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Abstract. The work concerns the concept of assisting software supporting the 

design process of a selected class of the CPS (Cyber-Physical System) – a tractor 
drive system. The task was carried out in a process-oriented convention. The paper 

presents the characteristics of individual stages of the design task - the design of 

the tractor transmission electronic unit treated as a design case. To the classic 
substantive-model-staged narration, the characteristics of existing, acquired, 

developed and used personal knowledge of designers have been added. Attention 

was paid to the process, product models, requirements and constraints, aspects of 
analysis and synthesis, automation tools, and wider contexts of particular issues. 

The material collected in terms of the personal knowledge served to create the 

concept of an assistive system for designers to improve the design process through 
more precise and problem-dedicated knowledge and design models management. 

The proposed concept is based on design knowledge modelling and can be applied 

in the design process of the CPS or its elements. 
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Introduction 

The purpose of the work was to create a concept of assistive software, developed for 

designers, supporting the design process of the product treated as a CPS system. The 

authors decided to consider carefully the real-world task of designing the CPS system, 

implemented in a process-oriented convention, consisting of certain stages of the 

tractor transmission electronic unit (TCU) design process [1]. Characteristics of 

existing individual stages, acquired, developed and used personal knowledge of 

designers [2] have been added to the classic substantive-model-stage narration. 

Attention was paid to process and product models, requirements and constraints, 

aspects of analysis and synthesis, automation tools, and wider contexts of particular 

issues [3, 4]. The material was collected in terms of personal information and 

knowledge [2, 5, 6]. That information and knowledge was the result of the project 

realization, and was used to create the concept based on design knowledge modelling - 

of an assistive system for designers of the CPS or its elements. The main task of the 
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newly created tool concept is to support the multidisciplinary design process through 

more precise and problem-dedicated knowledge and design model management [7]. 

1. Related work and state of the art 

1.1 Design of CPS  

Designing of CPS-class systems and designing of machines with CPS elements is a 

relatively new area of research. Although in the literature we can find many works 

related to this subject (e.g. [10-12]), majority of them concern the perspective narrowed 

down to a specific class of cases or solutions (e.g. [10]). Relatively few of them 

propose more general and universal approaches [11-12]. The authors of this work were 

the developers of a real industrial project, the aim of which was to design a specific 

technical system with CPS elements. The project was implemented using classical 

design methods. One of the final conclusions was the suggestion of the whole process 

improvement by creating a concept and then building a dedicated environment 

supporting this class of tasks in the following areas: informal and formal knowledge 

consolidation/ storage/ management [14], creation and simulation / analysis of CPS 

models [10-12], supporting decision-making processes in design [2]. 

1.2 Engineering knowledge modelling   

The issues of engineering design knowledge acquisition, storage, and sharing are 

increasingly recognized as a priority. The following facts contributed to this: a 

significant increase in the complexity of project tasks (this is particularly evident in 

systems with CPS elements - the design space is significantly extended in relation to 

tasks without CPS), in projects it is necessary to cooperate and exchange information 

among many specialists from various disciplines (typical situation in CPS projects), it 

often takes place in a distributed environment, it is necessary to share information 

explaining and justifying certain design decisions. 

1.3 Characteristics of the proposed approach 

The characterization of the problems presented in the previous subsections recognizes 

the duality of project knowledge: a) informal knowledge close to the designer, b) 

formal knowledge, which gives the basis of simulation, analysis, etc. The completed 

project task showed that the design of the considered class of systems is in fact a 

penetrating and intensively cooperative combination of both knowledge approaches. 

This fact has also become the basis for creating the concept of an environment that 

supports designers. In many design processes (including the process presented in this 

paper), in which there are CPS elements, a very intensive, group conceptual design is 

necessary. It is a phase divided over the time in group sessions and individual work (or 

in small teams). There can be many such cycles: group sessions - individual work. The 

achievements of these stages are usually encapsulated in informal and formal 

knowledge forms. Sometimes, several alternative project threads are developed in 

parallel. The emergence of formal models allows both the use of specific tools for 

simulations and analyses as well as computer methods for supporting decision-making 

J. Pokojski et al. / Concept of an Assisting Tool in the Design and Development Process96



processes. It is important to quickly and efficiently implement individual actions – 

which means: modelling, integrating and making decisions. The informal knowledge 

can serve as a source of information about the knowledge processed in the project and 

become the basis for the development of automation tools [3, 4].  

The above conclusions also determined the structure of the whole work. Chapter 2 

introduces certain selected topics of the exemplary project. Chapter 3 presents the 

characteristics of the completed project task. Chapter 4 is a presentation of the concept 

of the assisting computing environment. 

2. Characteristics of the analyzed project task 

The case analyzed in the present work is the process of designing the TCU of the 

transmission in a tractor. The transmission system consists of a mechanical system 

controlled and managed with the developed electronic system. These systems are 

additionally connected with multiple sensors and actuators. All these components are 

controlled by dedicated software and composed into the designed CPS. 

The project was developed by a company carrying out specialized projects for one 

of the tractor manufacturers. The tractor manufacturer has developed a new generation 

of transmission for an agricultural tractor. The main component of the transmission is a 

section with 4 gears switchable under the load and with forward / reverse gears. All 

these gears (as well as PTO drive, front drive and differential lock) are controlled by 

switching on / off the multi-plate clutches controlled hydraulically by means of 

electromagnetic proportional valves. The transmission is also equipped with a whole 

range of other functionalities like brakes, 3-point tractor hitch, etc. 

Fig. 1 shows schematically the course of the TCU design process, meeting the set 

of all identified requirements. Certain issues arising from the need to limit the amount 

of data presented and its confidentiality are omitted in the description. The TCU design 

and construction process began with activity (1) covering the initial analysis of 

customer requirements. After analyzing and accepting the solutions proposed in the 

preliminary project - including manufacturing requirements and abilities as well as 

proposed algorithms for software operation - a design for the implementation of the 

TCU was developed. 

Fig. 2 presents the example of project activity implemented as a multidisciplinary 

design task, hereinafter related to the task of multidisciplinary optimization. These 

tasks were applied respectively in activities (3) at the beginning and (16) at the end of 

the design process presented in Fig. 1. The optimization task - or rather the decision-

making process, the inputs to which were the results of the analysis of the results (15) 

of experimental research (14) - was based on the use of the knowledge and the intuition 

of the involved engineers of various disciplines: hydraulics, mechanics and electronics. 

For the correct operation of the transmission it was necessary to solve the task of the 

cooperation and integration of hydraulic, electronic and mechanical elements. 

In the first stage, tasks representing individual disciplines were analyzed as 

separate and decomposed (15A1-15A3). The solution of problems related to the 

operation of the hydraulic system allowed for the development of gears’ optimal 

shifting characteristics (by assigning optimal characteristics of proportional valves 

controlling multi-plate clutches). 
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Figure 1. Diagram of the design process of the TCU controller for the transmission of an agricultural tractor.
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Figure 2. Examples of project activities implemented in a locally integrated manner in the first phase. 

 

An example appearance of the control characteristics of proportional valves is shown 

in the diagrams at the top in Fig. 3. In the diagrams the green line indicates the value of 

current intensity (expressed as the Pulse-Width Modulation value – PWM%) of the 

disengaged clutch valve, and the red line of the engaged clutch valve. The black line 

describes the variation of the tractor’s speed resulting from the change of the gear. In 

the left graph the characteristics are shown in the initial form while on the right after 

optimization. The comparison shows that in the case of optimized switching 

characteristics there are no noticeable drops in tractor’s speed. This is particularly 

important when switching gears during work of the tractor under heavy load. 

The optimization process shown in Fig. 3 can end in three different ways. If it is 

necessary to rebuild the TCU software, it is possible to return to the operation (7) from 

Fig. 1. In the case when only adjustment of the switching characteristics parameters 

was required the previous operation can be reactivated (14) - that is, for retesting the 

transmission with new parameters of valves’ characteristics. If the case of optimal 

switching of all gears in the transmission is achieved, it is possible to close the 

optimization task by outgoing through the port (D).  

The described operation related to optimization is characteristic for the first cycle 

of the TCU design process. As a result of the conducted work cycle, an experience was 

obtained that can be used to replace the knowledge of consultants and engineers with 

software which relies on appropriate optimization criteria. Thanks to this, it will be 

possible in the future to carry out activities (14-16) in the manner shown schematically 

in Fig. 4. It is visible that all works related to the selection of proper characteristics can 

be automated by dedicated software. 
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Figure 3. An example of a fragment of a process dedicated to the creation of the concept of CPS system 

elements. 
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Figure 4. An integrated fragment of the implemented process. 

3. Characteristics of the design process – the perspective of the task being 
analyzed 

3.1 General problem structure 

In fact, when we look at the TCU design task and the process of solving it, it is very 

difficult at the beginning to capture its real scope, available sources of knowledge and 

models [8, 9] (Fig. 1). Usually, it is possible to see the basic requirements and identify 

functionalities. But the process of checking individual requirements and characteristics 

takes place in the range initially perceived (e.g. marked in Fig. 2). The problem is 
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decomposed and specialists dealing with individual partial tasks are separated. Usually, 

they work individually or in small sub-teams. They use their knowledge, and their own 

and other available models and tools. The partial results obtained are confronted and 

compared. As a result, we can see that initially elementary design-decision problems 

are modelled (each of them engages 1-2 people). Rational solutions are noticeable for 

these small tasks. Different approaches are used: mental simulations [2, 3, 4], checking 

constraints, attempts to apply solutions typical for the case-based reasoning method [2] 

(and similar or simpler versions of it) and multi-disciplinary optimization methods [7]. 

Starting such a task, usually the person in charge of solving the problem estimates (the 

estimation is based on his/her knowledge and intuition) the potential of such a problem, 

the level of its solvability, the adequacy of the methods and the tools which are used [3, 

4]. The next stages are quite structurally (and tool-related) similar to the previous ones. 

They are only carried out at higher levels of complexity. Concepts that go beyond the 

standard functionalities appear somewhat separately, i.e. where it comes to sensing 

certain and typical states, the awareness of which requires models, a certain inference 

and the adoption of a sensible response strategy [1, 10, 11, 12] (an example of such a 

situation is shown in Fig. 3). It is basically a group design processes that concentrates 

on finding specific knowledge, which in a computer-modelled form can interact with a 

mechanical system to form a problem-oriented CPS subsystem. 

3.2 Multidisciplinarity and decision making 

Most project problems implemented today are also multidisciplinary [7]. These are 

tasks where specific design problems are used in their formalizations of knowledge that 

has been developed in various disciplines. 

Design processes are also linked to decisions, decision-making structures or 

decision-making plans [2]. Decisions made by designers can be computer-aided. In 

many cases this leads to multidisciplinary optimization. Multidisciplinary optimization 

has its basic concepts, solutions and methods. It is usually used where there is a lack of 

experience and relevant knowledge concerning the product development process [13]. 

Multidisciplinary optimization is not an easy implementation tool. It involves specific 

knowhow to solve certain classes of problems, and to overcome formal and tooling 

difficulties. A very important aspect is the process of reaching an effective structure of 

a specific task of multidisciplinary optimization. The main issue is how to model a 

specific, complex design problem so that it has certain potential and brings new 

quantitative and qualitative effects. This is not a trivial issue. It is very difficult to 

implement.  

3.3 Diversity of considered problems 

The subject of the design process may be products of varying degrees of complexity. 

They can be classic products, classic products equipped with automation systems, 

mechatronic systems, or systems based on CPS concepts. In general, we can conclude 

that CPS systems are the most complex structures that, apart from those aspects that 

occur in classical design, may contain new components resulting from monitoring, 

control, etc., as well as the detection of various other circumstances that mean 

awareness of certain phenomena that allows us to initiate and control the functioning 

processes of relevant computer models. The considered case study is a problem with 

CPS elements. 
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4. The concept of an assisting tool 

4.1 Block/template structures 

The material obtained in the analyzed example was used to create the concept of an 

assisting system in the design process of the product with CPS or its elements. The 

proposed concept is based on the creation of the possibility of modelling individual 

project activities using templates [3, 4, 14, 15]. The template representing a specific 

activity is to serve as a repository in which it is possible to store the informal model of 

the given activity as well as its formal model [14]. Both variants of the knowledge 

model can be stored within the same version of the template. Another element of the 

template involves the decision-making models of given activities: the problem of 

selection on the basis of requirements, by the case-based reasoning (cbr) method, and 

classical inferencing and formalisms based on optimization methods. The concept 

introduces the possibility of combining decision-making formalisms as often occurring 

in real terms, e.g. combining cbr and optimization, etc. Additionally, in the template it 

is possible to store information on sources of knowledge related to particular 

components of a given template [2, 16, 17, 18, 19, 20]. The presented concept of the 

template comes from the works [3, 4]. It is based on an approach known from the 

concept presented in the MOKA methodology [14]. The template is basically a model 

of a certain process during which the informal knowledge is transformed into a formal 

form. The content of the template can be used at any level, from informal (while 

creating the possibility of occurrence in many stages of development) to formal (also 

when creating the possibility of occurrence in many stages of development). Modelled 

knowledge resources can, depending on their form, be used as a kind of descriptive 

information intended directly for people as well as computerized automatic tools such 

as KBE (Knowledge Based Engineering) [14, 21, 22, 23, 24]. 

This concept, implemented in the form of a whole set of activities, allows the 

building of the processing based on different levels of built models. One can act only 

on descriptive models, and gradually lead the process of transitioning to the level of 

automatic tools with different degrees of perfection. In general, the financial rationality 

of the whole approach strongly specifies this solution. The construction of a complete 

automatic environment from the beginning is very complex and expensive. It is 

accompanied by quite a significant level of risk. The proposed evolutionary procedure 

gives the opportunity to rationalize the entire process. 

4.2 General structure of assisting system  

The concept of the system and its basic functionalities are presented in Fig. 5. There are 

two parts: "human way of problem modelling", "model-based problem solving". The 

first deals with the consolidation of informal knowledge and gradually emerging formal 

knowledge elements. The second includes formal models, their quickly remodelable 

forms concerning both analyses, simulations and decision modules. It is based on 

blocks / templates. 

The formalism provides the possibility of integrating a set of model-related 

activities - the so-called partial models, both in their substantive and decision-making 

layers into larger entities called blocks.  

CPS systems can have a whole range of references, resulting from their structure, 

implemented in the form of modelled views. These are: object layer, sensing layer, 
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communication layer, analysis layer, and actuation layer [1, 10, 11, 12]. This is shown 

in Fig. 5. 

The main task of the tool with the presented concept is to improve the design 

process through more precise and problem-dedicated knowledge management and 

applied design models. 
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Figure 5. Repositories and models of assistive system. 

Conclusions 

The work contains a proposal for a dedicated environment to support the design 

process of systems with CPS elements. This article  was inspired by a literature 

analysis and analysis of a real problem. The authors’ belief is that one of the most 

important aspects of the concept is the ability to freely isolate the level of 

granularization of the entire set of modelled templates. The level of granularization has 

a decisive impact on the model's quality, its adequacy to reality, and also has a decisive 

impact on the quality of the results. Operating on this parameter allows the selection of 

the scope of individual activities, as well as the level of applied knowledge 

representations (informal and formal). 
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