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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/pentheod/Opt Smart buildings are equipped with automated control systems that provide a comfortable indoor
imized-control-strategy-CCC-TU-Delft environment, aiming simultaneously at energy savings. Control systems for shading devices
Keywords: applied in practice are mostly driven by a rule-based approach, that is usually tested under
Living lab simplified conditions and hence its effectiveness in complex real-life cases is questionable.
Fully glazed facades The present study develops an optimized glare-based control strategy for Venetian blinds in
Control strategy a real-life open-space building with totally transparent facades. The research is based on the
Optimization case study of the Co-Creation Center at the TU Delft campus, which can host three different
Cylindrical illuminance types of events: presentations, meetings and workshops. The control strategy is developed

within Grasshopper, a tool for parametric and optimization problems. Radial Basis Function
Optimization (RBFOpt) is utilized for the computation of the optimal blinds’ states. Within
the developed control strategy, cylindrical illuminance (E,,) is used as a glare index, giving
the opportunity to evaluate its performance. Results show that the optimized algorithm can
improve the existing visual conditions in the building by an average of 80% for all activity types,
although it leads to an average increase of 7% of the time when electric lighting is needed, in
comparison to the current rule-based control. Finally, E., displayed an overall agreement of
92.5% with DGP-based glare assessments, proving that in spaces with multiple windows and
uncertain occupants’ view direction, a view-independent index can predict glare risks as well
as a state-of-the-art view-dependent metric.

1. Introduction

Visual comfort depends on the amount and distribution of light in the indoor space. Allowing penetration of large amounts of
daylight into the building can ensure sufficient indoor illuminance, limiting the need for electric lighting. In order to take advantage
of the benefits of the incoming daylight, more and more buildings have been constructed with fully glazed facades over the last
decades. However, concerns regarding visual and thermal discomfort that may occur due to excessive daylight, were quickly raised.
On the one hand, stray light reaching users’ eyes can provoke disability glare, resulting in a reduction of their visibility [1]. On
the other hand, long exposure to excessive direct sunlight results in discomfort glare that may cause eye fatigue, headaches and
dizziness [2]. In addition, during summer, large amounts of incoming solar energy lead to overheating of indoor spaces, and hence
to higher cooling energy needs.
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To overcome those problems, but simultaneously maintain the benefits of daylight, multiple shading devices and complex
fenestration systems have been developed [3]. Manual operation of blinds can be sufficient to ensure visual comfort based on
the exact needs of the occupants, but usually at the cost of energy consumption. The gradual application of automatically controlled
shading systems proved that they are a promising mechanism for the manipulation of the amount of admitted solar radiation,
balancing visual comfort and energy demands at the same time [4].

Even though automatic shading systems have been thoroughly studied and applied to an increasing number of buildings over
the last few years, their efficiency is still under investigation. This is because, state-of-the-art model-based algorithms achieve well-
performing controls, but typically require long computational time, while traditional rule-based algorithms have low computational
effort, but at the cost of their accuracy and effectiveness. The present study investigates an innovative glare-based control strategy
of the shading system at the Co-Creation Center, a real-world building with an open-space floorplan, totally transparent facades and
diverse occupancy patterns. The objective of this research can be defined as the development of a parametric model in Grasshopper
that controls Venetian blinds using an optimization method, aiming at the maximization of visual comfort (prevention of glare and
illuminance sufficiency), as well as the minimization of energy demands for electric lighting, in a multi-occupancy building with
uncertain occupants’ view directions and fully glazed facades.

1.1. Indices for glare assessment

Daylight Glare Probability (DGP) was proposed and evaluated by [5] as a glare metric highly correlated with users’ response.
DGP expresses the percentage of occupants that would be disturbed by discomfort glare for a given scene. DGP equation consists
of two terms; the first one evaluates the level of illuminance perceived by the observer (E, ), while the second term represents
the contrast ratio between the background average luminance and the glare source luminance. This fact makes DGP a robust index
for glare assessment, as multiple studies have proven [6-8]. However, DGP is a view-dependent glare index, which implies that it
needs a certain scene/view direction to assess glare risks.

Nevertheless, when assessing glare probability for spaces with many windows and various users’ view directions, a metric that can
assess glare sources for all orientations around an observer’s position is needed. Furthermore, a real-time glare-based control strategy
requires the fast computation of glare metrics, which is not feasible when employing image-dependent indices. These problems are
resolved by cylindrical illuminance (E,,,), a metric that was initially proposed by [9]. Cylindrical illuminance (E,,,) is defined as
the total luminous flux falling on the curved surface of a very small cylinder located at a specified point, divided by the curved
surface area of the cylinder [10]. It represents the average of all vertical illuminances in all directions around a considered point.
E.,, can be used for view-independent glare assessments, as [11] proved that E ,, can predict glare accurately and agree with DGP
evaluations, after correlating the two indices.

1.2. Control strategies for shading systems

The most commonplace control strategy of a shading device is based on the calculation of outdoor illuminance or irradiance,
either vertically on the facade or horizontally on the roof. This is a rule-based technique, implemented in most of the buildings that
use smart control systems nowadays. Rule-based control strategies are usually combined with the cut-off angle method, the most
typical manner to block direct solar beams passing through Venetian blinds. The widespread use of those control systems is due
to thorough scientific investigation that proves their overall effectiveness and to their relatively easy implementation [3,12-14].
However, the existing studies mostly tackle simplified cases of side-lit rooms with a certain occupants’ view direction [13,15-17].
As contemporary architecture tends to adopt open spaces for office and conference buildings, with windows towards various orien-
tations, there is a need for a more complex evaluation of visual conditions in an indoor space, as well as more advanced techniques
to operate shading devices. Hence, in lieu of geometrical controls of Venetian blinds and rule-based strategies, optimization methods
for blinds’ operation are lately under investigation [18-20]. Optimized control strategies use daylight and glare metrics as objectives,
in order to find the optimal blinds’ state that will ensure maximum visual comfort and minimum energy demand. Recently, [21]
developed an Artificial Neural Network (ANN) to train an optimized control of Venetian blinds that automatically finds the optimal
slat angle to balance visual comfort and energy savings. Although those studies have contributed significantly to the advancement
of optimization algorithms for building physics, they have focused on rooms with certain orientations, facilitating the convergence
of the algorithms and posing a challenge to the present research.

Generally, in optimized control strategies, the relation between the variables (blinds’ states) and the objective (metrics) is not
defined as a formula, and therefore the shape of the objective function is initially unknown. These cases can be tackled using
black-box (or derivative-free) optimization methods, which do not require mathematical formulations of optimization problems.
Model-based algorithms are a type of black-box optimization method that approximates the design space by constructing surrogate
models of the implicit mathematical relations of the simulation-based models. Surrogate models demand shorter computational
time than simulations, hence they can accelerate the optimization process. Every time the algorithm executes a new calculation,
it improves the fitness landscape by gradually building and refining the surrogate model. This technique saves significant
computational time, as the algorithm creates the fitness landscape and finds robust results with only a few iterations, without
exhaustively repeating the time-intensive simulations. The high speed of convergence is important for sustainable design problems
regarding daylighting, where a single simulation takes several minutes to complete. Due to their ability to model complex design
spaces, Radial Basis Functions that follow a machine-learning approach are particularly suitable for architectural simulation-based
problems, to construct the surrogate model [22,23].
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Fig. 1. Co-Creation Center, TU Delft.

N ( ) ( N
=~ S~
O00000000000000 OO0000000000000 000000000
BOO0000000000000 OO00000000000000 0
0O000000O0000000 00000000O00000C H
ac 00000000000 O0000000000000C (@)
[sssssssssssnsssl [sssssssssssnsssl + U
OOO000000OO00000 OO0O000000O000000C %
OOO000O00O0000000 00000 )| 0]
C00000000000000 IC C 000000000
(=)
- =y
(a) (b) (c)

Fig. 2. Example of the space configuration for each of the occupancy modes: (a) presentation, (b) meeting, (c) workshop.

2. Methodology
2.1. Description of the case study building

The case study of the Co-Creation Center (CCC) serves as the basis of this research, therefore the developed control strategy
directly concerns this particular building. The CCC is a conference space, located at the TU Delft campus in The Netherlands,
constructed as a living lab for scientific research (Fig. 1). It is a single-story building with a rectangular open-space floorplan and
four fully glazed facades that hosts three kinds of events: presentations, meetings and workshops (Fig. 2). The building is equipped
with external Venetian blinds, that move simultaneously on each facade, but can potentially be individually operated.

The currently implemented blinds control strategy has two modes of operation. When the building is empty, the blinds’ control
tries to minimize the future energy needs for heating and cooling. On the other hand, when the building is occupied, the control
system aims to limit glare risks. This study focuses on the occupied status. Currently, when the building hosts an event and when
a facade is lit by direct radiation higher than 100 W/m?2, a sun-tracking control strategy is used to prevent solar beam penetration,
meaning that the tilt of the blinds’ lamellas is controlled in a way that always blocks direct sunlight (cut-off angle). In fact, the
slat angle for all blinds on a facade is set to 2° more than the cut-off angle. When a facade receives mostly diffuse radiation (beam
radiation less than 70 W/m?) and the blinds are already lowered, the slat angle is set to 0° to allow maximum outdoor view. If
the blinds are down for at least 30 min and the direct radiation falls below 50 W/m?2, the blinds are raised. In order to make the
rotation of the slat angles unnoticeable to the occupants, the control algorithm ensures that the tilt angle varies smoothly over time.

The current control system also operates electric lighting, by adjusting the lighting intensity of the luminaires to supplement
daylight entry and reach the desired horizontal illuminance at desk level, which has a different target value depending on the
activity. The current blinds’ operation is the same for all occupancy modes, which are described below:

« Presentation: The orientation of the audience’s view is predetermined, albeit not always the same. The desired illuminance at
desk level is set to 300 Ix, to ensure sufficient light for taking notes.

» Meeting: There is no specific orientation of the occupants. All of them sit around a desk. The desired illuminance at desk level
is set to 500 Ix.

» Workshop: There is no specific orientation of the occupants. Many desks are placed in the building and the users are distributed
around them, working in groups. The desired illuminance at desk level is set to 750 Ix.
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Table 1
Recommendations for daylight sufficiency [24].
Level of recommendation Target illuminance (1x)
Minimum 300
Medium 500
High 750

Table 2

Simulation ambient parameters for point-in-time simulations.
Parameter Abbreviation Used values
Ambient bounces -ab 5
Ambient accuracy -aa 0.2
Ambient resolution -ar 64
Ambient divisions -ad 4096
Ambient super-samples -as 2048

Table 3
Materials’ optical properties used in the model.

Model element Reflectance Transmittance

Building (Co-Creation Center)

Windows - 0.68
Doors - 0.80
Venetian blinds 0.04 -
Floor 0.30 -
Ceiling 0.30 -
Skylights - 0.80
Overhang 0.01 -
Context

Neighboring buildings 0.04-0.08 -
Ground 0.25 -
Canal 0.30 -
Plants - 0.10 or 0.80
Climate tower 0.01 -

The above values of the desired horizontal illuminance are well aligned with the three levels of recommendation defined by [24].
Such standard states that, depending on the daylight needs for the activity taking place in the building, daylight design should
achieve a target illuminance across 50% of the floor area for 50% of daylight hours, as presented in Table 1.

The building is equipped with a pyranometer placed on the roof, which records Global Horizontal Irradiance (GHI) every
5 min. [25] have indicated that the recorded irradiance data is reliable and therefore can be used for the simulation of the sky
conditions. For the sky model, the GHI measurements are divided into Diffuse Horizontal Irradiance (DHI) and Direct Normal
Irradiance (DNI) data, using the Skartveit splitting model [26].

2.2. Simulation model

A valid and accurate model of the Co-Creation Center and its surroundings is first created in Grasshopper. The latter is chosen as
the basic software, because it combines three beneficial characteristics; (a) parametric modeling, (b) daylight simulations through
the plug-in Honeybee and Radiance rtrace command, and (c) custom programming through Python.

The blinds of each window are operated by two variables: one for the vertical increment of the louvers and one for the angle
of the slats. The slats can rotate between —30° and 72° in steps of 2°, while the possible states of the blinds follow increments of
20%. To generate the 20% increment of blinds’ movements, the distance between the slats is multiplied by a factor ranging from 0
to 1 in steps of 0.2. This constitutes the increment variable, with O representing blinds totally up and 1 representing blinds totally
down.

In an attempt to represent realistic transmittance and reflectance values into the model, the materials’ optical properties were
measured in the field, under overcast conditions. However, after defining the simulation ambient parameters (Table 2) and validating
the accuracy of the simulated sky model, the optical properties of some materials were modified in order to calibrate the model
against outdoor and indoor illuminance sensor measurements. This choice was driven by the fact that many materials’ characteristics
were assumed, particularly for the outdoor scene elements. In Table 3 the final optical properties of the main model elements are
listed.
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Fig. 3. Grid of viewpoints where DGP and E,,, are calculated for the correlation of the two indices.

2.3. Correlation of E.,, with DGP

In the proposed control strategy, the metric employed for glare assessment is cylindrical illuminance (E,,,), because it is capable
of imageless and view-independent glare evaluation with low computational cost. However, the fact that E ,, does not introduce
cut-off values for the distinction of the four glare classes (imperceptible, noticeable, disturbing, intolerable) entails the need for
determination of those thresholds after correlating E,,, with DGP. Since only imperceptible glare is allowed in the proposed control
strategy, the DGP threshold of 0.35 is used in order to find the respective value for E,,,.

For the correlation of the two indices, the approach of [11] is followed. For three test days with clear-sky conditions, various
solar altitudes, and an hourly time resolution, the glare inside the CCC is assessed under two facades’ conditions; blinds fully raised
and blinds fully lowered with horizontal slats. Consequently, the glare evaluation is performed for six cases in total. The glare
assessment is performed at a grid of nine viewpoints, evenly distributed in the space (Fig. 3). For each of those points, the vertical
illuminance (E,) is calculated in eight directions at the height of 1.20 m (eye level of a seated person) and the average value is used
to compute E,,. Finally, hemispherical fish-eye images are produced in each of the eight directions and DGP is calculated from
them. For each of the six cases explained above, the highest DGP value of each point for each daylight hour is compared with the
corresponding E,, value. In this manner, a large sample of 684 couples of values (E.,, DGP) is collected.

The next step is the arbitrary determination of a certain threshold for E,,,. For this value, the following check is implemented
for each couple of E.; and DGP values:

* True positive (TP): DGP > 0.35 and E_,, over the chosen threshold.
+ True negative (TN): DGP < 0.35 and E .y
» False positive (FP): DGP < 0.35 and E., over the chosen threshold.

« False negative (FN): DGP > 0.35 and E,, below the chosen threshold.

below the chosen threshold.

cyl

This check is repeated for multiple optional thresholds of E_,,. The value providing the highest percentage of TP and TN results,
and hence the highest agreement with DGP, is chosen as the final threshold. Eventually, it was found that the value of E ,; = 1400 Ix
is best employed in the proposed control strategy as the highest limit of imperceptible glare, because it shows a 93% agreement
with the corresponding cut-off value of DGP.

2.4. Control strategy

The proposed control strategy of the blinds is steered by an optimization process, that leads to a theoretically ideal operation of
the shading system. The optimization employed here is based on the Radial Basis Function Optimization (RBFOpt) algorithm, which
can be performed by Grasshopper’s component Opossum (OPtimizatiOn Solver with SUrrogate Models). The priority of the optimized
control system is the prevention of glare risks, which are evaluated by the maximum value of cylindrical illuminance (E,,,) among
nine viewpoints (Fig. 3). The second aim of the developed control system is to provide sufficient amount of daylight in the space,
in order to limit the need for electric lighting. The amount of daylight is quantified by the average horizontal illuminance on the
workplane (E,,) calculated at a sensor grid 0.85 m above the floor, covering the whole floor area.

As illustrated in Fig. 4, based on the fixed inputs of the model for a specified time step and for a certain set of variables, the
model calculates the average E,,, and the maximum E, , through point-in-time Radiance simulations. Based on these calculations, the
optimization algorithm decides the optimal blinds’ states that result in satisfactory values of E,,, and E, ;. The optimization process
is constrained by the limits of E,, and E,,. In particular, to ensure an adequate quantity of light in the space, E,,, should be more
than 300 Ix, 500 Ix and 750 Ix for presentation, meeting and workshop respectively. At the same time, only imperceptible glare is
allowed by employing the upper threshold of 1400 Ix for E. ;. The minimum limits of E,,, are the same as in the existing control
strategy, following European Standard’s recommendations. However, it should be noted that the deployed algorithm is stricter, and
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Fig. 4. Flowchart of the optimized control strategy.

thus more effective, in terms of daylight sufficiency, than the European Standard, because it aims to keep E,,, above the thresholds
for 100% of the daylight hours and 100% of the floor area.

The fact that E,,, and E,,, have overall similar trends as functions of the daylight quantity in the space, allows us to use only
one of them as the objective of a Single-Objective Optimization (SOO) control algorithm. In the case of meetings and workshops,
the aim is to prevent glare, while maximizing the amount of daylight so as to achieve low energy demands for electric lighting. The
largest amount of daylight entry can be achieved only when E ,, has a value close to 1400 Ix, but still lower than this threshold. In
this manner, noticeable glare is prevented, while the maximum possible E,, is accomplished. On the contrary, for the presentation
scenario, the light levels should be low, but sufficient to write down notes. The aim now is to minimize daylight entry until E,,,
has a value close to 300 Ix, but still higher than this limit. At the same time, a low E_,, value should be accomplished (< 1400 Ix),
ensuring minimal glare risks.

The optimization algorithm is described by the objective function of Eq. (1), where E., is multiplied by a penalty factor. During
workshops and meetings, the control system tries to maximize the objective function, whereas during presentations its minimization
is targeted. The penalty is derived from the optimization constraints and is applied to enforce the algorithm to find values for E,,,
and E_,; within their limits.

Objective Function = penalty X E, (€}

For each time step, the optimization runs through a certain number of iterations specified by the user (20 in this case), creating a
loop in the process. The more the iterations, the higher the likelihood to find the optimal solution (blinds’ states and corresponding
values of E,,, and E, ;). Eventually, when the optimal blinds’ states are determined, the algorithm decides the light dimming levels
needed to supplement daylight, in case the average E,,, provided solely by daylight is not sufficient (Fig. 4).
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Fig. 5. Global Horizontal Irradiance measured by the CCC’s roof sensor, as well as the respective Direct Normal and Diffuse Horizontal Irradiance calculated
through the Skartveit model for the two test periods.

2.5. Validation of the control strategy

In order to validate the effectiveness of the proposed control model, its performance for the three activity modes is compared
with the currently applied control system. The key performance indicators refer to:

+ the amount of daylight in the space, expressed by the average E,,;

+ the glare risks, evaluated by the maximum values of both E., and DGP among the nine viewpoints, allowing to draw
conclusions about the performance of E., as a glare index;

« the quality of view towards the outdoors, calculated by the component “HB View Percent” and quantified as the average
percentage of the occupants’ view that is not blocked by the blinds;

+ the energy demands for electric lighting (in kW h);

+ the solar heat gains (in kW h), giving insight into the solar energy performance of the proposed control strategy, although no
further considerations on the energy demands for heating/cooling are made in this study.

The aforementioned data are obtained by performing the corresponding point-in-time simulations after importing the blinds’
states of each time step decided by the controllers. For the current control strategy, the blinds’ increments and angles are acquired
from real logs, whereas for the optimized one, they are taken from the optimizations’ results.

The validation is done for two test days; the first one represents the worst-case scenario for glare risk (sunny sky, low solar
altitude) and refers to 18.03.2022 between 10.00-16.00, while the second period represents variable weather conditions (cloudy
and sunny sky) and refers to 24.10.2022 between 9.30-12.30. In Fig. 5, the GHI, DNI and DHI data are given for the two test
periods. Both test periods belong to the heating season, meaning that solar heat gains are desired.

As the current blinds’ operation logs do not make a distinction between the three activity modes, there is no information about
the exact type of activity that took place during those specific periods. Therefore, the results obtained by all the three optimized
controls (for all three modes respectively) are compared with the corresponding outputs of the existing control, which is the same
for the three cases. A time step of 15 min is chosen for the comparison of the two control models, using the louvers’ increments
and tilt angles on the exact instant.

3. Results

In the following paragraphs, the results presenting the five performance indicators, obtained from the daylight, glare, view and
energy analyses of the two control methods, for the two test days, are compared, based on the respective blinds’ configurations.

Figs. 6 and 7 illustrate the blinds’ states decided by the current control strategy and the optimized one for the workshop mode,
over the two test periods. It is evident that, in both days, the current control results in a smoother operation of the blinds, while
the optimized control leads to more erratic movements that might cause distraction to the occupants during a session. As expected,
during the second day, with variable weather conditions, the developed control results in more abrupt blinds’ movements than during
the first test day. Nevertheless, thanks to the 20% increment step of the optimized control, there are intervals (e.g. 12.00-14.00 in
Fig. 6) where the shades are lowered or raised to the next increment step, facilitating the provision of visual comfort with small
movements and hence without causing much nuisance to the users.

Figs. 8 and 9 show the overall performance of the control strategies during the two test periods, in terms of daylight sufficiency,
glare risks and view quality. As regards the amount of daylight in the indoor space, the existing control system generally results
in high E,,, values most of the time than the three activity modes of the optimized control, meaning that more light is allowed to
pass through the facades (Figs. 8(a), 9(a)). This is desired when a meeting or a workshop takes place, but it is unwanted during
a presentation when the occupants’ focus should be on the projection screen. On the other hand, the optimized control for the
presentation mode generally manages to minimize E,,, close to the target value of 300 Ix, usually without creating the need for
electric lighting. In the case of a meeting and workshop, the maximum limit of E., makes the developed control stricter, letting
less daylight enter the space than the current control, but usually enough to meet the minimum limits. Only for a few time steps,
the minimum thresholds of 500 Ix and 750 Ix are not reached, but this is reasonable as energy minimization was not the priority of
the developed control strategy. It is worth noticing that, at the beginning of the session on 24.10.2022 (Fig. 9(a)), when the global,
direct and diffuse irradiance is very low, neither of the two control strategies manages to keep E,,, above the minimum thresholds
of the meeting and workshop, although they both have totally raised blinds.
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Fig. 8. (a) Workplane illuminance, (b) cylindrical illuminance and (c) view percentage for all control strategies throughout the test period on 18.03.2022.

Figs. 8(b) and 9(b) clearly show that the high daylight admission of the currently implemented control leads to high glare risks
in both test periods. On the contrary, the developed control system guarantees zero glare risks most of the time for all activity
scenarios, except for only a few time steps of the sunny test period where E.y exceeds 1400 Ix (Fig. 8(b)). For those instances, the
algorithm shows some difficulty to converge to a non-glare solution, probably due to incoming direct or diffuse daylight passing
through unshaded western and eastern glass doors.

As regards the view quality, Figs. 8(c) and 9(c) demonstrate the average percentage of the occupants’ view that is not blocked
by the blinds throughout the event. The graphs prove that the lower amount of admitted daylight in the optimized control does not
compromise essentially the occupants’ view to the outside, although it is clear that the current control provides better view quality,
especially on the second analyzed day, when the blinds are constantly up. The higher amount of daylight entry during the meeting
and workshop modes of the optimized control slightly increases the view quality in comparison to the presentation mode, although
no large differences are observed. It is worth noticing that, with the optimized algorithm, the average view percentage displays
higher fluctuations, mainly under variable weather conditions.

Figs. 10 and 11 demonstrate in detail the glare risks distributed over the space during the sunny test interval. Every rectangle
represents the floor plan, divided into nine smaller rectangles that outline the nine viewpoints where glare is assessed, as indicated
in Fig. 3. Every viewpoint is evaluated based on its maximum DGP value among eight view directions and its E,,, (average of
vertical illuminances among the eight directions). As expected, when the blinds are totally raised during the sunny day, the two
metrics agree by 100% that there is constantly excessive daylight in the space, causing glare to all positions. With the currently
implemented control strategy, only a small improvement is achieved in glare risks over the sunny test period. During the second
day, the current control, that maintains the blinds constantly raised, results in glare risks when diffuse irradiance exceeds 120 W/m?
or direct sunlight enters the space.

On the contrary, for the vast majority of the time steps of both periods, the optimized control strategy successfully prevents
glare, especially based on the E., glare assessment that steers the optimization. It is noticeable that the DGP-based assessment
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0.387044 - Perceptible Glare

Fig. 12. Example of glare due to luminance contrast at the southern view direction, based on the DGP-based assessment (meeting mode, at 14.00 on 18.03.2022).

slightly overestimates the glare risks. The reason behind this is that E. , evaluates glare based only on the amount of light perceived
by the occupant’s eyes, whereas DGP additionally considers the contrast effect between the background and the glare source’s
luminance. High contrast effects occur due to the darker indoor conditions and the bright daylight that penetrates unshaded parts
of the facades or through the louvers. An example of such a condition can be seen in Fig. 12, which shows the HDR image resulting
from the DGP-based glare assessment in the southern view direction of the South-East viewpoint, at 14.00 on 18.03.2022. Based on

E.,, there is no glare risk, whereas based on DGP, the viewpoint experiences glare towards that direction due to the contrast effect
explained above. The average percentages of glare reduction (in comparison to the blinds-up situation) and the agreement between
E,,, - DGP for all cases, over the two test periods, are summarized in Table 4.

Fig. 13 presents the lighting energy demands for each activity scenario under the current and the optimized control, over the two
analyzed intervals. The large amounts of incoming daylight allowed by the current system during the sunny test period results in
almost zero lighting energy needs for all activities. However, the low illuminance levels at some time steps of the second test period
do not suffice to meet the minimum requirements of E,,, for the meeting and workshop and hence electric lighting is needed. On the
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Table 4

Improvement of glare conditions compared to totally raised blinds based on E.,, and DGP, and agreement between the two glare indices for the different blinds’
operations over the two test periods.

Blinds up Current control Optimized control Optimized control Optimized control
Presentation Meeting Workshop
Improvement based on DGP (%) - 4.7 96 91 89
Improvement based on E., (%) - 3.3 99 99 99
E., - DGP agreement (%) 97 91 95 92 920
020 0.20
Current control Current control
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Fig. 13. (a) Energy demands for electric lighting resulting from the two control systems for the three activity scenarios during the test periods on (a) 18.03.2022
and (b) 24.10.2022.
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Fig. 14. Solar heat gains for the current control and the optimized one for the three activity modes during the test periods on (a) 18.03.2022 and (b) 24.10.2022.

other hand, the optimized control usually leads to higher energy consumption, with the workshop demanding a more considerable
energy amount. This is reasonable, as the strict E,, threshold of 1400 lx, makes the optimization convergence to high E,,, values
(>750 Ix) difficult.
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Here, the percentages refer to E,-based glare assessment.

The solar heat gains resulting from the four controls over the two test periods are demonstrated in Fig. 14. It is evident that, in
spite of the different blinds’ operations between the two analyzed periods, the optimized control results in fairly constant incoming
solar radiation for all activity types, as the blinds’ states are controlled in a way to constantly maintain visual comfort, meeting the
requirements for E,, and E ;.

Overall, the daylight performance of the developed control algorithm is satisfactory, providing visual comfort most of the time
for all viewpoints. Fig. 15 presents the percentage of the time steps of the two test periods where sufficient daylight, zero glare
risks and both of them occur for the three activity modes under the two control systems. In terms of daylight adequacy, the current
system slightly outperforms the proposed one, but at the cost of glare risks. On the contrary, the optimized algorithm keeps a balance
between daylight sufficiency and glare prevention, reducing the time steps with glare risks by an average of 85% in all cases, but
increasing the time steps where electric lighting is needed by only 7%, in comparison to the existing control. In total, ideal visual
conditions with adequate daylight and zero glare over the space, are achieved at a much higher average percentage of the tested
time (80%) than in the current control, with the workshop being the most complex case for the algorithm to converge. Finally, the
glare assessments by DGP and E ,, were overall similar, reaching a mean agreement percentage of 92.5%. This proves that the a
priori correlation of the two indices was performed thoroughly and successfully.

4. Discussion

The developed control strategy for the automatic operation of Venetian blinds was proved generally successful in the complex
case of the Co-Creation Center. However, prioritizing glare led to stricter results in terms of daylight quantity in the space and
therefore the energy demands for electric lighting were slightly higher than in the current control. The fact that the developed
algorithm worked effectively in the mixed-use case-study building, suggests that it can be trustfully implemented in buildings with
multiple glare sources that host presentations, meetings or workshops and generally have uncertain occupants’ view directions. The
chosen 20% resolution of blinds’ increments was found beneficial for the provision of visual comfort and the smoothness of blinds’
operations.

In this research, the blinds’ movement is performed simultaneously on each facade, as a more independent operation would result
in dramatically high computational effort. However, even in the simplest blinds’ operation, the runtime of 1 h to obtain satisfactory
results is still prohibitive for a real-time controller of a shading system. The long runtime was due to the noticeably time-consuming
ray-tracing analyses performed by Grasshopper using the rtrace command for the point-in-time simulations of the optimization. At the
same time, although RBFOpt was a successful optimization tool for fast convergence, its component in Grasshopper (Opossum) is not
suitable for iterative processes, because it needs manual commencement of the optimization process for each time step. Improving
the overall performance of the parametric software by its developers is a necessity, as this would facilitate the development of a
control strategy at least in the design stage. Currently, aiming to drastically reduce the runtime, choosing another programming
language (e.g. Python, Matlab, C++) would help execute faster the optimization iterations. Additionally, using the 3- or 5-phase
methods (either in Grasshopper or in another programming language), would save computational effort, as the light transport in the
exterior could be calculated only once throughout the optimization iterations for each time step [27].

The outputs of the optimized algorithm were obtained after 20 iterations. This means that the results were not the deterministi-
cally optimal ones (global minimum or maximum), but, in most of the cases, they converged and were found to be acceptable. This
guarantees that after re-performing the optimizations, they would generally produce similar results. More iterations might provide
a higher probability that the actual best solution is reached, but at the cost of computational time. Of course, reaching the optimal
solution does not necessarily imply that the algorithm would converge to a satisfactory result, as this depends on the conditions
of the specific time step. For a few time steps, the control algorithm did not achieve a satisfactory solution. This means that more
iterations would be needed to facilitate the convergence to a good result, although this is not guaranteed. The validation process
revealed that unsuccessful optimizations that resulted in glare or insufficient daylight, occurred with a small average percentage
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Table 5

Proposed control algorithm per building use.
Building use Algorithm method
Presentations Minimize E_, until E,, > 300 Ix
Meetings Maximize E.; until E.;; < E ;0"
Workshops Maximize E,, until E.,; < E ;"

? After correlating E,.,, with DGP for a specific space.

of 16% for the three activity modes. This shows that the algorithm is reliable with a high possibility to converge to a satisfactory
solution.

In terms of glare assessment, E,, was proven a generally reliable index for the identification of glare risks due to large daylight
amounts in the space. However, when the room is mostly dim and solar beams or daylight pass through the louvers, high contrast
effects may occur, which are not taken into account by E_,,. Although this constitutes a limitation for the universal use of E ,, as
a glare index, its application in complex cases with multiple glare sources (i.e. windows) is encouraged since it can resemble DGP
results most of the time, with lower computational cost. Future research should investigate the correlation between those metrics
and actual occupants’ satisfaction by means of field experiments.

In general, the automatically controlled shading systems implemented in practice aim at the provision of visual comfort,
neglecting the energy performance of the buildings in terms of heating and cooling. Although research has been implemented on
the development of automatic shading controllers for both daylight and energy, multiple studies have shown that balancing the
daylight and energy performance of a building, by utilizing one shading system, is a challenging task [28-30]. Previous studies
proved that it is difficult to improve both visual comfort and energy consumption simultaneously; the level of improvement in the
various performance indicators depends on their order of priority. These conclusions are supported by the findings of the present
study, which showed that the priority of the control to maintain visual comfort when the building is occupied does not allow for
large differentiation of the admitted solar radiation depending on the weather conditions. This observation raises concerns about
the solar heat gains during the cooling season; as the system operates the blinds always the same way (keeping E., and E,,, within
the desired limits), regardless of the sky conditions, the admitted solar radiation will probably display a constant trend over the
year. This assumption should be confirmed with additional analyses in the cooling season.

The fact that glare-based control systems aim to constantly maintain the same desired visual conditions in the building on a yearly
basis, while energy-based controls should adjust their behavior depending on the season, creates an incompatibility between them.
In the case study building, this justifies the decision to utilize two modes of shading control dependent on the occupancy status, for
daylight and thermal performance separately, following a similar approach to [31]. An alternative way to balance daylight entry
and heating/cooling demands at the same time is to utilize two shading devices in the same control system. For instance, outdoor
Venetian blinds could be operated only for constant solar heat gains regulation, while indoor roller blinds could be applied to
provide visual comfort during occupied hours.

5. Conclusion

This research supported the development of a glare-based control strategy for the automatic operation of Venetian blinds in
a space with multiple daylight sources (i.e. windows) and variable occupancy cases (presentations, meetings, workshops). The
deployed control strategy was steered by a black-box optimization process based on RBFOpt. Within the scope of this research,
the performance of cylindrical illuminance (E,,;) as a glare index was additionally assessed. The study proved the effectiveness of
the developed control algorithm, which indicates that it can be applied in practice in buildings with multiple windows that host
presentations, meetings or workshops and generally have uncertain occupancy patterns ( Table 5).

Overall, the developed optimized control of the blinds was found to outperform the current rule-based one in terms of occupants’
visual comfort. In fact, the algorithm achieved providing ideal visual conditions (zero glare risks and daylight sufficiency) for the
majority of the tested time steps, specifically for 92%, 86% and 72% of the analyzed time for the presentation, meeting and workshop
modes respectively. Although the optimized control reduced the current glare risks by an average of 80%, its priority to prevent
glare led to an average increase of 7% in the time steps where electric lighting was needed, in comparison to the current control.
As regards glare assessment, E.,, displayed an overall agreement of 92.5% with DGP, proving that their correlation was done
successfully. This indicates that in complex spaces with many windows and uncertain occupants’ view directions, it is beneficial
to use a view-independent index, as it can predict glare risks adequately well, after being carefully correlated with another reliable
view-dependent index.

Supplementary data

More information about the research project and detailed results from the analyses are presented in the Master thesis “Optimized
control strategy for Venetian blinds in an event space with fully glazed facades: The case study of the Co-Creation Center”, at
https://repository.tudelft.nl. The Python script of the control strategy’s algorithm can be found in the GitHub repository: https:
//github.com/pentheod/Optimized-control-strategy-CCC-TU-Delft
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