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ABSTRACT

The assessment of adaptive facades faces several challenges, including the representation of
adjustable material and geometric properties within building performance simulation. This paper
introduces a methodical and model-based interface dedicated to this issue. Adjustable material and
geometric facade properties can be captured and continuously adapted within the building perfor-
mance simulation using this model, without the need to reinitialise the simulation as required with
matrix-based methods. The method comprises two steps: model training and export. Model training
transforms ray-tracing-based sampling outcomes into an algebraic function. Model export gener-
ates a Functional Mock-up Unit. The LiDICS method is applied to switchable membrane cushion
constructions with complementary printing patterns. The model training achieves a high accuracy
(r* = 99.4%). Subsequently, an inter-model validation is conducted using annual simulation from the
RADIANCE 3-phase method, likewise resulting in high accuracy (r?> = 98.5%). Lastly, a brief analysis is
conducted to compare four operation strategies regarding coupled comfort and energy assessment.
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1. Introduction

The United Nations recently published 2021 Global Sta-
tus Report for Buildings and Construction indicates that
the building sector is responsible for 37% of global
carbon dioxide emissions and 36% of global energy
use (UNEP 2021). The Collaborative Research Centre 1244
at the University of Stuttgart is intensively addressing
the reduction of the buildings carbon emission through
mass reduction and adaptability. As part of this work,
the world’s first adaptive high-rise experimental build-
ing D1244 (Blandini et al. 2022) was built. In addition to
adaptive truss structures, adaptive facades represent the
second research focus. They have the potential to reduce
carbon emissions while increasing occupant comfort. This
potential lies in the facades material and geometric prop-
erties that can be adjusted to changing indoor and out-
door environmental conditions.

This work utilizes switchable membrane cushion
constructions as an application object for adaptive
facades. Membrane cushions offer significant potential
for carbon emission reduction due to their light weight
induced reduction in load-bearing structure, excellent
recyclability and other sustainable attributes. Customis-
able, switchable shading effects can be achieved by
incorporating complementary printed patterns. In this

context, ‘complementary’ signifies that when the printed
layers are adjacent to each other, no direct light can pass
through. However, when the spaces between the layers
are inflated, light is able to pass through the structure at
an angle, cf. Figure 7.

The spacing between the membrane layers represents
the adjustable geometric properties of the facade, ref-
ered to as the ‘facade input’. Adjusting these facade
inputs affects daylight-related metrics such as mean
workplace illuminance, useful daylight illuminance, and
daylight glare probability. Furthermore, thermal variables
are also influenced, including the U-value and solar heat
gain coefficient, that are crucial for thermal comfort and
energy efficiency.

Underlying these interactions are light-related proper-
ties, referred to as the ‘quantities’. For membrane cushion
constructions, these include illuminance levels measured
by sensors at the workplace and at eye level, as well
as solar absorptions within individual layers and trans-
mission through the cushion structure. In this work, the
term ‘complex light dynamic’ signifies an algebraic rela-
tionship between a quantity, a one- or multi-dimensional
facade input and sun or sky specific influences. The pre-
fix ‘complex’ refers to a strong dependence on the sun
angles.
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Overall, switchable membrane cushion constructions
are emblematic of many adaptive facades. Their assess-
ment involves complex light dynamics and interactions
within the thermal, solar-thermal and daylight domains.
However, there are many obstacles in the assessment of
adaptive facades.

What are the challenges in the assessment of
adaptive facade variants?

Numerous challenges confront the performance predic-
tion of adaptive facades (Loonen et al. 2017; Taveres-
Cachat et al. 2021).

Firstly, there’s a necessity to model adjustable material
and geometric facade properties, which current build-
ing performance simulation tools struggle with (Loo-
nen et al. 2017, Taveres-Cachat et al. 2021). While
workarounds have been devised, they introduce fur-
ther issues (Borkowski, Rovas, and Raslan 2021; Favoino
et al. 2018; Loonen et al. 2017). Loonen et al. (2017) sug-
gest employing the Modelica language for its flexibility in
creating customized models, such as defining the thick-
ness of thermal resistance in the resistance-capacitance
network of a membrane facade as a time-variant model
input.

Secondly, adaptive fagades exhibit pronounced angu-
lar dependency in their properties concerning visual and
solar light effects. Daylight behaviour is modelled as
angle-dependent by default, e.g. using the matrix based
methods. This is not always the case for the energetic light
component. The non-angle-dependent modelling of the
solar heat gain coefficient can lead to large deviations in
the forecast of the annual energy demand and the design
capacities of heating and cooling (Weber et al. 2023b).
Therefore, ‘it is very important to use the correct angular
dependence in building simulations’ (Kuhn et al. 2011).

A third challenge for performance prediction arises
from the ‘strong mutual dependence between design
and control aspects’ (Loonen et al. 2017). This has dual
implications.

Ufac

Firstly, to assess design variants from a life cycle per-
spective, facade control must be comparative, encom-
passing all system states while meeting energy efficiency
and multi domain comfort constraints. With mutual
dependence in multiple domains, ‘there may be a need
to solve the differential equations that describe the
relevant physical phenomena in a coupled way’ (Loo-
nen et al. 2017). The concept of ‘model predictive con-
trol is, in theory, ideal to ensure the most significant
improvement in the operation of advanced building
envelopes’ (Taveres-Cachat et al. 2021) but require twice
continuous differentiable algebraic model equations.

Secondly, in the life cycle assessment of adaptive
facades, high-tech components typically exhibit shorter
lifecycles, while active control increases wear, leading to
increased manufacturing and maintenance costs (Crespi
and Persiani 2019). Dynamic simulations, coupled with a
control concept, are essential to estimating and integrat-
ing wear into life cycle assessment, ensuring a reduction
in life cycle costs by compensating for increased efforts
through potential reductions in the operating phase B6.

How do others model, couple and control adaptive
facades?

According to the review (Taveres-Cachat et al. 2021),
the coupling of domain-specific simulation models is
distinguished based on coupling variables, strategies,
techniques, and frequencies. An even more comprehen-
sive differentiation is proposed in the present work, cf.
Table A1.The system model, depicted in Figure 1, was uti-
lized to classify the literature work. Within it, the model
‘CLDM' is subdivided into the visual and solar domain.
Within the model ‘Daylight’, metrics like useful daylight
illuminance or simplified daylight glare probability are
derived from illuminance values. In the model ‘Ther-
mal’, the commonly employed resistance network of the
facade is linked to solar heat sources and the transient
room model. The prerequisite for inclusion in the litera-
ture review is the combination of modelling at least one
light domain with an operation strategy.

‘Weather

do
CLDM
;

biDT

Figure 1. System dynamics scheme with complex light dynamics model (CLDM).



The literature review shows that either the tint state,
a rotation angle, an overhang height or a gap width is
considered as the facade input type.

All studies analyzed employ a sequential coupling
strategy between ray tracing and dynamic simulation.
The CLDM models are precalculated sequentially for dis-
crete facade input values and then coupled to the total
system. Conversely, bidirectional coupling of dynamic
control and a ray tracing tool, although theoretically con-
ceivable, is not practically implemented perhaps due to
the considerable computational demand.

Matrix based methods, primarily the 3-phase method,
are universally utilized across all studies as the reduc-
tion technique for the visual light model. View, trans-
mission, and daylight matrices are determined using
the RADIANCE tool (Ward 1994). The reduction method
for the solar light model encompasses either 3-phase
method with RADIANCE, the Klems matrix layer method
(Klems 1993) within WINDOW (Curcija et al. 2018), or the
Kuhn method (Kuhn et al. 2011).

Regarding dynamic control, the quantity correspond-
ing to the applied continuous facade input must be
queried from the precalculated discrete values. While
some studies utilize interpolation methods to obtain con-
tinuous quantities, most rely on discrete query. If control
is conducted as usually through the solution of a heuristic,
an integer program (Coffey et al. 2022), or a mixed inte-
ger program (Gehbauer, Lee, and Wang 2023), no con-
tinuous query and interpolation is needed. This simplifies
the effort for multidimensional problems. Nevertheless,
depending on the facade type, a discrete selection of
facade states could potentially compromise energy effi-
ciency and multi domain comfort. Moreover, a higher
resolution of discretisation would amplify the complex-
ity of the heuristics or integer optimization. In the context
of control being conducted through non-linear program-
ming, such as in model predictive control, twice contin-
uous differentiability becomes a prerequisite and thus
continuous query and interpolation.

The number of independent facade inputs typically
remains one. In cases where the dimension exceeds one,

Ufac,1— SISO

Ufac2—>| SISO —+>O—>q

Ufac3— SISO
(a)
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it is consistently represented through partitioning of a
facade areainto parallel and individually controllable win-
dow regions. There has not been an instance where a
region was modelled with a multivariate facade input.
However, such a scenario would arise with a basic blind,
for instance, if it were modelled using both the angle of
rotation and the height of the slats.

With multidimensional facade inputs, the potential
combinations between all discrete points of each input
proliferate rapidly. Consequently, identifying the appro-
priate combination of the multidimensional facade input
by the control system becomes progressively intricate. To
mitigate this complexity, several studies have employed
an area based superposition methodology, as illustrated
in Figure 2. This methodology reduces the depen-
dency of the quantity to a superposition of several one-
dimensional single input single output models. Shen and
Han (2022) term this approach as the individual daylight
contribution, which signifies a substantial reduction in
complexity. However, it is deemed erroneous since light
is either reflected or transmitted by other window ele-
ments depending on their facade inputs. An attempt to
circumvent this issue is made by assuming low reflec-
tions from the other facade regions (Shen and Han 2022).
Similarly, noreflection (//,(1) = 0) of the transmitted ener-
geticlight componentsisassumed within the SO 52022-3
calculation of the solar heat gain coefficient.

The integration of complex light models into dynamic
simulations typically follows a one-to-one coupling
approach. For instance, in the study (de Vries, Loonen,
and Hensen 2021), the quantity is transmitted to the con-
trol model through table lookups in MATLAB. This stands
in contrast to the approach adopted in this publication,
where the CLDM model is integrated into the system
model via standard-interface coupling.

Concerning control development ‘most building per-
formance simulation tools (...) offer only limited means
to describe more complex control behaviour’ (de Vries,
Loonen, and Hensen 2021). The primary control method
employed is threshold based heuristic control, predom-
inantly reliant on bidirectional daylight states of the

U fac,1 —>
Ufac,2 —>

MIMO

Ufac,3 —>

(b)

Figure 2. Complexity reduction methods for high-dimensional facade input tyc. (a) Applied superposition method. (b) Applied MISO

model.
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system model. In instances where optimization based
control methods were utilized, daylight and thermal
states were frequently incorporated into the control of
the system.

Why do we need LiDICS?

LiDICS, from Light Dynamics Interface for Coupled
Simulation, is a methodical workflow step within the
proposed assessment workflow of adaptive fagades, cf.
Figure 3. However, LiDICS is not merely a methodical but
also a model based interface. Like any interface, it serves
as a connection between two points and enables the
exchange of data and information. The LiDICS method is
positioned between domain-specific sampling, predom-
inantly ray tracing based, and the multi-domain simula-
tion and assessment of the adaptive facades. The LiDICS
modelling interface presupposes the system dynamics
scheme, cf. Figure 4, with facade inputs g, and weather-
dependent solar disturbances aso,, as well as quantity
outputs g.

The LiDICS method transforms sampling outcomes
into a twice continuously differentiable algebraic model.
In doing so, it addresses the presented assessment chal-
lenges: the representation of adjustable material and
geometric properties and the strong angle-dependency.
The property of twice continuous differentiability creates
a prerequisite for developing optimal control concepts.
These concepts subsequently enable the simultaneous
consideration of mutual influences on multi-domain

ﬁfac »—P

=l
A~

G

Figure 4. System dynamics scheme of the CLDM Modelica model
for model export.

comfort and energy efficiency, based on which adaptive
facade variants are assessed.

‘The added value of coupling geometric design param-
eters directly to simulation software is (...) an impor-
tant function that can help with the design’ (Taveres-
Cachat et al. 2021) of adaptive facades. The LiDICS
method addresses this statement, as it encompasses
not only model formation but also model coupling.
The Functional Mock-up Interface (FMI) standard is
employed as the exchange format. The primary goal of
the FMI standard is to ‘support the exchange of simu-
lation models between suppliers and OEMs’ (Blochwitz
et al. 2011) for collaborative design and manufactur-
ing while protecting intellectual property. The FMI stan-
dard offers advantages over Building Controls Virtual Test
Bed (Wetter 2011) in that it ‘provides a more streamlined

LiDICS method

model
/ training

sampling

design

\ assessment /

S

model
export
CLDM
/ Control
. e Thermal
coupling

\ Daylight

Weather

Figure 3. Flow diagram depicting the integration of the LiDICS method to the adaptive facade assessment workflow.



method for co-simulation’ (Taveres-Cachat et al. 2021).
The export of LiDICS based models into modular Func-
tional Mock-up Units (FMU) facilitates a clear delineation
of tasks and the exchange of models between architects,
building physicists and control engineers. This means
that LiDICS based facade models can be clearly com-
pared, validated and delivered with the construction ele-
ment as a digital twin. As an FMU model, it can be
exchanged executably and accessed via a wide range
of APIs, such as pyFMI. This step from an almost exclu-
sively one-to-one to a standard interface coupling tech-
nique is one key feature that comes with the LiDICS
methodology.

Key contributions

This work introduces the novel LiDICS methodical and
model based interface that transforms ray tracing results
into a FMU model. Its key features are:

e Realisation of continuous adjustable material and geo-
metric properties. There is no need to restart the simu-
lation or exchange the transmission matrix as required
by the matrix based methods.

e The model is presented as a twice continuously dif-
ferentiable function, thus it can be operated using
existing optimal control concepts.

e Ease of model transferability as an executable FMU file
into other multi domain simulation tools. Subsequent
domain knowledge is not required.

e Ease of adaptation to different weather data and loca-
tions.

e Ease of building orientation modification for parame-
ter variation.

Section 2 elucidates the adaptive facade assessment
workflow and the fundamental mathematical princi-
ples of the LiDICS method. It also presents the model
training and export process, along with a general
validation.

Subsequently, Section 3 exemplifies the application
of the method to switchable membrane cushion con-
structions. Herein, the initial four steps of the assessment
workflow are demonstrated, encompassing the design,
sampling, as well as model training and export. The
following subsection explores the extent to which the
outcomes derived from model training can be extrap-
olated to real-world weather data and locations. It
represents an inter-model comparison with the RADI-
ANCE 3-phase method. Finally, a potential analysis is
conducted.

Chapter 4 concludes this work by presenting a sum-
mary of findings.
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2. Methods

The LiDICS methodology is considered as one compo-
nent within the comprehensive assessment workflow for
adaptive facades. The initial subsection outlines the entire
workflow, wherein the LiDICS methodology comprises
two steps: model training and model export. Subsequent
to the presentation of the general fundamentals in the
second subsection, these workflow steps are elaborated
in dedicated subsections. Finally, preliminary general val-
idation procedures are undertaken.

2.1. Integration into the assessment workflow of
adaptive facade variants

The comprehensive workflow is illustrated in Figure 3.
The initial step involves defining the design of the con-
struction variant. This entails mapping material proper-
ties to the geometrical surfaces. Along establishing the
light quantities to be controlled, the facade inputs are
defined. In the second step, the quantities are sampled
for discrete sky conditions and facade inputs.

In the third step, the model is trained, resulting in the
core matrices P. This has been implemented in Python.
Subsequently, the CLDM model is generated in Modelica
using those core matrices and exported as an FMU file.
These two steps will be described in greater detail below.

In the fifth step, the exported CLDM model is coupled
with the model Control as well as the domain-specific
models Thermal and Daylight, as illustrated in Figure 1.
Furthermore, site-specific information, e.g. weather data,
are incorporated for the first time. Finally, the construc-
tion variant is examined within annual simulations, from
which key metrics for comfort, in multiple domains, and
energy efficiency can be derived.

2.2. General fundamentals

2n /2
q= / /8 L(Ow, pw)SIOP (Ow, w, Ufac) dQy, (1)
w=0 w=0

SIOP (O, P Utac) = YT O pw)s(Urac) 5, Y € K71 (2)

Yoiiimir = Y™ V1€ [0 lmad Am e[ (3)

2n /2 R
q= / / LOwr )Y O ) A0 3(a0) (@
w=0 J0,=0
=8¢ (5)

Within this section, the derivation of the mathematical
foundations of the LiDICS model interface is presented.
For this purpose, the relationship for the solar incidence
operator (SIOP), Equation (2), is substituted into the hemi-
spherical integral Equation (1). The double integral is
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written within the window coordinate system. Initially,
the solar angles 6,4, ¢, are transformed from world into
the window coordinate system 6, ¢, utilizing the slope
S and azimuth angle y of the reference surface. The
convention of the coordinate systems and the coordi-
nate conversion is carried out according to the stud-
ies (Rudisser 2023; Schottl 2013). The SIOP is the central
variable representing the dependence of a quantity on
the incidence angles and fagade inputs. This formulation
introduces a separation approach between the influences
of the facade inputs Uz, within the expansion coefficient
s and the influences of the zenith and azimuth angles
within the spherical harmonics basis Y. This separation
approach was initially introduced in the foundational the-
sis (Rudisser 2023) and further developed in this work to
clarify the impact of multi-dimensional facade input tg,e.
The vector of spherical harmonic bases Y is determined
using scaled cartesian harmonics )7,’" from the work (Bigi
et al. 2023), with the prefactor F,m calculated iteratively.
Since this has not yet been implemented in Modelica, val-
idation is carried out in Subsection 2.5. The maximum
dimension Ingx is set to 12 in this work, leading to a
feature dimension p; = 169.

This allows the general Equation (1) to be separated in
two parts, cf. Equation (5), the problem specific expansion
vector s and the vector of sky condition features é that is
only dependent on the solar disturbance leo,.

Hemispherical integration

In this subsection, the determination of the vector é s pre-
sented for the first time. The assumption of a sky model
is a prerequisite for its continuous representation. In this
work, the Perez sky model from thesis (Rudisser 2023,
Section 6.2.3.2.) is applied. The solution of Equation (6)
to (7) is carried out under the assumption of constant radi-
ance regions L. For simplicity, dQ,, is not expressed as
dQ,, = sin(@y) dé,, dg,. Terms (8) to (11) are taken from
the work (Ruidisser 2023). Equation (12) describes the inte-
gral vectors 7‘, They are determined using the scipy rou-
tine integrate.dblquad and supplied in the supplemental
material. The applied integration limits are dependent on
the tilt angle of the reference surface f and can be found
in Appendix 2. The index i represents the region of either
sky (sky), ground (gnd) or horizon band (hor).

27 /2 R
e= |7 [ 10V Onpda, ©
w=0 J0y=0
= ldir? + ICI'I’? + Lskyfsky + Lhorfhor + Lgndfgnd 7)
1

= AT max(cos(85°), cos(6a)) :

1
Lsky = ldif(1 - F1); (9)

Lhor = l4ifF24.426 (10)
1
Lgnd = lgloa; (11)
5 2r Hi,ub 5
i= [ [ Vs, (12)
w=0 ew:‘qi,lb

2.3. Model training

The model training method proposed in this work is
called incidence operator regularization (IOR). It is car-
ried out after the sampling step. That involves the domain
specific pre-simulation of all quantities for defined n,
sky conditions, meaning discrete solar disturbances Ziso/,
and n; discrete facade input points. When conducting
the pre-simulation methods, such as 3-phase method,
care should be taken to sample direct sky conditions and
evenly distributed incidence angles. Then, this informa-
tion is available in the measurement matrix Q for each
quantity.

In the first step, the regression problem (13) with n;
targets is solved. The matrix £ is derived by evaluat-
ing Equation (7) for all n1 samples. Each sample is asso-
ciated with the solar disturbance 350, that consists of
the incidence angles 6,, ¢4, the irradiance components
ldirs 1dif, Igio, and the Perez parameters Fy, F>. The albedo is
always kept constant at a = 0.2.

The result matrix S is then used for the second regres-
sion problem (14) with p; targets. The matrix M is gen-
erated by evaluating the basis function vector u for each
of the n; discrete facade input points. In this work, due
to the one-dimensional facade input ug,, the basis func-
tion vector u is calculated using a one-dimensional Taylor
expansion of degree p; = 5.

After solving the second regression problem,
Equation (5) can be finalized to (16). The only output
provided to the model export is the matrix P for each
quantity.

Q=ES QeRMXMm, LR, S eRIXM
(13)

ST — MPT M e %nzxpzl P e RP1*P2 (14)
S=Pi [eR? (15)

To prevent overfitting during the first regression step,
regularization methods are applied. The general formula-
tion is designed for efficient and highly parallelized rou-
tines. Unlike the specific LO regularization methodology
used in the base study (Ridisser 2023), this work employs
the sklearn routine linear_model.MultiTaskLassoCV with
a fold number of 5. This method efficiently solves the



multi-target problem within a few seconds while simul-
taneously reducing the number of non zero entries.

For the second regression step, the sklearn routine
linear_model.LinearRegression is used. Overfitting is not
expected here, as the number of polynomial features
p2 = 5 does not exceed the number of samples n, = 5in
this work.

2.4. Model export

Figure 4 illustrates the CLDM Modelica model. The fea-
ture vectors € and u are generated according to the pre-
vious chapters. Then, these vectors are multiplied with
the core matrix P for each quantity using Equation (17).
The FMU model is generated by exporting the Modelica
model.

gi=ePu Yiell,ol (17)

2.5. General validations

This subsection is intended to ensure that the FMU model
delivers valid results regardless of the subsequent prob-
lem. The validation is divided into three steps.

The pivotal function of the Modelica component is the
modelling of spherical harmonics in the vector Y. This is
the first validation step. This intricate function has not
been previously implemented in Modelica. In this study,
three formulations are integrated and juxtaposed with
the results obtained from the Python implementation of
scaled cartesian harmonics (Bigi et al. 2023, Equation 5ff).
All formulations represent real-valued spherical harmon-
ics. The first formulation adheres to the classical formu-
lation (Bigi et al. 2023, Equation 2ff) in spherical coor-
dinates. Similarly, the second formulation also follows
spherical coordinates but computes the prefactor F"
using the iterative equation (Bigi et al. 2023, Equation C1).
The third formulation employs scaled cartesian harmon-
ics (Bigi et al. 2023, Equation 5ff) in cartesian coordinates,

1010 1010
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with the prefactor F[" determined iteratively as well. For
validation purposes, all basis functions up to the index
Imax = 12, meaning p; = 169 features, are examined for
a spiral trajectory of the spherical coordinates encom-
passing a total of 20,000 points. Figure 5 illustrates the
mean absolute percentage error for all three formulations
across the different features j. To calculate it, all values
equal to zero are removed.

In the first formulation, depicted in Figure 5(a), no iter-
ation equation is employed for the prefactor F[". At higher
indices j, the error increases sharply. This is attributed to
the factorial increase surpassing the numerical storage
capacity in Modelica. Conversely, the second formulation
exhibits good agreement. In contrast, the third formu-
lation shows an exact match or no absolute percentage
deviation up to the range of 1e—18. Consequently, the
third formulation is selected for subsequent use.

The second validation step is made to the generation
of vector é. In order to ensure the same solar disturbance
350/ for the Python and Modelica routines, their annual
values have been generated with the widely adopted
Modelica Buildings library (Wetter et al. 2014) for the
location of the D1244 adaptive high-rise location and
exported to Python.

Figure 6 depicts the mean absolute percentage error
of the Python to FMU evaluation of e for different surface
inclinations. There are errors between Python and FMU
evaluation, but they are very low and could potentially be
due to numerical precision.

As a third general validation step, the output of the
total CLDM model is validated. The comparison is made
against the global irradiance on tilted surface calculated
using the Modelica Buildings library. To set up the CLDM,
the solution matrix P was set to an array of zeroes except
of the third entry of the first column. This value was set
to the inverse of the third spherical harmonics prefac-

tor F? = ‘/%. This represents a pure cosine behaviour
according to the Lambertian absorption. To calculate

1010

. . & :‘.‘z‘ .°"t 6 6
10 [ AW Y 10 10
10 s ARINING M 102 102
x x X
< 107 o s < 1072 R S I M £ 1072
[ [ [
g 107 g 107 g 107
£ £ £
10*10 ﬁﬁ% %l A'A - - 10710 aAa an ma__aa_ aa _ aa_o 0710
N . . ° M . . o o .........“.....
10*14 L] 10*14 L) 10*14
107 10718 10-18
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
jl- il- jl-
(a) (b) (c)

Figure 5. Mean absolute percentage error between Python and FMU evaluation of spherical harmonics for different bases and three
formulations. (a) Spherical formulation. (b) Spherical formulation plus iterative prefactor F,’ﬂ. (c) Cartesian formulation plus iterative

prefactor F/,.
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Figure 6. Mean absolute percentage error between Python and
FMU evaluation of é for different bases and surface inclinations.

Table 1. Validating Modelica CLDM model with Modelica Build-
ings library by annual irradiance on inclined planes applying met-
rics maximum error (me), mean absolute error (mae) und mean
absolute percentage error (mape).

pr° y/° me/m—'”é mae/m—mg mape / %
0 0 6.7 1.8 1.0
90 0 0.1 0.0 0.0
90 90 0.2 0.0 0.0
90 180 0.1 0.0 0.0
90 —90 0.2 0.0 0.0

the mean absolute percentage error, all zero values are
removed.

Table 1 shows the results for different inclinations.
Negligibly small deviations (mape = 1%) occur only for
an inclination angle of # = 0°. This deviation is due to
the difference in the mapping of the horizon band. The
Perez model assumes an infinitesimal horizon line, which
is scaled here to zero with sin(f). The LiDICS model, on
the other hand, uses the actual integral value here. For the
other inclinations, there are no deviations.

Table 2. Spectral data of the transparent and printed regions of
the stripe pattern.

in % Ty Pty Pby Ts Pfs Pb,s Tir Efir Eb,ir
transparent 89 9 9 90 8 9 7 89 88
printed 5 56 59 5 56 59 1 91 44

3. Application to switchable membrane cushion
constructions

In this section, the first five steps of the proposed work-
flow, cf. Figure 3 are applied to a switchable membrane
cushion, as depicted in Figure 7. Following the assump-
tions made in ISO 52022-3 and the Klems matrix layer
method, a plane-parallel layer structure is assumed. The
membrane construction comprises three layers, with only
the first two membrane layers printed with a horizontal
and complementary stripe pattern. The integral short-
wave spectral properties of the printed and transpar-
ent regions are determined experimentally and are pro-
vided in Table 2. Infrared data was interpolated using
the measurement data from the study (Haase et al. 2019,
Table 9).

Due to its three layer construction, the structure has
two air chambers and consequently two independent
facade inputs, cf. Figure 7(c). Additionally, it is assumed
that the distance /53 has no influence on the light dynam-
ics, as it only involves moving a highly transparent layer.
Nevertheless, this distance is considered in the thermal
modelling. Consequently, the light dynamics exhibit one-
dimensional dependency. The facade input ug = ﬂ—g is
the percentage layer distance 1 in relation to a maxi-
mum distance of [;3 = 50 cm.

The room exhibits a typical shoebox geometry with
dimensions of 3.6m x 2.8 m x 8.2m (WxHxD), as out-
lined in the study (Reinhart, Jakubiec, and Ibarra 2013).
Weather data for the D1244 adaptive high-rise location

(c)

Figure 7. Design of the switchable three layer membrane cushion construction with stripe pattern. The pattern regions are colored
orange and blue for better visibility. Transparent regions are kept invisible. The switching mechanism is shown for the three thermally
relevant states (1: conductive, 2: insulating, 3: insulating with transmission). (a) Indoor view (b) Ambient view (c) Switching mechanism.



(48.749°N, 9.112°E) is sourced from the Meteonorm soft-
ware.

3.1. Design & sampling

The assessment workflow starts with the design and
material mapping. After that a total of four solar and
26 visual quantities are identified. The solar quantities
encompass the absorptions of the three layers and the
transmission. The visual quantities represent the illumi-
nance on the 26 sensors illustrated in Figure 7(a). The
positions of these sensors are provided in the supplemen-
tary material. In step two the facade input is divided into
five (n; = 5) discrete points ugq = {0, 25,50,75,100}%
from totally closed to totally open.

Angle-dependent solar quantities are generated with
the LBNL method. First, the BSDF of each membrane
layer is generated using RADIANCE for the solar spec-
trum range. The angle-dependent quantities are subse-
quently determined using the Klems matrix layer method
in WINDOW. Consequently, only ny = 145 angle pairs
are employed for the incidence operator regularization.
The data are supplied in the window coordinate system.
The window is later assumed to be inclined by a slope
£ = 90° in the system simulation. Therefore, the matrix £
must be generated using the same slope, a direct normal
irradiance g, = 1 % and without any diffuse and global
horizontal Igir = Igo = O irradiance.

Angle-dependent illuminance values are generated
applying the RADIANCE 3-phase method for n1 = 1000
randomly distributed solar incidence angle pairs over
the hemisphere. The daylight simulations are carried out
without diffuse horizontal irradiance but a direct normal
irradiance of /4, = 1000%, a global horizontal irradiance
of lgio = cos(0a)lgir and standard albedo of a = 0.2. As
the simulations are carried out in the world system the
coordinate transformation must be applied.

In general, all matrices £ for all quantities must be gen-
erated with the same inclination of the reference surface.
In this work, an inclination angle of # = 90° is used for the
incidence operator regularization. The SIOPs are defined
exclusively in the window coordinate system and vary
depending on the previously set inclination angle of the
reference surface. These investigations suggest that an
inclination of 0° is more suitable for visualizing shading
situations in building ensembles, while an inclination of
90° is more suitable for component analysis.

3.2. Model training & export

According to step three of the proposed workflow, the
two stage incidence operator regularization is conducted.
Within the first stage, see Equation (13), the matrix S
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is determined for all quantities. The model quality is
assessed using Equation (18).

Yirue = Q Ypred = &S (18)

The first regularization stage for all 30 quantities requires
a computation time of 56 seconds. A median coefficient of
determination of r> = 99.4% was achieved for the train-
ing data. There is one outlier for the quantity transmission
(T), as shown in Figure 8.

This reveals that the achieved accuracy is not related
to the number of non zero elements, which corre-
sponds to the complexity of the angular dependence.
The visual quantities (E1-E26) require many coefficients
and achieve high accuracy. The quantities A1 and A2
exhibit predominantly Lambertian absorption behaviour
and require only few coefficients for high accuracy. This
indicates that the solver can effectively regularize both
simple and complex angular dependencies. However, the
quantity T cannot be well regularized. This could be due
to several factors. Firstly, there is a relatively small num-
ber of samples (n; = 145) in combination with a higher
angular dependence. Secondly, the data for T contain
errors that could be related to the execution of the LBNL
method.

A more detailed analysis of the outlier is shown in
Figure 9. This figure illustrates the solar incidence oper-
ator for the quantity transmission (T) with a fully open
facade (ugc = 100%) and compares Lasso and Ridge
regularization results. While the latter does achieve an
improvement in accuracy from r? = 83% to r’> = 98%, it
comes at the cost of overfitting the data, leading to angu-
lar dependencies that are not physically plausible. Given
that the printing pattern is symmetrically arranged, the
incidence operators should exhibit symmetry. In contrast,
Lasso regularization results in a more physically consis-
tent behaviour. This type of visualization could also be
used in the future to validate the fundamental generation
methods of the quantities.

Yirue = ST Ypred = MPT (19)

The second regularization stage, see Equation (14), rep-
resents the interpolation between the discrete facade
inputs. The model quality is assessed using Equation (19).
In this context, Figure 8(c) shows the model quality
of the second regression for all quantities. It consis-
tently achieves 100% accuracy, indicating that no errors
arise from the interpolation between the discrete facade
inputs.

For the fourth workflow step, the model export, the
FMU model was created using the procedure presented
in Subsection 2.4.
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3.3. Application specific validation

In this section, itis tested whether the model derived from
the previous subsection can be transferred to real-world
weather data and locations. This inter-model compari-
son is carried out with the RADIANCE 3-phase method in
hourly resolution (n1 = 8760) and each discrete facade
input (n; = 5) at the location of the D1244 high-rise build-
ing with its azimuth orientation (y = —20°). From these
simulations, the matrix Q' is obtained. It is important that
the matrix &’ is created with the inclination angle § =
90° and the azimuth angle y = —20°. The comparison
is conducted only for the visual quantities. The metrics
are determined using Equation (20). To ensure the deter-
mination of the mean absolute percentage error, only
brightness values greater zero lux are used.

Ytrue = Q Ypred = gpmM

Figure 10 allows for two comparisons: one between the
LiDICS model and the RADIANCE 3-phase method, and
the other between the implementation of Equation (17)
in Python and in the FMU model.

The comparison between the Python and FMU eval-
uation reveals that the Python evaluation consistently

(20)

demonstrates higher accuracy. Across all quantities, the
coefficient of determination is superior, the mean abso-
lute error is lower, and consequently, the mean absolute
percentage error is lower. Compared to the results from
the previous general validation, cf. Subsection 2.5, the
addition of the problem-specific matrices P has increased
the differences between the Python and FMU evalua-
tion. The reason for this remains unclear. Perhaps small
numerical differences within the matrix P have a strong
effect.

Turning to the comparison between the Python eval-
uation and the RADIANCE 3-phase method, we observe
a median coefficient of determination of 98.5%, a mean
absolute error of 32 lux and a mean absolute percentage
error of 11.6% on all quantities. This consistently indicates
a high degree of accuracy in the LiDICS model. There-
fore, the hypothesis holds that the matrix P, trained using
the results from the sampling step, can be transferred to
real-world weather data and locations.

Additionally, Figure 11 provides a visual assessment of
the deviation between the LiDICS model and the 3-phase
method. It compares a 10-day segment of illuminance
from workplace sensor 1 for a fully open facade (ug,c =
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Figure 11. Exemplary 10 days trajectory of 3-phase method and LiDICS for workplace sensor 1 with fully opened facade (ufc = 100%)

on hourly resolution.

100%). This comparison further supports the high accu-
racy of the LiDICS methodology. Possible discrepancies
might arise from differences in the interpolation between
the solar angles within the two methods. Beyond the
excellent agreement and the associated transferability,
the LiDICS method offers two other significant advan-
tages. Firstly, adjusting the facade azimuth does not
require the creation of a new sky matrix, allowing for the
consideration of all window orientations. Secondly, the
lighting behaviour can be continuously adjusted with the
facade input, eliminating the need to interrupt the sim-
ulation and reinitialise with another transmission matrix,
as required by the 3-phase method. This will be demon-
strated in the following chapter.

3.4. Potential analysis

Finally, the potential of the LiDICS model interface for
coupled optical and thermal simulation is briefly demon-
strated. The meteorological data and the azimuth orien-
tation of the room have been configured as described in
the preceding chapters. The overall model is structured as
illustrated in Figure 1 and established in Modelica.

In the thermal model, solar heat flows are directed
into the thermal resistance network of the facade, as

Ay Ay A3
T
HeatPort, HeatPort,
th ,0 Qt/L.S
Q:&h 0 Q?l‘h,.S
l12 la3

Figure 12. Thermal facade model of the switchable membrane
cushion.

depicted in Figure 12. The equations from ISO 52022-
3 have been adapted such that the heat flows from
short wave absorption and transmission are not deter-
mined internally through iterative calculation but are
externally added to the network. Furthermore, the ther-
mal gap resistances are modelled time-variant. A thick-
ness of 250 #m and a thermal conductivity of 1 = 0.24m—'/'f<
are assumed for each membrane layer. A constant room
temperature of 25°C has been set.

Within the daylight model, the mean workplace illumi-
nance is determined from all sensors located at the two
workstations. The simplified daylight glare probability is
calculated from the maximum of all six sensors at eye
level.
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Figure 13. Time series of weather data and system variables for four different operation strategies os. (a) weather data (b) facade input
(c) simple daylight glare probability (d) workplace illuminance (e) thermal power (f) electrical energy consumption.

Figure 13 depicts the time series of weather data for
a selected spring day with intense direct solar irradiance
and various system variables for four different operational
strategies. All strategies set both layer distances equal to
l12 = b3 = ugecli3. The strategy os maintains the facade
input constantly open at ug, = 100%. The strategy 0s4
maintains the facade opening constantly closed at ug,c =
0%. The strategy os, controls the facade opening using a
proportional controller, ensuring that the glare potential
does not exceed a perceptible and mainly not disturbing
value DGPs = 0.4 according to DIN EN 14501. The opera-
tional strategy oss illustrates the control between discrete
facade openings by mapping the trajectory of operational
strategy os; to the five discrete facade inputs. The electri-
cal energy consumption was calculated with a coefficient
of performance cop = 4 and an energy efficiency ratio
eer = 3.

Figure 13(c) illustrates the simplified glare potential.
Operational strategy os, successfully limits the glare
potential to the comfortable value, compared to other
strategies. The selection of discrete facade states in
os3 results in a discontinuous trajectory of the system
variables. Consequently, the comfort limit can only be
guaranteed by setting an even smaller facade opening,
which in turn would affect other system variables. This
clearly demonstrates the implementation and advantage
of a continuous adjustable geometric property with the
LiDICS model.

The analysis of the thermal performance of the elec-
trical energy consumption highlights the potential of
the switchable membrane cushion construction. As with
strategy 0s4, when all air is removed from the construc-
tion, a high U-value of the construction occurs. This
leads to reduced cooling energy consumption on cold
spring days with high solar heat gains, as cooling can be
achieved through the facade. However, this also reduces
light transmission. The application of optimal control con-
cepts could advantageously exploit the potential of stan-
dard insulation at night and high conductivity during
the day, at least on a temporary or occupancy based
level.

Overall, this brief example demonstrates that the
application of the LiDICS method allows for a coupled
analysis of the effects of continuous facade actuation on
the thermal and daylight domains from control develop-
ment perspective.

4. Conclusion

This work addresses the challenges of performance
assessment for adaptive facades. This includes the repre-
sentation of adjustable material and geometric properties
within a building performance simulation.

To this end, the novel LiDICS methodical and model
based interface is introduced. The necessary assess-
ment workflow for adaptive facades, as well as the



mathematical foundations of the model, are derived in
the methodology section. The LiDICS method is posi-
tioned as an interface within the presented adaptive
facade assessment workflow, situated between ray trac-
ing based sampling and subsequent multi-domain cou-
pling. It comprises two principal steps; model training
and export. The model training transforms sampling out-
comes into an algebraic model using the novel two-
stage incidence operator regularization. Then, the model
is exported as a Functional Mock-up Unit.

This approach enables, firstly, the continuous adapta-
tion of material and geometric properties, and secondly,
the integration of complex light dynamics into a variety
of building performance simulation tools with a stan-
dard coupling interface. Consequently, the presented
approach offers a solution to a central challenge in the
performance assessment of adaptive facades.

In the second part of this thesis, the LiDICS method was
applied to a three layered switchable membrane cush-
ion construction featuring a complementary printing pat-
tern. When closed, the construction forms a continuously
reflective surface; otherwise, light can enter at an angle.
As only layers 1 and 2 are printed, it is assumed that only
the distance between layer 1 and layer 2 influences the
light dynamics. This distance represents the adjustable
geometric property or facade input and was discretized
into five points. The solar quantities represent the layer
absorptions and the transmission. They were determined
using the LBNL method for 145 discrete sky positions
and five discrete facade input points. The visual quan-
tities represent 26 illuminance sensors within the room.
These were determined using the 3-phase method for
1000 discrete sky positions and five discrete facade input
points.

The model training requires negligible computational
time, less than one minute, and achieves high accu-
racy (r> = 99.4%). The newly developed feature basis
e is therefore suitable for representing highly angle-
dependent light dynamics.

Subsequently, an inter-model validation step was con-
ducted. The model generated using the LiDICS method
was compared with annual simulations using the 3-phase
method. The validation step also achieves high accu-
racy with a median coefficient of determination of 98.4%
and a mean absolute deviation of 31 lux across all visual
quantities.

Finally, the potential of the adjustable geometric prop-
erties of the resulting model was investigated. To this
end, it was coupled with a thermal and a daylight model.
A simple proportional controller was designed to main-
tain glare below a perceptible and mainly not disturbing
value. In comparison to a discrete selection of facade
entry points, adherence to the comfort limit can be
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guaranteed. This highlights that material and geometric
properties are adjustable with the LiDICS method.

4.1. Future work

Future studies could utilize this model to develop opti-
mal control strategies for coupled optical and thermal
problems.

After the first stage of the incidence operator reg-
ularization, the SIOP surface distorts towards the pre-
simulated points. The points differ significantly in their
geodesic distance on the SIOP surface. This results in
these values being underrepresented in the regulariza-
tion, even though they have a high SIOP value and sub-
stantial impact on the integral value. Future work could
address this issue by determining the geodesic distance
between all pre-simulated points on the SIOP surface and
incorporating these into a regression scheme with itera-
tive reweighting. Additionally, resampling of underrepre-
sented regions could potentially be included.

The second regression stage is currently designed for
one-dimensional facade inputs. Future work could incor-
porate the multivariate influence using appropriate fea-
ture bases. This could also be achieved through general
machine learning concepts. In doing so, there should
always be afocus on the twice continuous differentiability
of the underlying models.

In this work, the first IOR stage was further carried out,
as a model identification, with the matrices Q' and &’
using the annual simulation of the 3-phase method. The
identified SIOPs are compared with those of the model
training for error analysis. This principle could be applied
to measurement data of illuminance values in order to
derive more detailed glare informations and perhaps be
compared to results from a luminance camera. Addition-
ally, solar quantities could be indirectly identified with
this approach from transient thermal measurements.

Presently, there is a lack of an end-to-end work-
flow from parametric design to the LiDCS model export.
Generating dynamic models of angle-dependent light
dynamics within a parametric design tool would be a
useful feature. Through its reliance on the Python lan-
guage, the LiDICS method significantly advances this
integration.
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Nomenclature

Variables

Symbol Description Unit

o number of quantities 1

D1 number of features / predictors for IOR step 1 1

P2 number of features / predictors for IOR step 2 1

m number of samples for IOR step 1 1

ny number of samples for IOR step 2 1

a albedo 1

B,y window slope and azimuth angle °

0,¢ zenith and azimuth angle °

q quantity lux or W/m?

Ufac facade input

dsol solar disturbance

SIOP solar incidence operator 1

L radiance W/m? /sr

/ irradiance W/m?

Q solid angle sr

s series coefficient of spherical harmonics 1or %
expansion

Y;, )7,’" spherical harmonics base function 1

e total hemispherical integrand W/m?

Variables
Symbol Description Unit
f hemispherical integrand of spherical sr
harmonic base
F1. R Perez sky parameter 1
Q&S matrices for IOR step 1
S, P, M matrices for IOR step 2
/ gap width distance cm
jihm indices to describe one spherical
harmonic base
T,p, € transmission, reflection, emission %
coefficient
nnz number of non zero entries 1
me maximum error metric W/m?
mae mean absolute error metric lux or W/m?
mape mean absolute percentage error metric %
r2 coefficient of determination %
Subscripts
Symbol Description
a,w world and window coordinate system
dir, dif, glo direct normal, diffuse horizontal, global

circ, hor, sky, gnd
vV, s, ir

horizontal irradiance
circumsolar, horizon, sky, ground
visual, solar and infra-red wavelength

spectrum
fb front, back
12,23,13 distance between the layers 1,2 and 3
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Appendices

Appendix 1. Literature review

Table A1. Literature review on coupling and control of complex light dynamics. Column identifiers according to Table A2.

CLDM model Total model
Ref Type str tec metV metS toolV toolS nu nDis query ipol sup str tec toolCP toolT toolC typeC
Gehbauer, Lee, and Wang (2023) tint state seq 020 3pm 3pm R R 3 4 dis - yes biDT 020 Py Mo Py hr, ob
Gehbauer et al. (2020) seq 020 3pm 3pm R R 3 4 dis, con yes yes biDT 020 Py Mo Py hr, ob
Ganji Kheybari et al. (2021) seq 020 3pm - R W W 3 2 con yes no biDT miw BB TS Ma hr, ob
Shen and Han (2022) rot. angle seq 020 2pm - R - 45 1 dis - yes biD 020 Py - Py ob
Tabadkani et al. (2022) ? 020 ? - ? - 3 4 dis - no biD 020 Py - Py hr
Coffey et al. (2022) seq 020 3pm 3pm R R 2 1 dis - yes biDT 020 Py Mo Py ob
de Vries, Loonen, and Hensen (2021) seq 020 3pm KM R w 1 24 dis - - biDT miw BB E+ Ma hr
Vlachokostas and seq 020 5pm KM R w 1 13 dis - - biD 020 - E+ ? hr
Madamopoulos (2017)
Bueno, Cejudo-Lopez, and Kuhn (2017) seq 020 - KU - KU 1 2 dis - - biT 020 Fe Fe Fe hr
Bueno et al. (2015) seq 020 3pm KM R R 2 4/3 dis - ? biDT 020 Fe Fe Fe hr
Vera et al. (2016) seq 020 3pm - R - 1 2 dis - - biD 020 C E+ C hr
Molina (2014) seq 020 3pm KM R w 1 6 dis - - biD 020 C E+ C hr
Wienold et al. (2011) seq 020 ? KU R KU 1 18 dis - - biD 020 ? Er ? hr
Carlucci et al. (2023) height seq 020 ? ? E+ E+ 1 3 dis - - seq 020 Py E+ Py hr
Zhao et al. (2022) gap width ? 020 ? - R - 1 2 dis - - biD miw G E+ G hr
Weber et al. (2023b) seq 020 - KM - W 1 5 con yes - biT 020 Mo Mo Mo hr
Weber et al. (2023a) seq 020 3pm KM R w 1 5 con yes - biDT 020 Mo Mo Mo hr
tw. seq si 3pm KM R w 1 5 con yes - biDT 020 Mo Mo Mo hr
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Table A2. Descriptions for Table A1.

Column identifier Description of column identifier Options Description of option
type Type of facade input
seq sequential
str Coupling strategy of either the CLDM or total model, cf. b!D b!d!rect!onal on dayl!ght states
Taveres-Cachat et al. (2021) biDT bidirectional on daylight and thermal states
biT bidirectional on thermal states
. . . 020 one-to-one
tec Coupling technique of either the CLDM or total model, cf. miw middieware
Taveres-Cachat et al. (2021) - -
si standard interface
toolV Tool to determine CLDM, visual domain
toolS Tool to determine CLDM, solar domain R: RADIANCE, W: WINDIW, KU: Kuhn method, Mo: Modelica, TS: TRNSYS,
toolT Tool for thermal dynamics E+: EnergyPlus, Fe: Fener, Er: ESP-r, Py: Python, Ma: MATLAB, C: C, G:
toolC Tool for control dynamics Grasshopper, BB: BCVTB
toolCP Tool for coupling of the total model
metV Method to determine CLDM, visual domain 2pm, 3pm, 5pm: 2-, 3-, 5-phase method; KM: Klems-method / LBNL-
metV Method to determine CLDM, solar domain Method; KU: Kuhn method
nu Dimension of individual fagade inputs
nDis Number of discretisation for each facade input
ki . dis discrete
query CLDM query regarding the facade inputs on Continuous
] Interpolation between the discrete facade input points yes
ipol applied (only evaluated if query = con) no
S » hod anpli | | i yes Parallel SISO models plus superposition
sup uperposition method applied (only evaluated if nu > 1) no one MISO model cmp. Figure 2
hr heuristic based, i.e. threshold, P-control
typeC Type of control ob optimization based (nlp, ip, mip)
Appendix 2. Hemispherical integral limits T
egnd,ub == (A4)
This section presents the integration limits of the double inte- 2
gral, cf. Equation (12) for the three integration regions. Equa- T p=0
tions (A1) to (A4) hold for the entire range # € [0°,90°], whereas 2
Equations (A5) and (A6) are restricted to the two slopes f = Ohorlb = 0 ¢w<rm (A5)
{0°,90°}. As in the thesis (Rudisser 2023), a horizon band thick- P =3
ness of b = 6.5° was assumed. 5 else
esky,lb =0 (A1) % B=0
T
Y dw<m 1—cos(% — )2
esky,ub — ( : ) (A2) Onorub = arccos (1 L Z) ¢w € [b,m — b] . i
arctan[ ————— ) else tan(dw) 2
tan(B) sin(¢w — ) ™
7 else
Hgnd,lb = 6’sky,ub (A3) (A6)
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