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Working through elementary exercises and problems, we guided youngsters through different thinking models: 1) analysis and computation, 2) contextual formulation for analytic computation, 3) computation on uncertainties and the logics of tolerance bounds, 4) problem solving through inverse mapping, namely, solving equations, 5) parametric design by inverse mapping in the parameter space, 6) problem solving involving multiple variables, graphic representation, search for solution graphically and trial by simulation, 7) automatic control design to manipulate temporal responses, and finally 8) structural design exercises for advantageous functional properties. Examples, their functional mapping, and their graphical representations are provided in the following table for contrast.

As the youngsters are taught to work through the problems, few of them would look back, organize, and summarize the thinking paths of these exercises. The approaches to these exercises are seemingly independent tactics. Most commonly, students take table look up and curve look up as typical design process. They do not develop a uniform thinking model to these exercises. Therefore when they encounters their own wild creative ideas, they resort to ad hoc mock up trials instead of a systemic process of literature reviews, functional property research on materials and the nature, functional architecture ingenuity, and the application of inverse mapping for parametric design.

 Table ?. Thinking Models of Problem Solving   

In the column of functional mapping full upper case represents given or targeted values, all lower case mnemonic represents value to be solved by functional mapping, a mnemonic with only the first letter in upper case is defined by the equal sign, function max(…) represents the maximal solution subjected to the constraint specified between the parantheses, while arg(x) extracts the value of x resulting in the maximal solution.

	Thinking Model
	Elementary Exercise
	Functional Mapping
	Graphic Representation

	1. Analytic Computation
	The price of orange is $9 each. How much does it cost to buy 10 pieces?
	Total$ (N; PRICE$) =   N * PRICE$ = m$
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	2. Problem Solving - Contextual Formulation
	The price of orange is $9 each. In order to provide one each to 10 pupils, how much budget should we allocate?
	Same as above, except need to define Total$ as budget, N as the number of pupils, PRICE$ as unit price.
	Same as above.

	3. Computation of Variables of Uncertainties: the logics of tolerance bounds
	The price of orange in the market may be in the range of $9~$12 each. How much money do we need to prepare to buy 10 pieces?
	budget$= max( Total$ (N; [MIN_PRICE$, MAX_PRICE$]) ) =   N * MAX_PRICE$ = m$
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	4. Analytic Equation Solving – inverse functional mapping
	The price of orange is $9 each and we have only $100. How many pieces can we get?
	Total$(n; PRICE$) = M$, solve for n?

n = inv_n Total$(M$; PRICE$) = arg(n)  ( Total$(.; PRICE$) = M$ )
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	5. Problem Solving - Parametric Design – inverse mapping in the parameter space
	The price of orange is $9 each and we have only $100. In order to provide one each to 12 pupils, what should be the price that we bargain for?
	Total$(N; price$) = M$, solve for price$?

price$ = inv_price$ Total$(M$, N) = arg(price$)  ( Total$(N;.) = M$ )
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	6. Problem Solving – Multivariable Functional Analysis – Graphic Thinking, Trial by Simulation, Judgment of Value
	The price of each orange and apple is $6 and $9 respectively. We have only $100. In order to provide one fruit each to 12 pupils and to make the most of our budget, what would be our choices?
	Total$( (nO, nA); (PRICEO$, PRICEA$) )    < = M$, inverse functional solution set {(nO_k, nA_k), k=1,2,3,…}

(nO, nA) = arg(nO,nA)  ( max(<= M$) Total$( (.,.);  (PRICEO$, PRICEA$)) 
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	7. Problem Solving – Automatic Controls – manipulating temporal effects
	How should the storekeeper set the price so that the oranges can be sold out by a targeted date?
	Control Stragegy: Ratio_of_sales(price$; (MARKET, ENVIRONMENT) ) = (1/(Target_Day-t)), solve for price$(t) at every Day t:
	Control Action: price$(t) = inv_price$ Ratio_of_sales( .; (MARKET, ENVIRONMENT));

System Dynamic Results:  n(t) = n(t-1) – round ( Ratio_of_sales ( price$(t); .) * n(t-1) ). 

The process is shown graphically in the expanded Figure below.

	8. Problem Solving – Functional Structure Design - different amplification, optimality and sensitivity
	Financial Leverage and Risk Management by Commodity Options

An Easier Demonstrative Example: Try to control the tip position of an arm 
	Configuration 1:   y = dR + L*sin(d)

Configuration 2:   y = x + dx + L* sin() , note: sin() = d/H
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Figure ?. The Thinking Process of Problem Solving by Automatic Controls
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B. Teaching actions and related activities

As many youngsters in Taiwan spend so much time in cram sessions preparing for science and literature exams while so little on hand-on experiments and creation, the thinking process of engineering and design is very much foreign to students entering the University. We do feel the criticality to bring the thinking model of design to the conscious awareness of the students. 

We would start a mandatory course, e.g. electric circuits, with the set of fundamental exercises mentioned in the table above. Follows with discussion of the functional representations below and the graphical representations of the thinking models above to set the base tone on the course. On every new set of analysis techniques, new class of components, architecture, or mechanisms, a set of problems exercising various thinking models step by step are devised to reinforce the abstract structure of analysis, design, and verification repetitively. 

B.1 Deriving the performance functional from the driving variables given system architecture and material parameters based on physical laws or functionality tests, namely:

y =  f ( x ; {z}, y(0) ) , J = g ( y ) ,








(1)
where the functional format of system response function f is determined by system architecture and the functional characteristics of the component properties, vector y represents system state variables, y(0)  represents their initial values, vector x represents driving variables, vector z represents the material property and dimensional parameters, while J represents the performance function and endurance ratings calculated  using functional g from the state variables in y.
B.2 In parametric design, we specifies targeted performance region J0 , some given available parameter range z0,  we can solve for admissible domain of the undetermined component material property parameters and dimensional parameters by the following inverse mapping from the driving variables back onto the parameter space:

z = inv_fz  ( x | J=J0 , z=z0 ),









(2)
B.3 For automatic control design, we applies inverse mapping from desirable performance back onto the space of driving variables with given material and dimensional parameters {z} and initial value y(0) of state variables y: 

x =  inv_fx ( y(0) | J=J0 ; {z} ) ,








(3)
B.4 It is possible that the inverse mapping could ended up with empty admissible solution set, we then need to adjust the priorities and trade off among the list of J=J0 and z=z0. It might even take daring break through in requesting extra ordinary range of material properties or dimensions z=z0 or architectural ingenuity for new functional characteristics to squeeze out some admissible solutions.

After going through the step-by-step process a few times consciously, can students execute the exercises of creativity design and implementation with fluent flow and confidence.

VI.  Illustrated examples

A. Stone thrower

B. Solar cell back-bagage

C. Walking bean – a scientific toy

VII. Conclusion and outlook

Summary 

As creativity and innovation become important issues of engineering design education, we found the difficulties to the students for implementing their ideas from our research results on novice engineering students' creativity implementation setback events [1]. One of the difficulties is lack of suitable thinking approach. The students are used to solving design problem still based on analytical approach, not based on synthetical approach. They have difficulty in applying the acquired specific knowledge to their design task, although they have already learned that from related nature science or engineering science courses.  

We developed therefore a set of teaching strategies for design realization to teach students how to implement their innovative ideas systematically. Our teach strategies follows to the systematic design process: from searching solution principles, developing principle structure, until to determining quantitative dimensions of solution. The teaching strategies consist of following three stages: 
(a)
searching suitable physical effect from the developed design tool, “Physical Effect Toolkits” (PET), [2]; 
(b)
developing a design structure through “graphical thinking”, [3]; and 
(c) 
determining the suitable parameter to fit the specified requirements according to the principle of “inverse functional mapping”, [4]. 
The main part of the developed web-based “Physic Effect Toolkit” is a database collecting the well-known physic effects which are sorted according to the physical domains including solid mechanics, fluid mechanics, electrics, thermo-dynamics etc. With the required input and output physical quantity, the specific function structures with corresponding physical quantities as criterion can be establish as the effect chain with aid of a search engine integrated in PET. Students can obtain the suitable physical effects and the corresponding design information from the corresponding database to fulfill the requirements of the task. 

Training the graphic skill enable the students, on the other hand, not only to represent their concepts on paper but also to think and to analyze their concept from the developed sketches. Our teaching experience showed that students can solve the complicated design problems more easily when they can dominate the acquired graphic skills. According to the teaching strategy we developed a series of exercises to enhance the graphic skill, including free-hand sketching, symbolic representation, concept representation, layout generation, etc. 

The last teaching strategy based on the concept “inverse functional mapping” (IFM) enable the students to obtain optimum parameters through analysis of the physical formulas. In general, especially in Taiwan, students in engineering science courses are taught how to apply the formulae to solve the constructed problems based on the theories, just as substituting known parameters in the formulae to obtain the other unknown parameters. Consequently, the students are unconscious of the meaning of the formulae related to the handled problems. With focus on the cognitive category “synthesis” and “evaluation”, our efforts on “inverse functional mapping” involve the topics on teaching students to have awareness how to apply the concept IFM to solve practical problems, and on the establishment of collection of problems for exercises. 

These three methods for design realization mentioned above will be explained with examples in the paper. We will also illustrate students' practical projects to verify the feasibility of the teaching strategies.
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