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Sammanfattning 
Användningen av inbyggda system för att realisera säkerhetskritiska funktioner, bl.a. inom 

bilindustrin, leder till krav på avancerade metoder för utveckling och verifiering. 

“Back-to-Back Testing” (B2B-testning) är en testmetod som föreslås av ISO26262, en 

nyligen släppt standard för funktionssäkerhet, för att verifiera timing och noggrannhet under 

fasen för integration av mjukvara och hårdvara (HSI-fasen). B2B-testning under HSI-fasen 

innebär att ett systems beteende jämförs med beteendet hos en modell av systemet, när båda 

utsätts för samma test-stimuli. Man kan inte förutsätta att test-svaren blir identiska, även om 

systemet beter sig korrekt. Avvikelser skapade av variationer i systemets miljö är ofta 

förekommande. Små avvikelser bör därför tolereras för att undvika för många ”falska” 

felindikationer. När resultaten från B2B-testning ska utvärderas, så är detta att tolerera vissa 

avvikelser utan att missa felaktigt beteende en av de största utmaningarna. 

Det här examensarbetet presenterar en litteraturstudie som undersökt State-of-the-Art i 

avseende på B2B-testning under HSI-fasen, med en specifik inriktning på ovan nämnda 

utmaning. Litteraturstudien påvisar en avsaknad av skräddarsydda utvärderingsmetoder för 

resultaten från B2B-testning under HSI-fasen. 

Motiverat av denna avsaknad av utvärderingsmetoder presenteras därefter en komparator som 

använder ett variabelt tröskelvärde för skillnader i test-svaren från test-objekt och 

modell.  Om skillnaden är större än tröskelvärdet så anses testet ha fallerat. Med denna 

komparator, och en arbetsbänk skräddarsydd för att möjliggöra analyser av komparatorn, 

visas exempel på möjligheten att tolerera skillnader i beteende framkallat av variationer i 

systemets miljö, men samtidigt kunna detektera skillnader i beteende som härstammar från fel 
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i systemet. Exemplen och en studie av ett realistiskt system visar att tillvägagångssättet är 

lovande som en bas för B2B-testning under HSI-fasen. 
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Abstract  

The use of electronics and software (embedded systems) to implement safety-critical systems, 

such as in the automotive domain, requires advanced methods in development and verification 

of these systems.  

Back-to-back (B2B) testing is a test method that is suggested by ISO26262, a latest functional 

safety standard, for verifying a system in terms of timing and accuracy at the Hardware-

software integration (HSI) stage. In the B2B testing at the HSI stage, the behaviour of the 

system is compared against the behaviour of a model of this system, using the same test 

stimuli.  

It cannot be expected that test response from the system are identical even though the system 

performs correctly.  Discrepancies are often due to environmental variations. It should be 

tolerated to a certain level to allow for detection of the system faults. In the result evaluation 

of B2B testing, it is a challenge to tolerate some discrepancies while faulty behaviour of the 

tested system should be detected.  

This work presents a literature study that investigates current research with regard to the 

usage of B2B test method at the HSI stage, in particular, with regard to the above discussed 

challenge. The result of literature review shows that there is a lack of discussion about 

custom-designed evaluation method of B2B test result in the HSI context. 

Motivated from the above, this work presents a comparator which uses a variable threshold on 

the signal level difference between the test responses from a test object and a model. If the 

signal level difference is larger than the threshold, the test fails and otherwise passes. With 

this comparator, and a workbench custom built to enable analysis of the comparator, we 
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demonstrate the ability to tolerate behaviour discrepancies induced by environmental 

variations, but reject the discrepancies induced by faults. The demonstrations and real-life 

study show that the approach is promising for usage as the basis for B2B test method at the 

HSI stage. 
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Chapter 1 

Introduction 

In recent years, software and electronics in high-end embedded systems have reached 

previously unseen levels of complexity as more functionality is obtained through their use. 

This trend is expected to continue. Many embedded systems are safety-critical whose failure 

could cause the loss of life or property damage as introduced in [1] and [2]. Consequently, the 

functional correctness and reliability of embedded safety-critical systems require more 

attention than that of non-safety-critical systems. More sophisticated verification processes 

and test methods are needed to ensure that complex safety-critical embedded systems perform 

their intended functions. 

The standards that best describe the state-of-the-art in functional safety with regard to 

embedded systems include ISO26262[3], IEC 61508[4], Do-178B/C[5] and ISO 13849-1[6]. 

Besides giving guidelines on many aspects of development, including specification, design, 

and implementation, functional safety standards provide recommendations for verification 

and testing of the developed system, see, for example, [3]. With an appropriate design of the 

verification system, a large proportion of the testing activities in the verification system can 

be automated, thus reducing the amount of manual work. 

In this work, ISO 26262 was chosen because it is one of the latest functional safety standards 

introduced (published in November 2011). ISO 26262 gives recommendations on the test 

methods that can be used at different test stages, including software unit tests, software 

integration tests, and hardware-software integration (HSI) tests. Back-to-Back (B2B) testing is 

one of these test methods. B2B testing is a test method that is suitable for Model Based 

development (MBD). In a B2B test, a model of the system under development and the system 

itself (called test object) are stimulated in the same way and their test responses are compared 

[3]. The test response of the model will be regarded as the test oracle. A comparator in B2B 

testing will compare the test response from the test object against the test oracle to detect any 

mismatches between the test responses.  

B2B testing is highly recommended in ISO26262 to complement other test methods for the 

hardware-software integration (HSI) test to ensure the test object’s correct accuracy and 

timing of safety mechanism [3]. Prior work provided guidelines for conducting B2B testing in 

the software verification process. Most applications of B2B testing in relevant literature focus 

on validating the correctness of a code generator in translating model to code that is generated 

by the model. This prior experience cannot be used when verifying a test object using B2B 

testing at the time of HSI. This is due to unavoidable environmental variations. The main 

environmental variations that will be considered in this work are noise and time delays. The 

environmental variations come from both the real environment and also the platform that 

system is executed. Due to environmental variations, a comparator used for B2B tests at the 

HSI stage should tolerate mismatches due to environmental variations and still detect 

mismatches due to faults. 

Inspired by the challenge of designing a verification system that uses B2B testing in the 

presence of environmental variations, especially a comparator in this verification system, this 

work aims to investigate, If it is possible to conduct B2B testing to verify a test object in terms 

of timing and accuracy in the presence of variation, and, if it is possible, to determine how 

such a B2B test should be conducted. This goal is further divided into two sub-goals. 
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The first sub-goal is to estimate the timing and accuracy of a test object to enable verification. 

Since continuous signals are often used in the automotive domain [7], this work will consider 

both test stimuli and test responses to be continuous signals. In this work, timing accuracy are 

considered as the correct timing of safety mechanism; signal level accuracy are considered as 

an example of the correct accuracy of safety mechanism. Environmental variations are 

represented as signal level noise and time differences between the model and a test object 

(called time delays). Signal level noise and time delays will influence signal level accuracy 

and timing accuracy, respectively. 

Due to the fact that the expected output is the output signal from the model, the timing 

accuracy of the test object will be deemed as the difference between the two output signals 

(the output signal from the test object and the expected output signal) in timing. The signal 

level accuracy of the test object will be the absolute difference between the two output signals 

(the output signal from the test object and the expected output signal).  

To compute timing difference, a method called Absolute Differencing [8] is applied. Since 

time-dependent signals are considered in this work, timing inaccuracy can be falsely 

interpreted as signal level inaccuracy. Therefore, estimating timing difference is regarded as a 

pre-process before signal level accuracy can be correctly estimated. To compute the timing 

difference, a method called Least Square Method (LSM) [9] is used. 

The second sub-goal is that the verification system should tolerate environmental variations 

while still detecting the presence of faults. In this work, thresholds are used to implement 

tolerance. The ability to distinguish noise from faulty behaviour depends on the threshold 

value. By comparing the timing difference and signal level difference with their 

corresponding threshold, we will be able to give a test result, thus verifying the test object 

with regard to timing accuracy and signal level accuracy.  

To determine a threshold for the signal level accuracy, a setup is described and demonstrated 

using software simulation on a test object. In this setup, the test object is simulated in the 

software environment. In this way, the influence from environmental noise and faults can be 

separated. 

For setting threshold on timing accuracy, the threshold value should be provided by the 

requirement specification since the tolerance to timing accuracy is application dependent.  

To achieve the above mentioned goal, this report presents: 

- A conceptual verification system for B2B testing of test object consisting of target 

software and target hardware, such that the test object is subject to environmental 

variations. 

- A signal comparator for time-continuous signals. The comparator will be able to fulfil 

the two functions, which corresponds to the two sub-goals.  

- A workbench for analysing and demonstrating the comparator.  

This work will demonstrate functions of the comparator in two environments (1) in a software 

environment and (2) in a “close to real life” laboratory environment, with a feedback control 

system as a test object. The demonstration is performed by employing the workbench to 

exercise the comparator’s ability to accomplish the first and second sub-goals. The 

comparator can be, in principle, applied to any verification system that performs B2B testing, 

subject to adaptation and consideration of domain-specific assumptions and limitations. 
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Relevant assumptions and limitations, which should be acknowledged for practical usage of 

the comparator, will be explicitly stated in this work. 

The remaining part of this report is structured as follows: 

Chapter 2 describes the background and motivation. It also clarifies those basic concepts that 

will be used in the report, for example, ISO26262 requirements and test activities.  

Chapter 3 presents the literature review method and results. The literature review method is 

presented in detailed steps. In particular, the criteria used for keeping relevant and high 

quality articles are explicitly stated. The literature review results part shows how this work is 

related to prior research and contributes to the state of the art. 

Chapter 4 introduces a conceptual verification system that mainly consists of two parts, a test 

stimuli manager and a comparator. The functionality of the two parts is described. 

Chapter 5 introduces a workbench and workbench design. A comparison between the 

workbench and the conceptual verification system is outlined.  

Chapter 6 presents comparator design. It includes the method used for calculation of timing 

accuracy and signal level accuracy. Furthermore, it introduces a process for setting a threshold 

in signal level accuracy with consideration of noise.  

Chapter 7 demonstrates functions of the comparator with various signals, noise distribution 

and faulty behaviours of a test object, namely a feedback control system.  

Chapter 8 demonstrates functions of the comparator in a “close to realistic” case study with a 

test object running in laboratory environment.  

Chapter 9 summarizes this work. The results of the work that correspond to the research goal 

are re-stated and summarized. Suggestions regarding eliminating limitations and softening 

assumptions are also introduced together with other suggestions for future work. 
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Chapter 2 

Background 

This chapter introduces functional safety, V model and ISO26262 functional safety standard. 

Recommendations of test methods in ISO26262 are presented to support motivation for this 

work. The system development life cycle is discussed as part of important background 

information of this report.  

2.1 ISO26262 and System Development Life Cycle 

Based on the definition in [10], functional safety is the part of the overall safety of a system or 

piece of equipment. The functional safety of a system concerns with whether a system 

operates correctly in response to its inputs. 

Functional safety is important for embedded safety-critical systems, including automotive 

embedded systems because many of them are safety-critical. To ensure that automotive 

systems fulfill their intended functions, advanced safety standards must be followed when 

developing these systems. The state-of-the-art standard, ISO26262 [3], is a functional safety 

standard for automotive electrical/electronic systems. It provides requirements and 

recommendations, including test methods for verification throughout the whole safety life 

cycle. The aim is to ensure that a sufficient and acceptable level of functional safety is 

achieved, that is, unnecessary risks are sufficiently reduced to acceptable level.  

The process of developing a system is called the system development life cycle. There are 

several methodologies and models for system development life cycle that developers can 

follow, including the V-model used in ISO26262. Figure 3.1 is a simplified version of the V 

model presented ISO26262. In the V model, Design and Development (D&D), and 

Verification & Validation (V&V) activities go in two parallel threads. As introduced in [11], 

the left side of the V-model represents decomposition of requirements, creation of 

specifications and design for each part at different abstraction levels. The right side of the V 

represents the integration and V&V activities at different level. An important implication of 

the V-model is its emphasis on the connection between different parts of the initial 

development and different parts of the later development. 

 

Figure 3.1: V-model 
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The usage of the terminologies verification and validation changes under different contexts. A 

commonly used definition has been introduced in [11]: “validation refers to the activities to 

ensure that the right system is built and verification refers to the activities that are taken to 

ensure the system is built in the right way”.  

There are different activities involved in verification depends on the system development 

phase. For example, in the development phase, verification involves: (1) performing testing 

on the model of a system (2) simulating a portion of a system or the whole system and (3) 

performing or analyzing of the testing results.  

Testing is regarded as an important part in verification. In the context of this report, the term 

verification will be used to represent all testing activities that occur in both verification and 

validation. 

2.2 Test Activity 

Verification of a system involves test activities to ensure that the system meets its 

requirements. A System under test (or SUT) is referred to as a test object. Given a test object, 

a test consists of following steps:  

 give the test object a test stimulus  

 receive test response from the test object 

 evaluate the test response with the help of a test oracle, and  

 deliver test results (test passed or test failed) and test reports.  

Figure 3.2 illustrates this process. 

 

Figure 3.2: The process of a test activity 

A test stimulus is an input data sequence that is given to the test object to stimulate a test 

response. A test oracle is a mechanism that is used by software engineers for determining 

whether a test has passed or failed. A test case description includes a sequence of test stimulus 

and their corresponding test oracle. A test response is the outputs from the test object as a 

result of applying the test stimulus. In this report, we will consider the test result of one 

particular test is either “pass” or “fail”. A test report contains the test results of a sequence of 

tests, and other testing related information, for example, date of the test activities. 

2.3 B2B Testing – a Verification Measure Highly Recommended by 

ISO26262 

There are various test methods, including functional tests, structure tests, etc. Requirement 

Based Test (RBT) method is one method listed by ISO26262 [3] as a strong recommendation. 

The idea of RBT, which was introduced in [12], is that: requirement, design of the test object 

and code are tested directly after each step is completed. 
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Besides RBT, it is also pointed out in ISO26262 that other measures, for example, fault 

injection and B2B testing, can be taken as a supplement. B2B testing, which can be called 

comparative test, equivalence checking or conformance testing in [13], [14], [15], [16], [17], 

[18],  is a testing method that is highly recommended to complement RBT.  

Kelly, McVittie and Murphy [17] used B2B testing on the basis of Multi-Version Software 

(MVS). In practice, multiple versions of the software are independently implemented by 

different teams of programmers. During test, the multiple versions will be executed in parallel 

with their outputs compared to detect any discrepancies.  

Brilliant, Knight and Ammann [18] referred to B2B testing as an synonym of comparison 

checking, which uses multiple-versions of a test object for malfunction detection. In their 

approach, each test input is submitted to all the versions in parallel and the outputs of the 

versions are compared.  The authors showed in the result that this comparison checking is an 

effective method of malfunction detection. 

Bombieri [14], Haroud [15], Urban and Brockmeyer [16] used the term ‘equivalence 

checking’ and B2B testing with no difference. In these publications, equivalence checking is 

mostly used in the electronic design area to prove that two representations of a circuit design 

exhibit exactly the same behavior. Besides applications in electronic design domain, 

‘equivalence checking’ was also used in [13] interchangeably with B2B testing. Work in [13] 

was performed to demonstrate numerical equivalence between the model used for code 

generation and the executable derived from generated cross-compiled C code. 

According to the definition of B2B testing in Part 4 and Part 6 in ISO26262, a verification 

system based on B2B test will compare the test response of the test object and the test 

response of a simulation model to the same stimuli. In a B2B test, the test response from the 

model will be regarded as the test oracle. Figure 3.3 presents an overview of the concept of 

B2B testing. The purpose of B2B testing is to ensure that the behavior of the test object with 

regard to the test objectives is equivalent to its model. From now on, throughout this report, 

we will uniformly use this definition of the B2B testing, according to ISO26262. 

 

Figure 3.3: Overview of B2B testing based on definition in ISO26262 



 

 

20 

 

2.4 B2B Testing in the Context of MBD 

B2B testing is an activity appropriate for Model Based Development (MBD). According to 

the definition provided in [19], MBD refers to the use of models and modeling environments 

as the basis for embedded system development. It has also been pointed out in [19] that 

“Model-Based Design is used throughout the system development life cycle. It involves the 

following activities: modeling, simulation, fast prototyping, embedded deployment and X-in-

the-loop (MiL, SiL, PiL and HiL) simulation”.   

 

Figure 3.4 demonstrates how the X-in-the-loop is represented in a typical feedback control 

system. A typical feedback control system consists of an embedded controller and a plant 

[20]. A plant specifies the physical properties of a system using a transfer function. A 

controller is designed according to the behaviour of the plant so that the plant can deliver the 

desired output. 

Figure 3.4(a) gives the structure of model-in-the-loop (MiL) simulation, where both the 

controller and the plant are modelled in a simulation environment. The controller first reads 

the sensor values which reflect some specific properties of the plant that are of interest, and 

then sends out the corresponding controller signal.  

In software-in-the-loop (SiL), which is depicted in Figure 3.4(b), the controller will be 

implemented in the same host platform that is used by the modelling environment and will 

interact with the plant model.  

In processor-in-the-loop (PiL), which is depicted in Figure 3.4(c), the controller will be 

executed on a simulated embedded target. Data between the code executing on the processor 

and the plant model will be passed through Real I/O via CAN or serial devices. When 

comparing Figure 3.4(c) to Figure 3.4(b), it can be observed that the only difference exists in 

the platform where the implementation of the controller runs. 

In Figure 3.4(d), during hardware-in-the-loop (HiL) simulation, the controller will run on the 

target Electronic Control Unit (ECU), which is connected to a real-time simulation system 

that simulates the plant. 

 

(a) Model-in-the-loop testing 
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(b) Software-in-the-loop testing 

 

 

(c) Processor-in-the-loop testing 

 

(d) Hardware-in-the-loop testing 

Figure 3.4: X-in-the-loop simulation 
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Taking a step back to look at general testing activities in MBD, the test activities in each level 

of MBD can be divided into two distinct activities [21], model verification test and B2B 

testing. The former activity checks whether the model captures the behaviour we specified in 

the requirement. This can be achieved by manual inspection, formal verification, simulation, 

etc. The latter activity checks whether the code developed from the model (either manually or 

automatically) correctly implements the behaviour of the model. 

MBD helps to exercise B2B testing to the largest extent because the implementation of the 

model can be verified against the model in several different modes, each of which adds value 

to the verification process [22]. For example, PiL provides the first step to test a real object 

code on the target processor. The objective of PiL test is to detect non-real-time-related 

defects such as undesirable side effects of the compiler setting and optimization options [22]. 

HiL is regarded as the final lab test phase before the final system integration and field tests 

commence [19]. The main goal of HiL is to check the software on the ECU with its electrical 

interfaces [23]. 

As pointed out in [21], the whole V&V process is time consuming in safety-critical 

applications. Automation of the manual work during this process is favored by the developers.  

In this sense, applications of MBD bring a lot of advantages. B2B testing is one application of 

MBD, which inherits the benefits of MBD. The model is verified first against the requirement 

to ensure that it fulfills this requirement. It can be hereafter regarded as the reference model 

during the following verification process, thus saving time spent on generating a test oracle 

manually. It is described in [22] that the output test values from MiL can be recorded for later 

simulation so that the comparison can be made between MiL and SiL/PiL/HiL. Following this 

idea, a lot of manual effort in writing test oracles can be saved. 

2.5 Verification of a System in its Hardware-Software Integration (HSI) 

Stage 

B2B testing can be performed in different test phases, for example, software unit tests, 

software integration tests and hardware-software integration (HSI) tests. Part 6 of ISO26262 

introduces the objective of software unit testing as demonstration that the software units fulfil 

the software unit design specifications and do not contain undesired functionality. The 

software integration testing, which comes after software unit testing, intends to verify 

interfaces between components against software design [24]. HSI tests a completely 

integrated system, which includes both hardware and software, to verify that the system meets 

its requirements 

The software is deployed onto the target hardware after the software integration test. This 

process is called Hardware- Software Integration (HSI). The whole HSI process includes 

 configuration of the hardware environment 

 loading the software 

 producing integration test specifications 

 conducting tests 

 recording details of any failures, and  

 carrying out fault diagnosis. 

HSI can be challenging due to the fact that after the software is integrated into the target 

hardware, there may occur a number of unexpected faults. The original performance of the 

test object can be influenced by these faults. Besides the unexpected faults that may be 
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introduced during HSI, unavoidable variations in physical environment bring new challenges 

to the verification work, affecting outcomes of the HIS tests. Therefore, selection of 

appropriate test method is critical for success in HIS tests. 

2.6 Verify a Test Object in Terms of Timing and Accuracy 

According to Part 4 in ISO26262[3], to detect faults during HSI, the test goals resulting from 

several requirements shall be addressed by the application of adequate test methods. Ensuring 

accuracy and timing of the safety mechanisms are two of the mandatory requirements in the 

standard. Table 3.1, derived from Table 6 in Part 4 of ISO26262, contains recommended test 

methods for ensuring correct functional performance, accuracy and timing of the safety 

mechanism. 

Table 3.1: Recommendation of ISO 26262, Part 4, Table 6 on “Correct functional performance, 

accuracy and timing of safety mechanisms at the hardware-software level” [3] 

Methods ASIL 

A B C D 

1a Back-to-back test + + ++ ++ 

1b Performance test + ++ ++ ++ 

As can be seen from Table 3.1, to verify accuracy and timing of the safety mechanism, B2B 

testing method is listed as a highly recommended test method (where “+” in the table means 

recommended and “++” means highly recommended). This motivates development of a 

verification system that uses B2B testing to verify the test object in terms of accuracy and 

timing, the study of which will be focus of this work. Note also that “functional performance” 

is purposely left out from the scope of this work as it requires a separate testing approach with 

enhanced test stimuli. Results of this work can, however, be used to further develop B2B 

testing methods to account for evaluation of functional performance. 

2.7 Summary and the Research Question 

The above discussion outlines the importance of applying advanced and effective verification 

approaches to ensure functional correctness of safety-critical embedded systems. In the 

context of automotive systems, ISO26262 provided recommendations to appropriate test 

methods in verification. The B2B testing, which is an activity in the MBD context, is highly 

recommended for verification of systems in terms of accuracy and timing at hardware-

software integration phase. For test objects, which contain hardware and software and are 

exposed to environmental variations, an adequate verification method for verification system 

is needed that can account for unexpected faults and particular environmental properties. 

To address the challenges of HSI phase testing with B2B testing method, the following 

research question has been put forward: 

If it is possible to conduct B2B testing to verify a test object in terms of timing and accuracy 

in the presence of variation, and, if it is possible, to determine how such a B2B test should be 

conducted.  
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Chapter 3 

Literature Review 

This chapter presents the literature review with regard to the research question that was stated 

in the end of Chapter 2. In Section 3.1, four periods in the literature review are introduced. In 

these periods, literature is searched with relevant keywords. By using two metrics, Relevance 

Factor (RF) metric and criteria metric, some literature sources are kept, and some are 

discarded. In Section 3.2, contributions of the literature sources to the research question are 

presented. In Section 3.3, a summary of the literature review is shown, including a general 

presentation about our work, from which the connection and difference between our work and 

the prior work can be obtained.  

3.1 Literature Review Method 

The method part presents the process of conducting literature review was conducted. A 

literature review method that is described in [25] is used in our work with some adjustments. 

The whole literature review can be mainly divided into four periods, which are “Initial 

Literature Review”, “Exploratory Literature Review”, “Focused Literature Review” and 

“Refined Literature Review”. Table 4.1 shows the four periods and their main activities. 

Table 4.1: A list of the steps in the literature review 

Period Main task 

Initial Literature Review  Collecting resources (database, website, etc.) that are 

related to the research areas 

Exploratory Literature Review  Identifying topic areas and related key words. Searching 

literature sources using keywords 

Focused Literature Review  Picking up relevant sources and discarding those irrelevant 

ones using a criteria metric and an RF metric 

Refined Literature Review  Categorizing relevant literature sources based on their 

content 

3.1.1 Initial Literature Review Period 

In the Initial Literature Review period, resources to be used for searching papers are collected. 

These resources can be databases, research groups, journals, conferences, online websites, etc. 

The research area of our work is safety-critical embedded systems (with some focus on 

automotive domain) and state-of-art standards that give guidelines on developing and 

verifying such systems. This belongs to a broad area of computer science and electrical 

engineering. IEEE Xplore, Google Scholar and Google search have been chosen as resources 

for the literature review.  

Google search is chosen because it contains a wide variety of sources that may contain 

relevant articles. Since the quality of sources provided by Google search varies in quality, in 

order to ensure that we only keep articles that are of high quality, in Focused Literature 
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Review period, the quality factor is used to filter out those sources that are not of high quality. 

For example, a paper with less than 10 references and, at the same time, without presence of 

any paper citing it can be discarded.  

According to the definition in [26], IEEE Xplore is a research database for articles and papers 

on computer science, electrical engineering and electronics. The articles in IEEE Xplore are 

all articles that have been published in IEEE conferences or journals, and, thus, are relatively 

reliable. However, this also leads to the fact that it cannot provide a complete source of papers.  

According to the definition in [27], Google Scholar is a freely accessible web search engine 

that indexes the full text of scholarly literature across an array of publishing formats and 

disciplines. Google Scholar provides links to many open-access data bases. It also shows lists 

of references and papers that have cited it, which are good indications of the quality of a paper. 

3.1.2 Exploratory Literature Review Period 

In the exploratory literature period, people identify one or several topic areas based on the 

research topic. 2 topic areas have been identified for this work 

 B2B testing in the MBD context, and  

 B2B testing used for HW/SW co-verification  

After categorizing the topic areas, the search of each topic area with their corresponding 

keywords has been conducted. The topic areas and the keywords used are listed in Table 4.2: 

Table 4.2: The topics areas and their corresponding keywords 

Topic area Corresponding keywords 

B2B testing in the MBD context “Back-to-back test” and “Model based development” 

B2B testing used for HW/SW co-

verification 

“Hardware/Software Co-Verification” and “Back-to-

Back test”/ “Conformance test” 

To ensure a good coverage of the topic areas, and to avoid falling into the situation of getting 

too many articles that serve the same purpose, the following rules have been followed: 

1) Collecting the first 10 articles in Google search, Google scholar and IEEE. The first 10 

articles are chosen because a “trial-and-error” search has shown that 10 is an appropriate 

number for excluding irrelevant sources. If, however, the paper after the first 10 still shows to 

be relevant-for example, the title of the articles contains keywords, continue with collecting. 

2) If the searched result is not more than 10 articles, only those that have been shown are 

collected.  

3) Among all the sources in the searching result, only articles with full accessibility are 

collected (excluding websites). Sources that only contain a small part of an article or only 

show the abstract of an article are not considered either. 

After searching with the above two groups of keywords, 37 literature sources have been found 

using the first group of keywords and 22 literature sources have been found using the second 

group of keywords. For a detailed list of these sources, see Appendix A. It can be noticed in 

Appendix A that the actual keywords used in the second group of searching is “Hardware and 

Software Co-verification” and “Conformance test”. The reason for that is that the searching 
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results by using “Hardware and Software Co-verification” and “Back-to-back test” have not 

provided any relevant articles. It is the same with other synonyms of B2B testing, for example, 

“equivalence test” and “comparison checking”. However, some relevant papers have been 

found by searching with ¨Hardware and Software Co-verification¨ and “Conformance test”. 

3.1.3 Focused Literature Review Period 

The Focused Literature Review period consists of 5 steps, which are listed in Table 4.3. A 

detailed execution of this process can be found in Appendix B. The main purpose of this 

period is to filter out those irrelevant papers and only keep those that are relevant and are of 

high quality.  

Table 4.3: A list of the five steps in the Focused Literature Review period 

Step Activities 

Step 1 Assigning the Relevance Factor (RF) to all articles found in the Exploratory 

Literature Review period. 

Step 2 Assigning the Quality factor (QF) to the articles which RF is larger than “0”. 

Step 3 Finding out the papers that have an RF larger than “5”.  

Searching and reading references of the papers with RF>”5”, and papers that 

have cited these papers. 

Step 4 Assigning the RF to all the papers (references of the high relevant paper, and 

papers that have cited the high relevant papers) found in Step 3. 

Assigning the QF to those papers that have an RF larger than “0” 

Step 5 From all the articles kept in the Exploratory Literature Review period and 

articles kept in Step 4 of the Focused Literature Review period, keeping those 

articles which can satisfy the following two rules at the same time: 

1) A paper that has a RF larger than “2”  

2) A paper with a reference number larger than 10. If, however an article has a 

reference number less than 10, but if it is a book/journal paper and it has more 

than 10 articles that have cited it, it can be kept. 

To see how relevant is an articles to the research topic, an RF metric is used, which is shown 

in Table 4.4. The RF is divided into 5 sub-criteria. Each criterion can be assigned a number 

which ranges from 0 to 2. The sum of these five criteria is regarded as the RF of the article. 

Table 4.4: The RF metric  

Source RF 

(0-10) 

R1 

(0-2) 

R2 

(0-2) 

R3 

(0-2) 

R4 

(0-2) 

R5 

(0-2) 

X 5 2 1 0 2 0 

 

As each of R1-R5 ranges from 0 to 2, the RF of an article can range from 0 to 10 (with 0 

indicating that this paper is completely irrelevant to the topic area and 10 indicating that this 

paper is highly relevant to the topic area).  

Description of each of these criteria is shown below: 

R1: Content that is related to MBD. 

R2: Content that is related to the application of B2B testing in the MBD context. 

R3: Content that is related to the B2B testing in HW/SW co-verification. 

R4: Content that is related to the test response evaluation in the context of B2B testing. 



 

 

28 

 

R5: Content that is related to signal comparison in the presence of environmental variations. 

Description of assigning a number for sub-criteria is shown as follows: 

2: there is a detailed introduction or discussion about this topic.  

1: it only introduces generally about the topic, but there is no deep explanation and 

exploration  

0: this topic has not been mentioned in this article at all. 

The second row of Table 4.4 shows an example of the RF of paper X. Paper x has got 2, 1 and 

1 in R1, R2 and R4, respectively. The RF of paper X, as a sum of R1, R2 and R4, is thus 5.  

Besides the relevance, the quality of a literature source is also important in deciding whether 

the source should be kept or not. A criteria metric, which includes the RF and the QF, is 

shown in Table 4.5. The RF in the criteria metric is calculated with the above mentioned RF 

metric. Because the relevance of an article is more important than its quality, thus, the RF of 

an article is assigned first. If the RF is “0”, then there is no need to check the QF. 

Table 4.5: The criteria metric  

Source RF QF 

J/B/C/W C R 

A 2 2 10 20 

The meanings of the above names under the QF column are as follows: 

J/B/C/W: Whether the source is a book, a journal paper, a conference paper or a product white 

paper. 

If a paper is a journal paper or a book, we will give it a “3” in this column.  

Following the same rule, “2” will be assigned to a conference paper. “1” will be assigned to a 

product white paper and a presentation will get a “0”. 

C indicates the number of other papers that have cited the current paper. 

R indicates the number of references in the current paper. 

The second row of Table 4.5 is the criteria metric of literature source A. A has got a reference 

factor of “2”, and is a conference paper; 10 other papers cited it; and it has used 20 references. 

After using these criteria to pick up relevant papers, 19 papers have been kept in total. These 

19 papers will be used for categorization in the next period. 

3.1.4 Refined Literature Review Period 

In this period, literature sources that are of high relevance and good quality from the last 

period are categorized. There were 19 papers in total. The content of the table from Step 5 of 

Appendix B is listed here in Table 4.6. 

The first column of this table lists names of all the literature sources kept from the last step. 

Their respective RF and R1-R5 are listed from columns 3-8.  For example, row 3 shows that 

the paper “Model-based Testing of Automotive Systems” has RF “3” (R1 and R2 have a value 

of 2 and 1, respectively). 
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Table 4.6: A list of all the literature sources that has been regarded as relevant and of high 

quality 

Source Ref. RF R1 R2 R3 R4 R5 

Verification and Validation According to 

ISO26262: A Workflow to Facilitate the 

Development of High-Integrity Software  

[28] 4 2 2 0 0 0 

Model-based Testing of Automotive Systems  [7] 3 2 1 0 0 0 

A Model-Based Reference Workflow for the 

Development of Safety-Critical Software 

[29] 4 2 2 0 0 0 

Automatic Evaluation of ECU Software Tests  [8] 7 2 2 0 2 1 

Integrating Legacy Tools and Processes into 

Model-Based Development for Embedded 

Applications  

[30] 3  2 1 0 0 0 

How to Use Automatic Test Vector Generation 

for Model Coverage?  

[31] 4 1 2 0 1 0 

Introducing Model Based Techniques into 

Development of Real Time Embedded 

Applications  

[32] 4  2 2 0 0 0 

Code Generator Testing in Practice   [33] 5 2 2 0 1 0 

Model-based Testing of Real-Time Embedded 

Systems in the Automotive Domain   

[34] 4 2 1 0 1 0 

A Framework for Interlacing Test and Design   [35] 4 1 1 0 2 0 

Combining Model Checking and Testing in a 

Continuous HW and SW Co-verification Process   

[36] 4 0 2 2 0 0 

A Framework for Automated HW/SW Co-

Verification of SystemC Designs using Timed 

Automata 

[37] 4 0 1 2 1 0 

A Survey of Techniques for the Co-Verification 

of Hardware Software Co-design Systems   

[38] 3 0 1 1 1 0 

Automated Conformance Evaluation of System 

C Designs using Timed Automata  

[39] 4 1 1 2 0 0 

Mixed Signals. In “Testing Embedded Software” [40] 3 0 1 0 2 0 

Systematic testing of model-based code 

generators 

[41] 5 2 2 0 1 0 

Code Generation Verification – Assessing 

Numerical Equivalence between Simulink 

Models and Generated Code 

[13] 6 2 2 2 0 0 

Practical Validation of Model Based Code 

Generation for Automotive Applications 

[42] 5 2 1 0 2 0 

Overview of existing safeguarding techniques 

for automatically generated code 

[23] 5 2 2 0 1 0 

 

The contribution of these papers can be categorized into three topic areas. These contributions 

regarding each topic are presented separately in Section 3.2. The three categories and their 
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corresponding papers are listed in Table 4.7. The third category “test response evaluation” is 

further divided into three topics because the test response evaluation of a time-dependent 

signal consists of estimating the signal level difference, the time difference and the threshold 

setting.   

Table 4.7: A list of the three categories of the relevant literature sources 

Topics Literature Source 

Hardware and software co-verification 

method 

[36],[37],[38],[39]  

Validate generated code  using B2B testing in 

different testing environment 

[28], [7], [29], [30], [32],[33],[13],[34] 

Test 

response 

evaluation 

Signal level difference 

estimation 

[41],[8],  

Time difference estimation [41],[8],[40] 

Threshold setting [41],[8],[35],[13],[42], [23] 

3.2 Contributions of Prior Work 

This section will present how the literature sources listed in Section 3.1 have contributed to 

the research topic. It consists of three parts which corresponds to the three categories 

introduced in Section 3.1.4.  

3.2.1 The Existing Method for HW/SW Co-Verification 

Authors of ([36], [37], [39]) used SystemC as the HW and SW Co-design language and as the 

basis for the HW/SW Co-Verification. Herber in [36] presented a novel algorithm that can 

generate conformance test for System C designs. This algorithm was optimized in [39] to 

reduce the computation time and memory consumption. The presented algorithm could 

generate test cases from an UPPAAL model of the abstract SystemC design. These test cases 

were applied to the abstract SystemC design to generate expected test responses, which was 

used as reference for testing of a refined SystemC design.  

Hall and Kent in [38] made a survey on the existing states of the current HW/SW Co-

Verification techniques. It is shown in the paper that the primary method in HW/SW Co-

Verification is to perform functional verification of the entire design first and then perform 

formal verification of the hardware part of the co-design. 

The above verification methods were applied to the HW/SW Co-design where hardware and 

software design were developed at the same time. Their goal was to find methods that could 

perform formal verification of the entire HW/SW design. The research topic of our work 

differs from the goal in HW/SW Co-Verification because the research topic concerns the 

influence of hardware environment on software with correct functionality. The purpose of our 

work is to conduct research on possible methods to detect faults that occur when functionally 

correct software runs on its target hardware.  
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3.2.2 Application of B2B Testing – Validation of Generated Code in Different Test 

Environments  

Due to the increasing use of code generators, more and more researches are performed on 

verifying the ability of a code generator to correctly translate a model into code. For example, 

Conrad in [13] stated the importance of showing that the generated object code correctly 

implements the model used for generating the code. 

Stürmer and Conrad in [25] used B2B testing as one method to check the correct functioning 

of the code generator. In [7], the test model and the generated C code were simulated with the 

same test stimuli and their test responses were compared.  

In [28], Conrad proposed a validation and verification workflow to develop ISO26262 

compliant software components. During the process reviews, static analysis and, module and 

integration testing at the model level were performed to ensure the correctness of a model 

with regards to the requirement specification. B2B testing was performed in a later step to 

compare the code against its model. This discussion of workflow was supported by a 

Simulink family tool chain. 

Beine in [29] presented the same idea as in [28] by using a workflow as a reference for the 

whole verification and validation process in the MBD process, especially for a workflow 

where a code generator was used.  

There were discussions on verifying generated code against its model in different testing 

environment ([30], [32]). This falls in to the context of Model Based Testing (MBT). In [30], 

MBT was introduced as a term to describe all testing activities in the context of MBD 

projects. It is important to note that B2B testing is a popular activity in the MBT context 

because the reuse of test cases in various integration levels increases efficiency. The 

transferable ability of test cases between integration levels and also the structure coverage of 

the test cases were also discussed.  

 

Some tools were developed to use B2B testing in verification of the generated code against 

the model at different testing environments. Zander-Nowicka in [34] summarized a list of 

these tools and their particular functions in different periods when used in the MBT context, 

including test generation period, test execution period and test response evaluation period. 

3.2.3 Evaluation of the Test Response  

Some studies related to test response evaluation in B2B testing were carried out. All test 

responses in our work are continuous signals, which is an important data type used in the 

safety-critical embedded systems and, for example, in automotive domain [7]. Our work 

focuses on comparing continuous signals and setting a threshold for such type of test 

responses. Prior work on result evaluation, with test responses that are time-dependent signals, 

can be divided into the following three sub-topics:  

How to Estimate the Signal Level Difference 

Several papers discussed methods for computing signal level difference of two signals ([41], 

[8]). Mentioned methods included absolute differencing and relative differencing. Conrad in 

[8] presented formulas for these difference methods. Absolute differencing was considered to 

be the simplest algorithm to calculate the absolute value of signal level difference. Other 

algorithms, for example, modified slope-dependent difference were also introduced in [8]. 
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How to Estimate the Time Difference:  

Computing the timing difference began to attract attention when people started to realize a 

correct calculation of the timing shift is critical in calculating the signal level difference in 

evaluating test responses. In our work, test objects are subject to environmental variations, 

such as time delays. Hence, calculating time difference correctly is part of our work focus. 

Conrad in [8] presented a method which is called difference-metric to pre-process signals so 

that signal level deviations and time shifts could be evaluated independently. This method 

allowed shifting each value of the actual measured output signal to match the expected signal. 

Babic in[32], Stürmer in [41] and Horstmann in [35] mentioned difference-metric as a 

successful method in preprocessing time-dependent signals. For example, in [35], difference 

metric method was mentioned as a new variant of a dynamic time wrapping algorithm.  

Conrad and Sax of [40] discussed several statistical methods in calculating the time shift, 

including the correlation method. Correlation can help with deciding the similarity between 

the actual output signal and the expected signal by shifting the output signal with different 

shifting value. Our work uses the same idea as that in the correlation method. The output 

signal is shifted to find a best match with the expected signal. 

How to Set a Threshold 

It was presented in several papers that setting a threshold in signal value is needed to tolerate 

noise which mainly comprises of quantization error and random unavoidable environmental 

noise.  

Among the discussions of the reasons for setting a threshold,  Stürmer in [41] said that two 

totally identical test responses cannot be expected even with a correct translation of a model 

into code. Toeppe in [42] stated that, in Simulink modeling environment, a high resolution 

floating point data type is used for input and output signal as these data is quantized when 

translated into code.  

Despite of these differences caused by the quantization error, an output signal was still 

considered to be similar with the expected signal in the application context as discussed in[8].  

Therefore, a threshold must be established to tolerate this difference.  

Horstmann in [35] referred to the requirement specification to find a tolerance for both the 

timing difference and the signal level difference. It was considered necessary to define these 

tolerances for timing and states in the requirement specification. In [41], the threshold was 

selected in accordance with the desired precision of quantization of the considered output. 

Conrad in [8] introduced a way of setting a threshold that is used in the tool MEval. It 

provided the formulas that are used by this tool to calculate the default threshold. Those 

default tolerances were derived from the characteristic features of the expected output signal 

based on statistical calculations. It was pointed out in [8] that choosing a threshold can only 

be carried out on a practical basis. Conrad and Erkkinen in [13] expressed the same idea that 

the definition of the threshold value was dependent on the application under consideration or 

even on the characteristics of a given output signal. 
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3.3 Summary 

In the literature review method part, we have got 77 literature sources in total and have kept 

19 papers that are relevant and of high quality after using a reference metric and a criteria 

metric. 

Among the relevant papers, their contributions were further divided into three categories. The 

first category is relevant to conformance test (B2B testing) in HW/SW Co-Verification 

process. The second category discusses the application of B2B testing in verifying generated 

code against the model in different testing environments to prove that the code conforms to 

the model. The last category covers methods in test response evaluation, in particular, when 

the test stimuli and the test responses are signals.   

In the work in on test response evaluation, most of them considered using some algorithm to 

compute the difference, including difference in signal level and in timing. And they all agreed 

on that a threshold should be set to tolerate some systematic errors because test responses 

cannot be completely identical. The most prominent work is an algorithm that can pre-process 

a time-dependent signal and calculate “default” threshold. However, it was also pointed that a 

threshold should be more custom-designed and application dependent. 

Our work focuses on using a method that can: 

1) Estimate timing difference and signal level difference. The method for estimating timing 

difference resembles to the correlation method where the best fit is found by shifting the 

actual output signal. Estimating timing difference is also considered as a pre-processing of the 

output signal. After the pre-processing, the absolute difference method will be used to 

estimate the signal level difference. 

2) Set a threshold on application basis. This is done by simulating environmental variations 

that can be introduced when the software runs on the target hardware. We assume that pre-

knowledge of environmental variations are known. A threshold in signal level is set so that 

some discrepancies are tolerated but behavioural discrepancies that caused by faulty system 

behaviour is still detected. Due to the environmental variations that each system is subjected 

can vary, thus for each system and each of its application, setting a threshold need to be 

considered separately.  

3) Detect the faults that will be brought in when the software runs on the target 

hardware. This is achieved by using the threshold. Any faults that cause a difference value 

larger than the threshold will be detected. 

To summarize, our proposed method is related to prior work but is also tailored so it is 

specifically applied to our research and engineering goals. We use the existing algorithm with 

some adjustment for estimating the timing and signal level differences. In setting a threshold, 

we propose a process of setting threshold in signal value with consideration about the 

influence from environmental variations. This process enables a custom set of threshold that 

is application dependent. The threshold is, thus, used to detect faulty behaviour that may 

occur at the HSI stage.  
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Chapter 4 

The Conceptual Verification System 

This chapter presents a conceptual verification system for B2B testing of test objects which 

include hardware and are subject to environmental variations. This conceptual verification 

system shows the setup of a B2B test. The setup contains mainly three parts, the test object, 

the model and the verification system.  

Section 4.1 presents an overview of the conceptual verification system, including the main 

functions that it is supposed to perform. Section 4.2 and Section 4.3 introduce the concepts of 

faults and environmental variations. Section 4.4 gives a detailed explanation of functions of 

each part of the conceptual verification system.  

4.1 Overview of the Conceptual Verification System 

A conceptual verification is proposed based on the idea of B2B testing, which has been 

introduced in Section 2.3. It consists of necessary components such that a B2B test can be 

performed. The conceptual verification system is depicted in Figure 5.1 along with a test 

object and its model. The model is a functional model of the test object and is simulated in a 

simulation manager. The test object runs on its target hardware and is subject to 

environmental variations. The conceptual verification system consists of mainly two parts, a 

test stimuli manager and a comparator. It performs B2B testing to verify the test object 

against its model. 

The conceptual verification system should be able to perform the following functions: 

1)  Read a test case description file that contains a sequence of test stimuli 

2)  Send the same test stimuli to the test object and its model 

3)  Acquire outputs corresponding to the stimuli from the test object and the model  

4)  Estimate the difference between the test responses from the test object and the model 

5)  Determine if the test object has passed or failed the test case 

6)  Deliver a test report 
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Figure 5.1: The conceptual verification system  

4.2 Faults inside the Test Object 

When implementing the test object from the model, faults can be introduced into the software 

or hardware of the test object. The definition in [43] introduces faults as “faults in a test object 

can cause the software or the hardware to fail to perform its function”. In context of 

verification of a test object in its hardware-software integration (HSI) stage, all the faults in 

the later text will be referred to those faults that are introduced when the test object begins to 

run on its target hardware. Faults inside the test object will cause a mismatch between the test 

response from the test object and the test oracle.  

4.3 Environmental Variations 

The test object in Figure 5.1 is verified in its HSI stage. Instead of being in the code form and 

running on a host computer, the test object runs on the target hardware and is exposed to 

environmental variations. Environmental variations come from various sources, for instance, 

quantization effect, sampling, measurement resolution, etc.  

In this report, environmental variations are considered as noise and time delays. Due to the 

fact that test responses and test stimuli are continuous signals in our context, noise, hereafter, 

is referred to as noise that induces changes only in signal level. These two types of 

environmental variations (noise and time delays) are sufficiently typical with each of them 

influencing one dimension of the output signal, that is, noise influences the signal level 
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accuracy of the output signal from a test object, and time delays influence the timing accuracy 

of the output signal from a test object. 

Based on the location of environmental variations, they can be also be categorized as 

variations inside the test object and variations outside the test object. Variations inside the test 

object affect the test object itself. Variations outside the test object affect the observation of 

test responses from the test object. It exists in the I/O communication between the conceptual 

verification system and the test object. In the later part of this report, specific naming of these 

two types of variations depends on the form of the variations, for example, if the variation is 

time delays and if it exists in the I/O communication between the conceptual verification 

system and the test object, it will be called time delays outside the test object. 

4.4 Functions of Each Part in the Conceptual Verification System 

To explain how the verification system perform a B2B test between a model and a test object, 

functions of different parts in Figure 5.1 are introduced in this section.  

4.4.1 Test Stimuli Manager 

The test stimuli manager in the conceptual verification system reads a test case description 

and sends test stimuli to the test object and its model. Given a test case description, the 

verification system should be able to send test stimulus one by one to the test object and the 

model automatically. In this way, the verification work can be automated.  

4.4.2 Test Object 

Test object is a system that needs to be verified by the verification system. It is connected 

with the verification system through physical I/Os.  

4.4.3 Simulation Manager 

The functions of the simulation manager are twofold: 

1) Communicate with the verification system through a communication interface. This 

communication includes receiving test stimuli from the verification system and sending the 

test oracle from the model to the verification system. 

2) The simulation manager is also responsible for simulating the model when the model is 

provided with the test stimuli.  

4.4.4 Comparator in the Conceptual Verification System 

The comparator contains mainly two functions: 

1) Estimate the timing difference between the output signal and the expected signal, which is 

the timing accuracy. Estimate the signal level difference between the output signal and the 

expected signal, which is the signal level accuracy. 

2) Use some method to gain a tolerance for both signal level difference and timing difference. 

Based on the signal level difference, timing difference and this tolerance, the comparator is 

able to deliver a test result. If the difference exceeds the tolerance, the test result will be 

‘Fail’, otherwise, the test result will be ‘Pass’.  
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4.5 Summary 

This chapter has presented a conceptual verification system. This verification system contains 

mainly two parts, a test stimuli manager and a comparator. Through communication with a 

test object and its model, the verification system should be able to send test stimuli and 

receive test responses. Since the test object is subject to faults and environmental variations, 

the comparator in the verification system should have a tolerance so that variation-induced 

mismatch can be accepted and fault-induced mismatch can be rejected. Since a verification 

system with the above functions does not exist, it is necessary to build a workbench, in 

particular, a comparator on this workbench to analyze the comparator in this conceptual 

verification system as presented in the next chapter.  
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Chapter 5 

Workbench Design and the Setup 

The conceptual verification system proposed in Chapter 4 uses B2B testing method to verify a 

test object against its model. This chapter presents a workbench with a comparator, which 

performs the same functions as the comparator in the conceptual verification system. This 

chapter introduces the design of the workbench which is used to analyze the conceptual 

verification system. A comparator that is built on this workbench is presented in Chapter 6.  

5.1 An Overview of the Workbench 

The workbench is developed to demonstrate feasibility of comparator design with the 

functions in the conceptual verification system presented in Chapter 4. The workbench is 

depicted in Figure 6.1 along with a test object and its model. Similar to the conceptual 

verification system, the workbench mainly consists of two parts, a test stimuli manager and a 

comparator. The test object is managed by a test object manager, which communicates with 

the workbench through Communication Interface 1 instead of through physical I/O. The 

model is managed by a simulation manager and communicates with the workbench through a 

communication interface, which is Communication Interface 2 in the figure. 

 

Figure 6.1: Overview of the workbench setup 
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5.1.1 Comparison between the Workbench and the Conceptual Verification System 

The workbench is built to analyze the conceptual verification system, in particular, the 

comparator in the conceptual verification system. To validate this analysis, comparison 

between different parts in Figure 5.1 and Figure 6.1 is performed and can be summarized as 

follows. 

1) The difference between the test stimuli managers in the workbench and in the conceptual 

verification system is that the stimuli manager in the conceptual verification system 

automatically sends test stimuli from the test case description one at a time. For example, if a 

sine wave and a ramp signal are two of the test stimuli in the test case description, the test 

stimuli manager in the conceptual verification system should be able to automatically send the 

ramp signal after the sine wave. The stimuli manager in the workbench, however, is manually 

controlled to feed test stimuli into the test object and to the model. 

The reason of the above difference is that this work focuses on finding a suitable method to 

compare the test response of a test object against the test response of its model. Therefore, the 

design of the test stimuli manager, which involves generating test cases and applying test 

stimuli in sequence automatically, is out of scope. 

2) The test object in Figure 5.1 runs on its target hardware and is exposed to the physical 

environment, while the test object in Figure 6.1 contains only the software part and is 

simulated in a test object manager. Hench, environmental variations and HSI level faults are 

modeled in the workbench instead. 

3) The I/O communication between the test object and the test stimuli manager in Figure 5.1 

is substituted by another form of communication link, which is Communication Interface 1 in 

Figure 6.1. 

4) The simulation manager in both figures has the same function, which can be seen in 

Section 4.4.3. 

5) The connection between the model and the workbench is called Communication Interface 2 

in Figure 6.1. The function of this connection will be same as the ‘communication interface’ 

in Figure 5.1. 

6) The comparators in both the conceptual verification system and the workbench perform the 

same functions, which are the two functions introduced in Section 4.4.4. In the workbench, a 

setup introduced in Section 5.1.1 enables the workbench to perform these two functions to 

serve the purpose of this work better.     

5.2 Design Platform  

The LabVIEW platform is chosen as the design platform for the workbench. The test object is 

simulated in LabVIEW environment, which means that the test object manager is 

implemented in LabVIEW and is part of the environment itself. The model of the test object is 

modeled by Simulink and is simulated in Simulink, which means that the simulation manager 

is the Simulink environment. In Section 5.2.1 and Section 5.2.2, short introductions about 

Simulink and LabVIEW are presented, respectively.  
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5.2.1 Simulation Manager – Simulink  

Simulink, by its definition in [44], is a data flow graphical programming language tool for 

modeling, simulating and analyzing multi-domain dynamic systems. MathWorks Simulink is 

widely used due to its powerful function of modeling systems and due to its capability for 

simulations in multi-domain. Simulink is chosen to be the simulation manager. 

A Simulink model is a block diagram that contains predefined blocks, which can be found in 

Simulink’s library browser. An introduction about the Simulink library browser and the 

blocks it contains is provided in [45]. According to the definition in [46], source blocks are 

blocks that provide input to other blocks, such as Step Signal and Sine Wave. Sink blocks 

receive output from other blocks, such as Scope. 

5.2.2 Test Object Manager – LabVIEW 

LabVIEW is chosen as the platform for building the test object manager. According to the 

definition in [47], LabVIEW (the Laboratory Virtual Instrument Engineering Workbench) is a 

system-design platform and development environment for a visual programming language 

from National Instruments. This visual programming language is named “G”. LabVIEW 

programs are called LabVIEW virtual instruments (VIs), where each VI consists of three 

components, namely, a block diagram, a front panel and a connection pane. 

A front panel consists of controls and indicators. Controls are inputs and indicators are 

outputs. All controls and indicators in the front panel are shown in the block diagram as 

terminals. A block diagram contains functions that can process data from controls and send 

data to indicators. Controls, indicators and functions altogether are called nodes. In a block 

diagram, nodes can be connected with wires. 

A VI can be run individually as a program. A VI can also be added as a node into the block 

diagram in another VI. In the latter case, the added VI is called for sub VI. Through a 

connector pane, the inputs and outputs of the sub VI are defined in the front diagram. 

A test object will be a VI which runs in the LabVIEW environment. This VI is referred to as 

the test object VI. Environmental variations are modeled with a function node and added into 

the test object VI. 

5.2.3 Workbench Build on LabVIEW 

The workbench that consists of the test stimuli manager and the comparator is built in 

LabVIEW. Specifically, the workbench is a main VI in LabVIEW, which is referred to as the 

workbench VI hereafter. This VI performs the function of the test stimuli manager and the 

comparator, as well as connecting with the test object manager through Communication 

Interface 1 and connecting with the simulation manager through Communication Interface 2.  

After choosing the design platform for the test object manager, the simulation manager and 

the workbench, Figure 6.1 can be re-depicted as presented in Figure 6.2. Both the workbench 

and the test object manager are designed in LabVIEW. They are two VIs that run in 

LabVIEW.  

In the remaining part of this report, communication between the workbench VI and the test 

object VI is presented in Section 5.2.4; communication between the workbench VI and the 

model are presented in Section 5.2.5; and design of the comparator is presented in Chapter 6. 

http://en.wikipedia.org/wiki/Data_flow
http://en.wikipedia.org/wiki/Dynamic_systems
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CI 1: Communication Interface 1 

CI 2: Communication Interface 2 

TS: Test stimuli 

TR: Test response 

TO: Test oracle 

Figure 6.2: Overview of setup on the chosen platform 

5.2.4 Setting up Communication Interface 1 

The workbench and the test object are VIs that run in LabVIEW. As introduced in Section 

5.2.2, one VI can be added as a node into the block diagram into another VI. To perform the 

communication between the workbench VI and the test object VI, the test object VI is added 

as a sub VI node into the workbench VI. Through configuration of the connection pane, the 

workbench VI can send test stimuli to the test object and get test responses from the test 

object. In this way, Communication Interface 1 is constructed. Detailed steps of setting up 

Communication Interface 1 can be found in Appendix C. 

5.2.5 Setting up Communication Interface 2 

Communication Interface 2 stands for the connection between the workbench and the 

simulation manager. With the above choice of workbench design platform and simulation 

manager, Communication Interface 2 is a connection between LabVIEW and Simulink. 

Connection between LabVIEW and Simulink can be established with the LabVIEW 

Simulation Interface Toolkit (SIT). The interaction between Simulink and LabVIEW through 

a SIT server is illustrated in Figure 6.3. SIT makes it possible for the input settings and 

outputs of a Simulink model during run time to be manipulated and viewed, respectively. In 

this way, the test stimuli manager in the workbench VI can send test stimuli to the model, and 
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the output from the model can be sent back to the workbench VI. The detailed steps of how to 

set up this communication is introduced in Appendix A. 

 

Figure 6.3: The communication between Simulink and LabVIEW through SIT 

5.2.6 Test Stimuli Manager 

As introduced in Section 5.1.1, the test stimuli manager in the workbench should send the test 

stimuli to both the test object and the model. By choosing LabVIEW as the design platform of 

the workbench and Simulink as the simulation manager, the test stimuli manager will perform 

its function as follows.  

The SIT server helps with ‘sending’ test stimuli into a Simulink model. For a source block in 

a Simulink model, we can change the parameters of the source block in the Simulink model 

using the controls in the front panel of the workbench VI. A detailed explanation of 

accomplishing it is provided in [48]. For example, the source block in the model might be a 

Sine Wave block, and the parameter that needs to be changed might be the amplitude of the 

sine wave. In the SIT manager, we map the amplitude of the sine wave with one controller in 

the front panel of the workbench VI.  Then, when the value of the controller in the front panel 

of the workbench is set, the workbench VI sends a request to the model to set the amplitude of 

the sine wave in the source block to the same value. The SIT server transmits this request. 

Using the new parameter values, the model executes and updates the appropriate output 

signals. 

The test stimuli manager will send one test stimulus at a time. To send other test stimuli, there 

is some manual work to do when changing from one test stimulus to another. Appendix B 

provides the steps that need to be followed to finish this work. 

5.3 Summary 

This chapter has presented the design of the workbench. Comparison between the workbench 

and the conceptual verification system is presented as well. The result of the comparison has 

shown that the comparator on the workbench performs the same functions as the comparator 

in the conceptual verification system. Therefore, the feasibility of analyzing the comparator in 

the conceptual verification system is the proved.   
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Chapter 6 

Design of the Comparator 

The comparators in the conceptual verification system and the workbench perform the same 

function. This chapter presents how a comparator in the workbench can be designed on 

LabVIEW design platform, with the test stimuli and test responses as signals. The comparator 

is designed with a tolerance so that environmental variations are taken into consideration 

when delivering a test result.  

Section 6.1 introduces the definition and method of estimating timing accuracy and signal 

level accuracy. Section 6.2 introduces the method of setting a threshold in signal level based 

on a setup that separate the influence of the noise and faults. Section 6.3 presents the timing 

threshold issue.  

6.1 Estimation of Timing and Accuracy 

The inputs for the comparator are the test responses from a test object VI and its model. As 

introduced in Section 4.2 and Section 4.3, faults in a test object, along with environmental 

variations that affect the test object, can lead to a mismatch between the test responses from 

the model and the test object. This mismatch requires the conceptual verification system to 

verify the test object with regard to timing and accuracy. To analyze the conceptual 

verification system with the workbench, the comparator in the workbench should be able to 

estimate the timing accuracy and signal level accuracy of the test object.  

Since the test response from the model is used as the test oracle, the signal level accuracy is 

then dependent on the difference between the test object and the model on the signal level. 

The timing accuracy is dependent on the difference between the test object and the model in 

timing. To deliver a test result, the comparator should estimate the differences, both in timing 

and in signal level. 

To estimate the difference, the test responses from the test object and the model, which are 

ready for estimation, should be consistent with each other. It means that they should have the 

same data format and, thus, should be comparable.  Test responses from both the test object 

and the model are signals. They are both in the form of a waveform, represented by a 2D 

array. To be specific, it is an array with a size 2·N (number of rows · number of columns), 

where N is the number of time samples in a waveform. The first row of the array is the signal 

value of all samples. The second row of the array contains the corresponding timestamp of 

each sample value. The value of N depends on the simulation time and the solver type adopted 

by the simulator. The definition in [49] introduces a solver as a software component that 

determines the time step of the simulation and solves the set of ordinary differential equations 

that represent the model by applying numerical methods. If a solver computes the time of the 

next simulation step by adding a fixed step to the current time, this solver is a fixed-step one. 

The fixed step in time is called the step size. For example, for a simulation length of 2s and a 

fixed solver with a step size of 1ms, N will be 2001. 

6.1.1 Estimation of Differences in Signal Level and in Timing 

The estimation of the difference in signal level is dependent on the estimation of the 

difference in timing. For a test response from the test object that has a consistent delay from 

the test oracle, it is, hence, reasonable to calculate the time delays between the model output 
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and the expected output first, then calculate the difference in signal value with consideration 

of the time delays. 

 

Figure 7.1: An example of the waveforms of the test responses from the model and the test object 

Figure 7.1 shows the case when the test response of the test object has consistent time delays 

comparing with the test response from the model. In this case, simple subtraction between the 

signal values with the same timestamp gives a misleading result of the accuracy in signal 

level. The following can be seen as a solution to this issue.  

First calculate the time delays Ts with some method (this method is introduced in the latter 

part of this section). By simple observation from Figure 7.1: 

Ts= TM-TO  

The signal level difference between the test response from the model and the test object are 

estimated with absolute differencing method [8] and therefore: 

D(t)= (|VM (t)-VO(t+Ts)|)  

As indicated by the name, this method calculates the absolute difference of signal level 

between two samples. There are also other possible methods for estimating signal level 

difference, which are discussed in Chapter 9 as part of our future work. 

6.1.2 Method for Calculating Time Delays 

The Least Square Method (LSM) is used to find time delays between the test responses from 

the test object and the model. An introduction about the application of LSM is given in [9]. 
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LSM is an approach to find a solution to the following question: A simple data set consists of 

n data pairs: (xi, yi), i = 1,..., n, where xi is an independent variable and yi is a dependent 

variable whose value is found by observation.  

The model function has the form f (x, β), where the m adjustable parameters are held in the 

vector β. The goal is to find the parameter values for the model which fits the data best.  

The LSM finds its optimum when the sum S of squared residuals S= ∑   
  

    is a minimum. A 

residual is defined as the difference between the actual value of the dependent variable and 

the value predicted by the model:               

By fitting LSM into our estimation method, each symbol in the LSM method has been 

mapped to a new meaning.   

 

Figure 7.2: An explanation of how LSM can be applied to calculate time delays 
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All the variables in Figure 7.2, along with their explanations are listed in Table 7.1. 

Table 7.1: Explanation of the variables in Figure 7.2  

The objective is to calculate all S and find the m value that gives the minimum S. When 

presented in algorithm form, the above text can be transformed to: 

For m[0, TL] 

             

S(m)=∑   
  

     

Ts = d·step size, d is the m value that gives the minimum S(m). In our case, step size is 1ms. 

As can be seen from Figure 7.2, when m=d, the solid waveform has been shifted to the 

position of the red dash curve. As there is no time delays between the red dash curve and the 

waveform of the test response from the model, S(m) is its minimum value, and d·step size will 

is, thus, the time delay. 

6.1.3 Application of the Method for Calculation of Time Delays 

The above method can be applied in the following situations: 

1)  When the test response of the test object is delayed compared with the test response of the 

model (and not the other way around).  

2)  When the delay is smaller than TL.  

According to the algorithm, the delay can only be correctly calculated if it is smaller than TL. 

This limitation does not impact the function of the method as TL is able to be set by the user. 

A larger TL allows the correct calculation of time delays with a wider range, as a result, 

increasing the computation time. 

3) When the waveform of the test response from the test object has a consistent delay 

compared with the waveform of the test response from the model.  

This is because the calculation is done for the signal as a whole, which makes it impossible to 

consider the local delays. To be able to calculate local delays, it can be useful to separate the 

Variables Explanations 

yt All samples’ value of the waveform of the test response from the model 

t All time stamps of the waveforms of the test responses from the model and the 

test object 

m Number of steps that the waveform of the test response from the test object is 

shifted to find the best fit 

In Figure 7.2, there are four curves in the test object’s waveform. The solid 

curve is the one before the waveform has shifted; the three dash curves are the 

cases when the waveform is shifted by 1 step size, 2 step sizes and d step sizes, 

respectively. The range of m is from 0 to TL. TL is the window size, which is 

the largest number of steps that the waveform of the test object will be shifted. 

f(t, m) All samples’ value with their corresponding time stamp after the waveform of 

the test object is shifted m step size 

ri Difference between the samples value yi and the samples’ value f(xi, m) 

S The calculated sum of ri  
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signal into distinct area. More advanced methods that can be used in our workbench are 

considered as part of future work in Chapter 9. 

6.2 Comparator’s Tolerance – Threshold in Signal Value 

A tolerance of the comparator is needed so that the comparator can tolerate mismatches 

induced by environmental variation, and reject fault induced mismatches. A threshold is used 

to describe the comparator’s tolerance. There is a comparison between the threshold value and 

the ‘size’ of the mismatch. The ‘size’ of the mismatch is the difference between the 

waveforms in signal level. If the difference is larger than the threshold, the test result will be 

‘Fail’, otherwise ‘Pass’.  

6.2.1 A Setup for Separating the Noise and Faults 

To still be able to set a threshold that can tolerate noise but reject faults that are introduced in 

hardware-software integration (HSI), a setup should be able to separate the impact of noise 

and the impact of fault. This is difficult to achieve if we analyze the test response when the 

test object is at HSI level, when both the faults and noise may present. 

In the setup that is presented in this section, the noise is first modeled in the software 

environment. A threshold in signal value is thus set according to the impact of the noise on 

the test response. When the test object runs on its target hardware, where potential faults may 

exist, the comparator will have an appropriate threshold in signal value to manifest the faults. 

The two steps of this setup are demonstrated together with Figure 7.3 and Figure 7.5. 

Figure 7.3 resembles Figure 6.1 except that noise is modeled in the test object manager along 

with the test object. The comparator receives the test responses from the model and the test 

object and estimates the differences between them. The difference should only ascribe to the 

impact of noise. 

 

Figure 7.3: Set up to separate the influence of noise and faults 
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6.2.2 Estimation of Signal Level Difference 

The Difference between the test responses in signal level is expressed with: D(t)= (|VM(t)-

VO(t+Ts)|). If we use the example in Figure 7.1, D(t) contains 2001 values. In our method, 

instead of setting a threshold based on these 2001 values, the threshold is one value that is set 

based on the largest difference, which is max(D(t)). It is referred to as L hereafter.  If L is 

smaller than the threshold, the test result is ‘Pass’ and the test result is ‘Fail’, otherwise. 

This method of using L instead of D(t) reduces evaluation effort, but also leads to some 

limitations because sometimes max(D(t)) is not representative enough for all samples’ 

difference. Improving the method of estimating difference in signal level will be part of our 

future work, which will be introduced in Chapter 9.   

6.2.3 Threshold Definition 

The principle of defining a threshold in signal value is to reject fault induced differences 

while tolerating noise induced differences. A precondition of this principle is that the noise in 

the environment cannot cause the failure of the system. For example, for a control system, if 

the noise in the environment has caused the system to be unstable, then this control system 

should be re-designed.  

Noise, as a signal, has its probability distribution. This method of setting a threshold is 

dependent on our pre-knowledge about the distribution of the noise. This is counted as a 

limitation of this method, which is introduced in detail in Section 6.2.5. 

 

Figure 7.4: Method of defining threshold in signal value 

Figure 7.4 shows the method of setting a threshold when the distribution of the environmental 

noise is known. The vertical axis of the curve in Figure 7.4 is the difference between 

waveforms of the test responses; the horizontal axis is time. The largest difference is denoted 

by L in the figure. A threshold value TL is set to be a little larger than L. The extent of 

threshold over L is application dependent. For some systems, where high sensitivity to even 

small faults is critical, TL can be set to be equal or even lower than L. For other systems, 

where sensitivity to failures is not as critical and minor faults can be ignored, TL can be set a 

little larger than L. 

If a fault, introduced when integrating software into the target hardware platform, causes a 

difference larger than TL, the comparator will detect this fault.  
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6.2.4 The Application of the Comparator 

After the threshold is set, the test object that runs on the target environment is subject to both 

faults and environmental variations, as shown in Figure 7.5. As mentioned in Section 4.3, 

only noise in signal level and time delays are considered as environmental variations in our 

scope; environmental variations in Figure 7.5 contain only noise and time delays. 

 

Figure 7.5: Application of the comparator on the target environment 

In this step, the comparator receives test responses from the test object and its model. The test 

response from the test object is thus subject to the impact from the noise, faults and time 

delays. Because both test responses are time-dependent signals, to correctly estimate the 

timing difference and signal level difference, the comparator should perform the following 

functions in sequence. 

1) Estimate the time difference. Correct estimation of timing difference between the test 

responses is the precondition of the correct calculation of signal level difference. A detailed 

introduction regarding this was provided in Section 6.1.2 

2) Estimate the signal level difference. A detailed introduction regarding this was provided 

in Section 6.1.1. 

3) Based on the threshold and the estimated difference in timing and signal level, the 

comparator is able to deliver test result. 
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6.2.5 Assumptions and Limitations of this Method of Setting a Threshold 

This section introduces assumptions and limitations of the above setup of setting a threshold.  

Assumptions: 

To identify the influence of noise on the test response of the test object when the test object is 

still in software form, as shown in Section 6.2.1, the software part of the test object should be 

free from faults. Otherwise, the difference between the test responses from the test object and 

the model will not only ascribe to noise. 

This assumption is reasonable due to that the scope of our work is limited at HSI level. The 

code part should have been verified and “free” from faults. 

Limitations: 

As stated in Section 6.2.2, a pre-knowledge about the noise is needed to model the noise. This 

pre-knowledge consists of two parts:  

1) There should be some information that relates to the noise distribution in the requirement 

specification. If there does not exist such knowledge in the requirement specification, the 

tester needs to have some set of measuring the environmental noise.  

2)   The knowledge about the noise should be accurate. 

If there exist such pre-knowledge in the requirement specification, but it is not accurate, it can 

affect functions of the comparator. The following cases can be considered. 

(1) The actual noise is “smaller” than that in the requirement specification, for example, the 

actual noise has a smaller standard variation. Then, the modeled noise which is based on the 

requirement specification is not accurate. A threshold set based on this modeled noise can be 

higher than the case if the threshold is set based on the actual noise distribution. As a result, 

more faults can escape from the comparator when the test object is exposed to the actual noise.   

(2) The actual noise is “larger” than that in the requirement specification. A threshold set 

based on modeled noise is thus lower than the case if the threshold is set based on the actual 

noise. As a result, when the test objet is exposed to the actual noise, noise can be regarded as 

faults because they cause a “larger” difference than the threshold. In another word, this leads 

to a high false positive rate. 

6.3 Timing Accuracy 

As introduced in [50], time delays are very common due to transportation and measurement 

time, analysis and computation time. The existence of time delays in a system can cause 

different issues. For example, the presence of time delays in a control system may reduce 

stability of the system. Time delays that exist inside and outside the test object can affect the 

test response from the test object such that the test response can become different from the 

test oracle in timing.  

The difference in timing between the test response and the test oracle is the timing difference 

introduced in Section 6.1. In order to verify a test object in terms of timing accuracy, a 

threshold in timing should be set by the comparator. 
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Different system has various tolerance of timing difference. Therefore, in order to set a 

threshold in timing, a pre-knowledge about the system’s tolerance of timing difference is 

needed from the requirement specification. This is considered as a limitation of the 

applicability of the comparator in verifying a test object in terms of timing accuracy. 

6.4 A Summary 

This Chapter has presented methods adopted to design a comparator in the workbench. The 

methods and encountered issues are listed below. 

1) The absolute differencing method is used to estimate the signal level difference. 

2) The LSM is used to estimate the timing difference 

3) The setup is used to separate the influence of noise and faults. With this setup, a threshold 

in signal level can be set for tolerating noise and rejecting faults when the test object runs on 

its target hardware. 

4) The comparator is able to estimate the timing difference. In terms of setting a threshold in 

timing, information regarding a test object’s tolerance of time delay should be stated in the 

requirement specification. Without this information, the comparator is not able to set a 

threshold in timing accuracy, thus cannot verify the test object in terms of timing accuracy.  
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Chapter 7 

Demonstrations of the Workbench 

A workbench and, in particular, a comparator designed as part of this workbench, was built in 

Chapters 5 and 6. This Chapter presents several demonstrations of the comparator functions. 

A feedback control system is used as the test object. These demonstrations show that the 

comparator designed in Chapter 6 is able to perform its functions, and, thus, can verify the test 

object in terms of timing accuracy and signal level accuracy.   

Instead of running the test object in the target hardware, the faults, noise and time delays are 

modeled instead. This makes it easier for controlling the behavior of faults and the size of 

time delays. On the other hand, modeling faults and time delays also affects the applicability 

of the comparator in a real life case. This issue is also covered in this chapter.   

In Section 7.1, an introduction of the Simulink model and the test object VI of the feedback 

control system is presented. Section7.2 presents how environmental variations, including 

noise delays and faults, are modeled. The influence of this on applicability of the comparator 

in real life cases is discussed in Section 7.2.4. 

The remaining part of this chapter describes the following demonstrations and the respective 

results. 

1) Demonstration 1, which is the demonstration in Section 7.3.1, demonstrates that the 

workbench with a comparator can estimate signal level difference and verify the test object in 

terms of signal level accuracy when the test object is exposed to noise inside the test object. 

2) Demonstration 2, which is the demonstration in Section 7.3.2, demonstrates that the 

workbench with a comparator can estimate signal level difference and verify the test object in 

terms of signal level accuracy when the test object is exposed to noise outside the test object  

3) Demonstrations 3A and 3B are the demonstrations presented in Section 7.4. Demonstration 

3A shows that the workbench with a comparator can estimate timing accuracy when the time 

delays exist outside the test object. Demonstration 3B shows that the workbench with a 

comparator is not able to calculate time delays when they are present inside the test object. 

4) Demonstration 4, which is the demonstration in Section 7.5.1, shows that the workbench 

with a comparator can calculate time delays and verify the test object in terms of accuracy in 

signal level when the test object is exposed both to time delays outside the test object and to 

noise.  

5) Demonstration 5, which is the demonstration in Section 7.5.2, shows that the workbench 

with a comparator can provide e a test report with an ‘Indicating Time’ (a term introduced by 

us to stands for “the time that the fault behavior appears”).   

6) Demonstration 6, and Demonstration 7, which are the demonstrations in Section 7.5.3 and 

7.5.4, show functions of the comparator considering test stimuli with changing parameters. 

Demonstration 6 uses a ramp signal as test stimuli and Demonstration 7 uses a sine wave as 

test stimuli. 
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7.1 Feedback Control System 

To demonstrate the workbench, in particular the comparator that can compare test responses 

of a test object and a model, a test object is needed. A feedback control system is chosen as 

the test object. The test object is modeled in Simulink. A test object VI is built in LabVIEW.  

7.1.1 Feedback Control System and Application 

As it is introduced in [51]: in automotive systems, ECUs are used to implement different 

feedback control, for example, Engine Control, Antilock Braking System(ABS), Active 

Stability Control, Cruise Control, Climate Control and so on.  Feedback control system is a 

typical system in automotive domain and, thus, is a suitable choice for the test object in our 

demonstration. 

As introduced in Section 2.4, a feedback control system includes a plant and a controller. The 

system to be controlled is a plant, which is often presented in the form of a transfer function 

which indicates the relation between the input and output of the plant. A variable in the 

transfer function of the plant that needs to be controlled is named controlled variable. A 

controller monitors the dynamics of the given plant and regulates the plant to steer the 

controlled variable towards a target value. 

Besides the plant and the controller, a feedback control system also contains a sensor and an 

actuator [52]. The sensor measures the controlled variable and sends it to the controller. The 

actuator affects the plant according to the output signal of the controller. A block diagram of a 

feedback control loop is shown in Figure 8.1. 

 

Figure 8.1: Block diagram of a feedback control loop 

 P: plant 

 C: controller 

 A: actuator 

 S: sensor 

 u: control signal 

 y: output signal 

 r: reference signal 

 e = r – y: tracking error 

 Feedback loop: the signal from y to C. 

The reference signal in Figure 8.1 is the target value that the controlled variable wants to 

follow. The output signal is the controlled variable. The main objective of a feedback control 

system is to ensure that the output signal be stable and follow the reference signal. To achieve 
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these objectives, an appropriate controller needs to be designed according to the dynamical 

behavior of the plant. There exist several types of feedback controller, including proportional 

(P) control, proportional-integral (PI) control and proportional-integral-derivative (PID) 

control [53].  

7.1.2 Model of the Test Object 

The test object is a feedback control system that consists of a PI controller and a DC motor. 

The objective is to control the DC motor so that the angular velocity of the DC motor follows 

the reference signal, which is a reference angular velocity. The control signal is a voltage 

source that is applied to the motor. To design a controller, the dynamic of the DC motor needs 

to be known first. A model of a DC motor from LabVIEW PID control toolkit whitepaper 

[54] is used here. The transfer function of the DC motor is      
          

                  
. 

Tuning a controller is one of the most frequently encountered control system design problems. 

Several well-known tuning methods are introduced in [55], such as Ziegler–Nichols tuning 

method and Chien-Hrones-Reswick auto-tuning method. The basic rule of tuning a PID 

controller is to account for each parameter’s influence on the output dynamics. Table 8.1, 

which is an adaptation of the table in [53], provides the rule of tuning P and I. Since a PI 

controller is used in our controller design, only P and I are listed in this table. Explanations of 

the terms that are listed in the first row of Table 8.1 can refer to [53]. 

Table 8.1: The effects of increasing the controller parameters P and I 

                        Response 

Parameter 

Rise Time Overshoot Settling Time Steady state 

malfunction 

P Decrease Increase Minor change Decrease 

I Decrease Increase Increase Eliminate 

A Simulink model that is built for the test object contains a plant and a PI controller. Simulink 

provides both the block that can model the transfer function of the plant and the block to 

model a PI controller. The reference signal in Figure 8.1 will be a step signal, which can be 

modeled by a Step source block in Simulink. After tuning the PI controller by following the 

rules in Table 8.1, a parameter setting of P=0.25, I =0.5 gives a good control response.  

The block diagram of the model is shown in Figure 8.2. Compared with Figure 8.1, the plant 

is now the transfer function of the DC motor, the controller is the PI controller with a 

parameter setting of P=0.25, I =0.5. Since the plant is not physical, there is no sensor and 

actuator block in this block diagram. 
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Figure 8.2: Block diagram of the model of the test object 

7.1.3 Test Object VI  

LabVIEW PID Control Toolkit and LabVIEW Control Design and Simulation (CDS) Module 

are two tools in LabVIEW are used to build a control system in a VI.  

LabVIEW PID Control Toolkit has integrated PI control algorithms into LabVIEW 

applications, so a PI controller can be added into the block diagram as a node. LabVIEW CDS 

is a module that can help with design, simulate and implement control system with LabVIEW. 

With the assistant of LabVIEW PID control toolkit and LabVIEW CDS Module, when 

building the test object VI, all nodes that are needed to construct a control system can be 

added.  

To make the test object perform the same functionality as the model, some configuration 

details that can be otherwise overlooked have to be accounted for. One example is the 

configuration of solver type in Simulink simulation parameter settings and LabVIEW Control 

& Simulation loop configuration. Only by configuring the solver in the same way, can we 

make sure that the Simulink model and the test object VI give the same test response when 

applying the same test stimuli. 

7.2 Model of Noise, Fault Behavior and Time Delays 

Noise, time delays and faults behavior are modeled to demonstrate the functions of the 

comparator. This part covers how noise, fault behavior and time delays are modeled in 

LabVIEW. Section 7.2.1 and Section 7.2.2 introduce the use of functional nodes to model 

noise and time delays. As faults cannot be modeled, the behavior that is caused by faults is 

modeled by a function node instead, which is introduced in Section 7.2.3. The impact of 

modeling environmental variations and faults on the applicability of the comparator in real 

life cases is presented in Section 7.2.4. 

7.2.1 Model of Noise 

Noise, has its ‘color’ which is characteristic of its power spectrum. Based on the definition in 

[56] “White noise is the type of noise in which all frequency components, ranging from zero 

frequency (DC) to infinite frequencies, are present”. Noise, as a signal, also has a probability 

distribution. If the distribution of the environmental noise is known, then the noise can be 

modeled in the test object VI.  

http://en.wikipedia.org/wiki/Power_spectrum
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A noise can exist both inside and outside the test object. Figure 8.3 shows two possible 

locations of the noise in the block diagram of the feedback control system.  

 

Figure 8.3: An example of the noise location 

Nm is called measurement noise. It is one example of the noise locations inside the test 

object. According to [57], measurement noise has the following features: 

• Measurement noise corrupts the information that a sensor delivers 

• Measurement noise typically has high frequency 

• The average value of measurement noise is typically zero 

The description and characteristics of the measurement noise resembles the feature of a white 

noise with a Gaussian distribution, which is, thus, chosen to model the measurement noise. 

Samples in a signal constituting a white noise with Gaussian distribution are uncorrelated 

variables with zero mean and finite variance. 

A “Gaussian White Noise” node in LabVIEW, which is NM in Figure 8.3, is added to the 

feedback loop to model the measurement noise. The mean and standard deviation (SD) of this 

node can be configured.  

For the noise outside the test object, according to [58], “Gaussian white noise is a good 

approximation of many real-world situations and generates mathematically tractable models”. 

So, we assume that noise outside the test object can also be modeled by a Gaussian white 

noise. To model this Gaussian white noise, a “Gaussian White Noise” node in LabVIEW is 

added to the output signal of the test object VI, which is NO in Figure 8.3. 

In reality, noise inside and outside the test object be present at the same time. For the 

simplicity of the demonstration in this chapter, however, noise is only modeled in one 

location at one time.  

For all demonstrations in this chapter, a “Gaussian White Noise” node with a fixed seed is 

used to have repetitive results. Note, however, that noise is not fixed in real life cases, and 

usage of a fixed seed is a limitation of the demonstration. Related measures to model with 

random seed are out of scope of the present demonstrations and are discussed in the future 

work part in Chapter 9. 
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7.2.2 Model of Time delays 

Time delays can exist inside the test object and outside the test object. In LabVIEW, a time 

delay is modeled with a “Transport Delay” node, which can be added to any part of the 

system. 

Figure 8.4 shows where a “Time delays” node can be added to the block diagram of the 

feedback control system. TDI stands for the added node that models the time delays that exists 

inside the test object. This is one possibility of where the node can be added. TDO stands for 

the added node that models the time delays that exists outside the test object.   

 

Figure 8.4: An example of the time delays location 

7.2.3 Model of the Behavior which is Caused by Fault  

As discussed in Section 6.2.3, only threshold in signal level is set, thus, only faults that 

influence the signal level of the test response are considered. Faults introduced at the HSI 

stage cause a difference between test responses from the test object and the model. In this 

work, instead of modeling a fault inside the test object, the behavior that is caused by the 

faults is modeled. An example of modeling faults is illustrated in Figure 8.5. A fault, which is 

denoted by “F”, exists inside the controller. This fault has caused a behavior, which is denoted 

by “B” in the figure. This behavior in our demonstration is modeled by a pulse signal added 

onto the control signal. The pulse signal is described with amplitude a start time and duration. 

 

Figure 8.5: Model of the behavior caused by fault 
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7.2.4 Demonstration setup and applicability of the comparator  

In Section 7.2.1 to 7.2.3, the methods for modeling noise, time delays and the behavior of 

faults were introduced. Modeling environmental variations and faults instead of running the 

test object on the target hardware limits, however, applicability of the results obtained from 

the demonstration. The following implications should be considered with respect to noise, 

faults and time delays: 

1) Noise: in the demonstration part, the same noise distribution is used in the step of setting a 

threshold and in the step of modeling real life noise. To ensure a repetitive result, we used a 

constant seed in the noise model. Under this setting, the comparator is able to tolerate all 

noise as shown in the demonstration result. While in reality, due to the randomness of noise, 

the actual noise signal can be different from the noise model used for setting a threshold, thus, 

increasing the rate of false positives. 

2) Faults: only faults that trigger the change in signal level are considered. Although in real 

life cases, faults may cause other types of behavior, as long as they only influence the signal 

level of the test response, they can be detected by the comparator in the case of a larger 

difference in the signal level than the threshold value. Therefore, modeling faults instead of 

exposing the test object to the real life faults should not influence the applicability of the 

comparator for real life cases. 

3) Time delays: the demonstration is performed to confirm that the comparator can estimate 

time difference between the output signals. The method for estimating time difference used in 

this work is based on two output signals. Therefore, there is no difference of applying this 

method to the following two cases (1) the test object is subject to time delays in a real life 

environment and (2) the test object is subject to modeled time delays.  

7.3 Demonstration of the Method for Estimating Signal Level Accuracy 

In Section 7.2, methods for modeling noise, time delays and the behavior that is caused by 

faults were presented. This section presents Demonstration 1 and Demonstration 2 to illustrate 

the comparator’s function for estimation of signal level accuracy, thus verifying the test object 

in terms of signal level accuracy. A step signal is chosen in these demonstrations as input 

signal. Demonstration 1 is performed when the test object is subject to noise inside the test 

object. Demonstration 2 is performed when the test object is subject to noise outside the test 

object. A summary of the results, including comparison of these two demonstrations is given 

in Section 7.3.3. 

7.3.1 Demonstration 1 – The Test Object is Subject to Noise inside the Test Object 

This part presents the method of setting a threshold in signal level when the test object is 

subject to noise inside the test object. Figure 8.6 shows a block diagram of the test object with 

added nodes that model the noise and the behavior that is caused by a fault. The node NM, 

which is the “Gaussian White Noise” node, is added to model the noise. The node B, which is 

a “Pulse Signal” node, is added to model the behavior that is caused by a fault inside the 

controller. 
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Figure 8.6: Block diagram of the test object that is subject to noise and faults 

In Figure 8.6, there are the following parts:  

1) A step signal with a final value 1(V) and a step time at 1s 

2) The transfer function of the plant (the DC motor introduced in Section 7.1.1) 

3) A PI controller with P=0.25 and I=0.5.   

4) A fault inside the controller that causes a behavior that changes the control signal. This 

behavior is modeled by a pulse signal added to the control signal. The pulse signal has 

amplitude of 1(V), duration of 0.2s and start at 1.5s. 

5) A “Gaussian White Noise” node, which is added on the feedback loop to model the 

measurement noise. A Gaussian white noise with SD of 0.005 (rad/s) is assumed to be the 

noise in the environment. In the later text, the measurement noise with this distribution is 

referred to as NM1. 

Table 8.2 shows the result of Demonstration 1. It illustrates the relationship between L and the 

amplitude of the pulse signal when the test object is subject to NM1.  The first column of this 

table is the amplitude of the pulse signal; the second column is the L value when the test 

object is subject to the noise NM1 and the fault causes a change in a control signal. This fault 

causes a behavior modeled by a pulse signal with the amplitude described in Column 1. The 

third column is the test result produced by the comparator.  

The amplitude of the pulse signal changes from 0(V) to 0.003(V). The interval between the 

amplitudes of each row is not equal. The purpose is to obtain more data when the L value 

approaches the threshold value. This helps in finding more accurate largest amplitude of the 

pulse signal that the comparator fails to detect.  

Table 8.2: The relationship between L and the amplitude of the pulse signal when the test object 

is subject to NM1and a fault in the controller 

Amplitude of the 

pulse signal (V) 

L value (rad/s) P/F 

0 L= 0.0115274 Pass 

0.0010 L= 0.0115274 Pass 

0.0015 L=0.0115274 Pass 

0.0017 L=0.0118774 Pass 

0.0018 L=0.0122187 Fail 

0.0020 L=0.0129014 Fail 



 

 

63 

 

0.0025 L=0.0146080 Fail 

0.0028 L=0.0156320 Fail 

0.0030 L=0.0163147 Fail 

Row 1 shows the case with the amplitude of the pulse signal of 0, which means that there are 

no faults in the test object. NM1 causes an L value of 0.0115274 (rad/s). A threshold for the 

accuracy in signal value is, thus, set to be 0.012 (rad/s). As discussed in Section 6.2.1, the 

extent of the threshold over the L value is highly application dependent. In this demonstration, 

the threshold is larger than the L value by 4.726E-4(rad/s). If the threshold is lowered, for 

example, the threshold is set to be 0.0116(rad/s), the largest amplitude of the pulse signal that 

the comparator fails to detect is 0.0017(V), instead of 0.0018(V),  

For the demonstration in this section, 0.012(rad/s) is used as the threshold. From Row 1 to 

Row 4, all L values are smaller than the threshold, thus, the test results are all ‘Pass’. When 

the amplitude of the pulse signal reaches 0.018 (V), the L value is 0.0122187(rad/s). This 

value exceeds the threshold value and the test result is ‘Fail’. 

As can be observed from this table when the test object is subject to noise of distribution NM1, 

and when the threshold is 0.012(rad/s), the comparator fails to detect any faults that cause a 

pulse signal in the control signal with amplitude smaller than 0.0018(V). When the fault has 

caused a pulse signal with amplitude larger than 0.0018 (V) in the control signal, it is caught 

by the comparator and the test result is ‘Fail’.  

Note that the seed of the “Gaussian White Noise” node is fixed for the sake of repetitive 

results. An interesting phenomenon can be observed in Table 8.2 due to this setting, namely, 

first three rows give the same L value. It can be explained as follows. When the amplitude of 

the pulse signal is not large enough, the L value is caused by the noise. Only when the 

amplitude of the pulse signal reaches a certain value, it starts to have a larger ‘influence’ than 

the noise.  

 

Figure 8.7: Explanation of when the fault is hidden by noise 
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Figure 8.7 provides illustration of the above phenomenon. The first plot in Figure 8.7 depicts 

the difference of the waveforms when the test object is subject to the noise with a distribution 

of NM1. The second plot in Figure 8.7 shows the pulse signal with the modeled behavior of 

the fault that is present in the controller. The third plot in Figure 8.7 depicts the difference 

between the waveforms when the test object is subject to both the influence of NM1 and the 

influence of the fault that causes a pulse signal value in the control signal. The first plot 

corresponds to the first row in Table 8.2. The third plot corresponds to the second row and 

third row in Table 8.2. Due to the fact that the amplitude of the pulse signal is not large 

enough in the second and third rows, the L value is still due to the noise only. 

7.3.2 Demonstration 2 – The Test Object is Subject to Noise outside the Test Object  

Demonstration in this part resembles that in Section 7.2.1 except that the noise in this part is 

modeled outside the test object. The block diagram of the demonstration setup is shown in 

Figure 8.8. NO is a Gaussian white noise with SD=0.005 (rad/s) and mean=0(rad/s). NO in this 

distribution is called NO1 hereafter.  

 

Figure 8.8: The block diagram of the test object which is subject to noise and a fault  

Table 8.3 shows the result of Demonstration 2. It contains mainly the relationship between L 

value and the amplitude of the pulse signal when the test object is subject to NO1 and a fault.  

The first column of this table is the amplitude of the pulse signal; the second column is the L 

value when the test object is subject to noise of distribution NO1 and a fault that causes a 

behavior change in control signal. This change is modeled by a pulse signal with the 

amplitude presented in the first column of the table. The third column is the test result 

provided by the comparator.  

Table 8.3: The relationship between the L value and the amplitude of the pulse signal when the 

test object is subject to NO1 and a fault in the controller 

Amplitude of the 

pulse signal (V) 

L value (rad/s) P/F 

0 0.0197942 Pass 

0.0001 0.0197942 Pass 

0.0002 0.0197942 Pass 

0.00025 0.0198801 Pass 

0.00026 0.0199153 Pass 

0.00027 0.0199505 Pass 

0.00028 0.0199857 Pass 

0.00029 0.0200210 Fail 

0.00030 0.0200562 Fail 
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In Row 1, the amplitude of the pulse signal is 0, which means that there is no faults in the test 

object. NO1 causes the L value to become 0.0197942 (rad/s). A threshold for the accuracy in 

signal value is thus set to be 0.02 (rad/s). The observation from this table indicates that:  

 When the test object is subject to the noise of distribution NO1, the comparator fails to 

detect any faults that trigger a pulse signal with amplitude smaller than 0.00028(V). 

 When the fault triggers a pulse signal with amplitude larger than 0.00028 (V), it is 

caught by the comparator and the test result is, hence, ‘Fail’.  

7.3.3 Summary 

The above two groups of demonstrations show that the comparator can be used for estimation 

of the accuracy in signal level, thus verifying the test object in terms of signal level accuracy. 

The method that is used to set the threshold in signal level can be used in the comparator to 

tolerate environmental noise. The drawback of this method is that it fails to detect faults that 

trigger behavior with small impacts. Interesting observations can be obtained when comparing 

results in Section 7.2.1 and Section 7.2.2: 

1) Noise in different locations affects the test result in different ways. By comparing Table 8.2 

and Table 8.3, it can be observed that, even when NM1 and NO1 are of the same distribution, 

NO1 triggers a larger impact. 

2) Noise in different locations change the largest amplitude of the pulse signal that the 

comparator fails to detect. In the first demonstration, the largest amplitude of pulse signal that 

the comparator fails to detect is 0.018(V), while in the second demonstration, this value is 

0.00028(V).  

7.4 Demonstration of the Method for Estimating Timing Accuracy 

Timing accuracy is critical because a wrong estimation of timing accuracy can affect the 

correct estimation of signal level accuracy. In this section, Demonstrations 3A and 3B are 

performed to illustrate the method for estimating timing accuracy as presented in Section 

6.1.2. In Section 7.2.2, modeling time delays in LabVIEW with a “Transport Delay” node was 

introduced. In this section, Demonstrations 3A and 3B contain the “Transport Delay” node 

outside and inside the test object. 

7.4.1 Demonstration 3A – Time Delays outside the Test Object 

Figure 8.9 shows the case when there is a time delays outside the test object. The effect is that 

the observed test response from the test object is delayed. Figure 8.10 is a screenshot of the 

plot of the waveforms in the workbench VI. In the test object VI, a “Transport Delay” node 

with a time delays of 0.01 s is added to the output. The left plot and the right plot are the 

waveforms of test responses from the test object and the model, respectively. Comparing the 

left and the right plots, the time delay can be clearly seen as the distance from the “start” of 

the signal.  

In this case, the time accuracy can be estimated directly by applying the method introduced in 

Section 6.1.2. The calculated time delays shown in the workbench VI is 0.01s. With 

consideration of the time delays, signal level accuracy can be estimated correctly with 

applying the absolute differencing method. 



 

 

66 

 

 

Figure 8.9: Time delays only present in the output 

 

Figure 8.10: Screenshot of waveforms when the test response from the test object is delayed 

7.4.2 Demonstration 3B – Time Delays inside the Test Object 

This section presents a similar setup as in Section 7.4.1. The difference is that time delays are 

added in the feedback loop of the control system. Figure 8.11 shows the block diagram of the 

setup. It contains the test object and the “Transport Delay” node in the feedback loop of the 

control system. The input signal is a step signal with a final value 1(rad/s) and a start time at 

1s. The controller is a PI control with P=0.065 and I=1.083.  

Under the influence of time delays, the information that a sensor sends to the controller is 

always outdated, which affects the control performance. The system has a limited capacity to 

tolerate time delays in the feedback loop, which depends on the design of the system and the 

controller’s parameters. For example, for a PI controller (P=0.065, I=1.083) of the DC motor 

that introduced in Section 7.1.1, the largest time delay in the feedback loop that can be 

tolerated by the control system is 0.012s. If the time delay is larger than 0.012s, the system 

becomes unstable. 

Under the condition that the time delays in the test object do not exceed that value that causes 

instability, several demonstrations are performed for illustration of time delay influence on the 

waveforms of the test response from the test object.  
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Figure 8.11: Time delay node in the feedback loop of the test object 

Table 8.4 show the results and observations for different parameter settings. The first column 

outlines the value of the time delays. The second column contains the respective L value when 

the test object is subject to the time delays in the feedback loop. The third column 

summarized our observations from the waveform plots.  

Table 8.4: Results and observations on changing value of time delays in the test object 

TD (s) L (rad/s) Observation 

0.001 0.118502 Waveforms have the same over-damped shape. No observed 

time delays. 

0.002 0.249934 In the waveform of test response of the test object, there exists a 

small overshoot. No observed time delays.  

0.005 0.688607 In the waveform of test response of the test object, there is a 

large oscillation. The model output is still over-damped. No 

observed time delays. Figure 8.12 shows a screenshot of the 

waveforms. 

Observations from Table 8.4 are summarized as follows: 

1) In terms of the shape of the waveforms, with the increase of time delays, the curve shape of 

the waveform of the test response from the model and the test object shows increasingly large 

discrepancy. Figure 8.12 shows the respective screenshot of waveforms of the test responses 

from the model and the test object when the test object has 10ms time delays in the feedback 

loop. A large discrepancy between the shapes of the waveforms can be observed. The left 

waveform is over-damped and the right waveform has a large oscillation. Difference in shapes 

between waveforms (of the test object and of the model) increases complexity in comparison 

between the waveforms.  

2) In terms of the L value, even when the time delay in the test object is only one sample (the 

step size of the simulation setting is 0.001s), the L value  is more than 10% of the final value 

of the input.  
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Figure 8.12: Screenshot of the test responses waveform when the test object is affected by a 10ms 

delay in the feedback loop 

From the above, it is clear that time delays in the feedback loop cause variation in signal value 

instead of causing a consistent time shift. Our understanding of this phenomenon is that this is 

due to a self-adjustment mechanism in the feedback control system that accounts for delayed 

sensor information. In the example in Figure 8.12, controller of the test objet receives the first 

several values of the controlled variable as 0. To make the controlled variable reach the target 

value, which is 1, the controller in the test object gives a ‘stronger’ control signal than the 

controller in the model. The result of this is an overshoot in the test response waveform from 

the test object. 

7.4.3 Summary 

To summarize the above two demonstrations, the following can be concluded: 

1)  Time delays outside the test object can be calculated correctly by the comparator using the 

method presented in Section 6.1.2.  

2)  In case of a time delays inside the test system, specifically, in the feedback loop of a 

control system, a variation in signal level is caused. A small time delay in the test object can 

cause the comparator to produce a result ‘fail’ because it causes a large difference between 

waveforms in signal value. 

3) A small time delay inside the test object may, in fact, cause a large change inside the test 

object. In our case, for example, it influences the shape of the waveforms and the signal 

values. The difference between the shapes of the waveforms adds the difficulty for calculating 

the correct timing accuracy. It should be noted, however, that this is in the case for the test 

object that is a feedback control system and for a limited setup. Similar setups with other test 

objects and with time delays introduced in other locations of the feedback control system is 

worth to consider in future work, as discussed in Chapter 9. 

7.5 Demonstration of the Comparator with Various Test Stimuli 

Demonstrations in this part are performed with several types of signals. For each type of 

signals, the demonstration has different goals, as introduced in the beginning of Chapter 7.  

A PI controller with P= 0.38 and I =0.26 is used in all the demonstrations in this section. The 

test object is subject to only time delays outside the test object and to the measurement noise. 
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Reasons of excluding time delays inside the test object and the noise in other locations from 

this demonstration are as follows: 

1) Demonstration results in Section 7.4.2 show that timing accuracy of a test object can be 

complex to be verified when there is a time delays in the feedback loop.  

2) Demonstration results in Section 7.3.1 and Section 7.3.2 show that impact caused by the 

noise inside and outside the test object only differs in quantity. Thus, demonstrations with the 

measurement noise should be sufficient in this section.  

When changing the type of a signal, steps introduced in Appendix B can be followed. For 

changes of parameters of the same signal, there is no need to follow steps in Appendix B. The 

SIT server, introduced in Chapter 5, can assist with this type of changes.   

The signals used as test stimuli in the demonstrations in this section are listed in Table 8.5. 

Possible parameters that are possible for changing of values are listed in the third column of 

Table 8.5. 

Table 8.5: Other test stimuli for demonstrations  

 

7.5.1 Demonstration 4 – Step Signal as Test Stimulus 

This demonstration is performed with a step signal as input. Time delays outside the test 

object are added for investigation on whether the comparator in the workbench can calculate 

the right time delay and give an appropriate calculation of signal level accuracy. The result is 

shown in Table 8.6.  



 

 

70 

 

Table 8.6: Results with a step signal as input 

 Parameters Results 

Step 

signal 

Final 

value 

(rad/s) 

SD of Noise 

(rad/s) 

Amplitude 

of the pulse 

signal (V) 

Added time 

delays (ms) 

Time 

delays 

(ms) 

L(rad/s) P/F 

1 0 0 2 2 0.0005681 P 

1 0.005 0 2 2 0.0162298 P 

1 0.005 0.0030 2 2 0.0168951 P 

1 0.005 0.0031 2 2 0.0171392 F 

Table 8.6 shows the demonstration settings and the result. The parameters that are available 

for changing include the final value of the step signal, SD of the noise, the amplitude of the 

pulse signal and the size of the added time delays. The results contain the calculated time 

delays, the L value and the test result. The noise in the environment is still Gaussian white 

noise with distribution NM1. The L value, when the test object is subject to noise with this 

distribution, is 0.0162298(rad/s). The threshold is set to be 0.017 (rad/s).   

The result shows that:  

1) An added time delays can be calculated correctly as can be seen from the fourth row in 

Parameters area and in the first row in Results area. 

2) After a correct calculation of the time delays, the difference between samples can be 

calculated. This can be seen from the L value in the second row of Results area. 

3) When there are no noise and faults, which is the case of the first row, the L value is very 

small but not zero, which can be ascribed to the difference between Simulink and LabVIEW 

in numerical calculation.  

4) In the demonstration, with a modeled noise and fault behavior, the test result is ‘Fail’ after 

the amplitude of the pulse signal exceeds 0.003 (V).  

7.5.2 Demonstration 5 – Pulse Generator as Test Stimuli 

This demonstration is performed with a pulse signal as test stimulus. This input pulse signal 

has a duty cycle of 50% and a period of 2s. To eliminate confusion between the input pulse 

signal and the pulse signal, which is the modeled behavior of the fault, the first pulse signal is 

referred to as the input signal in this section and the second pulse signal is referred to as pulse 

signal in this section. The main purpose of this demonstration is to see whether the workbench 

can successfully find the time when the faulty behaviour appears, which is the “Indicating 

Time”. As shown in Section 7.5.1, the time delay can be calculated correctly, thus in all the 

tables hereafter, settings and result about the time delay is not be shown anymore. 

Table 8.7: Demonstration results with a pulse signal as test stimulus 

 Parameters Results 

Pulse 

generator 

SD of Noise 

(rad/s)  

Amplitude of 

pulse signal(V) 

Start time and 

duration of the 

pulse signal (s) 

L(rad/s) Indicating 

Time 

0 0 0.5  0.2 0.0059069 1.002s 

0.005 0 0.5  0.2 0.0162298 0.131s 

0.005 0.002 0.5  0.2 0.0162298 0.131s 
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The first row of Table 8.7 is the case with no noise and no fault. The “Indicating Time” is 

1.002s. This is when the input signal, as well as the output signal has a sudden change. The 

second row is when the test object is subject to the noise. The “Indicating Time” is 0.131s. 

This can be explained by the randomness of the noise. When amplitude of the pulse signal is 

0.002(V), which is presented in the third row, the “Indicating Time” is still 0.131s. This is due 

to the fact that the signal level of the pulse signal is not large enough to have a ‘larger’ impact 

than the noise, which is also the case that was plotted in Figure 8.10 in Section 7.2.1. 

When the amplitude of the pulse signal is 0.003(V), outlined on Row 4 and Row 5, the L 

appears at the time when there is a pulse signal. Though the L value does not occur exactly at 

the first sample when the pulse signal begins, it occurs eventually at some point where the 

pulse signal is still present.  

7.5.3 Demonstration 6 – Ramp Signal with Changing Parameters as Test Stimuli 

In this part, three groups of demonstrations are performed to illustrate how changes of the 

parameters setting of a ramp signal influence the workbench. A ramp signal has two 

parameters that are available for changing: the start time and the slope. The environmental 

noise is still a Gaussian white noise with distribution NM1. The threshold value is set again 

when the parameter setting changes.  

Table 8.8: Demonstration results with changing parameters of a ramp signal 

Setup  Parameters Results 

 Start time (s) Slope SD of Noise 

(rad/s) 

Amplitude of the 

pulse signal(V) 

L(rad/s) P/F 

1 Slope=1, start time=0s, the environmental noise is a Gaussian white noise with 

SD =0.5(rad/s). L=0.0159547(rad/s). Threshold is set to be 0.016(rad/s). 

0 1 0 0 1.40465E-5 P 

0 1 0.005 0 0.0159547 P 

0 1 0.005 0.001 0.0159547 P 

0 1 0.005 0.002 0.0159547 P 

0 1 0.005 0.003 0.0168856 F 

2 Slope=2, start time=0s, the environmental noise is a Gaussian white noise with 

SD =0.5(rad/s). L=0.0159512(rad/s). Threshold is set to be 0.016(rad/s). 

0 2 0 0 2.8093E-5 P 

0 2 0.005 0.002 0.0159512 P 

0 2 0.005 0.003 0.0168075 F 

3 Slope=1, start time=1s, the environmental noise is a Gaussian white noise with 

SD =0.5(rad/s). L=0.0159581(rad/s). Threshold is set to be 0.016(rad/s). 

1 1 0 0 1.29403E-5 P 

1 1 0 0.002 0.0159581 P 

1 1 0 0.003 0.0167881 F 

 

Table 8.8 shows the settings and the results of the three demonstration setups. These setups 

differ in the parameter settings of the ramp signal. After comparing the results, it can be seen 

that (1) both changing slope and changing start time give very little change in the L value: (2) 

0.005 0.003 0.5  0.2 0.0165755 0.552s 

0.005 0.003 1.5  0.2 0.0168838 1.514s 

0.005 0.004 0.5  0.2 0.0189319 0.552s 



 

 

72 

 

the set thresholds of these three groups of demonstration are the same and (3), last but not 

least, an interesting result is when the slope is two times larger, the L value is also exact two 

times larger. An explanation can be seen from the end of Section 7.5.4. 

7.5.4 Demonstration 7 – Sine Wave with Changing Parameters as Test Stimuli 

The same demonstration is performed on a sine wave. The parameters that are changed are the 

amplitude and frequency of the sine wave. Similar, three setups of the demonstration are 

settled to evaluate whether changes of amplitude and frequency influence the comparator in 

performing its functions. The environmental noise is still a Gaussian white noise with 

distribution NM1. A threshold value is re-set at each parameter setting change.  

Table 8.9: Demonstration results with changing parameters of a sine wave 

Setup Parameters Results 

 Amplitude of 

sine wave 

(rad/s) 

Frequency 

of sine 

wave(rad) 

SD of 

Noise 

(rad/s) 

Amplitude of the 

pulse signal (V) 

L(rad/s) P/F 

1 Amplitude=1(rad/s), Frequency=pi (rad), the environmental noise is a Gaussian 

white noise with SD=0.5(rad/s). L=0.0157715(rad/s). Threshold is set to be 

0.016(rad/s). 

1 pi  0 0 0.00296500 P 

1 pi  0.005 0 0.01577150 P 

1 pi 0.005 0.002 0.01577150 P 

1 pi 0.005 0.003 0.01667650 F 

2 Amplitude=2(rad/s), Frequency=pi (rad), the environmental noise is a Gaussian 

white noise with SD=0.5(rad/s). L=0.0173462 (rad/s). Threshold is set to be 

0.018(rad/s). 

2 pi 0 0 0.00592993 P 

2 pi 0.005 0 0.01734620 P 

2 pi 0.005 0.003 0.01730000 P 

2 pi 0.005 0.004 0.01892130 F 

3 Amplitude=1(rad/s), Frequency=2·pi (rad), the environmental noise is a Gaussian 

white noise with SD=0.5(rad/s). L=0.0170061 (rad/s). Threshold is set to be 

0.018(rad/s). 

1 2·pi  0 0 0.00589616 P 

1 2·pi 0.005 0 0.01700610 P 

1 2·pi 0.005 0.004 0.01757390 P 

1 2·pi 0.005 0.005 0.01993030 F 

The result is shown in Table 8.9. There are three rows that present setting of parameters of the 

sine wave and the respective threshold setting. To summarize, influence of parameter changes 

has the following two implications: 

1) When the test object is subject to the Gaussian white noise with the same distribution, the L 

value changes with the change of the input signal. The change of the L value also leads to a 

change in the setting of the threshold. This indicates that the threshold value does not only 

depend on the environmental noise, but it also depends on the test stimuli.   

2) When the test object is subject to no noise and no faults, L value increases when the 

amplitude or the frequency increase. To be specific: when amplitude is two times larger, the L 

value becomes two times larger; when frequency is two times larger, the L value is about two 
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times larger. This can indicate that the difference between Simulink and LabVIEW in 

numerical calculation depends on (1) the amplitude of the involved numerical values and (2) 

frequency of changes of those numerical values. 

7.5.5 Summary 

In Section 7.5, six types of signals are used for the test stimuli in the demonstration of the 

comparator. Since the results for the last two signal types resembles the first four signal types, 

only the results of the first four signal types are shown. To summarize, the following has been 

observed during execution of the demonstration activities:  

1) The comparator of the workbench is able to estimate the timing accuracy and signal level 

accuracy when the test object is subject to noise and is subject to time delays outside the test 

object.  

2) The comparator of the workbench can provide a correct “Indicating Time”. 

3) The comparator of the workbench is able to estimate the timing accuracy and signal level 

accuracy for test stimuli of different types and with different signal parameter settings. 
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Chapter 8 

Case Study and Result 

Chapter 5 and Chapter 6 have introduced the design of a workbench which contains a 

comparator. The comparator should be able to perform two functions in order to verify a test 

object in terms of timing and accuracy. Chapter 7 has illustrated setups and demonstrated the 

functions of the comparator. These demonstrations have been performed under deterministic 

settings with faults, noise and time delays modelled in software environment. Results of the 

demonstrations have shown that the comparator is able to perform its functions in specific and 

controlled cases with some assumptions and limitations.  

In this chapter, the test object runs in a laboratory environment. Although it differs from a 

truly real life case in several aspects, the test object will be subject to real life noise, time 

delays and faults.  Section 8.1.1 introduces laboratory environment and activities performed 

during the case study. Section 8.1.2 introduces difference between the laboratory environment 

case study and a truly real life case. The remaining part of this chapter will focus on 

presenting how the comparator can perform its functions in this, close to realistic, setup. 

8.1 Introduction to the Case Study: 

The setup and equipment in the Control Theory Lab in Linköping University is borrowed in 

this case study [59], and will be introduced in Section 8.1.1. The test object built in this setup 

is a feedback control system consisting of a PID controller and a DC motor. 

The same test stimuli will be applied to the test object and a given model of this test object. 

The test response from the test object will be logged and imported to LabVIEW. The purpose 

of this case study is to check whether the comparator can perform its functions in this, close to 

realistic, setup. To remind, the functions considered are: (1) estimating the timing difference 

and difference in signal level; (2) setting a threshold and using it for judging whether there 

exist faults in the test object.  

8.1.1 Laboratory Equipment and Setup 

Figure 9.1 shows the setup in the Control Theory Lab and Table 9.1 shows the activities that 

are executed on each part of the setup. Objective of the feedback control loop of the setup is 

to steer the angle of the DC motor to follow the reference angle. Activities in Table 9.1 are 

grouped into activities performed on the Host computer, xPC target and the DC motor. They 

are listed in the respective columns and ordered according to the required execution sequence 

on each node. 

 
Figure 9.1: Laboratory equipment and setup 
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Table 9.1: Activities on each part of the laboratory setup: 

Host computer xPC target DC motor 

1) Design the controller in 

Simulink model. 

2) Generate code automatically 

from the Simulink model using 

Real-Time Workshop 

3) Download the code into the 

xPC target 

4) Receive the logged output data 

and saved it in a text file. 

Communicate with the host 

computer and the DC motor. 

A PID controller will then 

run on this target. 

 

1) Receive the control 

signal  

2) Send the output signal 

(the angle of the motor) 

into the xPC target. 

8.1.2 Comparison between the Laboratory Environment and a Real Life Environment 

Table 9.2 shows a comparison in several respects between the case study that is based on the 

laboratory environment and a real life case, which can be found in a real life environment. 

Table 8.2 also highlights assumptions for the case study with regard to noise and faults. 

Table 9.2: Comparison between the case study and a real life case  

 The case study in the close to 

realistic lab environment 

A possible real life case in an 

example of real life environment 

General properties 

of environment  

Normal temperature (25°C) 

and humidity (30%-50%) 

An environment where a real case 

runs can be tough, for example, high 

temperature (>50°C) and high 

humidity (> 90%). 

What is considered 

as faults? 

Faults in both situation refer to any wrong operations during the 

design and implementation that can cause errors 

What is considered 

as noise? 

Noise in both the laboratory environment and a real life example 

consists of the following types: 

1) Quantization noise, which is caused by the transition from different 

data type with various precision. 

2) Random and unavoidable noise can be presented in the 

environment 

Subject to noise and 

faults? 

The test object will be 

considered as fault free if 

correctly following the lab 

instruction. The test object is, 

however, exposed to noise. 

A test object can be subject to various 

faults, including systematic faults, 

operational faults, etc [60]. At the 

same time, a test object can be also 

exposed to various types of 

environmental variations 

As can be observed from the above table, the main difference is that a test object in the case 

study is deemed as faults free, which will lead to the following: 

1) In our case study, the noise information can be obtained directly from subtraction between 

the test responses of the test object and the model. In a real life case, the knowledge of the 

noise should either be obtained from the requirement specification or through other methods 

of measurement and calculation (e.g. by placement of measurement equipment before 

installation of the verification system, then gathering of measurement data and following 

calibration of the verification system before the actual system installation).   
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2) To demonstrate the comparator’s function to detect faults (that uses a threshold), faults will 

be injected into the test object “on purpose” in our case study. In a real life case, faults will be 

inevitably induced into the test object during implementation process. Moreover, test 

engineers are unaware of the existence of these faults before testing, while, in our case study, 

faults are known.  

The impact of these differences on the applicability of the comparator in real life case 

scenarios will be discussed in Section 8.4. 

8.2 Steps of the Case Study 

Table 9.3 shows five steps that are performed for conducting our case study. Step 1 deals with 

building and simulating the model of the test object in Simulink. Step 2 shows the setup of the 

test object in the laboratory environment. Step 3 shows how the comparator can perform its 

functions of estimating differences in timing and signal value and of setting a threshold.  Step 

4 introduces faults to be injected into the test object. In Step 5, the test response from Step 4 is 

compared with the test response from the model to manifest the presence of faults. 

Table 9.3: Steps of conducting the case study 

Step Activities Introduced in  

1 In Simulink, build the model. This model includes the following: 

1) A model of the DC motor with known transfer function, which 

will be referred to as F(s) 

2) A model of the PID controller with the PID setting as shown in 

Table 9.3. 

3) A periodic sine wave as test stimuli. 

The output waveform from the model will be referred to as M(t) 

Section 8.2.1 

 

2 In laboratory environment: 

1) Download the controller into the xPC target 

2) Collect output data T(t) 

Section 8.2.2 

 

3 In the workbench with a comparator: 

1) Import T(t) and M(t) to the workbench 

2) Estimate the timing difference and difference in signal level 

3) Set a threshold in signal value 

Section 8.2.3 

 

4 In the laboratory environment: 

1) Inject faults 

2) Collect output data Tf(t) 

Section 8.2.4 

5 In the workbench with the comparator: 

1) Import Tf(t) and M(t)  

2) Estimate the timing difference and difference in signal level  

3) Use the threshold to detect faults. 

Section 8.2.5 

8.2.1 Building and Simulating the Model of the Test Object in Simulink  

The test object is modeled in a Simulink model, which is shown in Figure 9.2. The Simulink 

model consists of a model of the PID controller and a DC motor model, which is represented 

by the transfer function F(s). Parameter settings of all parts in this model are shown in Table 

9.4. A tuning result of P=1, I=10, D=0.1 gives good control performance for the output signal 

M (t).  
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Figure 9.2: Simulink model of the test object  

Table 9.4: Parameter settings in the Simulink model 

Reference signal Motor PID controller Other settings 

A Sine Wave with 

Amplitude: 5 rad 

Frequency: 2 rad/s 

     
    

          
 

P=1 

I=10 

D=0.1 

 

1) Control signal is bounded 

within [-10 10] V interval. 

2) Sampling time: 0.02s 

3) Simulation time: 10s 

8.2.2 The Setup of the Test Object  

Figure 9.3 shows the setup of the test object in the laboratory environment. The controller part 

of the test object runs on the xPC target. The controller has the same parameter setting as that 

in the controller of the model. Sine wave with the same parameters as that in the model will 

be applied to the test object as reference signal. 

The output signal will be referred to as T(t). It is considered as fault free but contains 

unavoidable noise. This means that the test object is subject to quantization noise and random 

environmental noise, but the implementation of the test object is functionally correct. T(t) is 

saved in a text file that will be used to import the signal into the workbench. 

 

Figure 9.3: The setup in the laboratory environment 

8.2.3 Setup for Estimating Noise and Setting a Threshold  

As introduced in Section 8.1, due to the fact that the test object is implemented by following 

the lab instructions, used for education purpose and thoroughly verified, the test object is thus 

considered as fault free. Hence, noise can be obtained by a subtraction between T(t) and M(t). 
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The comparator, which has the function of estimating the difference between test responses 

from the test object and the model, can be used for this purpose. 

Figure 9.4 shows how the comparator is used to estimate the noise and to set a threshold in 

signal value. T(t), which is stored in a text file, is imported into the workbench. M(t) can be 

sent into the workbench through the Simulation Interface Toolkit (SIT) server as introduced in 

Chapter 5. Results of this part are later presented in Section 8.3.3. 

 

Figure 9.4: Setup for estimating noise and setting a threshold  

8.2.4 Fault Injection into the Test Object 

The test object which is introduced in Section 8.2.3 is fault free. To show that the comparator 

can tell whether a test object contains faults, we will use fault injection technique. Two faults 

are injected into the test object simultaneously. The two faults are listed in Table 9.5. In 

common fault injection technique, fault is injected one by one for the convenience of 

illustration. In this case study, two faults are injected simultaneously because these two faults 

have little influence on each other. Their respective impact on the test object is explained in 

the later part of this section. 

In general, there are lots of possible faults that could have been injected. The listed two are 

convenient to inject and are thus chosen for illustration purpose. Note also that these two 

faults are selected such that they do not mask each other and have a visible effect on the 

system behaviour. By injecting Fault1, we change the bound of the control signal. By 

injecting Fault 2, we changed the initial angle of the motor, which means that the initial angle 

of the motor is not calibrated into 0 rad as it should be in the correct setup. The output signal 

from this step is referred to as Tf(t) in the text. 
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Table 9.5: Injected faults 

Fault   Injected fault 

1 The control signal has a bound of [-4 6] V instead of [-10 10] V. 

2 The initial angle of the DC motor has not been calibrated to 0 rad. 

8.2.5 Verification the Test Object Using the Comparator 

Figure 9.5 shows the setup of verifying the test object with the comparator. The test response 

Tf(t) from Step 4 is imported into the workbench. Through the SIT server, M(t) from Step1 is 

also sent to the workbench. The comparator will receives Tf(t) and M(t) as inputs and 

calculates their difference both in timing and in signal level. By using a threshold in signal 

value set in Step 3, the comparator is able to give a test result by comparing the threshold in 

signal value and the difference in signal level. 

 

Figure 9.5: Verification of the test object  

8.3 Result of the Case Study 

This part outlines the result of demonstrating the functions of the test object. Section 8.3.1 

presents the result of estimating the timing difference and difference in signal level when the 

test object is free from faults. Section 8.3.1 shows the result of timing difference and 

difference in signal value when the test object is subject to the injected faults.  

8.3.1 Noise Estimation and Setting a Threshold  

Figure 9.6 shows the two waveforms which represent the output signals of the model and the 

test object. When estimating the timing difference, LSM method, which was discussed in 

Section 6.1.2, is applied. TL, the shift window size of the LSM method, is set to be 20 samples 

length, which means the method can only calculate a time delays less than 20·20ms= 0.4s. 

With this setting, the result shows in the workbench is that, there exists no timing difference 

between these two waveforms. Difference in signal value is shown in Figure 9.7.  
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Figure 9.6: Waveforms of the output signals 

 

Figure 9.7: Difference in signal value without adjustment 

An interesting phenomenon happens when TL of the LSM method is set to be larger than 99 

samples length. The estimation result that is given by the LSM method says that the 

waveform of the test object is 99 samples delayed compared with the waveform of the model. 

It can be explained by considering the following: 

1) The output signal is a periodic sine wave. Each period of the sine wave contains 100 

samples (The period of the sine wave is 2s and the sample time is 20ms). 

2) Our LSM method can only estimate the case that the test object is delayed compared with 

the model. The case that a test object is ahead of the model cannot be correctly estimated by 

our LSM method. 

As the result, a sample delay in the model consequently causes our LSM method to regard 

that the waveform of the test object is delayed by 99 samples.  

To show the given explanation is reasonable, some adjustments have been made to the output 

waveforms of the test object. These adjustments contain the following: 

1) Truncate the first 100 samples, out of the 500 samples in the waveform of the model. 
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2) Truncate the first 99 samples out of the 500 samples in the waveform of the test object.  

The two waveforms after the above adjustments are shown in Figure 9.8. 

 

Figure 9.8: Waveforms of the output signals after adjustments 

Result of applying LSM method on the two new output waveforms has shown that there is no 

timing difference between them. A plot of the difference in signal value of the two new output 

waveforms is shown in Figure 9.9.  

 

Figure 9.9: Difference in signal value after some adjustment 

The largest difference in signal value that is shown in Figure 9.7 is around 0.42 rad. As a 

contrast, the largest difference in signal value that is shown in Figure 9.9 is less than 0.3 rad. 

A comparison between these two values has shown that, the difference in signal value is 

reduced by a large extent after the adjustments, which confirms our explanation about the 99-

sample delay before adjustments. This indicates that the waveform of the test object is 

actually one sample ahead compared with the waveform of the model. 

This result intrigued reflections on the assumptions used in the LSM method that is discussed 

in Section 6.1.3. The assumption says that most of the time, signal is slower instead of faster 

than what it should. However, in this “close to realistic” case, the output signal of a test object 

can be ahead of its model. This assumption can be addressed as part of future work for 

extending our LSM method, so that the case that the test object is ahead can also be estimated.  
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Though an adjustment has given a satisfying result about the difference in signal value, as 

plotted in Figure 9.9, the difference in signal value is still about 2% of the amplitude of the 

sine wave. One primary reason for the difference between the waveforms from the test object 

and the model is due to the imperfection in implementation. For example, the transfer 

function of the DC motor is not a perfect representation of the behavior of a physical DC 

motor. This can explain the periodic difference between the waveforms from the test object 

and the model.  For example, when the angle of the motor is in its peak value, which stands 

for the time that the motor begin to change its rotating direction, there is a spike in the 

“difference waveform” (shown in Figure 9.9). The physical motor has inertial in turning its 

rotating direction, however, the transfer function of the DC motor did not represent this 

behavior, thus causing a ‘pike’ in the “difference waveform”. 

In addition, there could be other factors that contribute to this difference, including: 

1) Quantization noise, which is a consequence of transiting from floating point arithmetic 

to fixed-point arithmetic and Analog/Digital (AD) Conversion [8]. 

2) Random environmental noise due to the imperfections in electronic components, 

temperature, humidity, etc. 

3) Different solvers that have been adopted by the model and the target, on which the              

controller runs. 

The above factors have caused difference between the output signal of the test object and the 

output signal of the model. However, in this case, the implementation of the test object 

closely follows the lab instructions and the test object should be considered functionally 

correct according to assumptions presented in Table 9.2 for the case study. Therefore, the two 

signals should be considered to be the same and, consequently, these differences should be 

tolerated. 

To check whether our comparator can perform its functions with the existing design, the 

estimation result before adjustment has been used. The L value in Figure 9.7 is 0.442676 

(rad); a threshold in signal value is thus set to be 0.443000(rad). As stated in Section 6.2.3, in 

general, the extent of threshold over L is application dependent. It should be noted that, for 

some systems, a threshold can be set equal or even lower than L value. For other systems, TL 

can be set somewhat larger than L (as in this case study). 

8.3.2 Verification of the Test Object 

Section 8.2.4 has introduced how faults are added into the test object. Figure 9.10 shows the 

waveform which represents the output signal from the test object and the model. As can be 

observed, due to the fact that there is no calibration at the start point, the initial part of the 

output signal deviates from the expected output signal by a large extent. 
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Figure 9.10: Waveform of the output signals 

Result of applying LSM method on these two waveforms has shown that there is no timing 

difference between the waveforms. Difference plot in signal level is shown in Figure 9.11.  

 

Figure 9.11: Difference in signal level  

Observation from Figure 9.11 shows that there is a very big difference between the test object 

and the model at the starting point of the waveforms. This is due to no calibration for the 

starting angle of the motor. After 0.5s, the difference becomes periodic. The largest difference 

between 0.5s to 10s is around 0.48 rad. This is larger than the threshold, which can be 

explained by the changed bound of the control signal. This means that both faults have caused 

a larger difference than the threshold value, and the threshold has been successfully applied 

for manifestation of faults. 

8.4 Summary and Reflections 

This chapter has introduced a “close to realistic” case study with the test object running in the 

laboratory environment. This case study is still a bit away from a possible real life case 

exemplified in Section 8.1.2. However, compared to the demonstrations in Chapter 7, the case 

study is a large step towards closeness to a real life case scenario.   

A qualitative comparison between the theoretical demonstration, the case study presented in 

this chapter and an example of a real life case is shown in Table 9.6. The purpose of the 

comparator in each of these setups is listed in the second row of the table. It shows the 
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functions of the comparator in a B2B test. These functions are present in all setups but 

modification or adaptation of the comparator can be necessary. 

As introduced in Section 4.3 and Section 8.1.2, a test object that runs on its target hardware is 

exposed to environmental variations. For test stimuli and responses of signal type, we will 

only consider environmental variations that are represented by time delays and noise. We only 

consider the noise that does not cause the test object to fail to perform its functions. These 

noises include the following three types,  

(1) Imperfection of the model in representing the physical behavior of the test object 

(2) Quantization noise caused by Analog to Digital (A/D) conversion and data type 

transformations, and  

(3) Random unavoidable environmental noise.  

To set a threshold to tolerate the noise, the comparator should have a pre-knowledge of the 

noise.  The third row in Table 9.6 illustrates the different method for obtaining the noise 

information between the setups. Faults that have been introduced in Section 4.2 and Section 

8.1.2 are regarded as an incorrect operation in software and hardware implementation that 

may cause the test object to fail to perform its functionalities correctly. As test responses of a 

test object are subject to influence from both faults and noise, some methods need to be 

adopted to be suitable for usage in the comparator’s functions. The fourth row in Table 9.6 

shows the difference with respect to this particular issue, including suggestion of the measures 

for applying the comparator in an example of a real life case.  

Table 9.6: Comparison between demonstration, “close to real” case study and an example of a 

real life case scenario 

 The design and the  

demonstration part 

“Close to real” case 

study 

Example of a real life case 

scenario 

 

Purpose:  Usage of the comparator to set a threshold  

 The threshold can tolerate noise induced difference but reject fault 

induced difference 

How to get 

the noise 

Assumption that the 

noise is known from 

the requirement 

specification. 

The noise will be 

derived from the 

difference between 

the test responses 

when the test object 

is free from faults 

The noise is obtained by 

measuring. Possible 

suggestions of designing a 

noise estimator will be 

discussed in Chapter 9 as 

part of future work. 

How to 

separate 

noise and 

faults 

Simulating the test 

object in the software 

environment and 

modeling the noise 

The test object is 

known to be fault free 

The same method in the 

demonstration part can be 

applied in a real life case 

Where 

comes the 

faults 

Modeling the fault in 

software environment 

Fault is injected into 

the test object 

manually 

Potential faults will be 

introduced into the test 

object during the 

implementation. These faults 

can include: systematic 

faults, operational faults, 

software faults, etc. 



 

 

86 

 

Some observations and conclusions from the table are listed can be summarized as follows: 

1) To apply the comparator in a real life case, we need to have either a pre-knowledge of the 

noise from the requirement specification or we need to have a noise estimator (that analyses 

measured noise for the following calibration of the comparator). This is out of scope of this 

thesis but some ideas are suggested in Chapter 9 as part of future work.  

2) To set a threshold that can differentiate between noise and faults, some methods needs to 

be taken in a real life case to separate the influence of noise and faults.   

3) With the threshold set, the comparator should be able to detect faults induced during 

implementation as in the case of fault injection discussed in Section 8.2.4. This has also been 

discussed in Section 7.2.4. Further evaluation of this property can be interesting, where 

known benchmarks for fault injection should be used. It is considered as part of future work in 

Chapter 9.  
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Chapter 9 

Conclusions and Future work 

Chapter 4 has presented a conceptual verification system. Chapters 5-6 have introduced a 

workbench that is used to analyze the conceptual verification system. Chapter 7 has shown 

setup and results in demonstrating the functions of the comparator. Chapter 8 has extended the 

demonstration of the comparator towards a “close to real” case study in a laboratory 

environment. This chapter presents conclusions and future work. In the conclusion part of this 

chapter, the goal of our work, and the results of our work that correspond to this goal are re-

stated and summarized. Suggestions regarding elimination of the limitations and softening 

assumptions of the work, with suggestions of other alternative solutions in designing the 

comparator, are introduced in the future work part of this chapter.  

9.1 Conclusions 

The purpose of our work was to investigate how and whether the timing and accuracy of the 

test object can be verified against its model when the test object “under development” is in the 

stage of hardware-software integration (HSI) and is subject to the influence of environmental 

variations during verification with B2B testing. 

To achieve the goal, in Chapter 4, we have proposed a verification system that uses B2B 

testing method to compare a test object that runs on its target hardware against its model. This 

conceptual verification system consisted of a test stimuli manager and a comparator. The 

comparator could perform two functions: (1) estimating the timing accuracy and accuracy in 

signal level, and (2) tolerating variations-induced mismatches between the test object and the 

model and manifesting faults-induced mismatches between the test object and the model. 

To analyze the comparator in the verification system, Chapters 5 and 6 have presented the 

design of the workbench with the comparator. This comparator is, in principle, able to 

perform the same functions as the comparator in the conceptual verification system. 

Regarding the first function, the LSM method and absolute differencing method, introduced 

in Section 6.1.1 and 6.1.2, were adopted respectively for estimating timing accuracy and 

signal level accuracy, respectively. Regarding the second function, we used thresholds in both 

timing and signal level to implement the tolerance. To get the threshold in signal level, we 

propose a “process method”. In this process method, the test object and noise are modeled in 

software to separate the influence from the hardware and the noise. The timing threshold is 

highly application-dependent and thus we do have to consider application in order to set it. As 

a result, to set a tolerance for timing in our comparator, it is required that the related 

information is stated in the requirement specification. With the threshold set, the comparator 

can compare the timing and signal level difference with their corresponding threshold, thus 

verifying the test object with regard to timing and accuracy. 

The demonstration part in Chapter 7 showed that the comparator was able to perform its two 

functions. A feedback control system that contains a PI controller and a DC motor as plant 

was used as the test object. In relation to the first function: it was demonstrated that timing 

accuracy and accuracy in signal level can be estimated using the threshold-based methods. An 

exception in our demonstration is the case of estimating timing accuracy with time delays 

inside the test object. Due to the large discrepancy between the test responses from the test 
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object and the model, it was difficult for the comparator to estimate the timing accuracy 

correctly.  

In relation to the second function: it was been demonstrated that a threshold in signal level 

can be set with the introduced setup. This threshold can be used to reject faults that cause 

larger difference than the threshold value. The comparator was not able to set a timing 

threshold due to the specification-related setting of this threshold, which is highly application-

dependent. Such specification should exist in the requirement specification before it can be 

used in the comparator. 

The case study in Chapter 8 was carried out in a laboratory environment and demonstrated 

applicability of the comparator in the “close to real” case. The test object was on its target 

hardware and was exposed to environmental noise. It was been demonstrated that the 

comparator was able to perform its first function, estimating the timing accuracy and accuracy 

in signal level. With respect to the second function, that is, tolerating variations-induced 

mismatches and manifesting faults-induced mismatches, due to the fact that the test object 

was considered to be faults-free, noise could be directly obtained from a comparison and 

calculation of the output signals from the model and the test object. A threshold was, thus, set 

based on the noise and used for judging the presence of faults.  

The demonstration part and the case study illustrated that the comparator is able to perform 

the necessary functions in supporting B2B testing method. Based on our evaluation, we also 

consider that the method can be used in truly real life case scenarios. 

To sum up, this work addressed the problem of performing B2B testing on a test object that 

consists of hardware and software, and is subject to environmental variations. Difficulty of 

this problem resides in evaluating the test results so that non-critical discrepancies between 

the test responses are tolerated and while the faults are still detected. A comparator with a 

threshold was designed to address the difficulty. The comparator was demonstrated with a 

limited set of cases to perform two functions, namely, (1) estimate the timing accuracy and 

accuracy in signal value, and (2) tolerating variations-induced mismatches between the test 

object and the model and manifesting faults-induced mismatches between the test object and 

the model. The comparator was further evaluated with a “close to real” case study in 

laboratory environment. 

9.2 Suggestions for Future Work 

Both the demonstration part and our laboratory “close to real” case study differ from real life 

case scenarios in several aspects. In Section 8.4, we presented a summary of the differences 

between these “setups”, and discussed impact on the comparator design and implementation. 

As part of future work, we would like to further soften assumptions and limitation, prove 

other methods for comparator and extend our current method in several directions. Future 

work can be grouped as follows:  

1) Consideration of other design options for the comparator. 

2) Development of measures to increase the applicability of the comparator for real life case 

scenarios. 

3) Addressing other relevant aspects.  



 

 

89 

 

9.2.1 Other Design Options for the Comparator 

During this work, many of the design options for the comparator were discussed but, due to 

lack of time, only one design alterative was implemented and evaluated. Thus, we would like 

to summarize other design options or methods that can be applied in estimating timing 

accuracy and accuracy in signal level. 

1) In the method presented in this work, calculating the timing difference is performed to the 

signal as a whole. This only works for signals with consistent timing difference for every 

sample. In the future work, more advanced methods can be applied in order to consider local 

temporal variations. For example, the same idea as the difference-metric method can be used 

[8]. In difference-metric method, an output signal can be adjusted by stretching or 

compressing it temporally to approximate the reference signal. This stretching or compressing 

can be done through re-parameterization of the output signal. 

Other suggestion can be to use correlation method for distinct area [40], thus local timing 

deviation can be calculated separately. To be able to give meaningful results, this method 

needs a pre-investigation of the size of the distinct area.  

2) In this work, absolute differencing method is used to estimate the difference in signal level. 

In future work, other methods that represent the amplitude difference in a different way can 

be applied. Possible options include relative differencing methods and slope-dependent 

methods [8]. The basic principle behind these methods is to assign higher weight to areas with 

small amplitudes or slopes and lower weight to areas with large amplitudes and slopes.  

9.2.2 Applicability of the Comparator in a Real Life Case Scenarios 

In this work, the setup of setting a threshold in signal level relies on pre-knowledge of the 

environmental noise. In the demonstration part, we believe that noise information is given in 

the requirement specification. In the case study, noise is directly obtained from the calculation 

of output signals. As the feasibility of acquiring noise information is unknown, researching on 

methods for designing a noise estimator can be a good suggestion for future work.  

For the random environmental noise, the following suggestions of designing a noise estimator 

can be adopted: 

 A noise estimator that contains an estimation algorithm that can estimate noise based 

on the following environmental parameters, which can include: humidity, temperature, 

and Electromagnetic Interference (EMI).  

 Another choice of obtaining noise can be: applying a high pass filter on the output 

signal of the test object. Distribution of high frequency noise can then be identified 

with some identification method. 

For the quantization error, which is signal dependent, several models can be used for 

calculation. For example, the formula in [61] can be used for calculation of the quantization 

error when the signal level and the number of quantization bits are known. 

9.2.3 Other Future Work 

In addition to the main directions of the future work discussed in the sections above, we 

would like to point on the following three extensions that can be useful and interesting to 

consider. 
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1) To reduce the potentially high false positive rate caused by setting a threshold with our 

method, some measures can be applied. For example, for detecting faults with a threshold by 

comparing the signal value difference with the threshold in signal value, we can have several 

repetitive test runs. If all of them fail the test, it will indicate a higher possibility of fault 

presence; if only one or few of them fail the test, it will indicate a higher possibility of “false 

positive”. 

2) We have only used one type of the test object for our demonstration and case study, and the 

demonstration result showed that correct estimation of the timing accuracy can be difficult in 

case of the time delays present inside the test object. In future work, other types of test object 

can be evaluated to see whether and how the comparator can perform its functions in case of 

“internal” time delays.  

3) In our current work, the comparator can only evaluate test response of signal type. Future 

work can involve developing a comparison method that can cope with other types of test 

response, for example, state transitions within the test object.  

4) The comparator should be able to detect the faults induced during implementation as in the 

case of fault injection. However, our fault injection was restricted to 2 faults and was 

performed for illustration purposes. To fully evaluate capacity of the comparator to manifest 

faults, further experimental evaluation of this property can be interesting. This can be done by 

using known benchmarks for fault injection. 

5) In our work, among the three requirements that are required by ISO26262, which are 

correct functional performance, accuracy and timing of safety mechanism, “correct functional 

performance of safety mechanism” is purposely left out from the scope of this work as it 

requires a separate testing approach with enhanced test stimuli. Results of this work can, 

however, be used to further develop B2B testing methods to account for evaluation of 

functional performance.  
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Appendix A 

Result of the Exploratory Literature Review period  

This part will show the results of searching with the two groups of keywords in Google, IEEE 

and Google Scholar. The total number of paper we have got in this period is 59. Table 12.1 

shows the result of searching with the first group of keywords. 

Table 12.1: Results of searching with the keywords¨ Back-to-back test¨ and ¨ Model based 

development¨ 

Search 

source 

The title of articles Noted as 

Google The Impact of Model-based Development in the Software Lifecycle 1G1 

 MC Checker brochure 1G2 

 Test Methods and Tools in Model based function development 1G3 

 Verification and Validation according to ISO26262_A Workflow to 

Facilitate the Development of High-Integrity Software 

1G4 

 Model-based Testing of Automotive Systems 1G5 

 A Model-Based Reference Workflow for the Development of Safety-

Critical Software 

1G 6 

 BTC Embedded Tester 1G 7 

 Model-Based Development of Safety-Critical Software: Safe and 

Efficient 

1G 8 

 ISO 26262 Compliant Automatic Requirements-Based Testing for 

TargetLink 

1G 9 

 Automatic Evaluation of ECU Software Tests 1G 10 

 Integrating Legacy Tools and Processes into Model based 

development for Embedded Applications 

1G 11 

 How to Use Automatic Test Vector Generation for Model  

Coverage? 

1G 12 

 BTC Embedded Tester for TargetLink-Fully Automated B2B Testing 1G 13 

 Introducing Model Based Techniques into Development of Real Time 

Embedded Applications 

1G 14 

 Code Generator Testing in Practice 1G 15 

 Adopt a model-based testing approach Test industrialization with 

IBM Rational and Smartesting 

1G 16 

 Model-based Testing of Real-Time Embedded Systems in the 

Automotive Domain 

1G 17 

 Derivation of Executable Test Models from Embedded System 

Models Using Model Driven Architecture Artefacts 

1G 18 

 Systematic Testing of Embedded Automotive Software: The 

Classification-Tree Method for Embedded Systems 

1G 19 

 Software testing using model programs 1G 20 

 A Framework for Interlacing Test and Design 1G 21 

 

IEEE Real-Time Simulation of a Wind Energy System Based on the 

Doubly-Fed Induction Generator 

1I1 

 Operation and control of a multi-terminal DC network 1I 2 
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 A wind turbine emulator for generator control algorithm development 1I 3 

 Techniques for building dependable distributed systems: multi-

version software testing 

1I 4 

 IEEE Standard Glossary of Software Engineering Terminology 1I 5 

 Hardware simulator development for PMSG wind power system 1I 6 

 

Google 

scholar 

Modelling and control of a wind turbine driven doubly fed induction 

generator 

1GS1 

 The physics models of FLUKA: status and recent development 1GS 2 

 Dynamic model and control of the NPC-based back-to-back HVDC 

system 

1GS 3 

 Model-based testing of automotive systems 1GS 4 

 A Software Environment for Developing and Deploying Wireless 

Sensor Networks. 

1GS 5 

 Modelling and analysis of custom power systems by 

PSCAD/EMTDC 

1GS6 

 Doubly fed induction generator using back-to-back PWM converters 

and its application to variable-speed wind-energy generation 

1GS 7 

 Modelling of the wind turbine with a doubly fed induction generator 

for grid integration studies 

1GS 8 

 Development and testing of prototype models for a high-performance 

300 MW self-commutated AC/DC converter 

1GS 9 

 Polyp miss rate determined by tandem colonoscopy: a systematic 

review 

1GS 10 

 

The result of searching with the second group of keywords is shown in Table 12.2 

Table 12.2: Results of searching with the keywords ¨Hardware and Software Co-verification¨ 

and ¨conformance test¨ 

Search 

source 

The title of articles Noted 

as 

Google 

search 

An Automata-Theoretic Approach to HW SW co-verification 2G1 

 Formal Hardware Software Co-Verification by internal property 

checking with abstraction 

2G2 

 Co-Verification of Hardware and Software for ARM SoC Design 2G3 

 combining model checking and testing in a continuous HW and SW 

co- verification process 

2G4 

 A Framework for Automated HW SW Co-Verification of SystemC 

Designs using Timed Automata 

2G5 

 Hardware/Software Co-Design in the Rapid Prototyping of 

Application Specific Signal Processors Methodology 

2G6 

 A Survey of Techniques for the Co-Verification of hardware software 

co design systems 

2G7 

 Hardware-Software Implementation of MPEG-4 Video Codec 2G8 

 A Demonstration of Co-Design and Co-Verification in a  

Synchronous Language 

2G9 

 Automated Conformance Evaluation of System C designs using 

Timed Automata 

2G10 

http://www.nature.com/ajg/journal/v101/n2/abs/ajg200668a.html
http://www.nature.com/ajg/journal/v101/n2/abs/ajg200668a.html
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IEEE Using SSDE for USB2.0 conformance co-verification 2I1 

 Automated conformance evaluation of SystemC designs using timed 

automata 

2I2 

 

Google 

scholar 

Combining model checking and testing in a continuous HW/SW Co-

Verification process 

2GS1 

 System level design and verification using a synchronous language 2GS 2 

 Transaction level modelling of SoC with SystemC 2.0 2GS 3 

 Automated conformance evaluation of SystemC designs using timed 

automata 

2GS 4 

 Unified property specification for hardware/software co-verification 2GS 5 

 A demonstration of co-design and co-verification in a synchronous 

language 

2GS 6 

 A system-level co-verification environment for ATM hardware 

design 

2GS 7 

 A Framework for Automated HW/SW Co-Verification of SystemC 

Designs using Timed Automata 

2GS 8 

 Formalizing hardware/software interface specifications 2GS 9 

 H/WS/W co-verification in ATM 2GS 10 
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Appendix B 

The Focused Literature Review period 

Step 1 

In this step, we will assign the RF based on the relevance metric of all the articles that have 

been found in the Exploratory Literature Review period. 

 Relevance factor R1 R2 R3 R4 R5 

1G1 3 2 1 0 0 0 

1G2 3 1 1 0 0 0 

1G3 4 2 1 0 1 0 

1G4 4 2 2 0 0 0 

1G5 3 2 1 0 0 0 

1G 6 4 2 2 0 0 0 

1G 7 3 1 1 0 1 0 

1G 8 3 2 1 0 0 0 

1G 9 2 1 1 0 0 0 

1G 10 7 2 2 0 2 1 

1G 11 3 2 1 0 0 0 

1G 12 4 1 2 0 1 0 

1G 13 2 0 2 0 0 0 

1G 14 4 2 2 0 0 0 

1G 15 5 2 2 0 1 0 

1G 16 2 1 1 0 0 0 

1G 17 4 2 1 0 1 0 

1G 18 2 1 1 0 0 0 

1G 19 2 1 1 0 0 0 

1G 20 2 0 2 0 0 0 

1G 21 4 1 1 0 2 0 

================================================================= 

1I1 0 0 0 0 0 0 

1I2 0 0 0 0 0 0 

1I3 0 0 0 0 0 0 
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1I4 1 0 1 0 0 0 

1I5 0 0 0 0 0 0 

1I6 0 0 0 0 0 0 

================================================================= 

1GS1 0 0 0 0 0 0 

1GS 2 0 0 0 0 0 0 

1GS 3 0 0 0 0 0 0 

1GS 4 3 2 1 0 0 0 

1GS 5 0 0 0 0 0 0 

1GS6 0 0 0 0 0 0 

1GS 7 0 0 0 0 0 0 

1GS 8 0 0 0 0 0 0 

1GS 9 0 0 0 0 0 0 

1GS 10 0 0 0 0 0 0 

================================================================= 

2G1 0 0 0 0 0 0 

2G2 0 0 0 0 0 0 

2G3 0 0 0 0 0 0 

2G4 4 0 2 2 0 0 

2G5 4 0 1 2 1 0 

2G6 4 0 1 2 1 0 

2G7 3 0 1 1 1 0 

2G8 0 0 0 0 0 0 

2G9 2 0 0 2 0 0 

2G10 4 1 1 2 0 0 

================================================================= 

2I1 0 0 0 0 0 0 

2I2 Same as in G10      

================================================================= 

2GS1 Same as in 2G4      

2GS 2 0 0 0 0 0 0 

2GS 3 0 0 0 0 0 0 

2GS 4 Same as in 2G10      
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2GS 5 0 0 0 0 0 0 

2GS 6 Same as in G9      

2GS 7 2 0 0 2 0 0 

2GS 8 Same as in G5      

2GS 9 0 0 0 0 0 0 

2GS 10 0 0 0 0 0 0 

 

Step 2 

In this step, we will assign the QF all the articles that have a RF larger than 0. The number of 

papers that has a RF larger than “0” is 28. X in the table means that due to access reason, we 

cannot know what kind of paper the paper is, or how many other papers have cited it. 

Paper RF QF 

J/B/C/W C R 

1G1 3 0 0 0 

1G2 3 1 0 0 

1G3 4 1 1 8 

1G4 4 2 2 20 

1G5 3 2 45 9 

1G 6 4 2 3 12 

1G 7 3 0 0 0 

1G 8 3 1 0 0 

1G 9 2 2 X 22 

1G 10 7 3 14 20 

1G 11 3 X X 27 

1G 12 4 1 0 10 

1G 13 2 0 0 0 

1G 14 4 3 0 29 

1G 15 5 1 4 13 

1G 16 2 1 0 3 

1G 17 4 1 26 243 

1G 18 2 2 1 25 

1G 19 2 3 12 21 

1G 20 2 3 14 30 
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1G 21 4 3 1 13 

G4 4 3 10 28 

G5 4 3 4 72 

G6 4 3 2 0 

G7 3 2 0 36 

G9 2 2 3 7 

G10 4 2 7 20 

GS7 2 3 2 16 

 

Step 3 

Among the 28 papers that we have got in Step 2, pick out those papers that have a RF larger 

than 5, which are 1G10 and 1G15. Search for those papers that are the reference of or have 

cited these two papers.  

When collecting the reference of 1G10 and 1G15 and the paper that have cited these two 

papers, exclude those sources that are: 

1) Paper that is written in other non-English language. 

2) Website. 

3) Papers that have been already been found during the previous period. 

4) Papers that is not accessible. 

After excluding those papers that fall into any of the above types, we got 18 papers which are 

listed as below: 

Paper 1: 1G10: Automatic Evaluation of ECU Software Tests 

 Paper Noted as 

Reference 

of 1G10 

Using Model Coverage Analysis to Improve the Controls 

Development Process. 

3R1 

The Interplay between Model Coverage and Code Coverage 3R2 

Mixed Signals. In “Testing Embedded Software”  3R3 

Model-based testing of embedded automotive software using MTest 3R4 

Fundamentals of speech recognition 3R5 

Test Suite Design for Code Generation Tools.  3R6 

Papers 

that have 

cited 

Systematic testing of model-based code generators 3C1 

Evolutionary safety testing of embedded control software by 

automatically generating compact test data sequences 

3C2 
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1G10 Model-based validation of fuel cell hybrid vehicle control systems 3C3 

Code Generation Verification – Assessing Numerical Equivalence 

between Simulink Models and Generated Code 

3C4 

Paper 2: 1G15: Code Generator Testing in Practice  

Reference 

of 1G15 

Generating Test Cases for Code Generators by Unfolding Graph 

Transformation Systems 

4R1 

On the use of Graph Transformation in the Formal Specification of 

Model Interpreters. 

4R2 

Test Suite Design for Code Generation Tools. 4R3 

Practical Validation of Model Based Code Generation for 

Automotive Applications 

4R4 

Evolutionary Test Environment for Automatic Structural Testing. 

Special Issue of Information and Software Technology 

4R5 

Papers 

that have 

cited 

1G15 

Software engineering for automotive systems: A roadmap 4C1 

Overview of existing safeguarding techniques for automatically 

generated code 

4C2 

Effort Estimation in Model-Based Software Development 4C3 

 

Step 4 

In this step, we will assign the RF and QF for all the articles that have been collected in Step 3. 

We still follow the process that the RF will be assigned first and only papers that have a RF 

larger than 0 will be assigned a QF. 

Paper RF R1 R2 R3 R4 R5 

3R1 1 1 0 0 0 0 

3R2 1 1 0 0 0 0 

3R3 3 0 1 0 2 0 

3R4 2 0 1 1 0 0 

3R5 0 0 0 0 0 0 

3R6 1 1 0 0 0 0 

3C1 5 2 2 0 1 0 

3C2 0 0 0 0 0 0 

3C3 0 0 0 0 0 0 
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3C4 6 2 2 2 0 0 

4R1 2 2 0 0 0 0 

4R2 1 1 0 0 0 0 

4R3 2 2 0 0 0 0 

4R4 5 2 1 0 2 0 

4R5 0 0 0 0 0 0 

4C1 0 0 0 0 0 0 

4C2 5 2 2 0 1 0 

4C3 2 2 0 0 0 0 

 

The table below listed all the papers that have a RF larger than 0. Therefore, they are assigned 

QF. 

Paper RF QF 

J/B/C C R 

3R1 1 3 30 14 

3R2 1 3 24 27 

3R3 3 3 X 63 

3R4 2 2 36 8 

3R6 1 3 30 16 

3C1 5 3 27 59 

3C4 6 2 2 23 

4R1 2 3 30 19 

4R2 1 3 165 41 

4R3 2 2 30 16 

4R4 5 3 14 7 

4C2 5 3 34 14 

4C3 2 3 4 17 

As can be noticed, some of these papers are of high RF. However, after a further look into the 

content of them, it can be discovered that they do not add new ideas into the research topics. 

For example, 3C4 has a relevance factor of 6, but its content overlap with the content of 

[1G10], [1G14] and [1G21]. As a result, no reference investigation will be performed for 
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them anymore. And until here, we consider that what we have searched has a fulfilled a very 

high coverage of the target research area. 

 

Step 5 

From all the papers that we have kept in Step 2 (28 papers) and Step 4 (13 papers), we will do 

another step to filter out those that are with low relevance and low quality. The following 

rules will be followed: 

1) A paper that has a relevance factor smaller or equal than 2 will be deserted.  

2) A source that has less than 10 references will be casted away, unless the number of paper 

that have cited it is larger than 10 citations and it is a journal paper or a book. 

After this step, 14 papers out of the 28 papers have been kept, and 5 papers out of the 13 

papers have been kept. The result of this step is shown as below. For the convenience of 

categorization in the next period, the papers name will be listed and only the relevance factor 

will be shown. 

Paper Noted  

as 

RF R1 R2 R3 R4 R5 

Verification and Validation According to 

ISO26262: A Workflow to Facilitate the 

Development of High-Integrity Software  

[28] 4 2 2 0 0 0 

Model-based Testing of Automotive Systems  [7] 3 2 1 0 0 0 

A Model-Based Reference Workflow for the 

Development of Safety-Critical Software 

[29] 4 2 2 0 0 0 

Automatic Evaluation of ECU Software Tests  [8] 7 2 2 0 2 1 

Integrating Legacy Tools and Processes into 

Model-Based Development for Embedded 

Applications  

[30] 3  2 1 0 0 0 

How to Use Automatic Test Vector 

Generation for Model Coverage?  

[31] 4 1 2 0 1 0 

Introducing Model Based Techniques into 

Development of Real Time Embedded 

Applications  

[32] 4  2 2 0 0 0 

Code Generator Testing in Practice   [33] 5 2 2 0 1 0 

Model-based Testing of Real-Time 

Embedded Systems in the Automotive 

Domain   

[34] 4 2 1 0 1 0 

A Framework for Interlacing Test and Design   [35] 4 1 1 0 2 0 

Combining Model Checking and Testing in a 

Continuous HW and SW Co-verification 

Process   

[36] 4 0 2 2 0 0 

A Framework for Automated HW/SW Co-

Verification of SystemC Designs using Timed 

[37] 4 0 1 2 1 0 
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Automata 

A Survey of Techniques for the Co-

Verification of Hardware Software Co-design 

Systems   

[38] 3 0 1 1 1 0 

Automated Conformance Evaluation of 

System C Designs using Timed Automata  

[39] 4 1 1 2 0 0 

Mixed Signals. In “Testing Embedded 

Software” 

[40] 3 0 1 0 2 0 

Systematic testing of model-based code 

generators 

[41] 5 2 2 0 1 0 

Code Generation Verification – Assessing 

Numerical Equivalence between Simulink 

Models and Generated Code 

[13] 6 2 2 2 0 0 

Practical Validation of Model Based Code 

Generation for Automotive Applications 

[42] 5 2 1 0 2 0 

Overview of existing safeguarding techniques 

for automatically generated code 

[23] 5 2 2 0 1 0 



 

 

105 

 

Appendix C 

Set up Communication Interface 1&2 

The following steps, which are an adjustment from the steps that introduced in [62], show 

how to set up Communication Interface 1 and 2. After this setup, Simulink model of the test 

object can be controlled and observed in the workbench VI, and workbench VI can send test 

stimuli and receive test response from the test object VI. 

In Simulink: 

(1) Build a Simulink model of the test object. 

(2) Configure Matlab to launch SIT sever, this can be done manually by 

executing the following commands:  

addpath('X:\SimulationInterfaceToolkit'); 

NISIT_AddPaths; 

NISITServer; 

A message: ‘Starting the SIT Server on Port 6011, SIT Server started’ indicates 

a successful launch of the SIT server on Matlab.   

In LabVIEW: 

(1) Build the test object of the Simulink model in LabVIEW in “G” 

programming language, which will be referred as the test object VI hereafter. 

(2) Configure the connector pane in the front panel of the test object VI so that 

the test object VI can be used as a sub VI in the workbench VI that will be built 

in the later step. The connector pane is a visual representation of how inputs and 

outputs are connected to the SubVI from the calling VI.  

(3) Create the workbench VI.  

The workbench VI in LabVIEW contains a front panel and a block diagram. The 

front panel will provide the user interface. After the connection between the 

Simulink model and the workbench VI is built, controllers in the front panel will 

be used to change parameter settings of the source block in the Simulink model; 

indicators in the front panel will be used to display sink blocks in the Simulink 

model. 

In this step, not only indicators for Simulink sinks should be added into the front 

panel, indicators for displaying the outputs of the test object VI should also be 

added so that the outputs from the test object VI can be wired to the indicators in 

the block diagram of the workbench VI in step 5. 

 (4) Configure the SIT Connection Manager 
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This step is a key step in building up the connection between the Simulink 

model and the workbench VI. SIT connection Manager is a dialog box in the 

front panel. In SIT Connection Manager, we need to specify the Simulink model 

that the workbench VI will be connected to, as well as specifying the mapping 

between controls and parameters settings, and between indicators and sinks. 

The block diagram of a VI is the ‘code panel’ on which we can connect different 

nodes by connecting wires. After the SIT Connection Manager Dialog box in the 

front panel is configured, code that connects front panel controls and indicators 

with model parameters and sinks will be generated automatically in the block 

diagram. 

(5) Connect input to implementation VI 

In the block diagram of the workbench VI, add test object VI as a sub VI. The 

same controller that has been mapped to one specific setting of the Simulink 

source block will be wired to the input of the test object VI. In this way, the 

same inputs can be provided to both the model and the test object VI. 

For watching test responses from the test object VI in the front panel, we also 

need to wire the outputs of test object VI to the indicators that have already been 

added in step 3. 

 

Figure 14.1: Interaction between the Verification System, the Model and the Implementation 

Figure 14.1 gives an overview of the how the workbench VI interacts with the model and the 

test object VI. After the SIT connection manager is well configured and the test object VI has 

been wired together with controllers and indicators, we can run the workbench VI to see 

interactions through manipulating the controllers and observing the indicators.   
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Appendix D 

How test stimuli manager in a workbench VI works 

In Appendix A, it shows how a test stimulus is feed into the test object and the model, this 

part will present how the test stimuli manager change from the current test stimulus to the 

next stimuli that it want to send.  

We can take the example of changing the test stimuli from a step signal into a pulse generator. 

1)  Change the source block from a step signal into a pulse generator in the Simulink model. 

2)  Make the corresponding change in the test object VI. 

3) Decide what are the interesting input parameters and output variables. The inputs 

parameters can be, for example, the duty cycle and the period of a pulse generator. The output 

variables can be any variables that are of interest. 

4)  Configure the connector pane of the test object VI so that it can be used as a sub VI with 

the above interesting inputs and the outputs as interface. 

5)   Make changes in the workbench VI 

 In SIT connection manager: specify the model that is expected to be connected to; 

specify how the controllers are mapped to the parameters of the pulse generator block, 

and how the indicators are mapped to the sinks in the Simulink model. 

 In the block diagram: add the test object VI as a sub VI, and connect the controls and 

indicators to the interfaces of the sub VI. 
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