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ABSTRACT

This paper presents a computer-aided environmenediat assisting designers during the very fisges of
the structural design process. It gives designbes dpportunity to build and modify interactivelyogeetric
constraints that control the structural shape ansl static equilibrium simultaneously and in an esti
graphical way. Following a brief contextualizatidhe paper presents the main features of the ialgarithms.
Typical uses are then described in order to illatgrthe wide range of applications and their preattibenefits.
As a result, it is argued that this environmentrapap new opportunities for precognitive, chronglfige and
highly interactive paradigms of structural equililbm design.
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1. INTRODUCTION Owing to the fact that it is usually harder to amhen
_ these initial choices at a later, more detailedestaf
1.1. Structural mor phogenesis the design process, structural morphogenesis is

_ _ _ crucially important to ensuring a structural shape
Which geometric changes would make a particulathat is robust and consistent with economic,
rod in a truss become in tension? Which additionalgco|ogical and architectural demands.
weight would enable the reaction stresses on a
given footing to be sufficiently vertical so ashe
supported by the ground? Which cross-sectional
shape would enable the bending moments of a
certain free-form beam to be at a constant desiret—
value? Which inertia ...? Which slope ...? Which \
load ...?

These are important structural design issues Eit], y

they still cannot be resolved without time- ’ ) ’\

consuming empirical iterations. Past structural form diagram force diagram
design practices [2, 3] have shown that if these

issues are resolved quickly and easily, it theove Figure 1. As long as point p* remains inside the filled
the structural behavior to be clearly stated froe t  area, reciprocal adjacent rods in the form diagraever
outset —i.e. when the first choices about the  cross the rectangle B — i.e. a geometric condiion
structural shape and its equilibrium are made, dhea borders force magnitudes graphically.

of any subsequent structural analysis. This stage iSee figure 14 for practical use of this strut-aiedretwork.
known as structural morphogenesis.
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1.2. Proposal and objectives chronology-free design processe. they either
compute the inner forces from a predetermined
This paper presents a new computer-aidecshape or the other way round, but they give no
environment aimed at facilitating and improving the opportunity to reverse the deductive approach as it
interactive definition of structural behaviors. $hi goes along. The exceptions to this rulee-g.[10]
environment is built on the following hypotheses: — consider very specific structural typologies.

— since load paths condition most structural— To the best of the author's knowledge, current
behaviors, this environment allows the user todynamic geometry software [11, 12] offer little
create, modify, combine and refine any strut-aed-ti support for constructions allowing multiple
network with operations that are geometrically solutions, graphical inequalities, relative direns,
channeled so that it remains in static equilibriaim interdependent constraints and non-destructive
each step of the process; switching of the dependencies hierarchy. These

_ ] very useful concepts are presented further in the
— since all structural behaviors depend on thepgper,

structural shape and its inner stresses

simultaneously, this environment takes full — Classical graphic statics —e. successive
advantage of the visual expressiveness of graphigrawings on a sheet of paper [4, 5] — has the
statics [4, 5] disadvantage of constructing the reciprocal

_ o diagrams in a process that can soon become slow
— since the user ought to maintain full and 5 tedious since the equilibrium is only obtaiaged
permanent control over all the choices, thethe very end of the process. Some computer-aided
computer’s unique role is to inform the user abOUtimpIementations of graphic statics have been
the consequences of these choices and hence th@yeloped [13, 14, 15]. They allow a dynamic

meets this objective by applying a graphical regionyt go not allow their interactive construction.
— i.e. a solution domain — to each point of both

reciprocal diagrams of the strut-and-tie network2 M ETHODOLOGY
(see point p* on figure 1).
2.1. General overview
Although these concepts might somehow be
extended to the third dimension, the environmentThe main methodological approach is to describe
proposed in this paper deals solely with planarevery variable, equation and object completely
equilibriums — which does not impede the designgeometrically. It follows that the only parameters
of most spatial structures. are positions of points. On the one hand, thisufeat
has no limitations since angles, lengths, alignsyent
Section 2 presents the features of the environmenfproportionalities etc. can actually all be defined
Section 3 introduces various uses of thiswith positions of points. On the other hand, this

environment and serves as an illustration of thehomogeneous treatment considerably simplifies the
discussion in Section 4. However, before that, thecore algorithms.

next sub-section compares this environment with

other existing tools. Starting from scratch, the designer has a set of
instructions available that allow any strut-and-tie
1.3. State of the art model to be built, modified and constrained stage

_ _ ) by stage. These instructions are defined as linear
This environment can be compared with others thapocedures calling a small set of primitive

share part of its nature: computer-aided strut#ad- perations.

modelers, dynamic geometry software and

computer-aided graphic statics. The next sub-sections identify the entire set of
_ _ primitive operations: sub-section 2.2 presents

— Nearly all current computer-aided strut-and-tie primjtive operations enabling the application and

modelers — whether as parts of multi-purposecancellation of geometric constraints; particular
structural analysis tools [6, 7] or plugins of congtraints are illustrated in sub-sections 2.3 and
geometric modelers [8, 9] — fail to support a 2 4. supb-section 2.5 introduces a non-destructive
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technique to switch the hierarchy of dependenciegreater than or equal to the distance frommaops

of constraints; lastly sub-sections 2.6 and 2.thdef — the corresponding region is the inverse of an

the necessary primitive operations to modify strut-open disc (figure 2, bottom right).

and-tie networks and express the properties they

must hold to ensure static equilibrium. These constraints are sufficient to build any
compass-and-straightedge construction, including

2.2. Constructing geometric inequalities and graphical arithmetic and trigonometry. The

directionalities following definitions merely illustrate the creatio

of non-fundamental constraints that can be used as
The very first primitive operation merges two [ine or a circle respectively:

points if they are coincident. The next primitive
operations combine, apply and cancel geometricStraightedge[gp.p;] := HalfPlane[pp,p]

constraints. These geometric constraints are planar N HalfPlane[gp.p]
graphical regions that result from a Boolean

combination — either unions”, intersections N ~ Compass[gp:p,] :=  Disclnside[pp:p,]
or negations “\" — of three fundamental geometric N DiscOutside[pp:p2]

constraints: HalfPlane, Disclnside and DiscOutside. ]
For another example, the OrthoPrgjim,]

x\ constraint is defined as follows (figure 3):
© P! P OrthoProj[pp:p,] =

p2° Straightedge[jpopi] N Straightedge[wspa]
where:

ps € Compass[gpop:] N Compass[mopi]

N HalfPlane[ppop]
e |2 \ ps € Compass[gpops] N Compass[pop,]
- s e N HalfPlane[gp:po]
Applying this constraint on a point p—i.e. “ps €
Figure 2. (up) a point pthat belongs to a OrthoProj[pp:p.]” — means that pis constrained

HalfPlane[pyp,p4] constraint; (bottom left) a pointgghat on the orthogonal projection of,ponto a line

belongs to a Disclnside[p,p3] constraint; (bottom right) ~ passing through ¢ and p. This example

a point p that belongs to a DiscOutsidefpps] constraint.  emphasizes the variational quality of the approach
— i.e. the resulting geometric statement is always

Each of these three constraints takes three paits identical irrespective of the order of the applicat
parameters. They are defined as follows: of constraints.

— a point p belongs to a constraint
HalfPlane[pp.ps] if it is positioned on the left of or
in line with p1 according to the direction fromtp

ps: when p and g are not coincident — the
corresponding graphical region is a closed half-
plane (figure 2, up); when,and g are coincident,
the corresponding region is the entire plane,
meaning that the membership is always verified

— a point p belongs to a constraint Figure 3. Detailed construction of a OrthoProjjp;p,]
Discinside[ap,ps] if the distance from pto p, is constraint and application of this constraint to p
less than or equal to the distance fropqp —
the corresponding region is a closed disc (figure 2
bottom left)

However the three fundamental constraints can
achieve many more applications than the compass
and straightedge since (1) they can be combined
with unions and negations, (2) they depict

— a point pbelongs fo a constraint inequalities (instead of equalities) and (3) the

DiscOutside[pp.ps] if the distance from pto p, is
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HalfPlane constraint incorporates a notion of parameters. Interdependency is of great importance
relative directionality. The following construction because it offers an elegant method for constrginin

illustrates these capabilities (figure 4): points on any algebraic curve, using only the three
aforementioned fundamental geometric constraints.

ps € (\ (HalfPlane[gpop,] U HalfPlane[gp.po]) The sole additional mechanism that has to be
U HalfPlane[gpsp,] ) implemented in the environment is to stop the

N DiscOutside[ppop;] N DiscInside[gpop.] iterative automatic displacement onto the closest

position when it converges.

As an illustration, a pointggs here constrained on a

I hyperbola (figure 5, inspired by [17] page 183).
o Moving p will update the position of spand
consequently the position of,puntil it converges
op3 on the hyperbola.

ps € Straightedge[gmops] N Compass[gp.ps]

Figure 4. Application onto pof a Boolean combination of ~ Ps € Compass[gpop,] N Compass[pps]
constraints using the concepts of inequality araline _ MN\Straightedge[ipop,]
directionality. ps € Straightedge[p.ps]

In this last example, moving,;pgust beyond p
would cause pto be outside its own domain of
solutions. In order to prevent this, the environtnen
automatically movessgo its closest position inside
its domain. This algorithm — the only one that has
to be performed so far when points are moving — is
very efficient since the closest position is either
orthogonal projection onto a line or a circle, or a
intersection of lines and circles. For another
example, the same automation in figure 3 ensures
that moving p will update the position ofsp

Figure 5. Detailed construction that forceg @ remain on
In the example of figure 4, moving fpeyond p a hyperbola.
would cause the domain of solutions of tp be
empty, which means that the geometric statemeng.4. Applying dynamic conditional statements
cannot be solved. In order to prevent all the ] B )
parameters that constrains from emptying its pynaml_c conditional stgtements are simple
domain —i.e. to ensure arc consistency [16] —, the instructions that apply particular constraints véios
environment should automatically propagate 9raphical region is either a unique position or its
constraints to these points. For example, thdnverse —i.e. the entire plane minus this posmon'
automatic constraint that should be applied tgsp — depending on whether a Boolean geometric
DiscInside[ppopz]. For most cases, this mechanism condition is currently true or false.

resents the great advantage of being execute . . . .
P . gre: ge ot 9 1Iihe definition of these conditional constraintsnigei
symbolically — i.e. the application is only b 4 th ¢ thi i ¢ |
computed once when the user alters th eyon € scope of this paper, he next exampie

construction plan, and does not have to beS|mply shows the basic capability of defining a

performed at each point displacement constraint that returns the greater of two distance

MaxDistance[pp:p2pspP4] := Compass[gpop-]
where:
Ps € Compass|gp.pz]

Interdependency is created when a certain point i®% € COMPass[§psp,] _ _
constrained by itself, directly or through in-beame  Pr € DiscOutside[ppops] N DiscOutside[ppope]
N (Disclnside[ppsps] U DiscInside[ppspe])

2.3. Moving points on special curves using
interdependencies
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If MaxDistance[gpip2psp4] is applied to a pointgp  e.g.when a great-grandfather is asked to become
then the distanceym will always be the greatest of the great-grandchild of its own great-grandchild.
the two distances;p, and gps, whatever they are The environment switches the dependencies
or are becoming (figure 6). As a result, powerful automatically as soon as the two points given by th
dynamic algorithms can be created in an entirelyuser are relatives.
graphical way.

2.6. Constructing static equilibria

The following two sub-sections define primitive
operations that handle forces, struts and tiesinvith
the geometric framework established in the
previous sub-sections.

Forces are here defined exclusively geometrically
by four positions of points within two diagrams: a
form diagram in which a distance between two
points is measured in units of length and a force
diagram in which a distance between two points is
measured in Newtons. Concretely, (“Fe
2.5. Switching constraint dependencies Force[ppipzps]” means that a force oFexists that
(1) is applied on pin the form diagram, (2) has an
The following primitive operation allows the user t intensity equal to the distancepp (3) has a
switch the hierarchy between a point and itsdirection going from pto p; and (4) applies a push
parameters without having to rebuild the on p if directions gp, and pps; are equal or applies
construction. The unprecedented consequence df pull on g if not (see figure 7).
this feature is that the user does not have toigired
the parametric hierarchy in advance or rebuild theThree new primitive operations are needed to
model whenever it has to be changed. The solutiomandle balanced forces. The first two create and
of a problem can become the statement of théemove a zero force, defined as, Fe

inverse problem and vice versa. Force[ppipopz]. The third resolves a given force
into two components —e.g. Fy € Force[pp:p2ps]

This feature actually benefits from the symmetric (figure 7) becomes ;Fe Force[pp:p2ps] and k €
properties of the three fundamental constraints —Force[ppipsps] (figure 8). The opposite operation
e.g.constraining a pointymn HalfPlane[g.ps] has  that produces the resultant of the two components i
the same geometric consequence as constraining pbtained by moving pon p (figure 8) and then
on HalfPlane[ppsp,], p. on HalfPlane[gpipo] or ps merging them with the first primitive operation.

on HalfPlane[mop4].

Figure 6. Whatever these positions are or are becoming,
the distance gpg will always be the greatest of the two
distances g, and pp..

po
In order to illustrate the point, the example of
figure 3 is reused. In this constructions fB \
dependent of pand cannot be moved away from ‘ p
the intersection of two straight edges. Because the *™™

application of Straightedgejmp,] on ps is Figure 7. Four forces balanced on a point. The filled

symmetrjc t(_) the application of Straigh_tedgﬁﬁpd region represents the domain thatpust hold to maintain
on p, this direct dependency can be inverted. As a a constant reading cycle aroung p

result, g gains one degree of freedomi-e. it can
now move along the line passing throughapd p pe ! 0
— and p loses one degree of freedom ke.it /\
must now stay on a perpendicular line passing pitiye S
through g. p § P2 o

form diagram | i force diagram
This method remains valid with more complex
constraints involving indirect dependencies

Figure 8. The same balanced point after resolving the
force whose magnitude was the distangs. p
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The successive application of these last primitiveafter the other in order to define new operatidred t
operations not only allows the interactive defniti  perform more complex purposes. Such routines can
of any set of forces applied on a point in the formbe used to create standard networks e-g.
diagram, but also guarantees that this set of $orcefunicular structures or basic trusses — or to apply
stays in static equilibrium —i.e. that the typological or boundary conditions, as will be seen
corresponding force polygon in the force diagramin section 3.
remains closed.

3. APPLICATIONS
In order for both diagrams to be reciprocal, each
force polygon must be read in an order that is3.1. General overview
identical to the one in which forces are encourmtere
around the corresponding point of application (in The strut-and-tie networks generated can be used as
the form diagram), according to a direction that isgeneral abstractions of the stability of a very avid
always either clockwise or anti-clockwise. The range of structures: determinate or indeterminate
proposed environment satisfies this condition byreticular structures, mechanisms, self-stressed
automatically  applying adequate  geometric structures, prestressed structures, irregular beams
constraints on points in the force diagragmg(the  subjected to bending, compression-only structures,

domain of gin figure 7). discontinuous stress fields, soil mechanics etcstMo
of these applications take full benefit of the safe
2.7. Constructing strut-and-tie networks theorem of plasticity [18].

The final two primitive operations create and cénce The following exemplifications attempt to illusteat

a rod. Rods have the particularity of not beingthe various ways of working permitted by this

defined as a new object. They are simply defined agnvironment.

two forces meeting specific geometric properties:

they must be of equal amplitude, equal orientation,3.2. Constructing and optimising a reticular

opposite direction and aligned in the form diagramstructure

(figure 9).

Question: Which shape should be adequate for a

given distributed load? This structural issue has a

.5 ) infinite number of solutions. The ultimate solution

p3 . . .

/ L will be the result of all the successive choiceslena
a by the user during the interactive constructiothef

,p/l’ P oy strut-and-tie model.

P!

Figure 10 shows the initial settings: a balancdd se
of distributed loads. The role of the designerais t
Figure 9. A pair of forces that is ready to be transformed focus on what operations should be applied to
into a rod. ensure that the only remaining forces are the loads
or the reactions at the supports. If the struchae
to be self-stressed, the goal would be to transform
Il the forces into struts or ties. Figures 11,ah?
3 summarize a possible process.

form diagram force diagram

Again, this definition guarantees the conservation
of the reading cycle of forces in both reciprocal
diagrams (figure 9). However, the consequence o
reciprocity is that it prevents a rod in the form
diagram from being crossed with either another rodTh int p** (fi 13)is th t ke th
or the half-line behind a force. The proposed @ point p** (figure 13) is then moved to make the

) . . rod 1 a strut, initial loads can be refined — which
environment systematically manages this draWba(?lﬁoes not require the manual reconstruction ohall t

by dividing such rods into two parts (such a case | operations —, and HalfPlane constraints are added
shown by pon figure16). to the form diagram in order to guarantee a
sufficiently large usable area below the portico
(figure 1). These constraints are then automaticall
The small set of primitive operations that has beerProPagated on every parent point such as p* (see
identified in this section can easily be placed one'llléd area of figure 1).

2.8. Constraining strut-and-tie networks
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form diagram

\ force diagram

Figure 10. Initial balanced loads.

form diagram

N

force diagram

Figure 11 Application of a funicular structure.

form diagram

~

force diagram

Figure 12 The reactions of the funicular structure are
resolved and two new balanced points are created.

form diagram

force diagram

p* to the far right of its domain (see figure 1)
minimizes the inner forces of the convergent rods.

3.3. Designing with bending moments

When structural applications follow classical beam

theory, the interactive construction of reciprocal

diagrams allow the centroids — whether providing

or provided by the cross-sections of a beam — and
the moment distributions — whether providing or

provided by the balanced strut-and-tie network —
to be controlled simultaneously.

pre-stressed

pre-stress

-

Figure 14. Left, discontinuous stress fields inside a
concrete shear wall; Right, bending moments diagodm
the resulting portico.

Q. Given the result of figure 1, what is the moment
distribution for orientating both columns of the
portico vertically? Bending moments (figure 14,
right) are simply measured by adding together the
products of the eccentricities between the strats a
the centroids (in the form diagram) and the
corresponding force components (in the force
diagram) that are parallel to the centroids. Adégjua
supports can then be designed correspondingly.

Q. What is the minimum bending value for which a
clamped beam ¢p; must be sized? Using plastic
theory, the beam of figure 15 can be sized while
allowing two hinges and a zero bending moment
somewhere on a point.pThe moments are here
given using a simply connected tension network
that has to pass through pnd p and whose
moving pole is p*. The smallest bending moments
for which this beam has to be designed are

Figure 13 Two pairs of compatible forces are transformed consequently those occurring when the moment on
into two rods and a pre-tensioned tie is added.

po is equivalent to the one ons or p;. This
configuration is obtained by simply applying opn p

Q. Which geometry minimizes the forces inside thatg compass constraint that is centered jnapd
typology? Since the graphical region associated tqyhose radius is equal to the greatest distance
every point describes the entire solution domain ofphetween s and pps (see sub-section 2.4). The
the structural issue, they can be used to perfornhosition of p and the domain of p* will be then
basic optimizations manually. For example, moving gutomatically readjusted at each movement of p*.
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form diagram force diagram

Figure 15. A clamped beam with possible moment 3
distribution. form diagram

force diagram

Figure 16. Possible force distribution inside an
indeterminate frame. The domain gfipa representation
of its indeterminacy.

3.4. Controlling the structural indeterminacy
graphically

Structural indeterminacy can be defined as th
ability of a strut-and-tie network to present diéfet

inner equilibriums under constant loads, meaning
that multiple force diagrams can describe the same
form diagram. This is encountered here when af fom dgagam

least a point can be moved in the force diagram Figure 17. Another possible force distribution inside the

¥VithOUt changing the orientation of any rod or  jngeterminate frame, in which rogis superfluous.
orce.

The frame of figure 16 describes a simple structure
of this kind. It has been built with the following
geometric properties:

form diagram  d S P7 force diagram

ps € Straightedgelgpop,] N Straightedge[pips] Figure 18 Another possible force distribution inside the

ps € Straightedge[pp,ps] indeterminate frame. The domain @f mflects all the
orientations § can have so thag remains compressed.

Pe € Straightedge[#pops]
¢ Straiahtedae N Straightedae Q. What inertia would make rod, rbecome
P1o ghtedge[gpop.] ghtedgelpop,] compressed? From the geometric state of figure 17,

pu € Straightedgefpp,ps] N Straightedge(p,p,] the domain of gfor which g is compressed can be

p.» € Straightedge[pp,ps] N Straightedge[§psp4] deduced (figure 18). In a design context, cross-
sections can then be deduced so that the inertias

Moving p, on its own domain —e. on a line —  impose the desired stress distribution.

changes magnitudes without modifying orientations , _ o _

(figures 16, 17 and 18). It follows that the domain Q Without changing the stresses inside the inner

of py is a comprehensive graphical representation ofi€S, which orientation of the load would ensure
the indeterminacy of the frame. rod fp remains compressed? The first step to solving

this issue is to fix the inner tension forces by

Q. Which distribution of forces would make the rod switching the dependencies betweenapd g so

ro unnecessary? To cancel the amplitudes,ofr that g becomes completely free of constraint and p
geometric constraint can be applied gngp that p ~ becomes  constrained on  Straightedggpp,].
and po — i.e. the ends of the magnitudes gfim Point p must then be further constrained on
the force diagram — are coincident. Thanks to theStraightedge[gpop.g] so that the orientation of Is
automatic propagation of constraints (see lasgiven by point p; in the form diagram. The
paragraph of sub-section 2.2), this has the effect resulting propagated domain ofi;pultimately
constraining p on the intersection Straightedge describes all the orientations that logddn have in
[pspops] N Straightedge[ppops], removing the order to ensure the compression of rgd(form
indeterminacy (figure 17). diagram of figure 18).
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3.5. Analysing the stability of compression-only 4, CONCLUSION
structures
This paper has described the features and practical
The final example is analytical rather than design-benefits of a new computer-aided environment
oriented: the stability of a given geometry of intended to facilitate and improve the interactive
compressed voussoirs has to be checked. Thigefinition of static equilibriums.
means that the thrust line balanced with the dead
loads of the voussoirs must exist inside the archSection 1 clarified the importance of structural
geometry [20]. morphogenesis in the shaping of structures that are
consistent with economic, ecological and
Q. How can the set of possible thrust lines insidearchitectural demands. It also outlined the
the arch of figure 19, be characterized fully? Therestrictions of the proposed environment and
first stage here is to build a set of HalfPlane compared it with other tools.
constraints that corresponds to the geometry of the | .
arch and to apply it to each node of the generatecP€ction 2 then documented the various
thrust line. These constraints are then autométical Unprecedented features made possible by this
propagated on every point that controls the&nvironment, such as the ability to:
gggmﬁ%gﬂge :2;?5; “r:)?' OApS(f%S;)ensi%Lfn?;' thg handle multiple solutions to a problem at the sam

example, covers all the domain of stability of the fime I . .
arch. The user knows the minimum and maximum- automate the definition of graphical regions that
magnitudes graphically even before moviggAnd reflect the domain of solutions of the current
moving p allows each thrust line to be visualized. ge"met”c’ structural statement
- switch the parametric hierarchy on demand
If, however, dependencies are switched betwegen p; cgl)gqplutebcomplete interdependency in order to
and p1, the domain of, p— a linear segment — will  PYl agedralc curves ditional
in turn reflect the set of possible thrust lindgst - €X€cute dynamic conditional statements
time in the form diagram (figure 19, left). geometrically . I . .
- guarantee static equilibrium using only geometric
Q. Which minimum value of the weight w* would conditions _ _ _
ensure the stability of the arch? Since poipisp ~ Puild reciprocal diagrams interactively.

also a parameter of the thrust line, its domainSect. n 3 illustrated how the structural desi c
reflects the set of all possible thrust lines tiigufe lon 3 1llustrated how the structu esigreer
use this environment to produce pre-stressed or

19, right). In other words, its graphical domain . determinat ticul ruct b biected
synthesizes all the values of the weight w*, and inf[n etf:rrgnna € ri 'fnu ?r ss'ru;: ur:(Ias, iargts rsg Je;nz
particular its minimum value, for which the statyili 0 Ing, ~compression-only  structure

of the arch is guaranteed — for which the thrus i gﬁcontlnuolgs t_stressh f'eldj n pltaszlcd materials.
remains enclosed in the masonry. ese applications have demonstrated new uses,

such as the ability to:

/‘ - build any strut-and-tie network in equilibrium
intuitively while controlling structural parts and
inner stresses simultaneously

- refine and combine any structural equilibrium

W incrementally
- perform manual structural optimizations with
,  min.value respect to boundary conditions, using the graphical

of w*

regions of solutions
- handle structural indeterminacy using graphical
force diagram regions of solutions.

) p2

form diagram

Figure 19. A masonry arch and its inner thrust line. Each AS a result, constraint-based graphic statics opens
highlighted region represent the domain of stapiit this up new paradigms for highly-interactive, pre-
arch. cognitive and chronology-free design exploration:

279



(1) highly-interactive because of the user’s ongoin [9]
control over the structure being shaped and because
of the visual expressiveness given by computer-
aided graphic statics; (2) pre-cognitive because10]
every graphical region of solutions marks out the
range of possibilities before they are even explpre

and (3) chronology-free because the environment
allows the control of the geometries, its inner
stresses, its static indeterminacy, its boundar)lll]
conditions and its material strengths independently
and simultaneously. [12]
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