⋅⋅⋅ఓ 𝑠′ 

𝑠 

𝑠ଵ 
 

𝑠 
 

… 

. 
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LTS Trace Notations 
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LTS Trace Notations 

Let s be an I/O 𝓛𝓣𝓢, 𝝁𝒊 ∈ 𝑰   ∪ 𝑼 ∪ 𝝉  and 𝒂𝒊 ∈ 𝑰 ∪ 𝑼   
 

𝑠
ఢ
⇒𝑠ᇱ ≔ 𝑠 = 𝑠ᇱ𝑜𝑟  𝑠

ఛ⋅⋅⋅ఛ
𝑠ᇱ 

 
 

𝑠

⇒𝑠ᇱ ≔   ∃𝑠ଵ, 𝑠ଶ ∶ 𝑠

ఢ
⇒ 𝑠ଵ


→𝑠ଶ

ఢ
⇒𝑠ᇱ 

 
 

𝑠
భ⋅⋅⋅ 𝑠ᇱ ≔   ∃𝑠, … , 𝑠 ∶ 𝑠 = 𝑠

భ⇒𝑠ଵ
మ⇒…

 𝑠 = 𝑠ᇱ 
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LTS Trace Notations 
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Let  s  be  an  I/O  𝓛𝓣𝓢,  𝝈 ∈ 𝑰 ∪ 𝑼 ∗ 
 

𝑠
ఙ
⇒ ≔ ∃𝑠ᇱ: = ∃𝑠ᇱ:   𝑠

ఙ
⇒𝑠ᇱ 

 
 

 ¬𝑠
ఙ
⇒ ≔  ∄𝑠  ′: 𝑠

ఙ
⇒𝑠ᇱ 

LTS Trace Notations 
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LTS Trace Notations 
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LTS Trace Notations 

The set of traces in an ℒ𝒯𝒮 is defined as 

 

𝑇𝑟 𝑠 ≔ 𝜎 ∈ 𝐼 ∪ 𝑈 ∗ ∃𝑠ᇱ ∈ 𝑄 ∶ 𝑞
ఙ
⇒𝑠′}. 
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LTS - Examples 

𝑇𝑟 𝑞ସ = ? 1€, ? 2€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ? 2€ ⋅ ! 𝑡𝑒𝑎  
 
 
 
 
 
 
𝑇𝑟 𝑞 = ? 1€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒  

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 

𝑞 

?  1€ ? 2€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ସ 
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LTS - Examples 

𝑇𝑟 𝑞 = ? 1€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒  
 
 
 
 
 
 
𝑇𝑟 𝑞଼ = {} 

?  1€ ? 1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 

𝑞 

𝑞଼ 
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Input-Enabled Transition Systems 
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Input-Enabled Transition Systems 

An ℒ𝒯𝒮 is (weak) input-enabled iff for every state 𝑠 ∈ 𝑄 with 𝑞 ⇒∗ 𝑠 and for all 
𝑎 ∈ I   it holds that 𝑠


⇒. 
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Input Completion - Example 
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Input Completion - Example 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଵ 
?2€ 

?1€, ?2€ ?1€, ?2€ 

?1€, ?2€ 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଵ 

Input-enabled LTS Not input-enabled LTS 
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A First Attempt: Conformance as Trace Inclusion 

Solution: explicit notion of quiescent behavior 

Solution: distinguish input and output 
behaviors in traces 
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A First Attempt: Conformance as Trace Inclusion 

𝑖  𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒔  𝑠 ∶⇔ 𝑇𝑟 𝑖   ⊆ 𝑇𝑟 𝑠  
 
 
• Fails to refuse trivial implementations  

 
 

• Fails to take the asymetric nature of ℒ𝒯𝒮 traces with I/O actions into account 

𝑞଼ 

Solution: explicit notion of quiescent behavior 

Solution: distinguish input and output 
behaviors in traces 
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A First Attempt: Conformance as Trace Inclusion 

𝑖  𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒔  𝑠 ∶⇔ 𝑇𝑟 𝑖   ⊆ 𝑇𝑟 𝑠  
 
 
• Fails to refuse trivial implementations  

 
 

• Fails to take the asymetric nature of ℒ𝒯𝒮 traces with I/O actions into account 

𝑞଼ 

Solution: explicit notion of quiescent behavior 

Solution: distinguish input and output 
behaviors in traces 
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What is the difference?  
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LTS - Examples 

𝑇𝑟 𝑞ସ = ? 1€, ? 2€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ? 2€ ⋅ ! 𝑡𝑒𝑎  
 
 
 
 
 
 
𝑇𝑟 𝑞 = ? 1€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒  

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 
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Some Auxiliary Definitions: Init Sets 

𝐿𝑒𝑡  𝑠  𝑏𝑒  𝑎𝑛  ℒ𝒯𝒮, 𝑝 ∈ 𝑄, 𝑃 ⊆ 𝑄  𝑎𝑛𝑑  𝜎 ∈ 𝐼 ∪ 𝑈 ∗. 
 
 

𝑖𝑛𝑖𝑡 𝑝 ≔ 𝜇 ∈ 𝐼 ∪ 𝑈 𝑝
௨
→} 

𝑝ଵ 

𝑝ଶ 

𝑝ଷ 𝑝ସ 
 

𝑖𝑛𝑖𝑡 𝑝ଵ ≔ ?1€  
𝑖𝑛𝑖𝑡 𝑝ଶ ≔ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ! 𝑡𝑒𝑎  

𝑖𝑛𝑖𝑡 𝑝ଷ ≔  
𝑖𝑛𝑖𝑡 𝑝ସ ≔  

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 
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Some Auxiliary Definitions: Quiescent States 

𝐿𝑒𝑡  𝑠  𝑏𝑒  𝑎𝑛  ℒ𝒯𝒮, 𝑝 ∈ 𝑄, 𝑃 ⊆ 𝑄  𝑎𝑛𝑑  𝜎 ∈ 𝐼 ∪ 𝑈 ∗. 
 
 

𝑝  𝑖𝑠  𝒒𝒖𝒊𝒆𝒔𝒄𝒆𝒏𝒕, 𝑑𝑒𝑛𝑜𝑡𝑒𝑑  𝛿 𝑝 , 𝑖𝑓𝑓  𝑖𝑛𝑖𝑡 𝑝 ⊆ 𝐼 

𝑝ଵ 

𝑝ଶ 

𝑝ଷ 𝑝ସ 
 

𝑖𝑛𝑖𝑡 𝑝ଵ ≔ ? 1€  
𝑖𝑛𝑖𝑡 𝑝ଶ ≔ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ! 𝑡𝑒𝑎  

𝑖𝑛𝑖𝑡 𝑝ଷ ≔  
𝑖𝑛𝑖𝑡 𝑝ସ ≔  

 
 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝐼 = ? 1€, ? 2€  

δ 

δ δ 
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Some Auxiliary Definitions: Suspension Traces 

𝐿𝑒𝑡  𝑠  𝑏𝑒  𝑎𝑛  ℒ𝒯𝒮, 𝑝 ∈ 𝑄, 𝑃 ⊆ 𝑄  𝑎𝑛𝑑  𝜎 ∈ 𝐼 ∪ 𝑈 ∗. 
 
 

𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑝 ≔ 𝜎ᇱ ∈ (𝐼ௌ ∪ Uௌ ∪ {𝛿} ∗|  𝑝
ఙᇲ
⇒}    𝑤ℎ𝑒𝑟𝑒  𝑞

ఋ
→𝑞  𝑖𝑓𝑓  𝛿(𝑝) 

𝑝ଵ 

𝑝ଶ 

𝑝ଷ 𝑝ସ 
 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

δ 

δ δ 

𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑝ଵ = {𝛿, ? 1€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ? 1€ ⋅ ! 𝑡𝑒𝑎, 
              ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒 ⋅ 𝛿, ? 1€ ⋅ ! 𝑡𝑒𝑎 ⋅ 𝛿} 
𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑝ଶ = {! 𝑐𝑜𝑓𝑓𝑒𝑒, ! 𝑡𝑒𝑎, ! 𝑐𝑜𝑓𝑓𝑒𝑒 ⋅ 𝛿, 𝑡𝑒𝑎 ⋅ 𝛿} 
𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑝ଷ = 𝛿  
𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑝ସ = {𝛿} 
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Quiescent Behaviors 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଵ 

Trace 𝑇𝑟 𝑞ଵ  

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଵ δ 

δ δ 

   𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑞ଵ = 𝛿, ? 1€, 𝛿 ⋅? 1€, ? 1€ ⋅ ! 𝑐𝑜𝑓𝑓𝑒𝑒, ? 1€ ⋅ ! coffee ⋅ 𝛿, …    
 
 
Allows to discriminate (non-)behaviors 
 

• ? 1€ ⋅ 𝛿 ∉ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑞 , 𝑤ℎ𝑒𝑟𝑒𝑎𝑠  ? 1€ ⋅ 𝛿 ∈ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑞  
• … 

add delta transitions 

?
  1€ 
! 𝑐𝑜𝑓𝑓𝑒𝑒 

𝑞 ?  1€ ? 1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 

𝑞 



09 June 2015 | Ina Schaefer | Model-based Testing of Software Product Lines – Part I | Slide 33 
 

Institut für Softwaretechnik 
und Fahrzeuginformatik

Some Auxiliary Definitions: After Sets 

June 18th, 2014 | Ina Schaefer | Model-based Testing – Part 1 | Seite 34 
 

Some Auxiliary Definitions: After Sets 

𝐿𝑒𝑡  𝑠  𝑏𝑒  𝑎𝑛  ℒ𝒯𝒮, 𝑝 ∈ 𝑄, 𝑃 ⊆ 𝑄  𝑎𝑛𝑑  𝜎 ∈ 𝐼 ∪ 𝑈 ∗. 
 
 

𝑝  𝒂𝒇𝒕𝒆𝒓  𝜎 ≔ 𝑞 ∈ 𝑈     𝑝  
ఙ
⇒𝑞} 

𝑝ଵ 

𝑝ଶ 

𝑝ଷ 𝑝ସ 
 

𝑝ଶ  𝒂𝒇𝒕𝒆𝒓  ! 𝑐𝑜𝑓𝑓𝑒𝑒 = 𝑝ଷ  
𝑝ଶ  𝒂𝒇𝒕𝒆𝒓  ! 𝑡𝑒𝑎 = 𝑝ସ  

 
𝑝ଵ  𝒂𝒇𝒕𝒆𝒓  ? 2€ =  
𝑝ସ  𝒂𝒇𝒕𝒆𝒓  ! 𝑡𝑒𝑎 =  

 
 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑈 = ! 𝑐𝑜𝑓𝑓𝑒𝑒, ! 𝑡𝑒𝑎  δ 

δ δ 
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Some Auxiliary Definitions: Out Sets 

𝐿𝑒𝑡  𝑠  𝑏𝑒  𝑎𝑛  ℒ𝒯𝒮, 𝑝 ∈ 𝑄, 𝑃 ⊆ 𝑄  𝑎𝑛𝑑  𝜎 ∈ 𝐼 ∪ 𝑈 ∗. 
 
 

𝑜𝑢𝑡 𝑃 ≔ 𝜇 ∈ 𝑈   ∃𝑝 ∈ 𝑃 ∶ 𝑝  
ఓ
→} ∪ {𝛿  |  ∃𝑝 ∈ 𝑃 ∶ 𝛿 𝑝 } 

𝑝ଵ 

𝑝ଶ 

𝑝ଷ 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

δ 

δ δ 

𝑃 = 𝑝  𝒂𝒇𝒕𝒆𝒓  𝜎 
 

𝑃ଵ = {𝑝ଵ  𝒂𝒇𝒕𝒆𝒓  𝛿} = 𝑝ଵ  
𝑃ଶ = {𝑝ଶ  𝒂𝒇𝒕𝒆𝒓  ! 𝑡𝑒𝑎, 𝑝ଶ  𝒂𝒇𝒕𝒆𝒓  ! 𝑐𝑜𝑓𝑓𝑒𝑒} = 𝑝ଷ, 𝑝ସ  

𝑃ଷ = {𝑝ଷ  𝒂𝒇𝒕𝒆𝒓  𝛿} = 𝑝ଷ  
𝑃ସ = {𝑝ସ  𝒂𝒇𝒕𝒆𝒓  𝛿} = 𝑝ସ  
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Some Auxiliary Definitions: After-Out Sets 

𝑝ଵ 

𝑝ଶ 

𝑝ଷ 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

δ 

δ δ 

𝑃ଵ = {𝑝ଵ  𝒂𝒇𝒕𝒆𝒓  𝛿} = 𝑝ଵ  
𝑃ଶ = {𝑝ଶ  𝒂𝒇𝒕𝒆𝒓  ! 𝑡𝑒𝑎, 𝑝ଶ  𝒂𝒇𝒕𝒆𝒓  ! 𝑐𝑜𝑓𝑓𝑒𝑒} = 𝑝ଷ, 𝑝ସ  

𝑃ଷ = {𝑝ଷ  𝒂𝒇𝒕𝒆𝒓  𝛿} = 𝑝ଷ  
𝑃ସ = {𝑝ସ  𝒂𝒇𝒕𝒆𝒓  𝛿} = 𝑝ସ  

𝐿𝑒𝑡  𝑠  𝑏𝑒  𝑎𝑛  ℒ𝒯𝒮, 𝑝 ∈ 𝑄, 𝑃 ⊆ 𝑄  𝑎𝑛𝑑  𝜎 ∈ 𝐼 ∪ 𝑈 ∗. 
 
 

𝑜𝑢𝑡 𝑃 ≔ 𝜇 ∈ 𝑈   ∃𝑝 ∈ 𝑃 ∶ 𝑝  
ఓ
→} ∪ {𝛿  |  ∃𝑝 ∈ 𝑃 ∶ 𝛿 𝑝 } 

𝑂𝑢𝑡(𝑃ଵ) = 𝛿  
𝑂𝑢𝑡(𝑃ଶ) = {! 𝑡𝑒𝑎, ! 𝑐𝑜𝑓𝑓𝑒𝑒} 

𝑂𝑢𝑡(𝑃ଷ) = {𝛿} 
𝑂𝑢𝑡(𝑃ସ) = {𝛿} 
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Second Attempt: I/O Conformance (IOR) 

𝐿𝑒𝑡  𝑠 ∈ ℒ𝒯𝒮 𝐼 ∪ U   𝑎𝑛𝑑  𝑖 ∈ 𝒥𝒪𝒯𝒮 𝐼, 𝑈 . 
 
 
 

𝑖  𝒊𝒐𝒓  𝑠   ⟺  ∀𝜎 ∈ 𝑎𝑐𝑡ఋ∗ ∶ 𝑜𝑢𝑡 𝑖  𝒂𝒇𝒕𝒆𝒓  𝜎 ⊆ 𝑜𝑢𝑡(𝑠  𝒂𝒇𝒕𝒆𝒓  𝜎) 
 

𝑖  𝒊𝒐𝒓  𝑠   ⟺ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠(𝑖) ⊆ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠(𝑠) 
 

Subclass of input-enabled I/O LTS Class of I/O LTS labeled over I and U 
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Example 

•  Assume δ-transitions in the  ℒ𝒯𝒮  example 

•  Possible environmental stimulations are 𝜎=  ?1€ and 𝜎′=  ?2€ 

•  Investigate the observable behavior 
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Example 

 out qଵ  after  𝜎 = 𝑐𝑜𝑓𝑓𝑒𝑒, 𝑡𝑒𝑎 , 𝑜𝑢𝑡 𝑞ଵ𝑎𝑓𝑡𝑒𝑟  𝜎ᇱ = {}   
 
 
 
 
 
 
 
𝑜𝑢𝑡 𝑞ଶ  𝑎𝑓𝑡𝑒𝑟  𝜎 = 𝑐𝑜𝑓𝑓𝑒𝑒, 𝑡𝑒𝑎 , 𝑜𝑢𝑡 𝑞ଶ𝑎𝑓𝑡𝑒𝑟  𝜎ᇱ  = 𝑐𝑜𝑓𝑓𝑒𝑒, 𝑡𝑒𝑎  

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଵ 

?  1€ ? 2€ 

𝜏 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଶ 

𝜏 

δ 

δ δ 

δ 
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Example 

𝑜𝑢𝑡 𝑞ଷ  𝑎𝑓𝑡𝑒𝑟  𝜎 = 𝑐𝑜𝑓𝑓𝑒𝑒}, 𝑜𝑢𝑡(𝑞ଷ  𝑎𝑓𝑡𝑒𝑟  𝜎ᇱ) = {𝑐𝑜𝑓𝑓𝑒𝑒  
 
 
 
 
 
 
 
𝑜𝑢𝑡 𝑞ସ  𝑎𝑓𝑡𝑒𝑟  𝜎 = 𝑐𝑜𝑓𝑓𝑒𝑒}, 𝑜𝑢𝑡(𝑞ସ  𝑎𝑓𝑡𝑒𝑟  𝜎ᇱ) = {𝑡𝑒𝑎  

?  1€ ? 2€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 

𝑞ଷ 

?  1€ ? 2€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ସ 

δ 
 

δ 

δ 
 

δ 

δ 
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Example 

𝑜𝑢𝑡 𝑞ହ  𝑎𝑓𝑡𝑒𝑟  𝜎 = 𝛿}, 𝑜𝑢𝑡(𝑞ହ  𝑎𝑓𝑡𝑒𝑟  𝜎ᇱ) = {𝛿  
 
 
 
 
 
 
𝑜𝑢𝑡 𝑞  𝑎𝑓𝑡𝑒𝑟  𝜎 = 𝑐𝑜𝑓𝑓𝑒𝑒}, 𝑜𝑢𝑡(𝑞  𝑎𝑓𝑡𝑒𝑟  𝜎ᇱ) = {  

?  1€ ? 2€ 

𝑞ହ 

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 

𝑞 δ 

δ 

δ 

δ 
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Second Attempt: I/O Conformance (IOR) 

𝐿𝑒𝑡  𝑠 ∈ ℒ𝒯𝒮 𝐼 ∪ U   𝑎𝑛𝑑  𝑖 ∈ 𝒥𝒪𝒯𝒮 𝐼, 𝑈 . 
 
 
 

𝑖  𝒊𝒐𝒓  𝑠   ⟺  ∀𝜎 ∈ 𝑎𝑐𝑡ఋ∗ ∶ 𝑜𝑢𝑡 𝑖  𝒂𝒇𝒕𝒆𝒓  𝜎 ⊆ 𝑜𝑢𝑡(𝑠  𝒂𝒇𝒕𝒆𝒓  𝜎) 
 

𝑖  𝒊𝒐𝒓  𝑠   ⟺ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠(𝑖) ⊆ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠(𝑠) 
 

Problem: this is quite a lot! 
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𝐿𝑒𝑡  𝑠 ∈ ℒ𝒯𝒮 𝐼 ∪ U   𝑎𝑛𝑑  𝑖 ∈ ℐ𝒪𝒯𝒮 𝐼, 𝑈 . 
 
 
 

𝑖  𝒊𝒐𝒄𝒐  𝑠   ⟺  ∀𝜎 ∈ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠(𝑠) ∶ 𝑜𝑢𝑡 𝑖  𝒂𝒇𝒕𝒆𝒓  𝜎
⊆ 𝑜𝑢𝑡(𝑠  𝒂𝒇𝒕𝒆𝒓  𝜎) 

 
𝒊𝒐𝒓   ⊂ 𝒊𝒐𝒄𝒐 

Third Attempt: IOCO 

Focus on specified behaviors only 
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Example [Tretmans, 1999] 

?but 

! 𝑙𝑖𝑞 

?but 

?but 

?but 

?but 

?but 

?but 

! 𝑐ℎ𝑜𝑐 

?but 

! 𝑙𝑖𝑞 

?but 

?but 

?but 

?but 

?but 

?but ?but 

! 𝑙𝑖𝑞 ! choc 

¬i𝑜𝑐𝑜 

i𝑜𝑐𝑜 
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𝐿𝑒𝑡  𝑠 ∈ ℒ𝒯𝒮 𝐼 ∪ U   𝑎𝑛𝑑  𝑖 ∈ ℐ𝒪𝒯𝒮 𝐼, 𝑈 . 
 
 
 

𝑖  𝒊𝒐𝒄𝒐  𝑠   ⟺  ∀𝜎 ∈ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠(𝑠) ∶ 𝑜𝑢𝑡 𝑖  𝒂𝒇𝒕𝒆𝒓  𝜎
⊆ 𝑜𝑢𝑡(𝑠  𝒂𝒇𝒕𝒆𝒓  𝜎) 

 
𝒊𝒐𝒓   ⊂ 𝒊𝒐𝒄𝒐 

Third Attempt: IOCO 

Still infinite in case of loops 
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IOCOℱ 

• The set of suspension traces under consideration is restricted to sub sets  ℱ ⊆ 𝑎𝑐𝑡ఋ∗  
• The restricted ioco relation is denoted as 
 
 
𝑖  𝒊𝒐𝒄𝒐ℱ  s ∶⇔ ∀𝜎 ∈   ℱ ∶ 𝑜𝑢𝑡 𝑖  𝒂𝒇𝒕𝒆𝒓  𝜎 ⊆ 𝑜𝑢𝑡(𝑠  𝒂𝒇𝒕𝒆𝒓  𝜎) , 
 
 
where 𝒊𝒐𝒓 = 𝒊𝒐𝒄𝒐௧ഃ∗  and 𝒊𝒐𝒓 = 𝒊𝒐𝒄𝒐ௌ௧௦(௦) holds. 

This is still an 
intentional 

characterization of 
conformance. How to 
prove this by testing? 

IOCO wrt. F 
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Observers (testers) are 
characterized by a finite 
sets of test cases they 

perform on an SUT 
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Extensional IOCO 

𝑖  𝒑𝒂𝒔𝒔𝒆𝒔  𝑡 ∶⟺ 𝑜𝑏𝑠 𝑖, 𝑡 ≈ 𝑜𝑏𝑠(𝑠, 𝑡) 

Observers (testers) are 
characterized by a finite 
sets of test cases they 

perform on an SUT 
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Test Cases 

A test case t is an I/O labeled ℒ𝒯𝒮  such that 
 
• t is deterministic and has a finite set of traces, 
 
• Q contains terminal states pass  and  fail  with 𝑖𝑛𝑖𝑡(𝒑𝒂𝒔𝒔) = 𝑖𝑛𝑖𝑡(𝒇𝒂𝒊𝒍) = ∅  , 
 
• for each non-terminal state 𝑞 ∈ Q either 
1. 𝑖𝑛𝑖𝑡 𝑞 = {𝑎} for 𝑎 ∈ 𝐼 or 
2. 𝑖𝑛𝑖𝑡 𝑞 =   𝑈 ∪  {𝜃} 
holds. 
 
By 𝒯ℰ𝒮𝒯 we denote the subclass of I/O labeled ℒ𝒯𝒮 representing valid test 
cases t  

denotes observation of 
quiescence 
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Example 

Test case for specification 𝑞ଵ 
 
 
 
Stimulated input  
• !1€ 

 
Expected output  
• either coffee 
• or tea 

 
Observable errors 
• No output occurs: Θ 

   

?  1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 ! 𝑡𝑒𝑎 

𝑞ଵ 

𝑡ଵ 

!  1€ 

? 𝑐𝑜𝑓𝑓𝑒𝑒 

pass 

? 𝑡𝑒𝑎 

pass 

θ 

fail 
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Test Case Generation – Example 2 
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Test case for specification 𝑞 
 
 
 
Stimulated input  
• !1€ 

 
Expected output  
• coffee 
• no output: Θ 

 
Observable errors 
• tea 

   

Example 

𝑡ଶ 

!  1€ 

? 𝑐𝑜𝑓𝑓𝑒𝑒 

pass 

? 𝑡𝑒𝑎 

fail 

θ 

pass 

?  1€ ? 1€ 

! 𝑐𝑜𝑓𝑓𝑒𝑒 

𝑞 
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IOCO is correct = sound + exhaustive 

Let 𝑠 ∈ ℒ𝒯𝒮 𝐼 ∪ 𝑈 , 𝑖 ∈ ℐ𝒪𝒯𝒮(𝐼 ∪ U) and ℱ ⊆ 𝑆𝑡𝑟𝑎𝑐𝑒𝑠 𝑠  

Then it holds that 
 
1. the set 𝒯ℰ𝒮𝒯 of all derivable test cases is sound and 
2. the set 𝒯ℰ𝒮𝒯 of all derivable test cases is exhaustive. 
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Conclusion 

Model-based testing  
 
•  automates black-box test case generation and exectution.  

•  requires a formal model of the system specification. 

•  can be based on a formal notion of conformance.  



09 June 2015 | Ina Schaefer | Model-based Testing of Software Product Lines – Part I | Slide 52 
 

Institut für Softwaretechnik 
und Fahrzeuginformatik

Some Further Readings 

•  Malte Lochau, Sven Peldszus, Matthias Kowal, Ina Schaefer: Model-Based Testing. SFM 
2014: 310-342 

•  Mark Utting and Bruno Legeard, Practical Model-Based Testing: A Tools Approach, 
Morgan-Kaufmann 2007.  

•  Jan Tretmans: Model Based Testing with Labelled Transition Systems. Formal Methods 
and Testing 2008: 1-38 

 


