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Abstract

This paper reports on the outcomes of applying the notions provided by the reconstructed
prototheory of design, based on Aristotle’s remarks, to the parameter anabtsiedrof
conceptual design. Two researguestions are addressed: (1) What further clarification and
explanation to the approach of parameter analysis is provided by theh@otg? (2) Which
conclusions can be drawn from the study of an empirickdlyved design approach through
the protetheory regarding usefulness, validity and range of that theory? An overview of
parameter analysis and an application example illustrate its present model ignd un
characteristics. Then, seven features of the ghwory areexplained anddemonstrated
through geometrical problem solviagd analogies are drawn between these feaauneshe
corresponding ideas in modern design thinking. Historical and current uses ofntise ter
analysis and synthesis in design are also outlined and contrasted, showaagitioat should

be exercised when applying the@onsequencesegarding the design moves, process and
strategy of parameter analysis allow proposing modifications to its model, while
demonstrating how thancient method of analysis can contribute to better understanding of
contemporary desigtheoretic issues.

Keywords: design theoryconceptual desigmparameter analysisesign methodreasoning

1. Introduction

Parameter analysis (PA) & method for teaching and practicing conceptual design, i.e., a
prescriptive model used for conceiving innovative ideas and developing them into workable
designs Kroll, Condoor, & Janssor200%, Kroll, 2011 Kroll, 2013. PA is based on a
descriptive model according to which conceptual design is done byabaddtrth movement
between two spaceshe concept space anthe configuration spaceThe ®ncept space
contains ideas and other concepleakl issues, such as fundamental physics, analogies and
important relationships, callégharameters The onfiguration space consists of the evolving
hardware representation.

While a descriptive model aimat understandindpow designers desigrihat is, what
processes, strategies and methods they aipegescriptive model spea#fs how the design
process ought to proceedo instruct the designer as to what needs to be done at any given
time during conceptal design, PA’s prescriptive model states that moving between concept
and configuration spaces is carried out by breaking the thought process into thne¢ dis
steps: parameter identification (Pl), creative synthesis (CS) and eval(i&}jas shown in
Figure 1. The three steps are applied time and again, dealing with contingent,ndgnsta
evolving information associated with the design artifact. At each cyclei®fptocess, the
critical issues (parameters) identified are different, as are the cgasapfigurations and the
results of the evaluations.

Although PA has been in use for over 20 years, its fundamental notions are still based on
observing designers in action (Li, Jansson, & CravédB80)and not on deepeated theory.

In addition, the3-step model may be somewhat ambiguous and difficult to understand
because the steps are depicted schematically as the inputs and outputs of thenateasls

of being the arrows themselves with a meaning of design “moves” (Figure 1). Thatcurr
effort therefore attempts to examine the reasoning process behind PA and offecatiodd

to this model in light of the explanations provided by the ptogmry of design. As this
prototheory has been only recently rediscovered, a secondary objective valtate its
validity and usability when confronted with a contemporary approach to design.



The development of the proto-theory of design was inspired by two puzzling observations
made when reading philosophical literature initial excitement with this topic was raised
by Hintikka (1969, who outlined the long history of the method of analysis and its
significance in the method of science. This contradits the common but ahistorical usage of
the terms analysis and synthesis in engineériag ehborated in Section 4.4he historical
background is never clarified. Then, Niiniluof®990 was found to makegn passantan
explicit connection between the ancient geometric analysis and enginaediragchitectural
design. Such a connection is metognized in mainstream literature on design.

Based on subsequent reseaocchthese intriguing puzzles, the prab®ory of design,
drawingon the similarity of design and geometri@bysis, was first suggested ([Koskela&
Kagioglou 2006. After that, two significant findings were made. First, it was found that
already Aristotle had pinpointed the close resemblance of designirtbe one handand
analyzing a geometrical figuen the othehand Second, it turned out that this linkage was
still known several centuries after Aristotle: the well known philosopher and medicardoct
Galen (129-c. 210 AD) explicitly referred to it. Galen discussed how the method of amalysi
can be used in the design and making of sundials and water clocks as welbafrining
their correctness (Singefl997). However, this part of the legacy of Antiquity was not
addressed durinthe Renaissance, and fell into oblivioAs a consequence, although there
has been recent interest in Aristotle’s works from a design viewpoint (fanoesWang
2013), the interesting analogy between design and geometry is still not gekeoath.

In its further developed forrfKoskelg Codinhoto, Tzortzopoulos, & Kagioglo@014)
the protetheory of design refers to a proposed interpretation of the method of analysis of the
ancient geometers, in whigdevenfeatures are related to our understanding of modern design
methods. These featuraee the types of analysiss stagesits start and end points, the types
of reasoning involved, the relation of the two directions of reasoning, the strategy of
reasoningand theexistenceof a solution.

Studying a specific method with the aid of adheis common indesignresearch It
allows investigating the method to further our understanding of how and why it works,
identify its limitations and area of applicability, and compare it to other methodg asin
common theoretical basis. At the same time, interpreting and demonstrating thd freatho
the theoretic perspective can provide empirical validation of the th8omlar studies have
used the €K theory of desigr(Hatchuel& Weil, 2009 to analyze the advanced systematic
inventive thinking (ASIT) method (Reich Hatchuel, Shai, & Subrahmanja@012), the
infused @sign method(Shai Reich, Hatchuel, & Subrahmania@013) and parameter
analysis Kroll, Le Masson, & Weil, 2014).

The PA methods described and partially demonstratedhenexttwo sections, followed
by elaborating the prottheory of design with its seven features and their analogues
contemporary desigideation The often confusing difference in usage of the terms analysis
and synthesis between ancient and modern times is also discussed. The reasonm@fproces
PA is interpreted next with the notions of the prtiteory to reveal new insights on the
design “moves” used, a possible new depiction of tkstef processmodel, and an
explanation for the overall design strategy used byTP®.usefulnes®f the protetheory, as

! Of course, from the early days of modern engineering, engineeridgnssuhave encountered the term
“analysis” in mathematics. It was originally used to refer to algelamaalysis (Monge, 1807), and infinitesimal
analysis (Cachy, 1821). These senses connected to the historical tradition hemaics, although the
meanings of the term had already drifted from what it was in classicaleggo However, this usage of
“analysis” refers narrowly to the mathematical treatmersroengineering problem rather than to parts of the
engineering design process itself. It is worth noting that the tepdefngiving new meanings to the terms
"analysis” and "synthesis” has been quite common. Thus, Otte & RaA2J) list no fewer than8ldifferent
interpretations, in which these terms have been used in the histoatleEmatics.



demonstrated in this paper, includes thanterpretation of some aspects of PA by the
features of the theory, the added clarity of the pragndasegn approach of PA provided by
the protetheory, andhe identification of PA’s unique reasoning strategy when compared to
the method of analysis. Some issues that remain for future research aisteadso |

2. Overview of parameter analysis

As the name suggests, the configuration space of PA consists of descriptions of hardware,
shapes and forms. The result of any design process is certainly a mencbefigidration

space, and so are all the elements of the design artifact that appear, and somistme
disappear, as the design process unfolds. Movement from one point to another in
configuration space represents a change in the evolving design’s physiagghtidescbut
requires reasoningbout ideas, which is done in concept space. The concag dpals with
“parameters”, which in this context are ideas or concepts that provide thddvamnything

that happens in configuration space. Moving from concept space to configuration space
involves a realization of the idea in a particular hardware representation,cayrback,

from configuration to concept space, is an abstraction or generalization, becgesdfia s
hardware serves to stimulate a new conceptual thotigist.model of the design process is in
coherence with Sém’s reflective pratice paradigm(Schon, 1992, including the notion of
dynamically framing the problem to discover new aspects of it, generatingsnmwards a
solution, and reflecting on the outcomes.

The first step, parameter identificatigil), consists primarily othe recognition of the
most dominant issues at any given moment during the design process. In PAnthe ter
“parameter” specifically refers to issues at a conceptual level. These mageinitia
dominant physics governing a problem, a new insight intaaritelationships between some
characteristics, an analogy that helps shed new light on the desigmthgk solutionor an
idea indicating the next best focus of the designer’s attention. Paramete@npimportant
role in developing an understanding of the problem and pointing to potential solutions. The
parameters within a problem are not fixed; rather, they evolve as the pnooess forward.

The temporal nature afesign parameters is consistent with the notion of situatedness, i.e., the
dynamic character of theontext in which designing takes plaf@ero & Kannengiesser
2009).

The second step in PA is creative synth€SiS). This part of the process represents the
generation of a physical configuration based on the concept recognized withinaimetear
identification stepPhysical configuration here usually means a skedtthough it often also
entails calculationsfor rough dimensionin@nd even crude physical prototyping. Since the
process is iterative, it generates mgrgpresentations of) physical configurations, not all of
which will be very interesting. However, the physical configurations allowmsed new key
parameters, which will again stimulate a new direction for the procesife\tse burden of
truly creative activity fromCS to PI, the creation of new conceptual relationships or
simplified problem statements, which will lead to desirable configuratie@sults. Thus, the
task of CS along the way is only to generate configurations that, through evaluation, will
enlighten the creative identification of the next interesting conceptuabagp Each new
configuration does not have to be a good solution, only one that will further direct the
discovery processhis role of CSs in line with IDEO’s design thinkinghilosophy, which
emphasizes the creation of rapid physical prototygedly, 200), and studies of designers
and architects in action. For example, Su®aro,& Purcell (1999 found, through protocol
analyses of freehand sketching during design, that only after designdressymta solution
arethey able to detect and understand important issues and requirements of the [Gotem.



“unexpected discoveries” and “situateyentions” areclaimed to bestrongly associated with
creative outcomes.

The third component of PA, the evaluati@®) step, facilitates the process of moving
away from a physical realization back to parameters acegas. Evaluation is important
because one must consider the degree to which a physical realization repaegessible
solution to the entire problem. Evaluation also points to the weaknesses of the atinigur
Evaluation should not usually resort to analysis of physical configurations that mgpes a
deeper than is required to create a fundamental understanding of its underlyiegtglem
Evaluation in PA is not a filtering mechanism. The main purpose is not to find fault, but
rather, to generate csinuctive criticism. A weklbalanced observation of the design’s good
and bad aspects is crucial for pointing out possible areas of improvement for the rgaxt desi
cycle.

Real design processes are rarely linear in nature, and d@njsatible with this sitation.

It may seem that a complete design process can begin with a certain concept in a PI step,
proceed through a sequence of PI, CS and E steps, and terminate with arh&t Staystthe

design is complete. However, failureswvafrioustypes may occur in the process, and even if
everything proceeds as expected, there is often a need to repeat the procesattosgsmeeal
alternative designs, not just one. For these reasons it was necessary to aed calktalg
“technology identificaon”, that precedes PA ithe conceptual design processde| as

shown in Figire 2.

Technology identification refers to the process of looking into possible fundamental
technologiesor physical principlesthat can be used for the design task at hands thu
establishing several starting points, or initial conditions,Hér Often, several such core
technologies can be used in a particular design. Technology identifipédigsa similar role
to functional decomposition and morphology in systematic de@tgiml & Beitz, 1984)
except that it focuses on the working principles for the most important function of the
designed artifact, and ignores the less significant aspEuogssimilarity, however, is in the
fact that the designer is not particularly direlcte try to innovate at this stage, but rather to
list solution principles that are mostly known to have been used in comparable appicati
cursory listing of each candidate technology’s pros and cons is usually a8 teguired at
this stage to allow the designer to pick the one that seems most likely to result iessfslicc
design. If aPA process reachesdead endat some point, ahit is realized by the designer
that a major change is required, not merely backtracking to an earlier decision mbint a
redoingpart of the process, then another technology identified at the outset can be used as the
new starting point foPA. And if the development of several alternative conceptual designs is
desired, they can all be developed from different such core technologies.

3. Exampleof parameter analysis application

The following is a real design task that had originated in industry andasaschanged
slightly for confidentiality reasons and assigned to teams of studeAtsi€dnbersn each) in
mechanicalengineering design classebhe students had beamstructed to use PA for its
solution. The design process presented here is based on onewe#ersreport and has
beendescribed irmsomewhat different context also in (Kroll et al., 2014).

The design task was to design the means for deployingatamber of airborne sensors
for monitoring air quality and composition, wind velocities, atmospheric peessuiations,
and so on. The sensosgre to be released at altitudes of some 3,000 m from an-wadgr
container carried by a light aircraftypically, about500 sensors would be discharged and
they should stay as long as possible in the air, with the descent rate natirex@en/s
(corresponding to the sensor staying airborne for over 15 minutes). Each sensoedantain



small battery electonic circuitry,and radio transmitter, anglas packaged as @10x50 mm
cylinder weighing 10 g, with its center of gravity located about 10 mm from onetemas |
necessary to design the aerodynamic decelerators to be attached to the pag/lsadsprs),

and the method of their deployment from a minimum weight and size confHmeesensors

and decelerators were disposable, so their cost should be low. The following focuses on th
decelerator design only.

The design team began with analyzing the needrying out some preliminary
calculations that showed that at Re%{tfis Reynolds number corresponds to several tens of
millimeters characteristic length and a velocity of 3 m/s), the drag coefficigndfG
parachute shaped deceleratabout 2, so tdalance a total weight of 15 g (10 g sensor
plus 25 g assumed for the decelerator itself), the parachute’s diameter would be ~150 mm. |
the decelerator were a flat disk perpendicular to the flow, ghwedlild reduce to ~1.2, and if
it were a spherghen G = 0.5, with the corresponding diameters being about 200 and 300
mm, respectively.

It was also clear that the decelateh®uld allow compact packing in large numbers and
be strong enough to sustain aerodynamic loads, particularly during their depipywhen
the relative velocity between them and the surrounding &igh, and that being disposable,
they should be relatively cheap to make and assemble. Further, the sturdieetemters
made; chancearethat itwill also be heavier. Andhé heavier its, the larger iwill have to
be in order to provide enough area to generate the required drag force.

The conceptualdesign process started with a technology identification stage, whose
detailed description is omitted hefer brevity The team identified theleceleration
technologies of flexible parachute, rigid parachute;ftjasl balloon and hetir balloon.The
flexible parachutean easily be folded for compact packing, and represantery common
technological solution for slowing down the descent of airborne objects. The rigchypi@a
canbe made in various shapes; e.g., pyramids, cones and flat surfacés almudused in
some existing applications. The balloons use both buoyancy and aerodynamic dizay and
be packed ampactly, but inflating or heating during or after deployment seem diffichk. T
concept chosen by the designers for further development was therefoexitble fparachute.

Figure 3 shows the PA process applied to this task, presented as distinciheateps
that produce clear outcomes. The wording and illustrations have been slightlyechddifi
better clarity, but in essence they follow the original students' work.

The first concept described in kig 3 (Ply) is based on a small conventional parge
that will provide the necessary drag force while allowing compact packiitg fiolded state
in an undewing container. The following creative synthesis step;C&lizes this idea in a
specific hardware by sketching the configuration and sizing it with the help of some
calculations. Having a configuration at hand, evaluation can now take plgceaaiging
doubts about the operability of the solution. The next concept attempt@ds(fhe rigid
parachute from the technology identification stageplemented as a square pyramid
configuration (C9), but found to introduce a new problenpacking -in the evaluation (.

A folding, semirigid parachute is the next concept realized and evaluated, resultihg in
conclusion that parachutes are not a good solution. This brings a breakthrough in the design:
dissipating energy by frictional work maalso be achieved by a smaller drag force over a
larger distance, so instead of a vertical fall the payload can be carried by a”“glicer
spirding descent (R). The resulting configuration (GSshows an implementation of the last
concept in words and a sketch, to be followed by an evaluation and further development.

It is interesting to nota few points in this prass: Firstwhen the designers carried out
preliminary calculations during the need analysis stage, they already hatical \anag
device in mind, exhibiting the sort of fixation in which a seemingly simple prolligggers
the most straightforward solution. Second, technology identification yielded fouptenak



still relevant for vertical descent, and all quite "standard". A third interesbing [ that

when the flexible parachute concept was evaluateg, (e designers knew about
problematicaspects of parachute deployment and were able to reason about the feasibilty of
the concept. Had they not happdio already possess that knowledge, an experiment with a
prototype might have been used for the purpose of evaluation. Conversely, they sould al
have failed tadentify this problem at all and procestwith the flexible parachute concept.
Finally, whenthe “umbrella” concept failed @ the designexchose not to attempt another
technology identified at the outset (such asfglesl balloon), but instead used the insights
and understanding gained during the earlier steps to arrive at a totally netctmateof a
“glider” (Plg). And while in hindsight, this last concept may not seem that innovative, it
actually represents a breakthrough in the design process because this concept was n
apparent at all at the beginning.

4. Overview of the proto-theory of design
4.1 Introduction to the method of analysis

The protetheory of design is an adaptationtbé method of geometric ahais to the field

we now call‘desgn’, based on Aristotle’s remarkB his Nichomachean Ethics, Aristotle
statesFor the person who deliberates seems to investigate and analyse in the way described
as though he weranalysinga geometrical constructiop..]. It hasbeen shown that design

falls into that deliberatioms meant by Aristotle (Koske& al.,2014. He isthus suggesting

that design and the method of analysis are similar or analdgches passage further details
several aspects of deliberation that are similar to their counterpartslysignstarting from

the assumptions done at the outset, and ending, usually with the wished solution, but
sometimes also with the realization that it is impossible. This suggested range aitgjmila
from beginning to end, can be interpreted to mean that the analogy between deslgn and t
method of analysis is general, rather than limited to a few aspects. That(Gialger, 1997),
roughly five centuries later, knew, expanded and applied this analogy settletelgethe
objection that perhaps we are interpreting more into a few sentencesidbgtiéd than
historically justified.

Before progressing further, a linguistic note is warranid centraterms analysis and
synthesiswhich existed also ithe everyday Greek languageere given grecise technical
meaningin the ancient methodf analysis.The original meaimgs of analysisovaivon) in
classical Greek (Panza, 1997) are argued to be: “back from solution”, “towasdltiien”,

“close to the conclusion” “what brings to the solution (or dissolution or even desitrictr
“what makes it possible to unknot something”. Synthesistgon) could be “the act of
putting (something) together” or “the act of stating (something) with accéitdrding to

the same source, analysis and synthesis seem to have been used to refer tr gartEwlf
separation and composition, however without the idea of a natural opposition of these terms

Now, we can turn to the question: What is the importance of this analogy betwegm desi
and the method of analysis today? Even if our interest is current, again we have to draw on
historical materials, as the method of analysis was developed, known andceuracti
Antiquity, and in modern times, the interest has mostly been towards understanding and
reconstructing it. Besides Aristotle’s mentioned account, there is only one deaiked
description on the method of analysis from Antiquity, namely by Pappus (Hintikka &Reme
1974). Examples of geometric practice and the interpretation tradition in the Middke

2 We use ‘analogous’ in its everyday meaning of being comparable and retttédthe more specific sense of
design analogies.



may give additional insights. Lastly, current examinations of the odetif analysis in
mathematics and philosophy of science (Hintikka & Remes, 1974) provide usefubdsect
Drawing from these sources (although mainly from ancient descriptieesn features
of the method of analysis can be extracteslargued in mormgetail in (Koskelaet al, 2014)
For the purposes of this presentation, these features can be briefly introduceahes foll

e Two types of analysisin problematicalanalysis, the task is to finftonstruct)a
geometrical figure whereas theoreticalanalysis, the task is to prove an assertion.

e Two stages in analysis: selection among different means, and comphetiagalysis
regarding the selected means.

e The qualitative difference between the start point and end point of anahesistart
point is assumed to exist tw be true, whereas the end point is something already
known.

e Three types of reasoning in two directions: in analysis, regressive inferences
decomposition and transformation; in synthesis, deductive inferences, composition
and (revese) transformation.

e The unity of the two directions of reasoning: analysis must be complemented with
synthesis that provides the construction of the wished figure as well as the proof

e The strategies of reasoning: in analysis heuristic and iterative, ymthesis
predetermined.

e Impossibility of a solution as one special end point of analysis.

These features and their counterparts in design are explained in section the; fur
elaboration can be found in (Koskela et aD14).However, as a background tioat, it is
instructive first to explore how the method of analysis practically operatgometry.

4.2 Demonstration through geometrical problem solving

The demonstratiorbelow of the method of analysis ihrough example problens from
Euclidean plangeometry, following the classical method of conding:figures with only a
compass and an unmarked straightedge.

Problem 1: An angle PQR is given and it is desired to find (construct) its bisegume@a).

Problem 2 An angle PQRand an interior point C that is located at equal disgfroen the
legsare given and iis desired to prove th&Cis a bisector oKPQR (Figire 4b)

The solution of both problems according to Pappus (Hintikka & Remes, 1974) is by
assuming the thing sought to be known or true and working backward to the conditions,
assumingnextthat they are known or true, and continuing until arriving at something known
to be possible/impossible or true/false, respectively, and this is callgsan If we arrived
at something possible or true, then the solution itself (construction or proof, reskygaetill
be by ‘synthesis’, which is reversal of the analysis. Thus, analysisecagarded as devising
a plan of action to arrive at the desired result, whiler®gisis the actuaimplemenation of
the plan(Polya 1985).

For Problem 1 the first part of the solutiothe analysis, may bé&ssume a line from Q
to some interior point C is indeed the bisectosPQR (Figire 5a). It follows thatAPQC =
4RQC. It follows that we could have congruent (SAS; siagleside) triangles having the
common side QC4PQC =4RQC, and another side built on the original angle’s legs, which



we can call QA and QB. It follows that QA = QB. Building equal length lisdsiown to be
possible.

Now we need to complete the solution process by synthesis, that is, gémessguence
of construction for the bisector by reversing the previous analysis. We Wegithe given
4PQRand draw an arc of arbitrary length that croseekegs at A and B and we have QA =
QB (Figure 5b). To haveAQAC = AQBC (by SSS) we need AC = BC which we can do by
drawing two equal arcs of arbitrary length from A and B and call theisioci@goint C. From
the congruency of the triangles we g&tQC = 2BQC, which is identical tgePQC =5RQC,
so QC is the sought bisector.

For Problem2, the solution procesaay begin with the following analysis stagAssume
that QC is indeed the bisector (&g 6). It follows thatAPQC =4RQC. It follows that we
could have congruent (SAS) triangles having the common sides®QC =4RQC, and
another side built on the original angle’s legs, which we call QA and QB, witesn@ CB
are perpendiculars from C to PQ and RQ respectively. It follows fronotigreency that CA
= CB, but this is already known to be true: it is given in the problem that C islistpumt
from the legs of the angle.

The proof by synthesis is the reversal of this sequence: From the given pdiatvC
perpendiculars to PQ and RQ. Because it is given that CA = CB, if followa©@®a€C =
AQBC by LH fhypotenuse leg of a right triangle). It follows taAQC = 4BQC, so QC isa
bisector.

4.3 The seven features of the method of analysisand their interpretation in design

In the following, the seven features of the method of analysis are presented idetadreas
well as their correspondence to comparable ideas in the current theoretical hodicaét
landscape of design, developed essentially siied 960s.

4.3.1 Problematical and theoretical analysis

In the method of analysis, problematical analysis refers to the problem to find (an unknown
geometrical construction) and theoretical analysis, to the problem to mstebl{sh whether

an assertion or theorems ‘true’ or ‘false). “Problem to find” and “problem to prove” are
terms coined by Poly§1985) andare exemplified by the aforemention®dobleml1 and
Problem 2, respectivelyAn intriguing issue here is from where a theorem to be proven
emerges. As originally argued by Peirce (Burch, 2013), the question is about@bdutipe

of inference producing a conjecture or hypothesis.

In design, a corresponding dichotomy betweeoblem-oriented and solutieoriented
strategies is widely recognized (Wynn & Clarkson, 2005; Kruger & Cross, 2006he
former, one tries to derive a solution proceeding logically from what is requiréae latter,
one endeavors to propose a solutstraightaway and then tries to show that it fulfills all the
requirementsThe German systematic design mettiBdhl & Beitz,1984)is well-known to
be problerroriented, as it entails a thorough, hierarchical decomposition of the desired
function into subfunctions. Brainstorming may be considered a solotiented approach
where the focus is on rapidly generating many solutions.

Another distinction in the “machine design” am@famechanical engineering between
“‘openended” and “closeénded” problems. An example of the former is: desighaft to
transmit a certain power at a given speed with a prescribed minimum factor aasgieist
failure. This problem is about finding a solution (problematical analysis) whergy ma
solutionsare of course possible, with different materials, diameters, surfadeefnistc. On
the other handa “closedended” problems: given ashaft (vith all its construction detai)s



its loading and the desired factor of safelgtermine whether the desigs satisfactory. This
is a theoretical analysis problem whose answer is ‘yes’ or ‘no’.

4.3.2 The two stages in analysis

Aristotle can be interpreted to refer tavo stages in analysiselectingamongalternative
meanghe one most easily and best produ@ettithencompleting the analysis regarding the
selected means. For example, we have seen two different ways to bisedeaasaimgFigire

5b and as in Figre & Which one shall we chooBeFigure 6 requires constrimg
perpendiculars, which themselves requirseparateconstructioneffort, so perhaps Fige
5b’s fewer operations should be preferred.

The twostagedeature maycorrespond to the dichotomy between conceptual design and
the downstream stagegrfibodiment andletail desigh In the former, one tries to find the
best solution in principle; in the latter, one endeavors to translate that intdiegbisaution
(Pahl & Beitz,1984).Many systematic design procedures insert a concept selectiaat shep
end of conceptual design to facilitate the choosing of the concept to be developed@irther.
course, alternatives and choices exist at any stage or level of the design pracegsral
when a selection is made, it is kept and the processhaestuntil alternatives are generated
for a new aspect of the artifact within the previousigede selected means.

Thetwo stages in analysis can be recognized also in individual phases or tasks of many
design modelseachtime the designer decides thoose one alternative over another, and
proceeds with the chosen alternative. For example, in systematic desigmlkotogr a
choice is first made among the working principles that satisfy each stibfyrfollowed by
creating overal(‘principal’) solutions by combining only those working principles that are
compatible(Pahl & Beitz, 1984). Finally, Aristotle’s criterion for selectionbeing “most
easily and best produced” immediately brings to mind the modern quest for ease of
manufacturing andassembly.

4.3.3 The start and end points in analysis

The start and end points of geometric analysis are qualitatively differeydard®eg the start
point, we do not know whether it exigisis true, but assume than contrast, the end point
consists 6 something admitted, that is, already knowihe aforementione@robleml1 and
Problem 2clarify this property.This feature foreshadows the-C (concept—knowledge)
designtheory (Hatchuel &Weil, 2009), where design is conceptualized by its start (C) and
end (K) points. These have similar characterigiicehe start and ehpoints in analysis. A
conceptis defined as a proposition, regarding which we cannot know whether it is true or
false (“undecidable”). In turn, propositions iK-spacehave a logical status, and contain
knowledge that is known to be true or false. The design procdiss @K theory is defined

as transforming undecidable propositions to true propositions’in K.

4.3.4 Three types of reasoning

In analysis, there are regressive, decompositional and transformatéer@nces, and in
synthesis, their counterparts in the opposite direction: deductive, compositionalvenselye
transformational inferences. Regressive alatluctive inferences equal, respectively, to
backward and forward reasonirtgmonstrated by theboveanalysis and synthesis process

of Problemsl and 2. These types of reasoning are ubigituous in design. Backward reasoning

® Note that the meaning @-space in the & theory is epistemologically different from PA's “concept space”.
C—K’s concepts are tentative descriptions of the design artifact, while d@Atepts are ideas to be incorporated
in the artifact. The former includes the latter as attributes, but will als® stavctural characteristics that come
from PA’s “configuration space” (Kroll, 2013).



is, of course, the main typef inference when deriving a structure (form) to provide some
desired behavior (function). Forward reasoning may be seen, say, in the adtafimyan
artifact for function and performance by such methods as simulation, finikeri@nalysis
and computational fluid dynamics. In responding to the evaluation by introducing clmanges
the design, such as adding material to make it stronger or subtractingahtatariake it
lighter, backward reasoningagainused.

Decompositional and compositional inferences refer to breaking down and putting
together.In the geometcal Problemsl and 2 we can find decomposing of figures into their
constituent points, lines, and arcs, and vice versa. At somewhat higher level of decomposit
and compositionwe can identify taking some constructions,for example drawing a
perpendicular to a line from a given pgiasgiven or known and using them elementary
entities.Such types of reasoning are often argued to exist in design; for exampleyrfahcti
decomposition followed by combining solutions through morphol&gh( & Beitz,1984).

In transformational inferences, the problem is transformed into another mprdote
facilitating its solutionThus, the problerof bisecting an angle iRroblem 1was transformed
into a problem of constructing congruent trianglasfact, any use of auxiliary lines can be
regarded as transforming the probléknother possibility is to view the problem literally in a
new perspective; say, a problem represented in two dimensions is seen inrtleesiahs
(Hoffman, 1999).In designthe ideaof transformation is used in TRIZ (Cavallucci, 2002),
where a particular problem to be solved is abstracted to a more general levakhathg
knowledge about inventive opportunities lies. Abstraction to broaden the scope of the task has
also been recommended (®ahl & Beitz,1984)as a first step in conceptual desigHlah
(2008) introduces an inference mechanism called ‘extension’ that trassfrspecific
problem to a more general one ahds allows generating a new solution. This is required in
cases wherexisting design knowledge has no logical agreement with a design requirement
and needs to be modifieddnother type of transformational inference can be seen in
analogical reasoningestating the problem, variation of the probléraming of the situation,
etc., which can be generalized as interpretational. Modern use of such methods irsdesign i
course, quite common; for example, (Chan, Fu, Schunn, Cagan, Wood, & Kota04Ry,
(Singh Skiles, Krager, Wood, Jensen, & Sierakowski, 2009) and (Dorst, 2011).

4.3.5 Unity of the two directions of reasoning

In geometric analysis, both directions of reasoning are needed: ysianbbckwards for the
solution, and in synthesis, forwards for the proof or for the construction of the desined fig
This interwaren nature of solving geometrical problems has been demonstrate®notitem

1 andProblem 2for both problematical and theoretical analyses, respectiVel/Vee model
(Forsberg,Mooz, & Cotterman,1996, which has originated in systems engineering and
recently diffused into software engineering and project managesientarly implies two
directions of reasoning: the lefteg’ represents system decomposition and definition from
the customer needs through concept and subsystem developmentlévdbwonfiguration
items(and this corresponds to analysigle right“leg’ stands for integration and verification
from the part level through subassemblies and subsystentBetavhole system level
(similarly to synthesis).

4.3.6 Two strategies of reasoning

The method of analysis does not advise on the precise strategy through which e catut

be found. Rather, as explained by Polya (1985), the method leads to a heuristic and iterative
approach in the analysis stage and poelermined procedure the synthesis stageeuristic

here means intuitive, nesdgorithmig and because using heuristics does not guarantee a



solution, the possibilityof iterations follows Consider again the problematical analysis of
bisecting a given angle. The person who has gone through solving this problem as
demonstrated by the construction of lfigs5b and6 may have developed a “feel” for this
problem and its solution by drawing congruent triangles. He or she may novivahuit
suggest the following constructiqfigure 7) From vertex Q of the given angle draw two
arbitrarylength arcs, crossing the legs at A, B, C andNBw connect A and D with a line

and connect B and C with a line. Call the crossing of AD and BC, E. Connect E and Q and
EQ will be a bisector.

How has this construction come into being? It seems that the reasoningissid)duy
abduction to a hypothes(solution candidade Of course, to prove that this construction is
correct would require theoretical analysis as a follommgontrast, the predetermined nature
of synthesis has been clearly demonstratedPtmplemsl and 2 above, where the order of
analysis is reversed. However, it should be noted that this reviersahot alwaysbhe precise:
in the analysis related to kige5a an SAS congruency was used, while reversing the order for
the synthesis of Fige5b used SSS congruency.

The iterativenature of design has been emphasized in recent design theofaing
instance (Pahl & Beitz, 1984) In turn, the predetermined strategy in synthesis has its
counterpart in the right leg of the Vee model, as discussed above, or in the way solution
principles for each subfuncti@arecombined in morphological approaches.

4.3.7 Imposdility of a solution

In the method of analysis, the analysis stage can end up showing that a solution to the
problem at hand is impossible; for example, by applying the-kmeNvn reducio ad
absurdumreasoning methodSome geometrical problems, such as trisectingaritrary

angle (with unmarked straightedge and compabksye been showto have no solutionin
engineering design, it hagén found that requirements set based on customer wishes may be
unrealistic (Ramaswamy & Ulrich, 1998hdengineering models are proposed as a means for
identifying the impossibility of a solution. At a more general level, feasibilitgissuhave a
similar aim.And of course, design solutions that either violate natural laws or require non
existing technological capabilities are considered impossible.

4.4 Discussion

The close correspondence of the method of analysis and recent design theorizirtg thajges
the protetheory of design is not only of historical interest, but can possibly contribute to the
current research in theory of design. Somewhat surprisingly, in terms of theptimaiization

of design, the prottheory seems to provide a broader explanation than recent design theory
proposals that can be interpreted to be typically oriented around one fefathee pyoto
theory. In addition, this prottheory ca be claimed to be pointwise deeper than the present
body of knowledge on design. For example, it shows the intellectual origin of thegltgcti
used and popular Vee and morphologiceddels and giveshem an initial explanation by

way of geometric analgues. All in all, the prospect of advancing a core theory of design,
based on the protihreory, emerges.

Of course, the terms analysis and synthesis have often been used in treatmerds,of des
but in dislocated and narrow meanings in comparison to the ancient usage. In the method of
analysis, the analysis stage refers to a process of discovery, wineregsathesis stage is the
proof orconstructionof what was found in analysis. The most common usage of these terms
in engineering today holds syntheasthe creative stage and analysis agahenalstage—
this ismore or lessliametrically opposite to the ancient usage. Due to the nature of the topic,
it has been necessary to apply both usages in this paper.



To further illustrate the confusing terminological mismatch of analysis amtiesis in
ancient and modern times, consider that we now use the term analysie different
meanings. The first of these is to describe studying the designtdasktract customer
requirements and converting cusier requirements to engineering specificatiefieeeds
analysis’ according to Asimow (1962), and carrying out functional analysis/gesiton as
in the German systematic design. Secondly, analysis is also used nowadasgufating a
proposed solution, as in deducing the behavioral consequences of a hypothesized structure;
process often termed ‘engineering analysis’. The latter use may add tintbsien because
now we have analysis (of the problem situation) and analysis (of proposed solutitres) in
ubiquitous analysisynthesisevaluation model of the design process (Jones, 1970), with
modern synthesis of course referring to the creative or ampliative stage eratgen
something new.

The ancient usage, on the other hand, empha#igesreativeand intuitive aspectof
analysis wherea plan is being devised bwyorking backwards from the unknown or the
conjecturetoward something knownAncient synthesis refers to the reversal of ysig) and
thereforeis predetermined and ratiorfalt is also worth noting thatvaluation does not seem
to be an explicit part of the ancient method of analysis, requiring perhapssradtidretoric
to support it (Koskela & Ballard, 2013).

5. Interpretation of parameter analysisthrough the proto-theory

In the following, he method of PA is interpreted, clarified and explained through the relevant
features of the prottheory The interpretation consists of looking at the following three
aspects of th®A method: individual operators, process logic, and design strategy.

5.1 Parameter analysis design operators

Because design is ultimately the creation of a configuration, and this isrdtneeCS step of
PA, the evolving configuration will béhe starting pointof the discussiomf the individual
steps, moves, or operators

e At any intermediate point in thfeéA procesghere isa partially specified configuration
(a member of configuration spac&his configurationis examined an@valuaté in
the E step. This is clearly deductive reasoning step of “given structure, find
behavior”, which corresponds to ancient synthesis (and modern analy}sis)is
followed by a decision whether to attempt improving the design or altogether
abandoning the main technology on which itasdx.

e Thepreviousevaluation reveals a problem with the configuratigither it would not
work as desired, would not meet thesignrequirements, opose new problemd his
is true for all E steps except the last. To address this problem, a new dominant
issue/solution principle is identifigd the Pl stepSo, going from a problem (related
to a specific configuration and its behavior) to concept for solving it involves
generalization and abstractias depicted in Fige 1. Consider for example an
evaluation that reveals that the artifact is too heavy. We ask, what is the reason for

“ Does this imply that a proof does not require creativity? Actually, thest§srof” or “proving” may be used

in two senses, to refer to the whole process of preparing a proof, or to the tretmethod of analysis that
delivers the proof, namely synthesis. The latter meaning was alssatly by Euclid; the Elements mostly
consists of (ready) proofs in the form of synthelisw, in theoreticahnalysis, the task is to prove an assertion,
theorem, conjecture. That endeavor has two parts, analysis and synthestsamalysis is the creative part but
synthesis is predetermined by the path taken in the successful analgsisGonsequently, timreparation of a
proof, as a whole, requires creativity, but the synthesis stage satll



that? Is it because we used a hignsity material, or perhaps we used a solid section?
We may generalize and abstract to come up with a new solution concept; f@iexam
use composite material instead of metal or use a sdquiagesection instead of the
solid one. The particular type of composite or the section dimensions are nbedpeci
yet, but an idea for improving the artifact has been proposed. From theth@oty
perspective this stelpas two aspect¢a) the problem is assumed to be solved (this is
related tothe qualitative difference between the start and end points of analysis),

and (b) it is explored throughegr essive reasoning, which concept could bring forth
that solution. The facilitating mechanism for this exploration is mainly
transformational or interpretational reasoning, where the original problem is
convertedinto another fornmor examined from a different perspectioe enablingits
solution, and thiss analogougo the use of auxiliary lines in geometric analysis.

Having decided on a solution concept in the PI step, the designer now realizes it in
hardware, that is, he or she updates the artifacrgiguration by implementing the

last concept (“parameter”) in ithis CS step consists of two operations. First, there is

a regressive reasoning operation of “given (desired) behavior, find structure”,
corresponding to the ancient analysis (and modern synthesis). As depictearenlfig

it can also be characterized as particularization (the opposite of generalization
Second, there is an operation for integrating the current particular hardwlairethe
overall configuration. From the point of view of the method of analysis, the question is
about composition; however, this is slightly different from the predetermined
composition as in ancient synthesis, as in PA there has not been a complete stage of
analysis of the whole configuration, along with corresponding decomposition that
could be reversed. Rathehe designer has more degrees of freedom when carrying
out compositionperhapseither based on prior experience or, more rarely, through a

creative leap.

To summarize, the protiveory of designallows us to interpret each of the PA steps
separately in terms of the type of reasoning involved, as shown in Table 1.

5.2 The process of parameter analysis

The protetheory may contribute tan even more interesting clarification of PA as a prqcess
as opposed to looking at the individual stefise long chain of PICS-E steps is different
from the Pahl & Beitz (1984) model or system engineering’s Vee mogebrsberget al.,
1996, with their decomposition followed by composition, or one stream of reasoning towards
the solution and another towards its proof/validation, respectivietieed, linear design
process models usually include a feedback loop between stages to facilisi@nitéut this
is for cases in which some sort of failure occurs and previous decisions needhi@nged.
Ideally, if everything goes well thendlprocess may proceed lineaffhis reasoning process
may be explained by the focus of thesecalted “rational models”: they are not particularly
intended for applications &h require original or radical designs.

In contrast, PA exhibits a type of mixed reasoning: a step of regressivenamsdnat
reasoning (PI) followed by a step of regressive and compositional reasG&nghen a step
of deductive reasoning (E), and so dimerefore, thecyclic or repetitive nature of the PA
steps is always present, even when the process is ideally succasdfiil follows from the
different design philosophy of handling one aspect or issue at a Tine.conclusion is
supported by Lawson’s “analysis through synthegisiwson 2005, the phenomenon of

® “Regressive transformational” means that the backwards reas@maimgends to means, transforms an original
problematic issue into another oringerpretshe current situations as a new one.



designersot following a sequence of analysis, synthesml evaluation only once in their
design process, but rather applying these steps repeatedly, in a rapid tysleix of
ancient analysis and synthesis stggsshown in Figre 8, can bedentified to be based on the
principle of the unity of the two directions of reasoning, that is, reasoning backwards
towards a solution (ancient analysis) and reasoning forwards towards the(gmomnt
synthesis). Both are necessary in design and can be integrated into one proeeskamth
separated to two disitt streams.

It should also be noted that while the evaluation step in PA is essentially deductive, its
findings are followed by a decision on how to proceed. The actual deoisikimg requires
reasoning that is not deductive and therefore is represented separatellgdrevaluation in
Figure 8, and is not shown at all in the diagram of Figure 9. Detaching the decsiothé
evaluation step follows Asimow’s (1962) festage model of design with analysinthesis-
evaluationdecision.

5.3 Thedesign strategy of parameter analysis

A pragmatic conclusion of the study of PA in light of the pibieory of design is that PA
uses solutiororiented and problerariented strategies in one design progeiss the
vocabulary of the method of analysis, bgttoblematical and theoretical analysis modes

are used. A soluticoriented strategy means that the designer starts with a solution, with what
needs to be achieved, as opposed to starting with the problem as in the jmobhted
thinking of scientific apprazhes. Pahl & Beitz's systematic design, for example, tries, after
an exhaustive capture of requirements and detailed functional decomposition of the mai
problem to be solved, to create (through backward reasoning) many combinations of sub
solutions, screen them for the feasible ones, and select the best among trems. ahi
problemeriented approach whose main reasoning mechanism in modern terms is ‘analysis’
(in the specific sense of problem analysis). This strategy may have aghsmntaconducting

an aderly systems engineering process in large projects, or when applisiidgnts and
novice designers (as evident from the many adaptations in design textbooks). dkeofa
problemeriented paradigms are highlighted by works on design @&vaation of problem

and solution (Dorst & Cross, 2001; Maher & Tang, 2008ltschnig, Christensen, & Ball,
2013), claiming that iktructured problems cannot be understood fully at the outset and need
the added appreciation gained by attempting to solve them.

PA, an the other hand, while flexibly proceeding either from problem or intemhitte
solution onwards, covers both orientations. On the whole, though, the sagated
aspects tend to accentuate in PA: striving to quickly create a partial ljvptototype that
can be evaluated and improved in successive steps; along these steps, the relevant
requirements also become more visible. In modern terminology, this iseckfeor as
‘synthesis’. However, the interpretation through the ptbeory of design suggts that the
problemeriented and solutieoriented strategies should not be seen as alternatives but that
designing, when the prescriptions of PA are followed, is done by a close partnerbbip of
strategies.

A unique aspect of PA’s strategy is its defitht strategy, combined with moving in the
“steepest” direction. Deptfirst means that a central solution principle is pursued, even in the
face of difficulties, as long as the designer feels that this israiping path. The path itself is
generated by identifying at any given moment the most critical issues with dhengv
artifact, those whose resolution would reduce the uncertainty most steeply. @tegysis
efficient in two respects: first, it alles reaching a solution quickly, with no effort wasted on
developing multiple paths; and second, atcomodateshe notion that solving minor
subproblems may be flg if the central issues are not addressed first, and that the solution to
the former is lilkely to depend on the latter.



Depthfirst is not a new notion in search and planning prokdeiaing; neitherit is
obvious in design. Some systematic methods recommend developing the designaviiszgdth
with many alternative paths in parallel. The prtiteory of design, being descriptive in
nature, does not specify a strategy for designing; howevevwyatstages in analysis feature
seems compatible also withe notion of deptfiirst: select among alternatives and continue
only with the selected mearass opposed to simultaneous development of multiple paths.

6. Summary of the modified parameter analysis model

One possible conclusion from comparing the schematic oinAAgure 1 and both Table 1

and Figire 8 is that perhaps the operators of PA should be redefined to reflect better the
transition from concept space to configuration space (the “realization”idimebly means of
(ancient) analysis followed by synthesis, and the transition in the oppositgodirdrom
configuration space to concept space (“abstraction”), by a combination ofn@rsyiethesis

and analysisas shown irFigure 9. Additionaly, the diagram associates the Pl and CS steps
to problematical analysis (working towards finding the solution) and the E stégot@tical
analysis (moving in the direction of proving or validating the solution).

The diagram of Figure 9 contains the original descriptive model of back and forth
movement between concept space (where the elements are “parameters”, i.e.,ndepts,co
issues at the conceptual level) and configuration space (where hardware reprasentatio
reside), and the original repeatediyplied sequence of RIS-E operators. However, it now
prescribes more precisely what needs to beedehen applying these reasoning steps, and
this has a significant pedagogical benefit when teaching PA to desigentstuthe exact
nature of each step is less vague and can be explained more rationally.

Creative synthesis (CS) begins in concept spaoe) fan identified parameter, whose
content is usually an idea of how to overcome a specific problematic aspect of thagevolvi
artifact. So the first step in CS is the realization of this idea in hardwaregeshaldishing a
configuration, a hardware representation, that solves the specific prabléssae. Now in
configuration space, this last piece of hardware needs to be integrated ioverdleartifact,
and this is shown as the second CS arrow, lying entirely within configuration space.

Evaluation(E) now takes over, starting with the current configuration and deducing its
specific behavior (would it work? if not, how can it be fixed? would it performcsares? is
there anything still missing?), followed by a decision whether to attempt to venphe
current design or abandon this conceptual path and start over with a diffeferdlagy.
Whatever the decision, its outcome locates the reasoning process again in concept
space.Parameter identification (PI) at this point takes place, seekingide@ga conceptual
level issue that now dominates the design. If the previous E step concluded thateatdiffer
technology should be used, then the identified parameter is using that technology as a basi
for the design. If, however, a decision were memlémprove a problematic aspect of the
current design, then the challenging task of the designer now becomes fitediagf how to
do that. The logic of the process is summarized in the flow chart of Figure 10.

One of the important aspects of PA is tlkeleit discovery and statement of parameters
in the PI step. Until now it was considered something that depends on the designer’s
experience and intuition, but the mechanism for doing it was not very clear. The current
understanding, using the pretteeory, that this is done by transformational/interpretational
reasoning, offers additional grounding of this notion. For example, Polya (1985) emphasize
the importance of heuristic reasoning, the use of methods and rules of discovery and
invention, and traceis back to Pappus. Among Polya’s heuristic suggestions are restating the
problem and variation of the problem (by decomposing and recombining its elements, by
analogy, by discovery of a more accessible auxiliary problem, and more). Weeoaiiort



sugges that in general, the main mechanism of identifying parameteeas and other
conceptualevel issues that are critical to the progression of the design prerefizat of
transforming and interpreting the current design situation using heuristicéstaition.

The emphasis put by PA on using heuristic methods may also point to some of its
possible weaknesses. First, being less formal and mechanistic in nature tleamatyst
design’s functional decomposition and morphology, it may require more tatkeiparience
and therefore be less suitable for use by novice designers. Second, PA works nmibstly i
depth-first direction by quickly finding a solution (configuration), even ifaxaeéry good one,
just so that it can be evaluated and improved; howtheze is always the danger of missing
something useful by not covering the whole breadth of alternatives. A third vesabdhBA
may be its requisite higlevel abstract reasoning during the PI step, which may necessitate
training and practicing before reaching a satisfactory level of performance.

7. Conclusionson the usefulness, validity and range of the proto-theory

Regarding the validity, usefulness and range of the fih&tory, three insights and two
pointers for further worklow from the examination dPA through it. Firstseveral features
of the protetheory can baised for interpretation afteps or aspects PA. This, for its part,
empirically adds to the validity of the pretioeory. Second, the notions of the prtieory
seem to create added clarity when applied to a contemporary design appraagnotéh
theory is helpful in pinpointing aspects or parts of a suggested design procekavihat
remainedimplicit or not fully elaborated. Arguably, this is related to grevailing relative
lack of precise notions to describe design reasoning in detail. Third, the eftamofaPA
provided evidence on the role of the prtiteory as a useful reference: for examplapvel
strategy of reasoning iRA (focus on those parts of the problem where uncertainty can be
most steeplyeduced by identifying the most critical issues at each Pl)stepld readily be
identified when it was compared to the strategy of reasoning in the methodysisnal

Two further issues areonsideredas topics for futurenvestigation This researcthas
highlightedcertaindifferences of design reasoning in comparison to geometric reasoning. For
example, in design, reasoning is more often based on informal logic than in geometry. This
stresgs the analogical (rather than strictly identical) relation that the practicallynmapted
features of the prottheory of design have to their counterparts in geometric analiyses.
targetshould beto comprehensively capture such differenéagthernore, there seem to be
steps inPA that are not explained and supported the protetheory. Comparison of
alternatives belong to such steps.isTmay indicatethat for some aspects and stages of
design, notions and explanations that go beyond the-fhvetwy are needed. Howevéhe
whole legacy of Antiquity for the design domain has not been exhausted though the proto
theory;as mentioned above, here anothecier ideacan be taken on board, namely to see
certain types of design as rhetoificdeed Koskela andallard (2013)argue that rhetoric and
the method of analysis provide different lenses to see demngh lead to different
prescriptions; however, in a mtecal desigrprojectthe mobilization of ideas from both these
sources is needed.

All in all, the outcomes of thistudy where the prottheory of design encountered
parameter analysi€learly support the suggestion maddKoskelaet al, 2014)to explore
whether the prottheory couldsuggesta conceptual and theoretical basis for the design
domain.

Finally, one might ask whether it is worthwhile to introduce new meanings of the ter
“analysis” and “synthesis” into the vocabulary of the deseg®arch community as there is a
danger of added confusion. However, as the preceding discussion has shown, the design
community is using the terms “analysis” and “synthesis” in a way that ikytstgparated



from the origin and the subsequent, origin-informed usage of these terms. Thientrdyute

to ageneraldiminishment of the communicative value of these terms. Indeed, Polya (1985)
states when refang to the term ‘analysis’ (p200): Unfortunately, the word has acquired
very different meanings ... and therefore, it is regretfully avoided in the present Atudy
similar explanation is provided for the avoidance of ‘synthesis2Q2). In this situation,

there are several good reasons for reconnecting inathe design domain to the original
meanngs of the terms: terminological precision is added; an opportunity to understand the
point of origin of design theory is created; and communication with fields, whereigh®abr
meanings are still used, is enabl@able 2 summarizes the differencestle meaning of
analysis and synthesis between ancient and modern times.

8. Conclusion

The outcomes of thistudyclearly show thattheoretical decoding of an empirically derived
design method is beneficial both for clarification and explanation of the methddor
validation and further development of the (still nascent) theoretical foundatidesigh.The
application of the notions of the pretioeory to the reasoning process embedded in the PA
method of conceptual design uncovered interesting findings. It showed that the @% desi
move of realizing a concept as a configuration actually involves two succesasanirey
steps, ad it also helped understanding the nature of the E move. Most of all, thethproty
helped in beginning to grasp the Pl move, which refers to the thought processe&dhat t
place within concept spach turn, regarding the protihheory of design, it was found that
many ofits notions can be found in PA, that these notions help to clarify parts or aspects of
this method and that they provide a helpful reference point.

Although te insights outlined in this investigationare specific tothe designmethod
studied,the activities of coming up with solution idefas required functionsimplementing
them as a form, and evaluating tdesignedartifact together with the ideas presented
regarding the processes and strategies involved in desigmendl, fundamental to design in
general.Some of the insights regarding PA were new, and stieat been known before and
perhaps only explained better by the ptthteory. Howeverthis researctshowsthat the
prototheory encompass many known, general notions in design under one framework, and
this leads us to suggest that it may be a more unified theory than some of its cosnpagtor
question of how far this model of ancient analysis can be pushed to explain design nimethods
creating a theory of desigtill remains open.
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Figureand Table Captions

Figure 1. The &tep prescriptive model of parameter analysis drawn on top ofgphac2
descriptive model.

Figure 2. Block diagram of the two stages of conceptual design: technologfiadeah and
parameter analysis.

Figure 3.Portion of the parameter analysis process for small aerodynamic decelétbtors;
parameter identification, CS = creative synthesis, E = evaluation. Themaitfeach
reasoning step, described in the right-hand column, consists of identified pasamet
configurations, and evaluation results.

Figure 4. Examples of (a) finding (constructing) the bisectaiR{PR; and (b) proving that
QC is a bisector afPQR given that C is equi-distant from QP and QR.

Figure 5. Examples of (a) analysis and (b) synthesis in Problem 1.
Figure 6. Example of analysis and synthesis in Problem 2.
Figure 7. An intuitively suggested construction of an angle bisector.

Figure 8. Parameter analysis as a sequence of steps with comparable parts tarsalggst
and syhesis.

Figure 9. The modified model of parameter analghswing the transitions from ancient
analysis to ancient synthesis.

Figure 10 Flowchart of parameter analysis: beginning with the identified technojogies

repeatedly cycling through the RIS-E steps will eventually yield a final configuration; this
diagram therefore depicts a successful design process.

Table 1.The type of reasoning of each parameter analysis step; the comparable $tage in t
method of analysis is also indicated.

Table 2. Summary of ancient and modern characteristics of analysis and synthesi
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Reasoning step

Outcome

Pll.'

CSl:

El.'

P/z.'

CSz.'

Ez.'

Plg.'

C53.'

Eg.'

Use the chosen technology as the solution concept;
i.e., a flexible parachute.

The required drag force F equals the weight during the
descent at a constant v = 3 m/s. The payload weighs
10 g, and 2-5 g can be assumed for the decelerator.
The drag coefficient Cp is ~2, and air density at 3,000
m altitude is p = 1, so the required parachute diameter
is d = 150 mm from F = %pCp(nid’/4)V°. This parachute
will be connected to the sensor by cords.

The drag force is ok and folding for packing is possible.
But there might not be enough “pull” on the cords to
open the parachute when deployed. It might not open
at all, or the cords might tangle.

How can we get rid of the problematic elements
(flexibility of parachute and cords) but retain the good
ones (large drag force)?

A square pyramid with a 150X150-mm base with the
sensor attached to it.

The drag is ok, but compact packing is impossible
because these units cannot nest inside each other.

How can the last configuration be improved? Combine
the idea of flexible parachute that can be folded for
packing with a rigid parachute that doesn’t have cords
and doesn’t require a strong “pull” to open.

Light weight skeleton made of plastic or composite
with “Saran wrap” stretched and glued onto it. Hinges
and slides allow folding around the sensor and a
spring facilitates opening.

Drag and packing are ok, but the structure is
unreliable because of all the moving parts and
expensive to manufacture.

Identified parameter:
Produce a large enough
drag force with a flexible
parachute.

@ 150

The deployment problem
needs to be solved.

Identified parameter:
Use a rigid parachute.

150 X 150

The packing problem
needs to be solved.

Identified parameter:
Use “frame + flexible
sheet” construction that
can fold like an umbrella
and opens with a spring.

|

Parachutes, flexible or
rigid, seem problematic so
we need to look for other
ideas.




PI4.'

CS4.'

Let’s re-examine the physics of the problem: we need
to dissipate the potential energy of an object released
at an altitude. Aerodynamic drag opposite to the
descent direction (i.e., a force pointing vertically
upward) dissipates energy by frictional work that
depends on the size of the decelerator. However, if
energy dissipation by frictional (drag) work is the
dominating physics, we should study the physics of
work more carefully. Work is the product of force and
distance. In vertical descent the distance is the
altitude, so the focus in the design so far has been on
creating a large vertical drag force, one that is equal
to the weight of the falling object. Such a large force
dictates a large size decelerator. But what if the
distance can be made longer? Then it should be
possible to dissipate the energy by a combination of
long travel distance and small force, and the latter
may equate to a smaller object that can be packed
compactly in large quantities.

Light wings, perhaps made of Styrofoam, with a span
of 200 mm and a slight imbalance can produce a 30m
diameter spiraling glide. The sensor will be the
fuselage and the wing attached to it by plastic clips.

Identified parameter:

Use a small “aircraft” that
glides down slowly in
spirals.
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PI: Identify the currently
most critical conceptual-
level issue, idea on how to
proceed

CS: Realize the latest idea
in hardware and integrate
into the overall
configuration

v

E: Find the behavior of the
current configuration

Are all
requirements
satisfied?

Abandon this
technology?
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Tablel. The type of reasoning of each parameter analysis step; the comparable $tage in t
method of analysis is also indicated.

Comparable
. . stage in the
Parameter analysis step Type of reasoning method of
analysis
Evaluation (E) Deductive Synthesis
e Regressive :
Parameter Identification (PI) transformationdinterpretational Analysis
_ _ Regressive Analysis
Creative Synthesis (CS) + +

Compositional Synthesis




Table 2. Summary of ancient and modern characteristics of analysis and synthesi

Analysis Synthesis

Nature Creative, intuitive Rational
Ancient . L L .
method of  /\SPects of geometric Devising, in a heuristic and Implementing the
analysis problem-solving iterative manner, a plan to predetermined plan

covered find or prove by construction or

proof

Nature Rational Creative, intuitive
Modern Aspects of design Needs analysis Generating
usage in covered (requirements development)something new,
design evaluation of proposed proposing solutions

solutions (deduction of
behavior from structure,
engineering analysis)
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