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The original prototype of the cellular automaton (CA) shading system (CASS) for building facades
was based on rectangular array of cells and used liquid crystal technology. This paper introduces
polarized film shading system (PFSS) — an alternative approach based on opto-mechanical modules
whose opacity is a function of the rotation of polarized film elements. PFSS in regular tessellations:
triangular, square and hexagonal are discussed. Simulations for each type of tessellation are
presented and visualized. Visual attractiveness of emergent CA patterns manifested by “particles”
and “solitons” is discussed.
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1. Introduction: towards intelligent building envelope
In architecture, building envelope (BE) besides the size and shape of a building, is the most
apparent statement of designer's creativity. Too often, however, architectural decisions are based on
aesthetics only, which has the evident disadvantage of limiting the potential of performance
improvement [1]. BE as the interface between the exterior and interior serves several important
functions, such as:
e protection from external factors, as it improves security and reduces the levels of noise and
pollution,
e protection from climatic changes (temperature, humidity, glare),
e provision of natural light and visual contact with the environment, or the visual isolation
from the exterior if required.

Furthermore, today's BEs often play a significant role in energy conservation by reducing the
demands for artificial lighting, by either collecting solar energy or shielding from its excess. Rising
energy prices and the need for reduction of the greenhouse gas emissions necessitate the
development of intelligent buildings (IB) that operate on an energy-efficient and user friendly basis
[2]. IB is to provide a productive and a cost-effective environment through optimization of its four
basic elements: structure, systems, services & management and the interrelationships between them
[3]. The biggest challenge is to optimize the trade-off between energy consumption and occupants’
comfort [2]. The climatic requirements for the interior conditions vary among the occupants,
however in relatively narrow ranges. Conversely, the exterior conditions vary substantially both in
circadian and annual cycles. Therefore, BE of IB should also be somewhat intelligent, that is adapt
both to the occupants' requirements and to the variable outdoor conditions.

1.1 Daylighting: Visual and thermal comfort indoors and energy conservation
“No space, architecturally, is a space unless it has natural light.” - Louis Kahn
The main benefits of daylighting as a design strategy:

— Economy / ecology: D. substantially reduces the energy consumption and greenhouse gasses
emissions [4,5];



— Physiology: D. is an effective stimulant to the human visual and circadian systems;

—  Well-being: D. provides high illuminance and permits excellent color discrimination and
color rendering; enables occupants to see both a task and the space well, and to experience
some environmental stimulation [6], working by daylight is believed to result in less stress
and discomfort.

— Society: those of higher status in organizations are often given spaces closer to/with more
windows [6].

For the survey of literature on the benefits of daylight through windows see [7].

A study of the shading effects presented in [8] showed that in hot and humid climates such as Hong
Kong, daylighting is always an energy saver. In the Nordic climates, the direct solar gains can
greatly reduce the heating demand during cold seasons, however, it can also cause glare [5]. It is
also worth noting that: glare is much more tolerated from a daylight source than from its artificial
equivalent [9], significantly less incidents of eyestrain are reported by people whose workstations
received large proportions of natural light [10], and high luminance contrasts were more tolerated
when the window occupied a large portion of the visual field [11].

The nature of thermal and visual comfort differ substantially. Post occupancy evaluations showed
that occupant satisfaction with the room temperature correlates strongly with the possibility of the
occupants to change their working environment (e.g. operable windows or temperature control of
heating or cooling system) and their sensation that the environment actually changed (e.g. perceived
temperature increases or decreases) [12]. On the other hand, occupants' satisfaction correlates
poorly with the actual room temperature and the temperature sensation [13]. In the case of daylight
control, when manually operated shading devices are available, people tend to set them and then
rarely to change them. However, photocontrolled shading devices also need overriding occupant
controls if they are to be accepted [14].

This conforms with the classic observation in modern psychology, that perceived control can
moderate stress reactions [15]. For example, when people were given the opportunity to end an
aversive noise (although they did not use it), they did not experience the negative aftereffects on
task performance that were observed in people who had not had that opportunity [16].

Moreover, personal preference of illuminance levels and the degree of the glare discomfort vary,
and desired quantities of additional electric light depend on the type of task and the distance from a
window. For a survey of literature on how different factors influence human comfort indoors see
[17].

Daylight offers a dynamic, changing pattern to stimulate the eye. It also provides a very wide range
of illuminance: from 0 to over 25 000 Ix. It is much beyond commonly required values which range
from 10 to 1000 Ix, that is from the lowest level of color discrimination to the bright appearance
[18].

There are a number of systems for controlling these variances to appropriate levels. Light coming
through windows can be controlled by (e.g. anidolic) blinds, louvers, sun directing glass, laser-cut
and prismatic panels, light (guiding) shelves to name the most common systems. Daylight can be
also harvested, usually from a roof, and redistributed inside a building with so called light pipes.
For a survey of such systems see [19]. However, no universal solution exists. A daylight control
system should be selected according to climatic characteristics, that is the predominant sky type and
the latitude at the building site. [20] recommends that its careful integration with the rest of a
building’s design should begin early in the design process to produce a high-quality environment.
Daylight control and modeling is particularly difficult in urban areas since the illuminance on the
external face of the window is not only a function of the light coming directly from the sun and sky,
but also of the component reflected from the ground, and obstructions above the horizon [21].

1.2 The outside view
Traditionally, in many cultures, a window is not only the source of natural light, but as research
indicates, there is a psychological need for visual contact with exterior. Views that incorporate



horizon and sky are the most satisfactory, particularly after dark. In fact, night scenery of cities and
their skylines seem to be equally, or even more appealing to human eye than natural scenes [22].
Importance of visual landscapes is not limited to aesthetics, but also includes a range of influences
on emotional states, in other words the individuals’ psychological well-being. Therefore it should be
given explicit attention in planning and design decisions [23]. Positive effect of natural scenery on
restorative process of surgical patients have been demonstrated in [24], and therapeutic advantages
of urban scenery over natural views for chronically understimulated patients have been suggested
in [25].

It seems that constructing an entirely artificial device which would satisfy all the requirements
mentioned above is not economically feasible. Therefore the most realistic approach for intelligent
building envelope (IBE) is to control the incoming light through natural apertures of buildings —
windows.

1.3 Smart windows
Windows with dynamic optical properties seem a straightforward solution for IBE. The technology
of electrochromism, liquid crystal switching and electrophoretic switching was discovered and
made publicly in the 1970s and the 1980s, respectively. However, according to [26] the progress has
been slow. After several decades, dynamically tintable, or so-called smart windows (SW) became
available to the market. The required properties for SW for building energy control applications:
solar transmission and reflection, switching voltage, memory, cycling lifetime and operating
temperature at bleached and colored states have been documented in [27]. The technologies of
electrochromic, gasochromic, liquid crystal and electrophoretic or suspended-particle devices were
examined and compared for dynamic daylight and solar energy control in buildings in [26]. Based
on surveys among architects, professionals accredited by Leadership in Energy and Environmental
Design and window manufacturers, the most desired properties regarding the performance of SW
are:
integration with other coatings, e.g. low thermal emissivity (low-e),
glare reduction,
consistent-looking tint changes regardless of window size,
light control to any point between the dark and clear transparent state,
high blockage of UV light,

6. fast switching speeds.
In the list above the properties particularly relevant to IBE and CASS are underlined. It shows that
they share much of technological fields. However, due to low cost effectiveness and durability, the
applications of SW in architecture are still rather sparse. According to [28], there is, however,
gradually growing interest in SW among the architects due to:

1. the large scale introduction of smart glass,

2. steadily rising demand for windows and doors,

3. consumer interest in quality-of-life enabling technologies,

4. positive impact of daylighting,

5. movement toward increased energy efficiency.
In the list above the issues particularly relevant to IBE and CASS are underlined. It also shows
similarities in architects' motivations.
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However, although many SW systems are promising, none of them is truly satisfactory. For detailed
analysis see [26].

As shown above, the requirements for BE are not only difficult to meet, but often contradictory.
Moreover, creating buildings that can alter their appearance is one of perpetual dreams in
architecture.

1.4 An example of adaptive building envelope: the Arab World Institute
One of the most recognized examples of adaptive BE was realized in the Arab World Institute



(AWI) [29] in Paris, France, where an array of 24x10 metallic screen compounds were installed as
shown in figure 1.1. The screen unfolds with moving geometric motifs to control incoming daylight
and to articulate aesthetic quality of the Arab architecture, as shown in figure 1.

Figure 1: 1). A photograph of a part of the south facade of AWI. The shading system is comprised of
240 mechanical compounds. Some of them are in open position. 2). Diaphragms seen from the
inside. Photographs © Transnational Lighting Detectives.

Compounds are controlled independently and each of them is comprised of several diaphragms.
This highly sophisticated mechanical system is an impressive architectural feature, however, prone
to failures which have already been reported soon after completion in 1987. Despite its limited
transmission dynamics (approximately 1:4) [30], and the fact that it presently serves merely as a
decoration, it remains as one of the most successful embodiment of the concept of IBE, where at
least conceptually, the adaptivity and aesthetics are fully integrated.

An alternative idea based on cellular automaton (CA), so called CA-shading system, CASS for
short, has been proposed in [31]. In CASS, the facade is divided into identical units which form a
lattice for CA, and only the top row of cells is controlled directly. The pattern in the entire array is
the result of the local interactions determined by the update rules, the same for each cell. The
system is therefore homogenous like many biological systems [32], and emerging patterns exhibit
certain “organic” integrity as shown in figure 2.
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For interactive demonstrations illustrating mapping of CA on various surfaces see [33,34].

1.5 Cellular automata

Cellular automata (CA) are discrete complex systems which can be regarded as a fully distributed
computational system with local processing only of very simple components [35]. The practical
applications of CA are limited mostly to modeling and simulation, also to optimization. Relatively
few physical devices driven by CA have been constructed. Despite underlying simplicity, CA are
capable of strong emergence — that is producing a property which is irreducible to its individual
constituents [36, 37]. This phenomenon exhibits through patterns which often possess new and
intriguing aesthetics which can be used in the field of design. The cells of CA are interconnected
and respond to state of surrounding cells and their own current state according to local transition
rules (TR). For example: (0,1,1) — 0 means that in one step of CA evolution, if the main cell
(central position in the bracket) has value 1 and the values in the neighboring left and right cells are
0 and 1, respectively — the value in the main cell turns 0. Since in this case there are three binary
cells, there are 2° = 8 such TRs for this particular type. CA rule number is a decimal notation of TR
outputs. E.g. CA defined by the following TRs: (1,1,1)—1,(1,1,0)—0, (1,0,1)—0, (1,0,0)—1,
(0,1,1)—0, (0,1,0)—0, (0,0,1)—1, (0,0,0)—0 is named “rule 146” < 146, = 10010010, «
(1,0,0,1,0,0,1,0). In a case of 3 states (2,1,0) the rule number is a decimal notation of the sequence
of ternary TR outputs etc.

The number of states is finite and the time steps are discrete. From practical perspective — each cell
is identical. Although the fabrication of a single cell may not be trivial, it can be mass-produced at
relatively low cost [38]. CA is defined by the number of possible states, type and size of
neighborhood (radius), dimensionality, border and initial conditions (IC). Even among the simplest
non-trivial, that is two-color (2C) one-dimensional (1D) radius-one (r1), so called elementary
cellular automata (ECA), there are some that are capable of emergence.

It is common to present 1D CA as to show the history of generation changes, where each row
corresponds to a step in the history. Every row becomes an IC for the next row and so forth as



shown in figure 3.
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Figure 3: A surprising pattern formation — so called monolith, emerges after 130 steps of ECA rule
146 starting from certain IC.

In the case of general CA, at each step of evolution, explicit values from the main and all
neighboring cells are taken for the computation of state of the main cell. The number of general 1D
CA rules grows astronomically with the size of neighborhood and number of states. Therefore,
when searching for the rules of desired behavior, it is often rational to explore different variations of
automata before expanding the neighborhood or increasing the number of states. For example, at
each step of evolution, totalistic (T) CA take the sum of all values (main + neighboring cells) and
semi-totalistic (ST) CA take the explicit value in the main cell and sum of values in neighboring
cells for the computation of state of the main cell [39]. So called half-distance rules can be created
by shifting the successive rows, so the number of input cells becomes even. If an underlying cell is
placed between the two cells above, it is called radius 1/2 (r-1/2) CA. For radii 3/2 (r-3/2) and 5/2
(r-5/2), the underlying cell is placed between the corresponding 4 and 6 cells, respectively. For a
corresponding interactive demonstration see [40]. Higher-order CA depend not only on the present
state of the cells, but also on their state in the past. For example in second-order CA (SOCA) the
state of a cell at time 7 +1 depends not only on its neighborhood at time ¢, but also on its state at
time ¢ — 1. Examples of these automata are shown in Table 1.



Table 1: Selected types of CA with examples

Examples
Type Abbrev. | Cardinality Local transition rules (TR) Rule
General - 256  |(1,1,1)—1, (1,1,0)—0, (1,0,1)—0, (1,0,0)—1, 146
(ECA) (0,1,1)—0, (0,1,0)—0, (0,0,1)—1, (0,0,0)—0
Radius 2 2 4.29x10° | (1,1,1,1,1)-1, (1,1,1,1,0)—1, (1,1,1,0,1)-1, (1,1,1,0,0)—0, 38188
(1,1,0,1,1)=0, (1,1,0,1,0)—0, (1,1,0,0,1)—1, (1,1,0,0,0)—1, 17080

(1,0,1,1,1)—1, (1,0,1,1,0)—0, (1,0,1,0,1)—0, (1,0,1,0,0)—1,
(1,0,0,1,1)—1, (1,0,0,1,0)—1, (1,0,0,0,1)—1, (1,0,0,0,0)—0,
0,1,1,1,1)-1, (0,1,1,1,0)—0, (0,1,1,0,1)—0, (0,1,1,0,0)—0,
(0,1,0,1,1)—0, (0,1,0,1,0)—1, (0,1,0,0,1)—1, (0,1,0,0,0)—0,
(0,0,1,1,1)—0, (0,0,1,1,0)—0, (0,0,1,0,1)—1, (0,0,1,0,0)—1,
(0,0,0,1,1)—1, (0,0,0,1,0)—0, (0,0,0,0,1)—0, (0,0,0,0,0)—0

3-color 3¢ [7.62x107](2.2,2)—0,(2.2,1)—0, (22,00, (2,1,2)—0, (2,1,1)—1, (2,1,00—>1, | 237
(2,0,2)—-1,(2,0,1)—0, (2,0,0)—0, (1,2,2)—0, (1,2,1)—0, (1,2,0)—1, | @34
(1,1,2)—1, (1,1,1)—1, (1,1,0)—1, (1,0,2)—0, (1,0,1)—1, (1,0,0)—1,

(0,2,2)—1, (0,2,1)—0, (0,2,0)—0, (0,1,2)—1, (0,1,1)—0, (0,1,0)—0, >34
(0,0,2)—1, (0,0,1)—1, (0,0,0)—1 3463
Totalistic T 16 3-1,2-0,1-1,0—-0 10
Semi- ST 64 (1, 3) -0, (1,2) —0, (1, 1) —0, (1, 0) —0, 9
totalistic 0, 3) —1,(0,2) —0, (0, 1) —0, (0,0) —1,
Half- -1/2 16 (1, 1) =0, (1, 0) —0, (0, 1) —1, (0, 0) —1 3
distance
3-color | 3Cr-172 | 19683 |(2,2)—2,(2,1)—0, (2,0)—1, 14237
half-distance (1,2)—1, (1,1)—1, (1,0)—>2,
(0,2)—0, (0,1)—2, (0,0)—2
3-color |3Cr-12T| 243 [4—52,3—52,2—>1,1-0,0—1 226
half-distance
totalistic
Totalistic T SO 128 6—50,5-51,4—-51,3—->0,2—-1,1—-0,0—-0 52

second-order

All these variations of automata are considered for the proposed shading system and exemplified
further in the text.

2. Cellular automaton-based shading in regular tessellations
Since the opacity of IBE must be controllable, the particular CA used for shading, besides
exhibiting interesting aesthetics, must also have the following properties:

1. The control of average density of entire array to be set by IC only.

2. To render wide range of average densities, ideally from full transparency to opacity.
The search methodology and selection process of the automaton for the original CASS —2C1DR2
CA code {3818817080,2,2}, CAsy for short, is described in [31]. The first, second and third values
in the CAsy code correspond to decimal enumeration of TR outputs, the number of possible states
and neighborhood size (radius), respectively.

2.1 Three regular tessellations

The prototype of CASS proposed in [38] is based on square grid, which is one of three, regular, also
called “Platonic” tilings. The remaining two are: triangular and hexagonal. The symmetry group of
regular tilings is transitive on the tiles, in other words, they are homogenous with respect to
vertices, tiles and edges and are strongly edge-homogenous [41]. This is equivalent to an edge-to-



edge tiling by congruent regular polygons. This property has been widely used in architectural
practice since antiquity, and the first systematic mathematical treatment was done in the early 17"
century by Kepler in [42]. The properties of regular tessellations in the context of architectural
design and particularly in daylight control (shading) are collected in table 2.

Table 2: Comparison of three regular tessellations in the context of CA shading.

Architectural properties Practicality for CASS
Rectangular or square meshes are prevalent in architecture and The easiest to apply.
engineering. Most of the joints and connections in buildings are at the |Each CASS module is
right angle. Regular square tiling are extremely rare in macro scale in | identical.

nature (e.g. bismuth and galena crystals [43], cobwebs of Cyrtophora
citricola [44)). It is, however, the most common type used in human
constructions. Therefore, it is perhaps not particularly visually
attractive. Nonetheless, it is perceived rather neutral since it tends not
to overwhelm the impression of a displayed pattern.

Triangles are the only polygons that are rigid in plane [45]. This
property is particularly useful in architecture and engineering. Regular
triangular meshes do not occur naturally in macro scale and are also
relatively rare in built environment (e.g. girders). Therefore this type
seems relatively visually interesting. However, it has strong
appearance, less neutral than square grid.

Some triangles point
up, and some — down,
therefore two types of
modules may be
necessary for CASS.

Since it is the only regular tessellation without single points of
contact, the patterns appear as the most coherent.

Although relatively rare in human design, it is more often encountered
in macro scale in nature (e.g. honeycomb, basalt columns). Therefore
it carries certain visual organic appeal.

There are two kinds of
hexagonal tilings —
“zigzag” (Z) and
“armchair” (A) (see
figure 9). Z requires
one type of module,
while A may require
two for CASS.

g* A

Figure 4: 1. Bismuth crystal, (photo©amazingrust.com); 2. Galena crystals (Oirish
Cyrtophora citricola cobweb (Ovi.wikipedia.org); 4. Honeycomb (©oldvan.com); 5. Basalt
columns (©Colin Carlaw).

Examples of naturally occurring regular tessellations in the macro scale are shown in figure 4.

SR
minerals.com); 3.




Various applications of CA in other tessellations than rectangular have already been documented.
E.g. life-like rules on r1 Moore's neighborhood in triangular lattice have been studied in [46]; the
computational universality of an 8-state triangular reversible partitioned CA has been demonstrated
in [47]; and the effect of simple memory on a particular reversible, structurally dynamic CA in
triangular tessellation has been demonstrated in [48]. For overview of CA, in particular the Game of
Life (GL) in triangular, pentagonal and hexagonal tessellations see [49]; for the corresponding
interactive demonstration see [50]. Modest size examples of GL in triangle, square, and hexagon
planar topologies and hierarchical hexagonal grid on the sphere intended for modeling of
biogeographical, ecological and epidemiological processes on the globe have been presented in
[51]. Because hexagonal grid does not present spurious symmetries of the square lattice it has been
implemented for wildfire spreading prediction in [52]. [53] explores GL on geodesic sphere, whose
all facets are triangular. For an illustrative animation see [54], and for an interactive demonstration
of ST CA on icosahedral geodesic sphere see [55].

2.2 The aesthetics of cellular automata and CASS

Visual attractiveness of CA can be attributed to their capability of emergence — the phenomenon
which is characteristic to natural systems. According to [56], emergence is a property of a complex
system that is not exhibited by its individual component parts determined from a model of the
system. It is manifested in CA by the simultaneous occurrence of boundaries between the domains,
which take form of boundaries or “particles”, that is small regions of cells separating two domains
and persisting for a relatively many time steps. They may be stationary or may move; they may
themselves exhibit a pattern that is temporally invariant, periodic, or even disordered [57].
Particular type of particle emerges in the so-called “solitons” - moving persistent structures which
pass through one another while preserving their identities [58]. In this paper simple inspection of
the spatio-temporal patterns and/or statistical regularities in the CA cell values was sufficient for the
validation of the emergence. However, [59] proposed two complementary methods to automatically
filter the changing configurations of spatial dynamical systems and extract coherent structures in
CA: local sensitivity, which calculates the degree to which local perturbations alter the system, and
picks out autonomous features; and local statistical complexity, which calculates the amount of
historical information required for optimal prediction and identifies the most highly organized
features.

The judgment of visual attractiveness of BE is more difficult than the aesthetics of pure CA pattern.
Even the same CA pattern in different tessellations has different visual impact (see figure 12). BE is
an integral part of architectural design, which according to [60] has over 2000 definitions.
Nevertheless, CASS introduces new aesthetic possibilities, as illustrated with a number of examples
further in text. Two as full visualizations (figures: 2 & 25) and the rest as patterns in various grids
(figures: 12 —19).

3. Rotating-polarized-film shading system

Although the prototype of CASS [38] was based on liquid crystal (LC) technology, the original
concept was imagined as an opto-mechanical system of square plates made of polarized glass [31].
It was, however, easier to build the prototype with LC elements, which was not not the most
economical choice. Although technology constantly evolves and prices tend to decrease, LCs are
still relatively expensive both in terms of fabrication and running cost. They require approximately
5 W/m’ of continuous power in the activated state [61]. In the prototype, the size of shading
elements was approximately 12x12 mm. Moreover, according to [26] the transmittance modulation
has been found poor for commercial LC windows. In addition, the LC windows have been found
instable for UV radiation and as a result inappropriate for long-term exterior building applications.

This paper further explores the original approach called here polarized film shading system (PFSS),
where shading elements are composed of two polygonal sheets of normally-white polarized films.



The size of PFSS module will be approximately ten times larger than the module of the original
prototype. The fabrication cost of the entire system is expected to be substantially lower. One of the
PFSS parts is fixed, and the other rotates. Opacity of PFSS units is proportional to the angle of
rotation: at parallel position, that is 0°, the opacity is minimal and at crossed position, that is 90°, it
is maximal. In idealized PFSS, opacity is direct function of rotation and reaches full range of values
from 0 and 1. The minimal and maximal opacity occurs at kx180° and kx180°+90°, respectively;
where k€N.

Since states of CA are discrete, it is also natural to limit the rotation angles of polygonal elements to
discrete, so called dihedral rotations (DR). The number of DRs for triangle, square, and hexagon is
3, 4 and 6, respectively.

It is assumed that for clarity of patterns displayed on BE, as well as for the shading practicality, the
difference in opacity levels should be maximal. The number and range of extreme opacity
achievable by PFSS depend on the initial angle (IA) of rotation and the number of DRs. For
example, square PFSS (DR = 4) will at most produce only two distinct opacity levels as shown in
figure 5.
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Figure 5: The opacity levels rendered by square PFSS at three different IAs. Black dots indicate
opacity levels at four consecutive DRs.

In the first case shown in figure 5, IA = 0° and the extreme opacity levels are 0 and 1. At [A of 30°,
the range of opacity is narrower, that is from 33.3 to 66.7%. 1A equal to 45° will give the same 50%
opacity regardless of the rotation angle.

Opacity rendered by PFSS depend on the polygon type and IA. To illustrate the possible opacity
ranges for different PFSS setups, the IAs have been sampled at 1° for triangle, square and hexagon.
Next, for each IA the opacities at each DR relevant to the polygon type have been calculated. The
statistical dispersions of those sets have been measured by the median absolute deviation (MAD),
which is a common and robust measure of the variability of a univariate sample of quantitative data.
Figure 6 shows the plots of MADs of the opacities for triangular, square and hexagonal PFSS.
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Figure 6: MADs of opacity levels for PFSS on regular tessellations.

As figure 6 indicates, IA that results in the maximal MADs are: for triangular PFSS: 15°, 45°, 75°
and 105°, for square PFSS: 0° and 90°, and for hexagonal: 15° and 45°. The sequence of opacity
rendered for given DRs also depends on IA. For example in the case of triangular PFSS, at IA of
15°, three consecutive opacities are: 16.7% (minimal), 50% (medium), and 83.3% (maximal). The
corresponding MAD[{0.167, 0.5, 0.833}] = 0.333 (see Fig. 6). The sequence for [A of 45°:
medium, minimal, maximal, as shown in figure 7.
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Figure 7: The sequences of opacities of maximal diversity.

Figure 8 illustrates opacity changes that correspond to the leftmost plot for each PFSS type shown
in figure 7.

Figure 8: Opacity as a function of dihedral rotation for idealized PFSS on regular tessellations.

As figures 7 and 8 indicate, PFSS in triangular, square, and hexagonal tessellations have at
maximum 3, 2 and 3 distinct opacities, respectively. However, only the square PFSS renders
extreme values from 0 to 100%. The triangular and hexagonal ones render three shades of gray:
16.7%, 50% and 83.3%. These shading parameters are collected in table 3. IAs were selected so
opacity grows monotonically with rotation angle.

Table 3. Distinct opacities of PFSS in regular tessellations

States | Tessellation: Triangular Hexagonal Square
IA [°] 30 30 0
2 Angle [°] 30 150 270 30 90 150 0 90
Opacity [%] | 33.3 333 100 333 1 333 0 100
1A [°] 15 165
3 Angle [°] 15 135 255 165 225 285
Opacity [%] 16.7 50 83.3 16.7 50 83.3

As table 3 indicates, it is also possible to set up IAs for triangular and hexagonal tessellations, so the
number of distinct states will be reduced. For IA = £x30°, where k€ N, the number of states



becomes 2, with the extreme values of either 33.3 and 100% or 0 and 66.7%. Therefore it is also
possible to implement 2C CA with them. These are the values for idealized system, in actual
physical device the ranges of opacity values will be narrower.

PFSS operates similarly to the common convention of presenting history of evolution of 1D CA. A
row of cells receives input from a row above and becomes IC for a row below, and so forth. This
process continues in cascade and propagates down the entire array of cells (see figure 3). For an
interactive demonstration illustrating this process see [62]. The idea of physical realization of PFSS
is based on modules which are comprised of both input and output units. The output unit becomes
one of the inputs for modules in the row below as shown in figure 9.
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Figure 9: PFSS modules for 1D rl and r2 CA in regular tessellations. Neighborhoods of sample
modules are outlined in black. The r2 neighborhood is indicated by dotted lines.

As figure 9 indicates there are two possible arrangements of cells in hexagonal tessellation. So
called “zigzag” tessellation (hexagon-Z) requires one type of module, and “armchair” tessellation
(hexagon-A) requires two modules of different shapes: O and E.

Once value in an input cell has been set, it does not change or reset unless IC in the row above
changes, as shown in figure 10.

Local transition rule Square Hexagon-Z Hexagon-A Triangle
R L MR [ R M LMR M
IE ] Q%Q i A\
Input Output P
LMR l ® L l
{1,0,03 > 1: v

Figure 10: TR {1,0,0} — 1, and realization by square, hexagonal and triangular PFSS modules. M,
L and R stand for main, left and right cells, respectively.

Figure 11 shows pattern of ECA rule 110 realized by PFSS modules from figure 9, starting from the
same IC.

Square Hexagon-Z (skewed) Hexagon-A Triangle

A4 A

nds b =

Figure 11: 5 steps of ECA evolution from IC: {0,0,0,0,1,0,0,1,1,0}. Hexagon-Z is also shown
skewed to match the other grids. For comparison, grids have been scaled along vertical axis so the
rows of cells are aligned horizontally.

For an illustrative demonstration of CA in regular grids see [63]. The original CAsy can be
implemented by four types of PFSS as shown in figure 12.
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gray on arrays reproduce opacity values achievable by a particular PFSS. Two modules for each
tessellation are shown schematically.

Square PFSS can realize any 2C1D CA, the hexagonal and triangular PFSS can realize both two
(2C) and three (3C) state 1D CA.

3.1 Simulation

A number of simulations for each type of PFSS were performed in order to find the simplest, but
visually interesting CA that can be applied on building facades. Since each type of PFSS: square,
hexagonal and triangular have certain individual characteristics, the results are presented in three
sub-sections.

3.1.1 SIMULATION IN SQUARE GRID: PFSSsq

As shown in table 3, PFSS based on square tessellation (PFSSsq) can realize only two-state CA.
However, since each module is simple and identical, constructing it is relatively straightforward. As
discussed in [31], the applicability of ECA for shading is very limited and consequently, 12 CA were
explored. In this paper, however, instead of expanding the neighborhood of general CA, totalistic
one-dimensional radius-one CA are considered. Furthermore, since there are only 16 such CA and
none of them produce interesting patterns, finally second-order CA was proposed (1D2Cr1 T SO
CA). In such a case there are two three-cell rows for input. The top and successive rows correspond
to step #— 1 and ¢ of SOCA, respectively. Values in each cell can be either 0 or 1. Since there are six
input cells in total, the number of such CA is 2°! = 128. Although there are so few of them, many
exhibit visually interesting behavior. Note: in principle PFSS is to be controlled by the very top row
of cells, in the case of SOCA, however, the control may require two top rows of cells. A selection of
particularly visually appealing such CA is shown in figure 13.

Rule 52

Figure 13: Example of four 1D2Crl T SO CA starting from the same coupled ICs.

3.1.2 SIMULATION OF PFSS IN HEXAGONAL GRID

PFSS in hexagonal tessellation can emulate both 2 and 3 state CA. The following examples are
based on the latter. Depending on orientation, there are two types of hexagonal grids: “zigzag” —
hexagon-Z, and “armchair” — hexagon-A, as shown in figures 9-12. Simulations are presented in
two corresponding subsections.

3.1.2.1 Hexagon-Z: PFSSy;



As an example for PFSS based on “zigzag” hexagonal grid (PSFFyz), a one-dimensional three-color
general half-distance radius 1/2 cellular automaton (1D3Cr-1/2 CA) is proposed. Since there are
two input cells with three possible values (0,1,2), the number of such CA is 3*° = 19,683. Some
examples are shown in figure 14.

) Rule 14237 . _Rule 14195_ ) Rule 17265 Rule 15777
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Flgure 14: A few visually 1nterest1ng 1D3Cr-1/2 CA.

It is also straightforward to implement regular, that is r1 3C CA. There are over seven trillions such
rules, many producing intriguing patterns. Some examples are shown in figure 15.

2378345543463 1923483084957 6932465611880 2375298415812

Figure 15: Four 1D3Crl general CA in hexagon-Z tessellation.

3.1.2.2 Hexagon-A: PFSSua

Alternatively, hexagons of a grid can be arranged in so called “armchair” (hexagon -A), and the
corresponding shading system — PFSSya. As mentioned above, in such a case, emulating 1D CA
requires two types of modules: E and O as shown in figures 9 and 10.

However, it is also possible to construct an array of cells using only one type of modules: E or O.
Such systems derived from one-dimensional cellular automata, are called two-dimensional cellular
automata with specified offsets, and denoted here as 2D*CA. 2D*3Cr1CAs based on type O
(hexagon-Ho) produce trivial patterns as shown in figure 16.

2082979294 3317576300508
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Figure 16: Some relatively visually appealing examples of 2D*3Cr1 hexagon-Ho CA.

3C systems based on hexagon-Ho tessellation demonstrate only class W1 and W2 behaviors, that is,
nearly all initial patterns evolve quickly into a stable, homogeneous state or into oscillating
structures. Type E (hexagon-Hg), however, is capable of all 4 kinds of behavior, including class W3,
that is pseudo-random, and most importantly — W4 that is complex, as shown in figure 17.
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Figure 17: Some examples of 2D*3Cr1 hexagon-Hg CA.

3.1.3 SIMULATION IN TRIANGULAR GRID: PFSS+

In the case of systems based on triangular tessellation (PFSSt), emulating regular 1D CA also
requires two types of modules, as shown in figures 9 and 10. However, in this case the
implementation of half-distance CA seems particularly interesting for architecture. Such an
arrangement leaves every other cell of the tessellation void, which can correspond to clear glass or
solid walls. Such a PFSSt can be realized by three-color half-distance totalistic cellular automaton
(1D3Cr-1/2 T CA). Although there are only 243 such automata, nearly half of them produce
visually interesting patterns. Figure 18 shows them in square and dense grids (without voids) for
legibility.
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The most promising rules for architectural shading are: 106, 145, 207 and 226, as they meet the
“shading criteria” to a certain extent. That is, they are relatively visually attractive and controllable
to a certain degree by ICs. For more details on this selection method see [31]. Since the area of
PFSSr is perforated in 50%, it should be taken in consideration, that pattern is not as legible as in
other shading systems presented here. Nevertheless, some rules produce fairly legible patterns. The
shortlisted rules from figure 18 are shown in figure 19 in the actual, perforated triangular grid.
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Figure 19. Selected PFSSt based on 1D3Cr-1/2 T CA starting from the same IC. The background is
black, thus perforation also appears black.

4. The physical implementation
Alike the simulations physical implementation is also divided into sections that correspond to
tessellation types.

4.1 Implementation of PFSS in square grid
The LC prototype presented in [38], CASS, ¢ for short, is based on orthogonal tessellation and it has
no moving parts. Although the concept of CASS is based on interactions among autonomous units,
CASS.c is comprised of two components: CA control unit (CU) and the shading panel (SP). This
decision was motivated by the following reasons:

1. to provide a hands-on experience of rather abstract concept of CA, therefore:

2. both CU composed of CA units and SP to be built by students,

3. system to be low-tech,

4. CA units to be programmable to emulate all 256 ECA.

CA units of CU are based on commonly available integrated circuits (CMOS), therefore they are
much larger than intended for a real application, which most likely would combine field
programmable gate arrays (FPGA) with printed circuit boards (PCB) [64]. On the other hand, due to
high cost of LC elements, SP is much smaller than intended. Moreover, CU was built also to
demonstrate “hardware automaton”. Each of its cell is equipped with a light emitting diode (LED)
to display the CA action. This is also the reason why the CA circuits are not integrated with the
shading elements, as it would be in the actual shading device. Figure 20 collects some of the
CASS.c documentation.



Figure 20: CASS.c: 1. The scheme of the logic that emulates any of 256 ECA; 2. Electrical diagram
of a CA unit 3. A photograph of a completed CA unit; 4. SP with some LC elements active
(opaque); 5. SP displays the pattern produced by CU.

The mechanism of optical switching in LC is to change the orientation of LC molecules between
two conductive electrodes by applying electric field. As mentioned above, they are not only
expensive to make, but also to operate, since they require continuous power. Such LC system allows
only two states for each cell. Some examples of much less expensive PFSSsq units, which would be
much larger and made of lightweight polarized film elements are shown in figure 21.
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Figure 21: 2C CA realized by PFSSsq. 1-2): 11, 12, 3-4): SOCA, 5-6): r-1/2, r-3/2, 7-10): various
2D*CA. The numbers of all general rules are shown (totalistic rules — in parentheses).
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Although this type of PFSS is the most straightforward to implement, it offers less possible states of
cells than the other systems and its visual appearance seems to be not as pleasing.

4.2 Implementation of PFSSyz and PFSSua
As mentioned above, major advantage of PFSSy is that it is visually appealing and there is only
one type of module necessary to emulate any 1D CA. Some examples are shown in figure 22.
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Figure 22: 3C CA realized by PFSSyz 1-2): rl, 12, 3-4): r-1/2, 1-3/2 , 5): r1 SOCA, 6-9): various
2D*CA.

Some examples of coupled modules for PFSSya are shown in figure 23.
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Figure 23: 3C CA reahzed by PFSSya 1-2): 11, 12, 3—7). various 2D*CA.

4.3 Implementation of PFSSy

Because triangular grid is not so rare in architecture (but not so common either), PFSSr can fit well
to some particular design solutions. Some examples of units for dense and perforated PFSSt are
shown in figure 24.
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Figure 24: 3C CA realized by PSFFr. 1-3): rl, 12, 13; 4): r1 SOCA; 5-6): r-1/2, 1r-3/2; 7): 2D*CA.

An example of implementation of 1D3Cr-1/2 T CA rule 226 with perforated PFSS+ (specifically the
module shown in figure 24.5) on a facade based on triangular prefabricated panels is visualized in
figure 25.



Figure 25: A imﬁlted example of a “liVing’ ;ﬁylindri;: facade based on triangular panels. The left
and central parts of pattern exhibit behaviors of class W2 and W4, respectively.

5. Critical discussion

A relatively recent survey of soft computing (SC) techniques in engineering design [65] points out
that “existing approaches miss applicability or robustness (...)” and postulate expansion of existing
methods to agent-based systems (ABS), among others. The project presented in this paper addresses
both applicability and robustness.

The robustness analysis of CASS has been presented in [66]. Two types of permanent failures have
been considered: a cell failure, when a single cell in ICs yields wrong (opposite) output, and a
certain type of permanent (edge) failure [67], called there electric failure, when a single column of
inactive cells splits the array in two independent sections. Although the patterns of shading
automata are rather sensitive to these failures, their basic shading properties are relatively robust.
Moreover, although the number of disturbed cells in the case of totalistic automaton (T CA 52) is
the lowest, its basic shading properties, that is pattern density and distribution are disturbed the
most. While the general automaton (CAsy) is the most robust in respect to the pattern distribution,
the semi-totalistic one (ST CA 666) is the most robust in respect to the pattern average density.
Moreover, the concept of modern ABS originates from widely discussed here cellular automata
(CA), which can be considered as simplified ABS. According to [68]: “intelligent buildings can
cope with social and technological change and are adaptable to short and long term human needs”.
Presented here adaptive CA-based shading system contributes to the concept of intelligent built
environment. However, as the introduction suggests, it is difficult to imagine an ideal solution for
such complex problem as the ideal building envelope (BE). As pointed out in [69] “the notion of
building adaptivity is a well known concept, however successful realizations are rather limited to
high profile projects such as Santiago Calatrava's Milwaukee Art Museum or Peter Eisenman's
Cardinal's stadium”. In the same paper an inexpensive fritted glass shading system (FGSS) is
presented and retrofitting in a university building is documented. In FGSS each actuator is
controlled individually, therefore there are no interactions among units that may trigger emergence.
Moreover, the mechanical controls, although much simpler than in AWI (figure 1) might be
problematic. The concept described here proposes an alternative approach. As in the building of
AWI there is a design integrity between respective elements and the skin of a building as a whole.
In the case of AWI it has more of a fractal nature with elements nested within each other. The idea



proposed here can be considered as more organic, where individual cells seem to have certain
degree of freedom. In fact both systems are deterministic, however only the latter is capable of
strong emergence.

Recent review of intelligent building construction [70] points out that although external static
sunshades are most efficient among all types of sunshades, they satisfy shading needs only partially.
Moreover, in [71,72] the authors notice that the common practice of focusing on a few engineering
challenges or explicitly on sustainability in the early stage of design leads to buildings that might be
sustainable considering their energy consumption but not in architectural aspects. In the approach
proposed here, these aspects are integrated.

Although the physical device realizing the concept of CA-driven shading system is already
operational, there is a number of conceptual, theoretical and practical issues to be solved. One of the
main conceptual problems is how to balance controlling parts of PFSS corresponding to individual
occupants or rooms with overall appearance of the building’s envelope as a whole. Another closely
related problem is to fine-tune the system to achieve sustainability and optimal energy consumption
by incorporating the geographical location, season, external temperature, solar exposition,
fenestration, etc. [73]. One of the possible solutions is to adjust IAs in given parts of PFSS. This
would shift opacities of all affected modules. CASS also allows for non-uniform CA [74], that is
automata whose individual cell TRs are not the same. Therefore is it also possible to subdivide
PFSS into autonomous parts. In such a case, however, the aesthetic integrity of facade could be lost.
Perhaps there is a solution in-between, where limited individual control is possible or where there
are some interactions among zones of cells. For other possible practical issues related to CASS such
as: the size of the cell, glare, etc. see [38]. A new prototype is presently being developed. The
completion will answer many of these questions.

6. Conclusions

A project where creativity, practicality and economy meet was presented. Proposed shading system
for buildings brings new, unparalleled aesthetics that emerges from collective behavior of
homogenous, modular elements. For discussion on “man-made versus organic appearance” see [75].
A concept of rotating polarized film elements arranged in regular tessellation is simpler, low-
maintenance, and is potentially more robust and affordable than existing systems for dynamic
control of building envelopes.

The new method of improving indoor comfort connected with new aesthetics contributes also to the
theory of design.

Presented here briefly creative process from nature-inspired cellular automata to a concept of
feasible prototype for a robust shading system might inspire designers, architects and engineers for
innovative work involving relatively new discoveries in computer science.
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