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Complex system design technique (CSDT)

Markets evolution in terms of competitiveness requires engineers to consider more and more aspects when design a product. In the future markets, products will need 'to adapt' fast to changes in their environments over the life-cycle. This means, products will behave as complex adaptive systems, internalizing information, 'learning' and modifying their parameters and behaviour over the life-cycle [START_REF] Rose-Andersen | Innovation in manufacturing as an evolutionary complex system[END_REF]. From this perspective, products and processes become complex or very complex. Consumers will behave as complex adaptive systems, too [START_REF] Carayannis | Creative system design methdologies: the case of complex technical systems[END_REF]. The interactions between competitors onto the markets could also be included.

Complexity will push at extreme limits the predictability of market evolution, market needs and competitor evolution, because complexity is a space of action between order and disorder.

In the increasingly complexity of the technological-economic environment, product manufacturers must evolve in a framework led by the principles of the 'science of complexity', in order to cope better with rapid changes and to explore and exploit at a high extend creativity and innovation [START_REF] Rose-Andersen | Innovation in manufacturing as an evolutionary complex system[END_REF]. The science of design was mainly based on linear principles, on predictability and control and the tools which engineers developed and applied were in the sense of avoiding complexity as much as possible [START_REF] Heylighen | Building a science of complexity[END_REF]. But the world evolves in a way where only the rules of complexity are valid. Linear models simply do not work in such a world and from this perspective, engineers face with difficulties in defining highly innovative and reliable solutions to various technical-economic problems [START_REF] Altshuller | The innovation algorithm[END_REF][START_REF] Yamashina | Innovative product development process by integrating QFD and TRIZ[END_REF][START_REF] Brad | Fundamentals of competitive design in robotics. Principles, methods and applications[END_REF]).

There are relatively few papers that address to methodologies for complex system design. In this respect, [START_REF] Schmidt | The implementation of simultaneous engineering in the stage of product concept development: A process orientated improvement of quality function deployment[END_REF] proposes a process model called 'Integrated Concept Development' (ICoDe) in the attempt to fill the gap between marketing science and engineering by consequently relating market orientated concept development and testing to the House of Quality concept of QFD. However, ICoDe does not provide solutions to handle the concept and constructive design process of new, complex products. [START_REF] Terminko | The QFD, TRIZ and Taguchi connection: customer-driven robust innovation[END_REF] was also concerned about the need to integrate product planning with some other design and innovation tools in order to strengthen the design process. In this respect, an algorithm that integrates QFD, TRIZ and Taguchi methods is proposed [START_REF] Terminko | The QFD, TRIZ and Taguchi connection: customer-driven robust innovation[END_REF]. Despite the advantages that this algorithm brings in terms of multiple-tool integration during competitive product design process, it does not take into account the new orientations promoted by the science of complexity in design [START_REF] Carayannis | Creative system design methdologies: the case of complex technical systems[END_REF]. In the same spirit, Da [START_REF] Da Silva | Combined application of QFD and VA tools in the product design process[END_REF] propose a combination of QFD and value analysis tools to quantify the value dimension in a new product, but there are limitations in translating such information during the product design process. An approach that attempts to improve conventional quality function deployment (QFD) technique in terms of effective design knowledge handling in product concept development is recently proposed by [START_REF] Yan | A QFD-enabled product conceptualisation approach via design knowledge hierarchy and RCE neural network[END_REF]. It uses neural network algorithms to handle knowledge over product conceptualization phase. Even so, the algorithm is mainly focused on creating a hierarchy structure of the knowledge that is used during the design process and does not provide rules for dynamic handling of the information over the evolutionary process of new product design. [START_REF] Yassine | Complex concurrent engineering and the design structure matrix method[END_REF]) make a step forward in complex product design and propose a unified modelling and solution approach based on the design structure matrix (DSM) method, which is an information exchange model that allows managers to represent complex task relationships to better plan and manage concurrent engineering initiatives. Even if the model proposed by Yassine and Braha comes in front of the critical problems (i.e. iteration, overlapping, decomposition and integration, convergence) that challenge management while implementing concurrent engineering in complex product development projects, it does not take into account a way to translate information from the planning process to design, to integrate dynamically various tools during the design process (e.g. QFD, TRIZ, etc.), as well as to handle holistically the complexity over the concept development process. [START_REF] Loch | Concurrent engineering and design oscillations in complex engineering projects[END_REF] propose a mathematical model of a complex concurrent design project that explicitly represents local component decisions and interactions of components in order to determine system performance. Even so, this model does not consider systematic integration of various tools for product planning, analysis and innovation during the design process. [START_REF] Fernández | Decision support in concurrent engineering -The utility-based selection decision support problem[END_REF] bring contributions in terms of handling the dynamic process of new product design over the conceptualization phase by means of a utilitybased selection decision support model (u-sDSP). It is a synthesized construct that facilitates selection decisions involving trade-offs among multiple, conflicting attributes and mitigation of risk associated with uncertain performance with respect to the attributes considered. However, the u-sDSP model is focused only on a relatively limited part of the design process. In the same area of intervention, [START_REF] Chen | An integrated methodological framework for project task coordination and team coordination in concurrent engineering[END_REF] proposes an integrated methodological framework for project task coordination and team organization from the concurrent engineering perspective in order to assign the right team members to the right tasks. This framework helps engineers to approach complex system design from organizational perspective, but does not provide them with algorithms to handle holistically the dynamic behaviour of new product design process.

Taking into account the core ideas related to complexity and complex systems, this paper proposes a tool called 'Complex System Design Technique' (CSDT) to support the synthesis process of new, complex systems. Since its conception (1998) this tool has passed through several improvements. Before publishing in this paper, the CSDT framework has passed the practical tests within various projects, ranging from equipment design, industrial product design, software design to process design and strategy design. From this perspective, CSDT could be considered a tool with universal applicability in new concept design. The CSDT framework is applicable both when a single objective-function is considered in system design, as well as when several objectivefunctions are concurrently taken into account as inputs in the design process.

After the product planning process is introduced as a preparatory tool, the set of coefficients and the algorithm of the CSDT framework are further presented and a generic case study is given in the ending part of the paper.

Basic design rules from the perspective of complexity

In a complex world products are 'complex', too. From this perspective, it is not enough to see a product as being complex just because it has many parts and modules. The way these parts are aggregated and the parameters that characterize these parts mainly generate complexity into a product. Aggregation leads to complexity in terms of product behaviour. Uncontrolled behaviours could be generated even during the manufacturing and assembly processes of complex products, too. For example, small inaccuracies in robot part manufacturing and assembly could dramatically change robot performances. It is not a big mental effort to see that anticipation and management of complex system's behaviour are very difficult. When engineers design complex systems, the design approaches become also 'complex'. Classical design approaches are based on the philosophy that complex systems can be reduced to combinations of fundamentally simple elements and to interactions between them where, by analyzing the elements in sufficient detail and by linking the partial effects, it is possible to obtain a complete and deterministic model of the whole system (Brad 2004, Carayannis and[START_REF] Carayannis | Creative system design methdologies: the case of complex technical systems[END_REF]. From this perspective, the goal is to define the most complete possible model of each elementary part of the complex system and to aggregate them afterwards using a deterministic rule, too. But complete models lead to huge sets of parameters, which at their turn complicate the theory and the tools to such extend that they cannot be handled or they become unattractive from economic point of view [START_REF] Heylighen | Building a science of complexity[END_REF]). These kinds of approaches are in fact barriers on the technical and technological progress in engineering design.

According to [START_REF] Heylighen | Building a science of complexity[END_REF], in order to understand complexity it should not try to reduce a complex system to simple elements and interactions because this destroys the system. It is better from this perspective to understand complexity as an overall feature of the system. On the other side, because complexity is so 'complex', it is less probable to find a comprehensive representation of system's behaviour based only on simplistic methods. But even seeing the system as a whole and defining as simple as possible representations of the system in order to solve the problem is not an appropriate approach, because this neglects reality. So, when designing complex products, engineers must position somewhere in between simplistic approaches and holistic approaches. In doing so, engineers have to consider within their design approaches the rules that science of complexity promotes. Adapting some of these rules for design, the following recommendations could be formulated and considered during new product design process:

• A product has to be seen as many 'agents' (parts, modules, subsystems, interfaces) that interact continuously and mutually affect each other. • A product must be developed through many small and interrelated 'experiments' (increments, prototypes), which adapt to a wide range of possibilities and find out which ones are the most robust. This recommendation comes up from the principle of complexity which stipulates that 'small changes can lead to large and unexpected effects' [START_REF] Heylighen | Building a science of complexity[END_REF]). • The way requirements related to a certain product will evolve over the product life-cycle is very unpredictable in a dynamic business environment. In this respect, when a new product is designed, it is more suitable to create conditions (via radical innovation) for constructing a certain predictable state of the future and to design intrinsic properties into the product such that changes to be done easily. In other words, the best way is to define evolving product solutions, rather than rigid ones, based on very detailed planning. Product planning comes from business planning; but detailed strategic business planning does not work in a fast-changing world, so strategies must evolve naturally. Product vision and product goals are absolutely necessary in any conditions, but very detailed plans worth to be done only for short term. The need for long term product definition can be mastered through various ways, like: radical innovation, intrinsic product flexibility, adaptive manufacturing processes (see, for example, reconfigurable manufacturing), etc. • Because adaptability of the product to external conditions over its life-cycle is required, greater diversity of 'interacting agents' within the system increases the chances to reach emergent patterns when necessary. • Complex products are both 'distinct' and 'connected'. To fix this conflicting issue in complex product design, innovation is required. It might be considered, for example, the TRIZ method in this respect [START_REF] Altshuller | The innovation algorithm[END_REF]. The TRIZ formulation for this problem is under the form: try to keep complexity without losing relevant information. Applying further the TRIZ algorithm, the following recommendations come out as guidelines in designing complex systems: (a) apply the principle of 'universality', which states making a part to perform multiple functions, so no need for other elements; (b) apply the principle 'new physical states of the system', which states replacing 'solid' parts with other types of systems or elements (e.g. 'fields'). Under such circumstances, product design strives for specific tools to build and master complexity. CSDT framework is born from the science of complexity and in this respect it uses a set of analysis and synthesis coefficients, as well as a specific algorithm that are both formulated to meet the design rules above presented.

Elements about product performance planning as the basis for CSDT process initiation

The design phase of a new product starts with the product performance planning activity. At the end of the product performance planning process, various data are structured in a way engineers can use them to support the conceptualization / synthesis process of the new product. They include (but are not limited to) the followings:

• Value weights and target values of 'product characteristics' (in literature, synonyms for this term are: 'engineering characteristics', 'technical attributes' and 'technical characteristics'). • Product functions and their value weights.

• Correlations between various product characteristics.

• Relationships between requirements and product characteristics, etc. One of the most effective tools in carrying out a good performance planning of new products is the Quality Function Deployment (QFD) method [START_REF] Chan | Quality function deployment: a literature review[END_REF]. QFD is a structured planning and communication methodology consisting of a reunion of methods and means linked by special algorithms that together provide a robust way by which a multifunctional team identifies and transfers the needs and expectations of the stakeholders through each stage of product development and implementation [START_REF] Brad | Fundamentals of competitive design in robotics. Principles, methods and applications[END_REF].

The product performance planning process can be run for a single objective-function (e.g. quality) or concurrently, for multiple objective-functions (e.g. quality, assembly, manufacturing, testing, maintenance, tele-service, reliability, reconfigurability, disassembly, recycling, reuse, etc.). In the next sub-sections, the two cases are briefly treated.

Single objective-function product planning

It might be cases when a new product is going to be optimized only with respect to a single objective-function (e.g. quality). In such situations, a 'customized' six-step QFD model could be used to support the performance planning process (see figure 1).

'[insert figure 1 about here -see figure 1 at the end of the body text]' Figure 1. The customized six-step QFD product planning framework with CSDT integration.

In figure 1, the symbols have the following significance: FR the set of key requirements belonging to the objective-function; PC the set of relevant product performance characteristics; FU the set of major functions of the new product; GM the set of generic modules (generic mechanisms) belonging to the architecture of the new product; GI the set of generic interfaces between the generic modules belonging to the architecture of the new product (interfaces could be physical, nonphysical or abstract); PM the set of generic modules' properties; PI the set of generic interfaces' properties; EM the set of effective modules (effective mechanisms) belonging to the architecture of the new product; EI the set of effective interfaces between the effective modules belonging to the architecture of the new product (interfaces could be physical, non-physical or abstract); CO the set of components belonging to structure of the new product; IC the set of interfaces between components (interfaces could be physical, non-physical or abstract).

The term 'generic' is used to express the fact that modules / mechanisms and interfaces are only generically defined, as a preliminary process for new product conceptualization / synthesis. The term 'effective' is used to express the fact that modules / mechanisms and interfaces are those resulted after the synthesis process (they are 'real'). In between 'generic' and 'effective' the creative process happens. Because in the classical approaches the creative / synthesis process rarely uses in a systematic way the information from the planning process, the GM, GI, PM and PI are omitted from the QFD planning process. In this case, they are explicitly introduced because the CSDT framework systematically and interactively exploits the information from the planning process. It should be highlighted the fact that the definition of PC, FU, GM, GI, PM, PI are strongly subjected to creative processes. In this respect, tools like Mind-Map, 6-3-5, morphological charts, etc. are used to support such creative processes. EM and EI come up from a creative & empirical synthesis-analysis-evaluation process, too (in this paper, it is the topic of the CSDT algorithm). CO and IC generation is also the result of both empirical (experiential) and creative processes. The curved arrows in figure 1 show the dynamic characteristic of the definition process for the key, relevant items over each QFD step. The definition process of the items before presented within each QFD step should normally end only when the relationship matrix of the considered QFD frame has at least a strong relationship along each raw and along each column.

When necessary, the roadmap from figure 1 or part of it (i.e. from step 3 to step 6) could be also applied to define and optimize new, complex sub-systems or smaller modules / mechanisms of the product. 

Multiple objective-functions concurrent product planning

In case there are n objective-functions against which the new product should be optimized, the performance planning process looks like in figure 2. Objective-functions in the roadmap from figure 2 are concurrently deployed up to the level of generic sub-systems and interfaces. Concurrent deployment is necessary to avoid too large (and from here inoperable) QFD matrices, as well as because the time required for successive deployment of huge matrices is too long and the time-tomarket become unacceptable. In addition, concurrent deployment allows identification of supplementary information necessary when optimize a new, complex product (e.g. identification of key characteristics and functions with respect to each objective-function, etc.).

From that point, aggregation of the particular results is performed. It consists of ranking the objective-functions and aggregation of the key functions, generic sub-systems and interfaces according to well-defined rules. Once aggregation is completed, deployment follows the same rule as in the case described in figure 1.

'[insert figure 2 about here -see figure 2 at the end of the body text]' In figure 2, the following symbols are considered: OF the set of n objective-functions F i , i = 1, …, n; FR i , i = 1, …, n the set of key requirements belonging to the objective-function F i , i = 1, …, n; PC i , i = 1, …, n the set of relevant product performance characteristics related to the objective-function F i , i = 1, …, n; FU i , i = 1, …, n the set of major functions of the new product defined with respect to the objective-function F i , i = 1, …, n; GM i , i = 1, …, n the set of key generic modules (generic mechanisms) belonging to the architecture of the new product defined with respect to the objective-function F i , i = 1, …, n; GI i , i = 1, …, n the set of generic interfaces between the generic modules belonging to the architecture of the new product (interfaces could be physical, non-physical or abstract) defined with respect to the objective-function F i , i = 1, …, n; FUA the set of aggregated key functions of the new product; GMA the set of aggregated generic modules (generic mechanisms) belonging to the architecture of the new product; GIA the set of aggregated generic interfaces between the aggregated generic modules belonging to the architecture of the new product (interfaces could be physical, non-physical or abstract); PM the set of aggregated generic modules' properties; PI the set of aggregated generic interfaces' properties; EM the set of effective modules (effective mechanisms) belonging to the architecture of the new product; EI the set of effective interfaces between the effective modules belonging to the architecture of the new product (interfaces could be physical, non-physical or abstract); CO the set of components belonging to structure of the new product; IC the set of interfaces between components (interfaces could be physical, non-physical or abstract).

The aggregation of

FU i , i = 1, …, n into FUA, of GM i , i = 1, …, n into GMA and of GI i , i = 1, …, n into GIA consists, for each case, of 4 steps. For simplifying the explanations, it is denoted with IT i , i = 1, …, n the generic term to express either FU i , GM i or GI i , i = 1, …, n. It is also denoted with ITM ik , i = 1, …, n; k = 1, …, t i all related items belonging to IT i , i = 1, …, n,
where t i , i = 1, …, n is the number of items for each objective-function F i , i = 1, …, n. By doing so, the 4 steps of the aggregation process consist of:

• Intersection: ITM ik , i = 1, …, n; k = 1, …, t i are analysed each one against the others and those which are similar are further collapsed into a single aggregated item. • Addition: ITM ik , i = 1, …, n; k = 1, …, t i are analysed each one against the others and all differentiated items from the sets are further considered in the aggregated set. • Reunion: The results from the first two steps are put into a single aggregated set, resulting either FUA, GMA or GIA, by the case. • Ranking: initially, each item ITM ik , i = 1, …, n; k = 1, …, t i has a value weight expressed in absolute and relative units (as resulted from the QFD process). They are denoted with 

WA ik , i = 1, …, n; k = 1, …, t i and WR ik , i = 1, …, n; k = 1, …, t i respectively. Each objective-function F i , i = 1, …, n has a rank R i , i = 1, …, n,
as the result of applying the AHP method (see figure 2). For each item in the aggregated set it can be calculated the aggregated value weight in absolute units by multiplying the rank of its parent objectivefunction with its absolute value weight. If an item has correspondence in several objective-functions (see the step one 'intersection'), the final aggregated value weight for the resulted aggregated item will be the highest one from the set of aggregated value weights calculated for that item with respect to the corresponding objective-functions.

Once the aggregated value weights are calculated, they are further normalized to 100, resulting in relative units. After aggregation, the following phases from the roadmap presented in figure 2 (that involve the application of CSDT) are similar as in the roadmap from figure 1.

CSDT coefficients

Information from product performance planning phase should be efficiently and effectively used in the next product development phases (conceptual design and constructive design), to fructify at maximum the existent potential of an organization (people, time, money, facilities, partnerships, etc.). As it is shown in figure 1 or figure 2, CSDT starts from the point where the QFD IV process is completed. CSDT uses the information provided by the QFD IV process to generate, in a first stage a set of synthesis coefficients. They are the basis for the CSDT algorithm that finally leads to the practical tool for new system synthesis, which is called the working scheme for system design (WSSD). Each of the following coefficients reveals a specific dimension of the relationships between the INP elements and the OUT elements in the equation of competitiveness. By combining these coefficients in a specific way, they can provide a framework to build from scratch a competitive system subjected to many complex challenges.

In order to simplify the description of the CSDT coefficients, it will be denoted with INP the set of GM and GI (or, by the case, GMA and GIA) and with OUT the set of PM and PI.

It is considered an application consisting of 'n' elements of the INP set, with known relative degrees of importance R i , i = 1, …, n, 'm' elements of the OUT set and with known relative degrees of difficulty D k , k = 1, …, m. For this application there are determined the relationship coefficients a ik , i = 1, …, n; k = 1, …, m, between the INP elements and the OUT elements, as well as the correlation coefficients

C fg , f = 1, …, m; g = 1, …, m, f ≠ g between the OUT elements.
The first coefficient within the CSDT framework is the value weight W k , k = 1, …, m of each OUT element. It depends on the relationship level of the considered OUT element with the INP elements, as well as on the degrees of importance of the INP elements. Its formula is:

m k a R a R W m j n i ij i n i ik i k , 1 , 100 1 1 1 = ⋅ ⋅ ⋅ = ∑∑ ∑ = = = .(1)
The value weight reveals the maximum possible impact that each OUT element has within the set of all OUT elements in defining a mature product solution. The higher the value weight, the more attention has to be paid in solving properly that OUT element. An OUT element is properly solved when it reaches the target value (or the ideal value).

The risk of not satisfying properly a given INP element is direct proportional with the technical difficulty in approaching system's synthesis with respect to the given INP element, as well as with the consequences of not solving that INP element. This aspect is put into evidence by the second CSDT coefficient, called the input risk coefficient. It is denoted with J i , i = 1, …, n and has the following formula:

F o r P e e r R e v i e w O n l y n i a D R J m k ik k i i , 1 , 1 = ⋅ ⋅ = ∑ = .(2)
The overall relative degree of difficulty D k , k = 1, …, m from (2) is the product of three components: the financial relative degree of difficulty DF k , k = 1, …, m, the organizational relative degree of difficulty DO k , k = 1, …, m and the technical relative degree of difficulty

DT k , k = 1, …, m, as it is shown in (3). . , 1 , m k DT DO DF D k k k k = ⋅ ⋅ = (3) 
The input risk coefficient helps to prioritize the INP elements when define a competitive benchmarking analysis and when optimize product development strategy. Considering cost and time barriers, practitioners could mainly select the INP elements in the top of the list for benchmarking and for optimizing the product development strategy.

The technical effort in solving a given OUT element is direct proportional with the relative degree of difficulty associated to the respective OUT element and with the degree of importance of the INP elements connected to this characteristic. For describing this issue, the CSDT framework considers the relative technical effort coefficient Z k , k = 1, …, m. This third CSDT coefficient has the formula:

∑ = = ⋅ ⋅ = n i ik i k k m k a R D Z 1 , 1 , . (4) 
The level of innovation involved to meet the target value with respect to a given OUT element is usually proportional with its relative technical effort coefficient.

To illustrate the level of depreciation of the technical value of a system because of not satisfying a certain INP element, CSDT framework operates with a coefficient called the technical depreciation coefficient, denoted with O i , i = 1, …, n and expressed by the formula:

∑ = = ⋅ = m k ik i i n i a R O 1 , 1 , . (5) 
An INP element having a relative high value of the technical depreciation coefficient plays a key role in the equation of competitiveness and its level of performance is strongly linked to the level of innovation incorporated in the system.

A similar coefficient for describing the system's impact reduction because a given OUT element was not properly solved is the coefficient of impact depreciation, denoted with Q k , k = 1, …, m and mathematically formulated as:

m k a D Q n i ik k k , 1 , 1 = ⋅ = ∑ = .(6)
Those OUT elements in top of the list with respect to the coefficient of impact depreciation should reach high levels of achievement to solve properly the INP elements of the system.

Another CSDT synthesis coefficient is called the degree of difficulty in satisfying inputs. It is denoted with d i , i = 1, …, n and shows the difficulty in satisfying a certain INP element with respect to the set of OUT elements of the system. This coefficient is calculated with the formula: A properly solved INP element having a relative high value of this coefficient denotes a high level of innovation incorporated in the system and shows a balanced distribution of the system's value within the OUT elements.

∑ = = ⋅ = m k ik k i n i a D d 1 , 1 , . (7) 
The seventh CSDT synthesis coefficient is the technical index of priority, denoted with I k , k = 1, …, m. This coefficient recommends the priority with which OUT elements should be approached. It shows that ratio between the value weight of that OUT element and the relative difficulty to solve the OUT element. Priority decreases from the highest value to the lowest one. It has the formula:

m k D a R I k n i ik i k , 1 , 1 = ⋅ = ∑ = .(8)
The eight synthesis coefficient of the CSDT framework is denoted with H i , i = 1, …, n and it is named the input index of priority. It recommends the priority with which the INP elements should be satisfied. It is the ratio between the difficulty to satisfy that INP element and its relative importance. According to this coefficient, priority decreases from the lowest value to the highest value. It has the following formula:

n i R a D H i m k ik k i , 1 , 1 = ⋅ = ∑ = .(9)
An important coefficient for optimizing the synthesis process is the correlation index of priority, denoted with K xy , where 'xy' describes the pair of OUT elements x and y whose correlation coefficient is C xy . This coefficient recommends the priority by which the interdependencies between the OUT elements of the system should be analyzed. It is the result of multiplying the correlation between the two OUT elements with their corresponding technical indexes of priority. The corresponding mathematical formula is the following:

            ⋅ ⋅ ⋅ ⋅ ⋅ = ∑ = y x n i iy ix i xy xy D D q a a R C K 1 2 round . (10) 
In ( 10), q is a constant (q = 10, 20, 50, 100, 1 000, etc.) that has been introduced with the purpose of working with lower values of the coefficients K xy . Because C xy could have positive, negative or null values, the coefficient K xy could also have positive, negative or null values. Several ways there could be considered for allocating priority with respect to K xy . With very good results it has been experimented the variant where there are considered the pairs 'xy' having negative values of K xy , starting with the one having the highest value of K xy in absolute terms, followed by those pairs having the positive values of K xy , starting with the one having the highest value of K xy .

CSDT also uses two special coefficients that show a priority in terms of the relationships between the OUT elements and the INP elements. The first one is called the priority index in-out and it is denoted with B i , i = 1, …, n. It recommends the priority by which INP elements should be satisfied in correlation with the constitutive OUT elements of the system. It is the ratio between the sum of the technical indexes of priority of the OUT elements related to that INP element and the input index of priority of that INP element. The priority is from the highest value to the lowest one. The formula that describes this coefficient is:

F o r P e e r R e v i e w O n l y n i a D a c a c c D a R R B m k ik k m k ik ik ik ik ik k n i ik i i i , 1 , 0 for 0 0 for 1 1 1 1 = ⋅                 = = ≠ = ⋅ ⋅ ⋅ = ∑ ∑ ∑ = = = .(11)
The other coefficient is called the priority index out-in and it is denoted with A k , k = 1, …, m. The priority is from the lowest value to the highest one. It is the ratio between the sum of the input indexes of priority of the INP elements related to that OUT element and the technical index of priority of that OUT element. Its formula is:

m k a R a b a b b R a D D A n i ik i n i ik ik ik ik ik i m k ik k k k , 1 , 0 for 0 0 for 1 1 1 1 = ⋅                 = = ≠ = ⋅ ⋅ ⋅ = ∑ ∑ ∑ = = = .(12)
The coefficient A k , k = 1, …, m recommends the priority in which OUT elements should be solved in correlation with the expressed INP elements.

For determining the global correlation degree of an OUT element, CSDT uses two coefficients. The first one is the coefficient of positive correlation Cp k , k = 1, …, m, calculated with the formula:

∑ ≠ = = > ⋅ = m k j j jk jk j k m k C C D Cp ; 1 , 1 , 0 , , (13) 
and the second one is the coefficient of negative correlation Cn k , k = 1, …, m, calculated with the formula:

∑ ≠ = = < ⋅ = m k j j jk jk j k m k C C D Cn ; 1 , 1 , 0 , . (14) 
The coefficients of positive and negative correlation offer a clearer picture of the implications of a given OUT element within the synthesis process. The higher the coefficient of positive correlation related to certain OUT element, the better a proper solution of that OUT element will contribute to system's performance. The higher the coefficient of negative correlation of certain OUT element, the harder will be to determine a reliable solution for the respective OUT element and the harder will be to avoid drawbacks and limitations in system performance relative to that OUT element.

To put into evidence the influence that the solution of a certain OUT element has with respect to a certain INP element, there are defined the coefficient of positive influence Ep ki , k = 1, …, m; i = 1, …, n, which is calculated with formula (15) and the coefficient of negative influence En ki , k = 1, …, m; i = 1, …, n, which is calculated with formula (16). 

n i m k C C a D Ep m k j j jk jk ij j ki , 1 ; , 1 , 0 , ; 1 = = > ⋅ ⋅ = ∑ ≠ = .(15) n i m k C C a D En m k j j jk jk ij j ki , 1 ; , 1 , 0 , ; 1 = = < ⋅ ⋅ = ∑ ≠ = .(16)
The set of 15 CSDT synthesis coefficients are based on mathematical formulations and thereby they can be calculated by means of computer programs.

CSDT algorithm

The background philosophy of the CSDT algorithm

During the synthesis process, a system evolves or should evolve from something chaotic to something well-structured. To define a robust tool for handling the synthesis process, an important step is to understand the key characteristics of the synthesis process, mainly when it is applied for complex systems. When a complex system is to be designed, the synthesis tool(s) must be able to take undefined or poorly-defined 'matter' and to 'transform' it into well-defined 'matter' over a series of steps belonging to controlled or at least quasi-controlled synthesis processes. In this respect, the 'transformation' process will start with the definition of some 'relatively small subsystems' (RSSSs) of the not-yet-defined complex system (NYDCS). Depending on the experience and intellectual potential of the design team, these RSSSs will be characterized, in different percentages, by two sets of 'substances': a set characterized by 'order' and another set characterized by 'disorder'. What is ordered within the RSSSs will be more stable to various transformations, whereas what is characterized by disorder will have a short 'life' over these transformations. In conclusion, a RSSS could remain partial or integral over the transformations depending on the percentage of stable and unstable properties. It is important to highlight here that a RSSS could not be complete unstable, at least a minimum of stability is within its structure. However, if the level of unstable 'substance' within a RSSS is high, it might lead to a complete rejection of that RSSS under some circumstances (e.g. the case where it is requested to select one RSSS between two or more RSSSs). Important issue over the synthesis process is the fact that, when something unstable disappear, some new RSSSs must be created in place. The selection process continues (or might be nice to continue) until only stable RSSSs are in place. However, over the transformations, 'something' must be there to carry out the selection of RSSSs. The external environment (to see here the application-related requirements and constrains) and the operators (to see here the design team) will decide which RSSSs are allowed to survive and which are not. But, to perform this task, it is necessary to have a 'tool' that is able to 'recognize' what is stable and what is or might be unstable within a RSSS. At its turn, a RSSS is part of an evolving complex system (ECS) or not-yet-totaldefined complex system (NYTDCS). Because the set of RSSSs that exists at a certain moment is characterized by the fact that each RSSS has various compositions of stable and unstable 'substances', the result is that, at a time, not all RSSSs will change. This characteristic allows engineers to concentrate at one moment on one RSSS only and to consider it as having a fully-stable identity during a limited period of time (even if that interval might happen to be the smallest time interval within the synthesis process). This idea is the one that states to the base of the CSDT algorithm. So, the transformation process might be seen as a sum of actions taken upon various RSSSs over a period of time that is divided into increments of time intervals (not necessarily constants) where, at each time interval only a single RSSS is tackled.

Over a given limited time interval, when a given RSSS is tackled, a certain action is taken to transform that RSSS. This action might be one of the following three: a) a connection of the RSSS or only of a part of the RSSS with another or other RSSSs or only with a part of another or parts of other RSSSs or a mix of these (a 'recombination' of the complex of RSSSs); b) an internal organization within the given RSSS (a 'mutation' of the given RSSS); c) a rejection of the RSSS or of a part of it over the selection process between several same-objective-oriented RSSSs (a 'dissolution' of the given RSSS). Mutation, recombination or dissolution of a certain RSSS at various time intervals depends on the level of stability it incorporates. If the RSSS is very stable, mutation might be very rarely and dissolution might not ever happen, whereas the process of recombination may occur many times without affecting the survival of that RSSS. However, the various forms of evolution of the complex of RSSSs during the synthesis process leads to new RSSSs, where those which are or become stable over the transformations are retained, whereas those that are or become unstable or highly unstable are recombined or rejected.

The recombination process of RSSSs will normally lead to higher-order sub-systems (HOSSs). The mutation process of a RSSS is normally possible when the RSSS is constituted from even smaller sub-systems. From this perspective, even a HOSS could suffer mutations under certain circumstances. In general, the evolution to stable HOSSs increases complexity. Combinations between sub-systems could be serial or parallel. A serial combination between a sub-system S 1 and a sub-system S 2 means that the outputs or part of the outputs from S 1 are inputs or part of the inputs to S 2 . A parallel combination occurs when S 1 and S 2 have the same inputs or produce common outputs. To see or at least to predict if a new sub-system has chances to survive over various transformations, engineers must have some criteria to define and measure 'stability'. It is obvious that the problem of taking a certain action or another is very difficult. Those involved in this process must dispose of a corresponding competence, to know or at least to 'feel' what effects will have each action. But actions depend on the set of constrains given by the external environment, too. This increases the complexity of the synthesis and decision processes. In order to find the most appropriate action, engineers must run a search over all possible actions. However, the set of possible actions could be very large, so ineffective from practical point of view. That is why, the algorithm applied in this respect must be as simple as possible such that to minimize the number of decision steps. During the synthesis process of the complex system, the algorithm must select those components that are both as stable as possible and as simple as possible. The selection criteria have to be enough robust to carry out this process without needing too many internal details of the analyzed component, considering also the set of constrains. Constrains are given by the external environment (the application) and by the potential and experience of those involved within the synthesis process.

During the evolution of the synthesis process, RSSSs evolve, too. The evolution itself cannot exist if all parts defined at a certain moment conserve over the next transformations of the synthesis process. This requires the use of selection algorithms that are able to decide which part(s) of a certain RSSS to remain stable and which one(s) to be dissolved or combined. In principle, 'stable' will be considered that entity which can deliver a clear identity about itself to the external observer or, in other words, that entity able to show a clear map or pattern between its inputs and its outputs. The pattern (or patterns) could be of the following types: one-to-many; many-to-one and many-tomany, considering that a complex system is an aggregation of sub-systems. Aggregation is a collection of sub-systems that interacts each other, under some external stimuli or internal rules. Each sub-system is a 'transfer function' between a set of inputs and a set of outputs and the interactions between sub-systems generate recombination of sub-systems in temporary assemblies until the synthesis process is carried out. Assemblies could remain in a steady state when they incorporate some critical mass of stability. At the end, the complex system must reach a welldefined form, which is capable to satisfy the set of design requirements.

The CSDT logic-flow

In the spirit of the above presented philosophy, the CSDT coefficients are integrated within a special algorithm for generating the so-called 'working scheme for system design' (WSSD). The WSSD structures the thinking and decision making processes at each step of system development (inception, conceptualization, constructive design, etc.), divides the problem to such a level and in such a way that engineers have a better possibility to handle complexity, forces engineers to approach comprehensively the key stages in system development, as well as moves the searching effort beyond the actual experience and knowledge of the team (if necessary). Going into detail, the WSSD divides the synthesis process into a set of small steps and sub-steps, where each step looks like in the next paragraph.

[

Step description] Step pk: approach the INP element cz with respect to the OUT element x, taking into account the optimization trend of the OUT element x and, where ∃ K xy ≠ 0, its correlation with the OUT element y, following, where required, the sub-steps pk 1 , pk 2 , … and, to the level of each sub-step:

• Apply method Ma (e.g. Mind-Map, 6-3-5, TRIZ) for working out innovative local solutions, especially if the correlation between x and y is negative; • Where necessary to enhance the level of local innovation (e.g. when D x > D limit , D x being calculated with (3) within QFD IV), further apply method Mb (e.g. ARIZ, Su-Filed, ASIT, USIT) in combination with method Mc (e.g. FAST, AIDA), based on the conclusions revealed by the coefficients J, Z, O and Q; • Where necessary, continue to apply method Va (e.g. Pugh, Combinex, PMM) for selecting the best local variant and • Method Ha (e.g. AFD, FMEA) for risk analysis (e.g. if W x > W limit , W x being calculated with (1) within QFD IV). The order and the content of each step are established by the CSDT algorithm. Within the CSDT algorithm, the number of sub-steps pk 1 , pk 2 , … of each step pk is equal with the number 't z ' of key sub-elements of the INP element cz. Depending on the problem, an INP element cz could have sub-elements or not. The rule for sequencing the sub-steps pk i , i = 1, …, t z , is given by the local value weights of the sub-elements within the element cz, determined during the application of QFD III (see figure 2).

With these remarks, the CSDT algorithm that generates the WSSD can now be introduced. It shows the most appropriate order and combination in which the INP and OUT elements of the system should be brought into equation during the process of new system competitive development. From this perspective, the CSDT algorithm considers five key rules.

Rule 1: The first rule is referring to the most appropriate way to order the INP elements during the synthesis process. In this respect, the criticality of each INP element in the equation of competitiveness is taken into account. Criticality of INP elements is the best expressed by the coefficient B, followed by the coefficient H and afterwards by the coefficient d and at the end by the coefficient R. 2) endif (1) define the set SORD as the INP elements ordered according to the rule above end subroutine ORD Rule 2: The second rule is to generate pairs of OUT elements and to order them for being used afterwards in interaction with INP elements during the synthesis process of the new system. The pairs are best defined by the coefficient K xy . In this respect, two sets of pairs should be defined. The first set K -is given by all pairs of OUT elements with K xy < 0, x < y. The second set K + is given by all pairs of OUT elements with K xy > 0, x < y. In the first set, the level of criticality is mainly taken into account (because of negative correlations, which require early innovation for stability) and in the second set, strength is mainly taken into account. From this rationale, the order of pairs within each set is given by the value of K xy , from the highest value to the lowest value (in absolute terms). As in the case of rule 1, when two or more pairs of OUT elements have the same value of K xy supplementary criteria should be considered. Firstly, coefficient Cp and Cn should be considered because they are related to correlations. Based on their definitions, from these two categories of coefficients, Cp has priority to Cn because it leads faster to stability in the system. Because there have to handle pairs of OUT elements, the sum of coefficients Cp (respectively Cn) must be taken into account. When ordering cannot be done with respect to the sum of coefficients Cp, the sum of coefficients Cn follows for ordering. In case of indecision with respect to the sum of coefficients Cn, the sum of coefficients A is further considered. When the sum of A has the same value for several pairs of OUT elements, the sum of coefficients I is further taken into account for prioritization. 'Subroutine STEP' illustrates the rule 2 under the form of a textual logic-flow. It also reveals the way the sums of Cp, Cn, A and I should be considered in ordering the pairs of OUT elements. Symbol //* means that a comment is introduced in the flow. Figures in brackets ( 1), ( 2) and so on show where their corresponding logic cycles begin and end within the algorithm. The textual logic-flow describes in a shorter way the algorithm than a logic diagram can do. start subroutine STEP //* this subroutine is applied independently for K -and for (K xy = 0, x < y). It is necessary for considering also this category of OUT elements during the synthesis process, according to a well-defined logic. Considering the same philosophy as in the case of rule 2, the first criterion for ordering is the coefficient A. It starts with the lowest value of A and ends with the highest value of A. Where two or more OUT elements from the category related to rule 3 have the same value of A, the next coefficient is I. The logic continues with coefficient W if the coefficient I does not solve the ordering process for some OUT elements, and further with coefficient D if at its turn, coefficient W does not fix this issue. 'Subroutine STEP_0' illustrates the rule 3 under the form of a textual logic-flow. It also reveals the way A, I, W and D should be considered in ordering the OUT elements that are not correlated with some others. start subroutine STEP_0 define the set OUT 0 including all OUT elements for which K xy = 0, x < y order the OUT elements of the set OUT 0 on the following rule from A min to A max (1) if there are two or more OUT elements of the set OUT 0 with the same A then order those OUT elements on the following rule from I max to I min (2) if there are two or more OUT elements with the same I then order those OUT elements on the following rule from W max to W min (3) if there are two or more OUT elements with the same W then order those OUT elements on the following rule from D min to D max (4) if there are two or more OUT elements with the same D then order those OUT elements in any order endif (4) endif (3) endif ( 2) endif (1) define the set SOUT as the OUT elements ordered according to the rule above end subroutine STEP_0

Rule 4: The fourth rule is related to the formulation of the links between the INP elements and those OUT elements that are related to rule 2. The links are defined according to the level of relationship between the INP and the OUT elements. If there are cases where the relationship coefficients are of the same value, additional information is required to prioritize the links within the CSDT algorithm. It is provided by the Ep coefficient. Where Ep cannot fix the problem, the order is done by the En coefficient, and so on. (5) if both OUT elements x and y have the same value of I then first the link of the OUT element having W higher (6) if both OUT elements x and y have the same value of W then first the link of the OUT element having D lower (7) if both OUT elements x and y have the same value of D then first any link endif (7) endif ( 6) endif ( 5 Using the set of five rules, the CSDT algorithm is further formulated. It is shown below under the form of a textual logic-flow that calls the subroutines ORD, STEP, SUB, STEP_0 and SUB_0, defined before.

start CSDT algorithm

Step 1: call subroutine ORD //* INP elements are ordered

Step 2: define the set K -including all K xy < 0, x < y

Step 3: call the set K -

Step 4: call subroutine STEP //* OUT elements related to the set K -are ordered

Step 5: call subroutine SUB //* the first group of steps within the WSSD are elaborated

Step 6: define the set K + including all K xy > 0, x < y

Step 7: call the set K +

Step 8: call subroutine STEP //* OUT elements related to the set K + are ordered

Step 9: call subroutine SUB //* the second group of steps within the WSSD are elaborated

Step 10: call subroutine STEP_0 //* OUT elements, for which K xy = 0, x < y, are ordered

Step 11: call subroutine SUB_0 //* the third group of steps within the WSSD are elaborated end CSDT algorithm

The first step within the CSDT algorithm consists in ordering the INP elements according to the subroutine ORD. The second step within the CSDT algorithm leads to the definition of the set K -(that includes all K xy < 0, x < y). Using the information from the first and the second steps, the OUT elements related to the set K -can be ordered using the subroutine STEP (steps 3 and 4 within the CSDT algorithm). In step 5, the first part of the WSSD is elaborated by means of the subroutine SUB. The sixth step within the CSDT algorithm leads to the definition of the set K + (that includes all K xy > 0, x < y). Using the information from the first and the sixth steps, the OUT elements related to the set K + can be ordered using the subroutine STEP (steps 7 and 8 within the CSDT algorithm). In step 9, the second part of the WSSD is elaborated by means of the subroutine SUB. Step 10 orders the OUT elements that are not correlated with any other OUT element by means of subroutine STEP_0. The last step of the CSDT algorithm formulates the third part of the WSSD, using the SUB_0 subroutine.

According to the CSDT algorithm, each moment it is defined a pair of two correlated OUT elements (or only an OUT element, where there is no correlation) that interact(s) with a certain INP element and generate(s) a working step within the WSSD. In theory, the CSDT algorithm could follow a 'nested' approach (see the Russian doll Matrioshka), in the sense that within the WSSD (elaborated with the CSDT algorithm) can be extracted a certain INP element (that requires a deeper understanding and analysis), split into smaller generic subsystems and interfaces, and for this new system to be afterwards applied the CSDT algorithm, too. There is no special rule to decide which INP element to be divided into smaller parts, this being a qualitative choice that strongly depends on the team-engineers' experience. The 'nested' application of the CSDT algorithm is based on the fact that the relationship level between an OUT element and an INP element is the global effect of the components belonging to the respective OUT element. On the other side, in the case of less complex applications, the CSDT algorithm can be also applied in a simplified version, which ignores the coefficients C P , C N , A, E P , E N , J, Z, O and Q.

Usually, the WSSD should follow 2-3 cycles, until a robust solution is worked out. The first cycle is focused on a wider and more general view of the application. The second cycle leads to a clearer concept. The last cycle ends with the generation of constructive variants of the system.

A possible representation of a working step within a WSSD is shown in figure 3, where: ID is the identification number of the group (working step) from the whole set of steps within the WSSD; TC x and TC y are codes given to the considered OUT elements, x and y, within the group; O x and O y are symbols representing the optimization trend of the OUT elements, x and y (i.e. ↑maximization; ↓ -minimization; O -nominal value, etc.); TC ? could be TC x , TC y or a blank box, depending which of the OUT elements is the first and the second priority when they are analyzed with respect to a certain INP element; c 1 , …, c n are the INP elements (ordered within the set SORD -see the CSDT algorithm) that have at least a relationship with one of the OUT elements x and y. In the column 'Tools', the type of tools, recommended to use for each substep, are mentioned. The column 'Remarks' offers various other information like, for example, the use of supplementary data (if available).

'[insert figure 3 about here -see figure 3 at the end of the body text]' The WSSD allows the team-engineers to breakdown a complex system into smaller and easier manageable units. At each increment, engineers will think only to a simple aspect, so local results are faster and easier generated. According to the WSSD, a certain problem is approached several times in different steps of the WSSD. It is easy to conclude that even if a solution is defined at a certain step, it must be reanalyzed and maybe modified partially or totally, depending on the new requirements that appear within the WSSD. Sometimes, within the WSSD there are stages where it is required to solve tasks that apparently do not look naturally to be approached at that moment. Even it seems so, in reality the WSSD 'asks' engineers to think in a different way they normally do (out-of-the-box). When apply the WSSD, all-important aspects within the synthesis process are considered and from here, the technical risk is significantly diminished. Also, the use of various tools within the increments of the WSSD further contributes to the achievement of this goal.

Example

CSDT is a tool for managing complexity during product design process. Because of this, it is mainly justified when complex / breakthrough products are brought into equation. For such cases, the WSSD, generated with CSDT, leads to tens of pages of working-steps for handling the complexity of the design process (see, for example, life-cycle oriented design of mechatronic products, cars, airplanes, robots, ships, oil platforms, new generation computers, large-size software products, eco-intelligent buildings, etc.). These kinds of examples are not feasible for the space allocated in this paper.

A very simple example is further introduced to illustrate the structure and the working principle of the CSDT, as a product design management tool: the design of a pneumatically driven robot gripper. It is assumed the reader has good knowledge about QFD-type product planning matrices [START_REF] Chan | Quality function deployment: a literature review[END_REF], as a necessary condition to follow properly the CSDT algorithm on product design. In this example, the reference for product planning is the one given in figure 1. Because CSDT takes the input data from the planning process (specifically the QFD III and QFD IV matrices in figure 1), the example considers these matrices already completed.

For the pneumatic robot gripper in this example, it is supposed that engineers have already formulated, within the QFD IV planning phase, a number of 4 major generic modules and 3 generic interfaces that characterize the new system. The generic modules are the followings: the driving system (GM 1 ) [25.5%], the transmission system (GM 2 ) [17.3%], the grasping mechanism (GM 3 ) [19.8%] and the sensing system (GM 4 ) [14.4%]. The generic interfaces are the followings: connection between gripper and robot flange (GI 1 ) [7.4%], connection between the transmission mechanism and the grasping mechanism (GI 2 ) [5.8%], connection between the driving system and the transmission mechanism (GI 3 ) [9.8%]. Data in brackets [ ] show the relative value weights of the generic modules and interfaces, determined within the QFD III planning phase (please review figure 1). The value weights from QFD III become degrees of importance in QFD IV, as the serial QFD deployment process requires.

In the project from where this example has been extracted, the key performance characteristics revealed within the QFD I matrix are the followings: the payload capacity [kg], the number of parts [#], the inertial moment of the gripper [kg × cm 2 ], the gauge of the gripper [cm 3 ], the mass of the gripper [kg], the shape of the fingers [#], the compressed air consumption per double stroke [cm 3 ], the number of parts in motion [#], opening between jaws [mm], the grasping force at 6 bar [N], position of the centre of gravity relative to the gripper's base [mm]. The key properties for the generic modules and interfaces of the gripper are formulated considering the key performance characteristics (QFD I) and the set of generic modules and interfaces (QFD III). In this example, the key properties are: simplicity (in terms of number of parts), efficiency (in terms of force distribution and mechanism type), optimality (in terms of mass distribution, gauge and shape), accuracy (in terms of capacity to compensate robot repeatability/accuracy), universality (shape of fingers, openings) and suppleness (in terms of ratio payload capacity and mass). The QFD IV for this project looks like in figure 4. The degrees of importance R i , i = 1, …, 7 in figure 4 are actually the normalized value weights of the generic modules and interfaces, which were determined by engineers during the QFD III planning phase. In addition, QFD IV shows the relative degrees of difficulty in solving the key properties D k , k = 1, …, 6 (normalized to 1), the correlations C fg , f, g = 1, …, 6, f ≠ g between the key properties, as well as the relationships a ik , i = 1, …, 7, k = 1, …, 6 between the generic modules / interfaces and the key properties. All these coefficients are inputs within the CSDT framework. In figure 4 Using the information from QFD IV (see figure 4), the CSDT coefficients are calculated by means of the relationships (1), ( 2), ( 4)-( 16). They are further presented in figure 5, integrated within the QFD IV framework. Using the CSDT algorithm, the WSSD is revealed (see table 1). According to the CSDT algorithm, the set of modules and interfaces are reordered within the WSSD, as it is shown in table 1: GM 4 : sensing system (B = 12), GI 3 : connection driving system <> transmission mechanism (B = 9), GM 3 : grasping system (B = 6, H = 59.5), GM 1 : driving system (B = 6, H = 67.5), GM 2 : transmission system (B = 4), GI 1 : connection gripper <> robot flange (B = 2, H = 25.5), GI 2 : connection transmission mechanism <> grasping mechanism (B = 2, H = 120.7). The set of modules and interfaces in table 1 have been ordered according to rule 1 of the CSDT algorithm, described by the subroutine ORD. '[insert table 1 about here -see table 1 at the end of the body text]' Table 1. The WSSD for the example.

As table 1 illustrates, the project in this example consists of 108 working steps, organized in 11 groups, where the first 4 groups include properties that are negative correlated, so they require application of TRIZ method at each step to approach the problem solving process in an innovative way. In this project it was considered that W limit is 15% and D limit is 0.2 (20%). As a consequence, for the steps where W of at least one of the correlated properties overrides W limit it is recommended the use of risk analysis tools, like FMEA; and where D of at least one of the correlated properties overrides D limit it is recommended the use of tools like TRIZ and/or ARIZ and/or ASIT (if innovation is required), FAST and/or AIDA (if analysis is required). Symbols ↑ and ↓ in table 1 show the optimization trend of each property (maximization and minimization, respectively), as they are defined during the QFD IV stage. To comprise the WSSD, symbol '∅', in table 1, defines a missing step. The order of the working steps within each group of the WSSD from table 1 is defined according to the subroutine SUB of the CSDT algorithm. The WSSD from table 1 should be applied 2-3 times until a mature solution of the system is revealed. In table 1, column "Recommended tools" the numbers 1 and 2 in brackets ( ) show at each step in the respective raw to apply the tools The sign '-' that occurs with TRIZ for the first groups of steps means that TRIZ would be applied at each step from the first four groups because the properties involved are negative correlated.

The working process of the WSSD in table 1 is simple; for exemplification (consider space constrains of the paper's size), it is further described into more details the first two working steps from the group 1 of working steps and the second working step from the group 3 of working steps (the 20 th step within the WSSD). They should be read as:

Step 1: approach 'Module GM 4 : The sensing system' with respect to 'Property P5: Universality', taking into account the optimization trend of the 'Property P5: Universality' and the negative correlation between 'Property P5: Universality' and 'Property P3: Optimality'. Apply TRIZ for working out innovative local solutions between 'Property P5: Universality' and 'Property P3: Optimality'. According to the requirements of this step, engineers might think to search and/or design proper sensors for the grasping force, for the fingers' position, as well as for controlling the driving speed. Applying further TRIZ between engineering parameters 'Adaptability' and 'Complexity of the system' [START_REF] Altshuller | The innovation algorithm[END_REF], the following innovative principles are revealed: make the system with interchangeable modules; think to a 'fluidic' construction of some parts; think to use electric or electromagnetic fields; use materials with thermal expansion properties. These recommendations will be further exploited in the next steps, where 'Property P5: Universality' will be considered, too. Before ending the step, apply FMEA-type tools with respect to 'Property P5: Universality'. In this early stage of WSSD, FMEA might have no use, but it cold be applied when WSSD is resumed in the 2 nd and the 3 rd cycle. Step 2: approach 'Interface GI 3 : Connection driving system<>Transmission system' with respect to 'Property P3: Optimality', taking into account the optimization trend of the 'Property P3: Optimality' and the negative correlation between 'Property P3: Optimality' and 'Property P5: Universality'. Here engineers might think or search for standard, well-proved connecting mechanisms. Further apply TRIZ, for working out innovative local solutions between 'Property P3: Optimality' and 'Property P5: Universality'. In this case, the same innovative principles as for the above step will be considered, too. Before ending the step, apply FMEA-type tools with respect to 'Property P3: Optimality'.

Step 20: approach 'Interface GI 3 : Connection driving system<>Transmission system' with respect to 'Property P6: Suppleness', taking into account the optimization trend of the 'Property P6: Suppleness' and the negative correlation between 'Property P6: Suppleness' and 'Property P5: Universality'. Use already formulated ideas or solutions around the 'Interface GI 3 : Connection driving system<>Transmission system', in the previous steps of the WSSD (step 2 and step 12). Apply TRIZ to define an innovative idea on 'Property P6: Suppleness' with respect to 'Interface GI 3 : Connection driving system<>Transmission system'. This means to define a solution of the interface such as to support high forces at a small gauge. According to TRIZ, engineering parameters are 'Force' and 'Volume of dynamic object', which reveal the following innovative principles: dynamicity of some parts of the interface/interchangeability; counter-actions in advance. Further, apply TRIZ for working out innovative local solutions between 'Property P6: Suppleness' and 'Property P5: Universality'. Here TRIZ reveals two innovative principles: increase segmentation and increase degree of flexibility. Before ending the step, apply FMEA-type tools with respect to 'Property P6: Suppleness'… And, so on.

In practice, the size of the QFD IV is sometimes large (e.g. from 15 × 15 up to 40 × 40), so, the size of WSSD is significantly larger than in this example. If the size of QFD IV is larger than 40 × 40, it is strongly recommended to split the system into 2-4 smaller subsystems and to apply CSDT for each subsystem. At the end, the partial results are integrated within a top-level CSDT framework to finalize the synthesis process in a robust way. In some cases, engineers could jump over certain steps generated by WSSD, if they consider those steps have already reliable answers with respect to their previous experience. In other words, WSSD should not be necessarily approached in a mechanical manner; rather it should help engineers according to their experience, time and other resources constrains, than generating project barriers. However, even those steps that are considered less necessary might be useful for design control.

Conclusions

CSDT is an innovative algorithm for 'dividing' a complex problem into manageable subproblems and guides engineers during the synthesis process in the way they know 'When?', 'What?', 'How?', 'How much?', and 'Where?' to act such as an optimal solution to be finally worked out. It takes into account the evolutionary characteristics of a complex, non-linear system and uses a mathematical fundament to transpose this into practice. Its use can be extended without any problem from new, complex product design to new, complex process or service design, as well as to the design of any complex technical or economic system. CSDT algorithm can be implemented within a computer program and used within a Web platform to link distributed teams of specialists in R&D networks. Actually, the CSDT algorithm itself is not so simple; therefore its accessibility to practitioners necessitates a computerized version. The application of the CSDT method in the context of different variants of QFD-type methodologies (e.g. Dynamic QFD, Comprehensive QFD, Invisible QFD, Enhanced QFD, Fuzzy QFD) will be further researched. In this respect, a major research will be performed in conjunction with cases where QFD matrices are very large, as well as where design engineers deal with multi-layered INP and OUT. Adaptation of the CSDT algorithm to different design for six sigma methodologies (DFSS) will be also considered in the future. The integration of the CSDT algorithm within the FMEA/FMECA framework to increase the effectiveness of safety and reliability analysis could reveal new potentials for industry 
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 2 Figure 2. The concurrent QFD planning process with CSDT integration.

  ) endif (4) endif (3) endif (2) endif (1) formulate the steps for the links L x and L y according to [Step description] //* see [Step description] in the paper next //*a end subroutine SUB Rule 5: The fifth rule is related to the formulation of the links between the INP elements and those OUT elements that are related to rule 3. The links are defined where there are relationships between the INP and the OUT elements. The rule 5 is illustrated in 'subroutine SUB_0'. start subroutine SUB_0 call the set SORD //* from subroutine ORD call the set SOUT //* from subroutine STEP_0 from the first INP element within SORD to the last INP element within SORD do //*a from the first OUT element within SOUT to the last OUT element within SOUT do //*b if the relationship coefficient a INP element, OUT element ≠ 0 then create a link L 0 between OUT element and the INP element formulate the step for the link L 0 according to [Step description] //* see [Step description] in the paper endif next //*b next //*a end subroutine SUB_0

Figure 3 .

 3 Figure 3. Representation of a working step within WSSD.

  , the symbols ↑, ↓ and O illustrate the optimization directions of the key properties during the design process: ↑ -maximization; ↓ -minimization; Onominal value. '[insert figure 4 about here -see figure 4 at the end of the body text]'

Figure 4 .

 4 Figure 4. QFD IV for the example.

  Figure 5. QFD IV with the CSDT coefficients for the example.

  The customized six-step QFD product planning framework with CSDT integration TRIZ; (1) FMEA; (-) TRIZ D6 > Dlimit; W6 > Wlimit P5 P6 3. GM 3 (1&2) FMEA; (2) TRIZ; (-) TRIZ D6 > Dlimit; W5, W6 > Wlimit P6 P5 4. GM 1 (1) TRIZ; (1&2) FMEA; (-) TRIZ D6 > Dlimit; W5, W6 > Wlimit P5 P6 5. GM 2 (1&2) FMEA; (2) TRIZ; (-) TRIZ D6 > Dlimit; W5, W6 > Wlimit ∅ ∅ 6. GI 1 Comments: P5 and P6 are negative correlated W limit = 15; D limit = 0.20 P5 P6 7. GI 2 (1&2) FMEA; (2) TRIZ; (-) TRIZ D6 > Dlimit; W5, W6 > Wlimit P1 Simplicity ↑ P5 P1 1. GM 4 (1) FMEA; (2) TRIZ D1 > Dlimit; W5 > Wlimit

(

  are positive correlated W limit = 15; D limit = 0.20 P1 ∅ 7. GI 2

  

  

if there

  The algorithm asks to order the INP elements starting from those INP elements having the highest value of B to those having the lowest value of B. Where several INP elements have the same value of B, the order in this sub-set is decided with respect to H coefficient (from the INP element with the lowest value of H to the one having the highest value of H in the sub-set). Where several INP elements have the same value of H, the order is done with respect to d coefficient (from the one having the lowest value of d in the sub-set). In case several INP elements have the same value of d, the coefficient R is taken into account (priority being from the INP element with the highest value of R in the sub-set). Once the INP elements are ordered, they are grouped in a new set called SORD. Below, rule 1 is illustrated under the form of a textual logicflow. It is called the 'subroutine ORD'. are two or more INP elements with the same d then order those INP elements on the following rule from R max to R min (4) if there are two or more INP elements with the same d then order those INP elements in any order endif

	from d min to d max
	(3)
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start subroutine ORD call the set of INP elements order the INP elements on the following rule from B max to B min (1) if there are two or more INP elements with the same B then order those INP elements on the following rule from H min to H max (2) if there are two or more INP elements with the same H then order those INP elements on the following rule

(4) endif (3) endif (

  

5) endif (4) endif (3) endif (2) endif (1) next

  Cp y } min (2) if there are two or more identical {Cp x + Cp y } then for those pairs select the pair {OUT element x; OUT element y} in the order from abs (Cn x + Cn y ) min to abs (Cn x + Cn y ) max (3) if there are two or more identical {Cn x + Cn y } then for those pairs select the pair {OUT element x; OUT element y} in the order from {A x + A y } min to {A x + A y } max (4) if there are two or more identical {A x + A y } then for those pairs select the pair {OUT element x; OUT element y} in the order from {I x + I y } max to {I x + I y } min (5) if there are two or more identical {I x + I
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K + from abs (K xy ) max to abs (K xy ) min do //*a select the pair {OUT element x; OUT element y} (1) if there are two or more identical abs (K xy ) then for those pairs select the pair {OUT element x; OUT element y} in the order from {Cp x + Cp y } max to {Cp x + y } then for those pairs select the pair {OUT element x; OUT element y} in any order endif (//*a end subroutine STEP Rule 3: The third rule is to order those OUT elements that are not correlated each other

  The rule 4 is revealed in the 'subroutine SUB'. SORD if the relationship coefficient a INP element within SORD, x ≠ 0 create a link L y between element y and the INP element within SORD if the relationship coefficient a INP element within SORD, y ≠ 0 //*links L x and L y represent steps within WSSD order L x and L y on the following rule first the link of the OUT element having a INP element within SORD, _ higher //* in a INP element within SORD, _ the symbol ' _ ' is x or y, depending on the case (1) if both OUT elements x and y have the same value of a INP element within SORD, _ then first the link of the OUT element having Ep higher (2) if both OUT elements x and y have the same value of Ep then first the link of the OUT element having En higher (3) if both OUT elements x and y have the same value of En then first the link of the OUT element having A lower (4) if both OUT elements x and y have the same value of A then first the link of the OUT element having I higher
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start subroutine SUB call the set SORD //* from subroutine ORD from the first INP element within SORD to the last INP element within SORD do //*a create a link L x between element x and the INP element within
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