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Abstract 

Most existing daylight studies are focused on 
commercial buildings, with very few studies on 
residential. Due to flexible floor layouts of residential 
buildings and diverse interior activities, daylight analysis 
tools need to provide a flexible approach for designers to 
understand the horizontal illuminance distribution and 
light levels in multiple areas of the floor plan. When light 
levels are measured and averaged across the entire room, 
it is challenging to effectively distinguish the amount of 
light measured by each sensor point in different 
locations. This study introduces a novel computational 
workflow to customize illuminance ranges and select 
target areas to examine local light levels. The workflow 
allows users to further optimize the residential floor plan 
and fenestration design. 

Introduction 
Over the past decades, several daylight metrics have 
been developed, and computational simulation tools are 
used to guide designers in evaluating and assessing the 
lighting conditions of the spaces. However, daylight 
studies show a lack of consistency when using the 
universally adopted metrics or illuminance benchmark 
(Tregenza and Mardaljevic 2018). The requirements of 
daylight objectives vary in different regions and building 
standards (BRE Global Ltd. 2016; International WELL 
Building Institute 2019; U.S. Green Building Council 
2019). In the early design stage, building designers need 
to utilize a  variety of design tools, following existing 
guidelines and outcomes from previous experience to 
ensure adequate light levels (Galasiu and Reinhart 2008). 
It is well accepted that daylight performance has an 
impact on the overall building energy consumption, 
circadian health, occupants’ satisfaction and visual 
comfort (Andersen and Mardaljevic 2011; Levin 2016; 
Xue, Mak, and Cheung 2014). Thus, to design and shape 
daylight in buildings, especially residential buildings, a 
flexible simulation workflow is required to help 

designers understand and evaluate local light levels in 
the schematic design process. 

Literature Review 

Daylight Metrics 

With the development of climate-based daylight 
modelling, daylight simulations have been widely 
performed using local weather conditions (Mardaljevic 
2006). The frequently-used daylight metrics have shifted 
from Daylight Factor (DF) (Hopkinson. 1963) to 
climate-based daylight metrics when performing 
daylight analysis.  
Daylight Autonomy (DA) uses a target illuminance 
value (e.g. 300lux) to measure if a space is receiving 
adequate daylight for the given task (Reinhart, 
Mardaljevic, and Rogers 2006). Continuous Daylight 
Autonomy (cDA) provides partial credits to the areas 
where illuminance values are slightly lower than the 
illuminance threshold (e.g. 300lux) (Rogers 2006). As 
there is no upper threshold, both DA and cDA will not 
penalize the excessive sunlight in the target space. 
Spatial Daylight Autonomy (sDA) reflects the 
percentage of floor area receiving at least 300lux during 
50% of the occupancy period; Annual Sun Exposure 
(ASE) computes the fraction of floor areas receiving 
over 1000 lux for at least 250 per year (Illuminating 
Engineering Society of North America (IESNA) 2012). 
Since the overlit areas are near the windows in most 
cases, ASE requirement of 10% can lead to uniform 
lighting that is possibly too strict for daylight design if 
direct sunlight is preferred by occupants (Van Den 
Wymelenberg and Mahić 2016). Useful daylight 
illuminance (UDI), developed by Nabil and Mardaljevic 
in 2006, provides multiple illuminance ranges as proxies 
for classifying target illuminance levels, dividing the 
illuminance ranges into UDI-fell short (0-100lux), UDI-
supplementary (100-300lux), UDI-autonomous (300-
3000lux), and UDI-exceeded (>3000lux) (Nabil and 
Mardaljevic 2006).  
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Table 1. Highlighted Aspects in Climate-Based Daylight Metrics  

Daylight Metric Lower-
Threshold 

Upper-
Threshold 

Partial Credit Reflect Floor 
Area 

Reflect Time 
Period 

Daylight Autonomy (DA) Yes / / / Yes  

Continuous Daylight Autonomy (cDA) Yes / Yes / Yes 

Spatial Daylight Autonomy (sDA) Yes / / Yes Yes 

Annual Sun Exposure (ASE) / Yes / Yes Yes 

Useful Daylight Illuminance (UDI) Yes Yes  / / Yes 

Total Annual Illumination (TAI) / / / / Yes 

Sunlight Beam Index (SBI) / / / Yes / 

Residential Daylight Autonomy (RDA) Yes / / Yes Yes 

Direct Light Access (DLA) / / / Yes Yes 

      

However, the results of the UDI simulation are 
compressed. Specifically, a UDI-autonomous value 
indicates the percentage of the occupied time when the 
target illuminance (300lux-3000lux) is achieved, but 
illuminance values from individual sensor points are 
hidden in the annual results (Dogan and Park 2019).  
Daylight Saturation Percentage (DSP), derived from the 
modification of UDI, takes 430lux and 4300lux for 
measuring light adequacy in school buildings (Hraška 
2018). Total Annual Illumination (TAI) is a cumulative 
daylight metric that reports the sum of all illuminance 
values during the occupied hours of the year (Brembilla, 
Mardaljevic, and Hopfe 2015). Sunlight Beam Index 
(SBI) quantifies the cross-sectional area of the sunlight 
beam entering the interior space through a glazing 
aperture and measures its annual occurrence 
(Mardaljevic and Roy 2016). Residential Daylight Score 
(Dogan and Park 2019) consists of Residential Daylight 
Autonomy (RDA) and Direct Light Access (DLA). RDA 
calculates the percentage of floor area receiving at least 
300lux illuminance for at least 50% of the occupied time; 
DLA calculates the number of daytime hours when at 
least 2 m² of the floor areas received direct sunlight. 
Graphic plots of RDA and DLA reflect the illuminance 
variation in different time frames, by dividing the entire 
year into day hours (morning, noon, evening) and 
seasons (spring, summer, fall, winter).  
Table 1 lists the aforementioned daylight metrics and 
their highlighted aspects. RDA and DLA build upon the 
concepts of sDA and ASE. Except for Residential 
Daylight Score (RDS) (Dogan and Park 2017, 2019; 
Park and Dogan 2020), no other daylight metric is 
specifically designed for residential buildings. Some 
challenges exist when using RDS: (1) interior activities 
require different illuminance levels; thus, using 300 lux 
to generalize all visual tasks is not comprehensive; (2) 
the overlit areas typically concentrate near the windows. 
When those areas are not frequently occupied, glare 
issues are less concerning. Using a 2 m² floor area as the 

spatial limit could represent the scenario when direct 
sunlight hits the area near the window, but it could not 
accurately reflect the sunlight distribution in the entire 
floor area.   
Current daylight metrics cannot fully capture daylight 
quality related to inhabitants’ satisfaction in dwellings 
(Peters and Kesik 2018); thus, future daylight studies 
need to reflect higher accuracy between daylight analysis 
and occupants’ activities.  

Residential Daylight 

In 2011, Mardaljevic et al. examined the applicability of 
daylight metrics (UDI) in single-family residence; their 
results show the tolerated upper illuminance threshold in 
residential buildings could be higher than the light level 
in office buildings (Mardaljevic et al. 2011). Windows 
are the primary channel for sunlight admission in a dense 
urban environment (Dan 2005). An observer-based 
survey study in Sweden multi-family apartments reveals 
that occupants’ perceived interior brightness is strongly 
associated with window size in the living space 
(Bournas, Dubois, and Laike 2020). However, due to the 
deep floor geometry, the side-lit multi-residential units 
cannot benefit from larger sized glazing (Peters and 
Kesik 2018). A proper window-to-wall ratio is necessary 
to increase the interior daylight availability, but it could 
also bring excessive sunlight within the proximity of the 
window areas and may not always directly lead to better 
daylight levels in the inner space.  
In a 2020 simulation study, Peters et al. tested 
illuminance simulation at multiple heights in the selected 
multi-dwelling unit; based on the simulated DA results, 
the optimal height for daylight access is at the floor level  
(Peters et al. 2020). Within the floor boundary,  UDI-a 
(300-3000lux) and UDI-e (>3000lux) levels 
dramatically varied with different building orientations 
and fenestration alternatives in a Seattle multi-family 
building (Ji 2020). The interior daylight design is also 
guided by local daylight regulation and compliance 
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(Bournas and Dubois 2019) and external obstruction at 
the urban scale (Xue et al. 2014). Current daylight 
provisions cannot provide a qualitative approach for 
reflecting space functions and user activities (Siu-Yu 
Lau, Gou, and Li 2010). 
Compared to single-family housing, daylight design in 
multi-dwelling units (or multi-family housing) has more 
spatial limitations. Within a given floor boundary, the 
size of each living unit is limited to maximize the total 
number of units. In that case, the alternatives of interior 
layouts are limited, and occupants’ activity areas are also 
determined to a great extent. Each living unit typically 
has one wall available for the window opening. Thus, 
effective ways to utilize sunlight admission become 
essential for interior spaces.  
Overall daylight challenges in multi-dwelling units are: 
(1) Side lighting is the primary approach to bring light 
into the spaces; (2) Unit plan is generally deep but not 
wide; (3) Diverse interior tasks that require different 
light levels.  
The previous daylight studies in multi-dwelling units 
have indicated: (1) The overlit areas typically 
concentrate near the window; (2) The illuminance values 
vary significantly in different floor areas and building 
orientations; (3) Deep floor plans decrease overall 
daylight performance.  

Summary 

The existing daylight metrics have shown both benefits 
and limitations in measuring interior daylight, 
specifically in multi-unit residential buildings. With the 
advancement of daylight metrics and simulation tools, 
the current challenges of daylight studies lie in efficient 
ways to process the large amount of simulated data 
(Hraška 2018).  
Simulation accuracy is one of the basic requirements for 
the broader application of daylight simulation (Reinhart 
and Selkowitz 2006). In a 2019 study by Jakubiec et al., 
the authors discussed how simulated climate-based 
daylight results could accurately predict subjective 
lighting evaluations in residential spaces (Jakubiec et al. 
2019). Individuals often prefer direct sunlight during the 
daytime; a moderate to higher daylight exposure during 
the day could improve human’s sleep quality (Hadi, Du 
Bose, and Choi 2019) and resilience (Park et al. 2018). 
Therefore, it would be beneficial if daylight assessment 
in multi-dwelling units would allow a flexible 
framework with which designers could evaluate 
illuminances in various selected floor areas. Introducing 
focus areas with special visual requirements would 
facilitate designing a well-daylit space (Reinhart 2015).  
This paper introduces a computational method focusing 
on creating multiple target illuminance ranges and 
selecting task areas for visualizing light at individual 
sensor points.   

Research Questions 

The research questions in this study include:  
(1). How is illuminance distributed at different building 
orientations? 
(2). How do illuminance values vary in different 
interior areas?   
(3). What are the impacts of the window on the light 
level at task areas? 

Methodology 

Research Model 

A four-story multi-dwelling residence (TOD Apartment 
(Seattle.gov 2021)) in Capitol Hill, Seattle (47.6°N 
latitude, 122.3°W longitude) was selected as a case 
study. As shown in Figure 1, the selected four living 
units are located on the top floor with the same unit 
configuration. The spatial dimension of the individual 
unit is 24.3ft (7.4m) in length, 12.5ft (3.8m) in width, 
and 8.5ft (2.6m) in floor-to-ceiling height. Each window 
has 8.5ft (2.6m) head height, and sill height is at the floor 
level.  
 

 

Figure 1. Selected Living Units — Northwest (NW) unit, 
Northeast (NE) unit, Southeast (SE) unit, and Southwest 
(SW) unit 

Modeling and Simulation Workflow 

The workflow includes four parts: (1) Digital modeling 
of the geometry in Rhinoceros (version 6.0) (Robert 
McNeel & Associates 2021); (2) Illuminance simulation 
in Climate Studio (Solemma LLC 2021) — a simulation 
plugin in Rhino platform; (3) Area selection function by 
a web-based interface (Django Software Foundation 
2021) in Python platform (JetBrains 2021); (4) 
Visualization of the sensor data (Matplotlib 
Development Team 2021).   
UDI is the selected metric in this study as it provides the 
percentage of the occupied time when the illuminance 
targets at sensor points are achieved by daylight. 
Simulation parameters and assigned values are listed in 
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Table 2. All the material properties are provided in 
Appendix A. Daylight simulations are performed with 
CIE standard sky condition under the local weather file 
(USA_WA_Seattle-Tacoma.Intl.AP.727930_TMY3). 
For all the simulations in this study, the height of the 
sensor plane is fixed at 2.5 ft (0.76 m). Window blinds 
are not assigned, and the furniture is not modelled in the 
simulation.  
 

Table 2. Simulation Parameters 

Parameters Assigned Value 

Ambient bounces (ab) 6 

Limit the weight of each ray (lw) 0.01 

Ambient divisions (ad) 1 

Sample rays per sensor per pass 64 

Max number of passes 100 

 

Target Illuminance and Daylight Simulation 

Each visual task requires specific target light levels. The 
lighting handbook (Illuminating Engineering Society of 
North America 2011) specifies the target horizontal 
illuminance for different interior tasks and building 
types. The occupant groups are divided into three age 
groups, <25, 25-65, and >65. This study only focuses on 
the illuminance targets for the 25-65 age group. Table 3 
lists the target horizontal illuminance for the interior 
spaces based on the unit configuration used in this study, 
where relevant task surfaces are grouped into three target 
areas.  
Once the simulation is completed, the illuminance values 
are separated into different ranges (0-30lux, 30-100lux, 
100-200lux. 200-300lux, 300-500lux, and >500lux).  
The results map the covered floor areas corresponding to 
each illuminance range.  

Results 

Visualizing Illuminance Ranges 

The visualization of illuminance ranges is shown in a 
newly developed computational interface (Figure 2). By 
importing the CSV (comma-separated values) files from 
daylight simulation, the interface maps out sensors in 
multiple target illuminance ranges and synchronously 
calculates the percentage of the sensor points in those 
illuminance ranges. As the sensor grid covers the entire 
room, the percentage of sensor points within target 
illuminance values can be approximated as the 
percentage of floor area achieving specific illuminance 
ranges. Different illuminance ranges are outlined in 

different colors. The sensors receiving less than 30lux 
illuminance are colored in black, while the sensor points 
receiving over 500lux illuminance are shown in white.  
 

Table 3. Target Illuminance for Interior Surfaces 

Target 
Space 

Residential 
Interiors 

Task Surface Target 
Illuminance 
(lux) 

Area 1 Living Room / 30 

Dining Formal 50 

Informal 100 

Study use 200 

Reading and 
Writing 

Desk 400 

Positive Polarity 
(VDT Screen and 
Keyboard) 

300 

Negative Polarity 
(VDT Screen and 
Keyboard) 

150 

Handwritten 
Work 

Pencil - 
Graphite/HB 

300 

Ballpoint-Black 300 

Area 2 Bedrooms Reading in Bed 
(Bed Headboard) 

200 

Television 
Viewing 

30 

Sitting Areas 
(Casual Chair) 

200 

Area 3 Kitchen Cooktops 300 

General 50 

Preparation 
Counters 

500 

Sinks 300 

 
Figure 3 illustrates the spatial distribution of five target 
illuminance ranges from the annual mean illuminance 
simulation. The areas near the bathroom in all four living 
units show black, indicating the local illuminance values 
are under 30lux. The large white areas in different living 
units suggest that most floor areas received over 500lux. 
Compared to the other three units, more extensive areas 
in the NW unit are covered by sensors in 30-500lux 
illuminance range. The distribution of predefined five 
illuminance ranges varies with unit orientations and 
fenestrations, and the location of window openings 
shows more impacts on illuminance distribution in the 
two South-facing units (SW and SE).  
Overall, the low illuminance range (0-300lux) 
concentrates in the inner spaces, including the entry and 
bathroom areas. The primary window-nearby areas in 
four units received over 500lux, exceeding the 
recommended target threshold (500lux). 
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Figure 2. Interface for the Visualization of the Illuminance Ranges  

 

Figure 3. Target Illuminance Ranges in Living Units 
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Figure 4. Interface for Selecting Target Areas 

Selecting Target Areas 

A web-based interface (Figure 4) in the Python platform 
(JetBrains 2021) is developed to select multiple target 
areas to examine local illuminance values. It uses a floor 
plan as the base with two sliders in the X and Y 
directions to determine spatial coordinates. To establish 
a target area, it requires four parameters (X_1, X_2, Y_1, 
Y_2). The interface allows three sets of coordinates to be 
processed simultaneously to generate results from three 
target areas. Each unit plan will be overlaid with the 
corresponding simulation results. Matplotlib is utilized 
for plotting the illuminance values of each area. The 
scatterplot uses the perpendicular distance between 
individual sensor points and the window from the X-axis 
and illuminance values in the Y-axis to explore the light 
variations as impacted by the distance from the window. 
For each plot, the Matplotlib plugin will identify the 
range of illuminance values and distance to window and 
automatically adjust the value ranges in the X-axis and 
Y-axis to show the optimal layout for the scatterplots.  
 
 
 
 
 

 

Figure 5. Target Areas in Living Units 

© 2022 U.S. Government 6



Figure 5 integrates the results from three selected target 
areas into one plot. As shown in Table 3, Area 1 
(workstation near the window) includes a desk, a chair, 
and a cabinet, with the target illuminance range of 30-
400lux; Area 2 (living area) consists of a bed and a 
couch, with target illuminance in 30-200lux; Area 3 
(cooking surfaces) includes a countertop, a sink, and a 
cooking surface, with target illuminance of 50-500lux.  
The highest illuminance level in the NW unit (around 
600lux) is significantly lower than the maximum 
illuminance in the other three units. Although the 
illuminance values in the NW unit are still within the 
target illuminance of 30-500lux, the NW unit receives 
far less daylight among all four living units. With the 
increase of distance to window (ft), the illuminance 
values in NW, SE, and SW units drop in varying degrees. 
However, the peak illuminance value in the NE unit 
occurs when the distance to the window is 5ft, suggesting 
the side window in that unit increases the illuminance 
level in Area 1 and Area 3 to approximately 15,000 lux. 
In the SE unit, due to the window in the middle of the 
facade wall, the illuminance values at the farthest 
distance (15ft) still increased slightly. For the three target 
areas, the overall target illuminance is 30-500lux. 
Considering automated blinds are not assigned in the 
simulation, shading strategies will be required for the 
NE, SE, and SW units, based on the simulation results. 

Application in Daylight Metrics  

The computational tools introduced in this paper can also 
improve the interpretation and understanding of the 
current daylight metrics, such as the UDI. Given the 
UDI-a (300-3000lux) simulation results, the tools can 
customize the UDI results, plot the corresponding sensor 
points, and calculate the percentage of sensors among the 
entire living unit.  
Figure 6 (a) shows the selected SW unit and its three 
target areas. In Figure 6 (b), the y-axis shows the 
percentage value in the UDI-a result. Area 1 shows a 
wide range of value distribution between 10%-80%; the 
values in area 2 slightly drop in the deeper floor area; the 
values in Area 3 stay between 60 and 80%. Area 2 and 
Area 3 show the majority of sensors in 60%-80% UDI-a 
(300-3000lux), indicating a sufficient exposure of 300-
3000lux light levels in the targeted areas. The variation 
of UDI-a (300-3000lux) in Area 1 requires additional 
analysis.  
The customized ranges allow users to further investigate 
the UDI-a results across the entire living unit. As Figure 
6 (c) illustrates, the areas near the bathroom and entry 
space lack sufficient light. Although the black color-
coded areas near the window indicate a low percentage 
value in UDI-a, those areas typically received direct 
sunlight exceeding 3000lux, but such overlit result 
cannot be reflected in the UDI-a diagram.   

 

Figure 6. Application for UDI-a (300-3000lux)  
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Future Work 

This paper presents an exploratory investigation of using 
specific target areas to understand the illuminance ranges 
and how simulation results can be used to effectively 
design residential floor plans. Future studies will 
investigate the area selection method, expanding the 
target areas into broader boundaries to allow flexible 
layout changes, as well as exploring the impact of 
fenestration and shading strategies on improving 
daylight performance. It is also important to evaluate if 
the computational workflow proposed in this paper using 
target areas and illuminance range visualizations will 
impact how designers would design floor plans in other 
building types.  

Conclusion 
This study introduced a new workflow to address 
daylight simulation and analysis challenges due to 
flexible floor layout and interior activities. Using the 
annual mean illuminance data, the computational 
interfaces allow users to customize the multiple 
illuminance ranges and primarily focus on primary 
activity areas in the residential unit.   
For the four living units in this study, the areas near the 
window consistently received over 500lux, while the 
inner spaces are underlit (<30lux). In most cases, the 
light levels in the target areas dropped when the distance 
to the window increased, but the side window improved 
the light levels in the deep floor area. 
As the living units have different orientations, the area 
selection tool identified the same task areas for parallel 
daylight analysis among different units. The scatterplot 
results demonstrated the density of individual 
illuminance values in the target areas and revealed how 
local light level changes along with the distance to the 
window; thus, the outcomes could help the placement of 
glazing panes and guide unit layout.  
For daylight in multi-dwelling units, the remaining 
challenge is finding ways to improve the light levels in 
the inner spaces while effectively mitigating the 
excessive light ingress near the windows. The 
application of the illuminance range and area selection 
exemplifies an analytical technique that will also be 
informative for advanced daylight analysis for current 
daylight metrics and building spaces. The workflow is 
also proved to be effective for interpreting UDI 
simulation results. The tool used in this study can 
flexibly customize the target values (percentages) to plot 
sensors into several color-coded groups/bins.   
The two-way computational approach — from 
illuminance values to sensor layout and from the target 
area to illuminance values — enables designers to 
effectively work with multiple illuminance targets and 

task areas in a residential space and examine the daylight 
performance of design alternatives.  
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Appendix A 

Table A. Objects and Material Property 

Opaque Material Material Library  Red reflectance Green reflectance Blue reflectance Specular  Roughness 

Ceiling Ceiling LM83 0.7 0.7 0.7 0 0 

Door Furniture LM83 0.5 0.5 0.5 0 0 

Floor Floor LM83 0.2 0.2 0.2 0 0 

Wall Wall LM83 0.5 0.5 0.5 0 0 

Glazed material Material Library  Tavis Rvis.front Rvis.back U-value SHGC 

Glazing Clear-Clear, Double Layer 0.774 0.149 0.150 2.69W/m2K 0.703 
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