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 1 

 Abstract 

Evaluation of Annual Sunlight Exposure (ASE) as a Proxy to Glare: 

A Field Study in a NZEB and LEED Certified Office in San Francisco 

by 

Gabriela Dutra de Vasconcellos 

Master of Science in Architecture 

University of California, Berkeley 

Professor Luisa Caldas, Chair 

 

This thesis researches visual comfort and glare conditions using a field study approach. Its goal is 

to evaluate to what extent the Annual Sunlight Exposure (ASE) metric reflects visual comfort, as 

assessed from both qualitative and quantitative data collected in a NZEB and LEED Platinum 

certified office building. Results suggest that ASE does not adequately represent human experience 

and visual comfort through the illuminance plan view approach, and that future versions of this 

metric should use an integrated approach with luminance metrics for more accurate visual comfort 

and glare analysis. Ultimately, this study recommends further validation of the IES LM-83-12 and 

LEED v4 simulation requirements to increase confidence on the use of the ASE metric.   

The annual-climate-based daylighting metrics released by the Illuminating Engineering Society in 

2012 and adopted by LEED in 2014 made a relevant advancement by introducing Spatial Daylight 

Autonomy (sDA) and Annual Sunlight Exposure (ASE) to predict daylight sufficiency and 

probability of glare, respectively. These new metrics address dynamic and temporal aspects of 

daylight not previously covered by other standards. However, the introduction of these metrics is 

still very recent, and current literature indicates an impending need for further refinement.  

To study these challenges, three objectives were delimited for this thesis: 1) Determine if ASE is 

a good proxy for visual comfort and glare in a field study of an existing high performance office 

space; 2) Categorize the daylighting performance and visual comfort in this same office space 

using a combination of occupant surveys and physical measurements; and, 3) Identify through a 

compilation of interviews with daylighting practitioners the challenges and benefits faced when 

applying these new metrics. 

In summary, this thesis examined the ASE metric and simulation requirements adopted by LEED 

v4 with comparative analysis involving occupant surveys, field measurements and simulation 

methods. While point-in-time glare and DGP analysis presented results in line with the occupant 

responses, ASE provided discrepant numbers in relation to annual DGP results.  The conclusions 

indicate that ASE over-predicts glare occurrence due to unconfirmed thresholds definitions and 

simulation requirement limitations. Thus, this study suggests the review and fine-tuning of the 

ASE metric and simulation requirements for future LEED versions. 
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1. Introduction 
 

Daylighting can improve Indoor Environmental Quality (IEQ) of buildings by enhancing the 

health, productivity and well-being of building occupants. It can also significantly impact energy 

consumption in buildings by reducing artificial lighting use. According to the United States 

Department of Energy data book, the building sector is responsible for 41% of total energy 

consumption in the country and lighting represents one of the primary end uses of energy 

consumption, accounting for 17% of the total energy used in commercial buildings. Daylight 

harvesting combined with smart controls and energy efficient lighting fixtures can greatly reduce 

the energy consumption of commercial buildings, as well as increase IEQ qualities of the building 

interior for its occupants.  

 

In addition to energy efficiency, daylight has implications in human health, productivity and 

well-being. Cognitive health studies (Gooley, 2010) demonstrated that high irradiance exposure 

can reinforce humans’ natural circadian rhythms, which are responsible for alertness and 

cognitive performance. Moreover, daylight access through windows and skylights increase 

access to exterior views. Several researches revealed the preference of building occupants to 

views and their positive impact in human performance (Heschong Mahone Group, 1999; Farley, 

2001; Shepley, 2012 and Benfield, 2015). But while daylight has positive impacts on human 

health and well-being, an excess of daylight can cause visual discomfort or glare, and negatively 

affect human performance (Heschong Mahone Group, 2003).  

 

While the consensus about the importance of increasing daylight to reduce energy consumption 

and enhance human experience has grown, there is still no general agreement on the 

methodologies, metrics and interpretation of daylighting assessments. Due to limited availability 

and complex methodologies, most designers rely on tools that are generally lacking in rigor in 

regards to occupant’s experience and visual comfort. Nonetheless, the advancement of 

daylighting metrics has increased in the last decade with the introduction of annual-climate-

based metrics such as Daylight Autonomy (Reinhart et al, 2006) and Useful Daylight 

Illuminance (Nabil et al, 2006). While climate-based annual metrics are significantly better at 

capturing potential energy savings from daylight harvesting, they were not developed to 

specifically address occupant experience. 

 

In 2012, the Illuminating Engineering Society (IES) published the standard LM-83-12 

introducing Spatial Daylight Autonomy (sDA) and Annual Sunlight Exposure (ASE) to predict 

daylight sufficiency and probability of glare, respectively (IES LM-83-12, 2012). These new 

metrics addresses dynamic and temporal aspects of daylight not previously covered by other 

standards. However, they are still new and their practical application is limited. For this reason, 

promoting a better understanding around these potentially influencial metrics them is critical. 

 

The Leadership in Energy and Environmental Design (LEED) program adopted the use of sDA 

and ASE as one of the two compliance paths for the Daylight credit for the new LEED version 4, 

released in 2014 (LEED Reference Guide, 2014). The credit requires a minimum of 300 lux for 

sDA for at least 50% of total occupied hours of the year for 55% of floor area, for 2 LEED 

credits, and 75% or more square meters of the occupied floor area, for3 LEED credits (sDA 

300lux, 50% hours); and, that no more than 10% of regularly occupied spaces can exceed 1000 
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lux of direct sunlight for more than 250 hours per year (ASE 1000 lux, 250 hours). Recent 

interpretations of this approach (Reinhart, 2015; Nezamdoost et al., 2016) to the metrics indicate 

that the ASE 10% threshold criteria adopted by LEED seems restrictive and can dissuade good 

daylight design from achieving the Daylight credit through the climate-based metrics path.  

 

It is well known that daylight in buildings provides a great potential for energy savings (Roche, 

2002; Lee & Selkowitz, 2006). However, its acceptance by occupants is necessary for both proper 

operation and practical energy savings results (Van Den Wymelenberg, 2014). This study aims to 

investigate the applicability of the new ASE metric to ultimately contribute to the increasing 

adoption of annual-climate-based daylighting metrics and the enhanced daylight use in the interior 

of commercial buildings, to scale opportunities for more healthy, productive and energy efficient 

spaces for building occupants. This research uses a combined approach to understand how well 

ASE can reflect the visual comfort and glare conditions of a high performance office building in 

San Francisco. The analysis includes field assessments of daylighting performance, occupant 

survey responses and daylighting computer modeling results. Ultimately, this study aims to 

identify the practicality of the new ASE metric in regards to glare predictions and its correlation 

with occupant preferences. 

 

 

2. Objectives 
 

The first objective of this research is to evaluate if the newly created ASE metric reflects the 

visual comfort assessed from qualitative (occupant responses) and quantitative (illuminance and 

luminance values) data collected onsite. To achieve this objective this research will measure 

visual comfort and glare conditions in an existing office space and use this test case to correlate 

simulated ASE with existing conditions in an actual building. 

 

The second objective is to develop a method to understand the daylighting performance of a high 

performance office, certified NZEB by the Living Future Institue and LEED Platinum by the 

USGBC, using occupant comfort surveys and physical measurements of the space while 

resorting to with minimal intervention on occupant behavior and workspace conditions. 

 

The third objective is to identify the most common methods used by practitioners to evaluate 

visual comfort, glare and daylighting performance, as well as understand their approaches to 

applying the new Annual Sunlight Exposure (ASE) metric to their daylighting projects. 
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3. Literature review 
 

This literature review focuses on current state-of-the-art research on visual comfort and glare, 

and how daylighting metrics, simulation tools and code/standard compliance methods are used to 

assess visual comfort and glare performance. This section starts with a non- exhaustive list of 

daylighting metrics to assess visual comfort. Secondly, it briefly surveys the most current 

simulation tools in use for daylighting performance and visual comfort/glare analysis. Finally, it 

provides a brief overview of the LEED standard and the IES compliance methods. 

 

3.1 Approaches for assessing visual comfort 
 

Visual comfort indexes based on daylight can be established in regards to the amount and 

distribution of light, and the risk of glare for building occupants (Carlucci et al., 2015). The 

amount and distribution of light are measured in illuminance, while contrast ratios related to 

glare conditions can be understood in luminance values. The indexes used to describe visual 

comfort can be point-in-time and/or annual-based metrics. Table 1 provides a simplified 

overview of some of the main metrics currently in use. 

 
Point-in-time Metrics (P) 

Illuminance (Ep) Amount and distribution of light 

Luminance (L) Surface ‘brightness’ 

Daylight Factor (DF) Amount and distribution of light 

CIE Glare Index (CGI) Glare 

 

Annual-based Metrics (A) 

Daylight Autonomy (DA) Amount and distribution of light 

Discomfort Glare Probability (DGP) Glare 

Continuous Daylight Autonomy (DAcon) Amount and distribution of light 

Useful Daylight Illuminance (UDI) Amount and distribution of light 

Spatial Daylight Autonomy (sDA) Amount and distribution of light 

Annual Sunlight Exposure (ASE) Glare proxy:  direct sun in space 
 

Table 1. Point-in Time and Annual-based Metrics 

 

3.1.1 Amount and distribution of light 
 

In order to ensure visual comfort, the amount and distribution of light in the space should be such 

that it allows visual performance of a specific task without distraction or causing discomfort due 

to eye adaptation from over to under illuminated areas (IESNA, 1993; Carlucci et al., 2015). The 

metrics mostly used for amount and distribution of light are presented below.  

 

Illuminance (Ep) (P) 

 

Illuminance is the measured luminous flux incident on a given surface per unit area and 

expressed in lux. The illuminance equation includes illuminance of a surface (p) in lux (Ep); 



 

 

 11 

luminous flux incident calculated based on the light source and reflecting properties of 

neighborhood surfaces (d∅) and area of surface (dArec) (Carlucci et al., 2015). 

 

𝐸𝑝 =
𝑑∅

𝑑𝐴𝑟𝑒𝑐
[𝑙𝑥] 

 
Equation 1. Illuminance (Ep) 

 

According to recent studies, recommended illuminance values for daylight conditions alone can 

vary from 300 lux (Laurentin et al., 2000) to 3,623 lux (Van Den Wymelenberg et al., 2010). 

 

Daylight Factor (DF) (P) 

 

Introduced in 1892 by Trotter (Walsh, 1951), DF is the ratio between outdoor illuminance 

(𝐸𝑜𝑢𝑡𝑑𝑜𝑜𝑟) and indoor illuminance (𝐸𝑖𝑛𝑑𝑜𝑜𝑟), under an overcast sky condition.  

 

𝐷𝐹 =
𝐸𝑖𝑛𝑑𝑜𝑜𝑟

𝐸𝑜𝑢𝑡𝑑𝑜𝑜𝑟
 [%] 

 
Equation 2. Daylight Factor (DF) 

 

The recommended thresholds for DF is between 2% and 5%, where 5% or more represent 

substantially daylight interiors and 2% or less characterize that electric lighting is likely to be 

used (CIBSE, 1999). Direct sunlight is excluded from DF calculation, which is one of the 

limitations of this metric, since it does not predict changes in sky conditions and solar 

orientation. 

 

Daylight Autonomy (DA) (A) 

 

Introduced for the first time in 1989 by the Association Suisse des Electriciens and refined in 

(Reinhart et al, 2001). DA is calculated as the percentage of occupied hours in a year that a 

minimum illuminance threshold is met with daylight only. The occupied hours are represented 

by 𝑡𝑖, and the illuminance threshold by 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 and 𝐸𝑙𝑖𝑚𝑖𝑡, and 𝑤𝑓𝑖 is a weighting factor 

depending on the illuminance threshold. 

 

𝐷𝐴 =
∑ (𝑤𝑓𝑖∗𝑡𝑖)𝑖

∑ 𝑡𝑖𝑖
 ∈ [0,1]   with   𝑤𝑓𝑖 = {

1 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 ≥ 𝐸𝑙𝑖𝑚𝑖𝑡
0 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 < 𝐸𝑙𝑖𝑚𝑖𝑡

 

 
Equation 3. Daylight Autonomy (DA) 

 

A big advancement of DA compared to DF is the use of real weather data for DA calculations. 

One of the limitations of this metric is that there is no threshold for lower and upper limits of 

daylight suggesting visual discomfort as a result of the deficit or excess of daylight (Nabil et al., 

2006). 
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Continuous Daylight Autonomy (DAcon) (A) 

 

This metric intent to give partial credit to illuminance values that are close to the defined DA 

thresholds and can contribute to the overall illuminance of the space. “For example, in the case 

where 500 lx are required and 400 lx are provided by daylight at a given time step, a partial 

credit of 400 lx / 500 lx = 0.8 is given for that time step.” (Reinhart et al., 2006). Introduced by 

(Rogers et al., 2006), DAcon is calculated as following: 

 

𝐷𝐴𝑐𝑜𝑛 =
∑ (𝑤𝑓𝑖∗𝑡𝑖)𝑖

∑ 𝑡𝑖𝑖
 ∈ [0,1]   with   𝑤𝑓𝑖 = {

1 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 ≥ 𝐸𝑙𝑖𝑚𝑖𝑡
𝐸𝑑𝑎𝑦𝑙𝑖𝑔ℎ𝑡

𝐸𝑙𝑖𝑚𝑡
 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 < 𝐸𝑙𝑖𝑚𝑖𝑡

 

 
Equation 4. Continuous Daylight Autonomy (DAcon) 

 

In combination with DAcon the use of DAmax is recommended, which indicate the maximum 

threshold consider before likely appearance of glare. The DAmax threshold is calculated as ten 

times the designed illuminance of a space, for example, in an office space with 300 lx designed 

illuminance, DAmax will be equal to 3,000 lux. 

 

Useful Daylight Illuminance (UDI) (A) 

 

Introduced in 2006, UDI is a metric that calculates the percentage of occupied hours in a year 

that a point in the space falls in a specific illuminance range (Nabil et al., 2006). One of the 

benefits of UDI over DA is that it informs the frequency of excessive illuminance levels that can 

cause glare or visual discomfort, and also of too low illuminance levels. Results are typically 

distribute named in three bins, labeled as useful, overlit and underlit. 

 

𝑈𝐷𝐼 =
∑ 𝑤𝑓𝑖∗𝑡𝑖𝑖

∑ 𝑡𝑖𝑖
∈ [0,1]      

 

with 

{
 
 

 
 𝑈𝐷𝐼𝑜𝑣𝑒𝑟𝑙𝑖𝑡 𝑤𝑖𝑡ℎ 𝑤𝑓𝑖 = {

1 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 > 𝐸𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡
0 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 ≤ 𝐸𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡

𝑈𝐷𝐼𝑢𝑠𝑒𝑓𝑢𝑙 𝑤𝑖𝑡ℎ 𝑤𝑓𝑖 = {
1 𝑖𝑓 𝐸𝐿𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 ≤ 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 ≤ 𝐸𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡

0 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 < 𝐸𝐿𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 ∨ 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 > 𝐸𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡

𝑈𝐷𝐼𝑢𝑛𝑑𝑒𝑟𝑙𝑖𝑡 𝑤𝑖𝑡ℎ 𝑤𝑓𝑖 = {
1 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 < 𝐸𝐿𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡
0 𝑖𝑓 𝐸𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 ≥ 𝐸𝐿𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡

 

 
Equation 5. Useful Daylight Illuminance (UDI) 

 

The thresholds recommended for UDI vary by authors, while Nabil et al. (2006) suggest a lower 

limit of 100 lux and an upper limit of 2,000 lux, other authors suggest 2,500 lux as upper limits 

(Mardaljevic et al., 2009). 
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Spatial Daylight Autonomy (sDA) (A) 

 

The SDA metric was introduced in 2012 by Illuminating Engineering Society LM-83-12 (2012). 

Based on the Daylight Autonomy metric developed by Reinhart & Walkenhorst (2001), it 

measures the sufficiency of daylight illuminance for a given floor area at a specified illuminance 

level for a specified amount of annual hours. 

 

IES recommend that 55% or more of the analysis plan area meets or exceeds an illuminance 

threshold of 300 lux for at least 50% of the hours of the year based on a 10 hour day schedule. 

The simulation should include operable shades to block direct sunlight whenever more than 2% 

of the analysis points receive more than 1,000 lux (IES LM-83-12, 2012). 

 

3.1.2 Glare and Surface Brightness indexes 
 

Glare is defined as “the sensation produced by luminances within the visual field that are 

sufficiently greater than the luminance to which the eyes are adapted, which causes annoyance, 

discomfort or loss in visual performance and visibility” (IESNA, 1993) 

 

Glare can be classified in two categories, disability glare when the amount of light is excessive 

and the occupant can’t see; or, discomfort glare when there is a range of luminance in a field of 

vision that causes degradation on visual performance and tiring of the eyes (Carlucci et al., 

2015). The main used glare indexes and metrics are described below. 

 

Luminance (L) (P) 

 

Measures the luminous intensity emitted in a certain direction per unit area, in other words, the 

amount of light reflected in a specific direction from a specific surface. The luminance equation 

includes the luminous intensity (𝑑𝑙) at an angle (𝑦) resulted between the surface normal and the 

emission point over the visible area of the surface (𝑑𝐴𝑣𝑖𝑠𝑖𝑏𝑙𝑒) 

 

𝐿𝑦 =
𝑑𝑙𝑦

𝑑𝐴𝑣𝑖𝑠𝑖𝑏𝑙𝑒
 [nit or cd/m2] 

 
Equation 6. Luminance (L) 

 

There is no general agreement on maximum luminance threshold for glare prediction, however 

Wienold et al. (2006) proposed the following thresholds: 

 
“acceptable” glare 2,000 cd/m2 

“just uncomfortable” glare 4,000 cd/m2 

“intolerable” glare 6,000 cd/m2 

 

Luminance Contrast Ratios (CR) (P) 

 

The evaluation of relative luminance values and contrast ratios between the source of light and 

the human field of view is one of the most common ways to assess glare. Contrast ratio (CR) can 
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be calculated as the task area luminance at a low state (TALl) over task area luminance at a high 

state (TALh). 

 

𝐶𝑅 =  
𝑇𝐴𝐿𝑙

𝑇𝐴𝐿ℎ
  

 
Equation 7. Luminance Contrast Ratios (CR) 

 

Luminance contrast ratios vary depending on the room layout and luminance distribution, 

therefore to use this metric the field of view should be divided into at least two zones (IESNA, 

1993). There is no general agreement on luminance ratios for glare sources, the IESNA 

recommended thresholds are: 

 
Adjacent zone  60º cone of view 3:1 

Non-adjacent zone  

 

120º cone of view 10:1 

In a more recent study Van Den Wymelenberg and Inanici (2014) recommend the ratio of 22:1 

between the mean luminance of the daylight source and the mean luminance of a circular task. 

 

CIE Glare Index (CGI) (P) 

 

This index was presented by Einhorn (1979) and adopted by the International Commission on 

Illumination (CIE). The CGI calculation includes illuminances by direct (Ed) and diffuse light 

(Ei) and therefore is a more complete glare metric than previous metrics developed only for 

artificial light, such as British Glare Index (BGI) and Visual Comfort Probability (VCP) not 

included in this literature review.  

 

𝐶𝐺𝐼 = 8𝑙𝑜𝑔10 [2 
1 + (𝐸𝑑/500)

𝐸𝑑 + 𝐸𝑖
∑(

𝐿𝑠,𝑖
2 ∗ 𝜔𝑠, 𝑖

𝑃𝑖
2 )

𝑛

𝑖=1

] 

 
Equation 8. CIE Glare Index (CGI) 

 

Jakubiec and Reinhart suggested in a recent study that CGI thresholds of less than 13 results in 

imperceptible glare and higher than 28 shows intolerable glare (Jakubiec et al., 2012). 

 

Daylight Glare Probability (DGP) (P) & (A) 

 

Introduced for the first time at the 10th European Lighting Conference in 2005 (Wienold et al., 

2005) and validated in 2006 (Wienold et al., 2006). The DGP equation uses vertical eye 

illuminance (Ev), luminance of the light source (Ls), the solid angle of the source seen by an 

observer (𝜔s) and a position index relative to azimuth and elevation (P). 

 

𝐷𝐺𝑃 = 5.87 ∗ 10−5𝐸𝑣 + 0.0918 ∗ 𝑙𝑜𝑔10 [1 +∑(
𝐿𝑠,𝑖
2 ∗ 𝜔𝑠, 𝑖

𝐸𝑣
1.87 ∗ 𝑃𝑖

2)

𝑛

𝑖=1

] + 0.16 

 
Equation 9. Daylight Glare Probability (DGP) 
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Different from previous glare metrics, DGP goes beyond the luminance contrast ratios between 

background and the glare source, including the illuminance value perceived by the observer. 

Thus, this metric usually presents strong correlations with glare perception occupant surveys 

(Carlucci et al., 2015). One of the limitations of this metric is that it is only valid for vertical 

illuminance values above 380 lux and DGP between 0.2 and 0.8. The recommended threshold by 

Wienold (2009) is: 

 
Imperceptible glare DGP ≤ 0.35  

Perceptible glare  0.35 > DGP ≤ 0.40 

Disturbing glare  0.40 > DGP ≤  0.45 

Intolerable glare DGP > 0.45 
 

A recent study (Van Den Wymelenberg et al., 2014) published new recommendation thresholds 

for DGP as follow: 

 
Likely to be comfortable  DGP < 23% or 0.23 

Bounded between comfort and discomfort (BCD)  23% or 0.23 > DGP < 25% or 0.25 

Likely to be uncomfortable  DGP >25% or 0.25 

 

In 2007, Wienold et al. proposed a simplified DGP for dynamic simulation, also known as 

annual DGP. The equation includes vertical eye illuminance, but uses a simplified calculation to 

the main glare sources not including the exact lighting distribution and neglecting the indirect 

ambient reflections. This method reduced simulation time and provided comparable results to 

DGP. 

 

Annual Sunlight Exposure (ASE) (A) 

 

Introduced in 2012 by Illuminating Engineering Society LM-83-12 (2012) the ASE metric looks 

at the direct sunlight as a potential source of visual discomfort, measuring the percentage of floor 

area that exceeds a specified direct sunlight illuminance level for a specified number of hours.  

 

IES recommends a relative value with smaller sunlit areas that are exposed to no more than 1000 

lux of direct sun for more than 250 hours per year. Although there is no clear threshold for this 

metric, the standard mentioned that based on supporting research (Heschong et al., 2012) 10% or 

more area result as unsatisfactory visual comfort, 7% as neutral and 3% as clearly acceptable 

spaces.  

 

In addition to the thresholds recommended, the IES simulation method is used to calculate ASE 

before operable shades are deployed to block direct sunlight. The LM-83-12 document 

recognizes that there are other sources of glare besides direct sunlight that are not addressed by 

the ASE metric. 

 

3.1.3 Summary 
 

This literature review included point-in-time and annual, illuminance and luminance based 

metrics used to assess visual comfort and glare. Although, there is a lack of consensus on visual 
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comfort/glare metrics for daylight spaces, a recent study (Van Den Wymelenberg et al., 2016) 

indicates that luminance-based metrics can predict human subjective responses better than 

illuminance-based metrics. Thus, this study will focus on the use of luminance-based metrics for 

visual comfort and glare analysis.  

 

On the realm of annual-climate based metrics, annual DGP and ASE are the only metrics listed 

above with glare analysis purposes that encompasses a whole year of analysis. Although, there is 

not sufficient evidence that DGP alone is enough to predict visual comfort in daylight spaces 

(Van Den Wymelenberg, 2014), this metric was selected to investigate ASE predictions in the 

present research. Some of the limitations are that the DGP equation is valid only within the range 

of 0.20 to 0.80 and for vertical illuminance above 380 lux, thus values below 380 lux might 

underestimate glare sources (Evalglare, 2017).  

 

In the literature there is a noteworthy consensus that the use of multiple metrics is necessary to 

more accurately predict visual comfort (Jakubiec et al., 2013; Van Den Wymelenberg, 2012). 

Therefore, the key metrics selected to be included as methods of this study are Illuminance, 

Luminance and Contrast Ratios (point-in-time), DGP (point-in-time and annual) and ASE 

(annual) to assess the daylighting and visual comfort/glare conditions at the DPR SF office.  The  

research question addressed is this:  is ASE a good proxy for predicting glare? A combined 

approach of point-in-time versus annual, and illuminance versus luminance, seems required to 

understand both human view and perception of the space (through photographs and renders) and 

to assess the quantity and distribution of daylight throughout the space over a whole year with 

plan views. The use of these indexes is explained in more details in Section 4 of this report. 

 

3.2 Simulation tools 
 

To assess daylighting metrics for visual comfort and glare when a building is in design stage, 

design teams and consultants often use simulation tools. This literature review is a non-

exhaustive list of the most used and important daylighting simulation tools in the United States. 

In the last two decades, the use of simulation tools has increased significantly and the evolving 

compliance requirements of codes and standards contributed to the widespread adoption of 

computer modeling as a result (Ochoa et al., 2012).   

 

3.2.1 Simulation inputs 

 

In general, daylighting models need three fundamental inputs: geometry, material properties and 

light sources (e.g. the sun and sky distributions). While current modeling software provide 

extensive features to generate a 3D geometry there are still many complexities in modeling 

material properties (Inanici, 2001).  

 

Translated into color reflectance and transmittance, material properties can have a simplistic 

application (e.g. using only diffusing reflectance and transmittance) or more accurate approaches 

(e.g. including material specularity). To accurately compute complex material properties (e.g. 

translucent panels, curved reflective blinds and prismatic films) simulation models use bi-

directional scattering distribution functions (BSDF) that encompasses both bi-directional 

transmittance distribution function (BTDF) and bi-directional reflectance distribution function 
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(BRDF) (Andersen, 2006). For example, BRDF function predicts diffuse, directional and 

specular components of a material by calculating the wavelength, surface roughness, incoming 

and outgoing light direction (Greenberg, 1997). These are developed through laboratory testing 

of actual materials or calculated and then made available for use in simulation programs. 

 

Light sources are another crucial parameter to daylighting simulations. To define daylight as a 

light source, most simulation software computes the position of the sun in relation to a sky dome 

model where sun rays are diffusely or directly distributed. The sun position is calculated based 

on a latitude and longitude, however the sky conditions (e.g. clear, intermediate and overcast 

skies) are unpredictable, thus daylight coefficients (Tregenza, 1983) are used to estimate daylight 

distribution for a variety of sky conditions. The most common sky models used by simulation 

tools are:  

 

CIE sky model, developed by the International Commission of Illumination, CIE sky models are 

generic models that can predict three types of skies: clear, intermediate and overcast. CIE skies 

can be generated using the gensky command in the RADIANCE software with a zenith 

irradiance (-B) and a solar radiance (-R) inputs, that can be calculated from horizontal direct and 

diffuse irradiance.   

 

Perez All-Weather sky model, that uses real weather data to construct sky conditions for a whole 

year and can be used in annual daylighting simulations (Perez, 1993). Perez All-Weather skies 

can also be generated in RADIANCE thought the command gendaylit and horizontal direct 

irradiance and horizontal diffuse irradiance (-G) input values.   

 

Image-based sky model (Inanici, 2009), which is a site-specific model that is constructed based 

on high dynamic range (HDR) photographs of the sky dome of a given location. The photograph 

pixels informs the luminance through an Image Based Rendering technique that is used in the 

simulated environment. This sky model can predict more accurately the luminance distribution at 

the site, including the impact of surroundings structures, such as neighbor buildings and threes. 

 

In 1998, Ubbelohde and Humann published a comparative study of four lighting simulation tools 

and they found that the sky inputs were one of the most impactful parameters over the results. 

Only two simulation tools RADIANCE and Lightscape offered more detailed inputs for sky 

models and could provide results close to real measurements (Ubbelohde, 1998). 

 

3.2.2 Simulation methodologies 

  

The four most adopted calculation approaches in current simulation tools are: 1. direct 

calculations, including physical equations (e.g. lumen method); 2. ray tracing, which is a scene-

dependent algorithm that compute direct illumination, specular surfaces and reflections by 

tracing rays from the light source to the observer’s eye (forward ray tracing) and from the 

observer’s eye to the light source (backward ray tracing) or both ways (Lafortune et al., 1993); 3. 

radiosity algorithm, which determines radiometric values to surfaces in the scene, independent of 

view, to calculate heat transfer (Willmott et al., 1997); and, 4. Integrated approach, combining 

ray tracing and radiosity, such as the RADIANCE model (Ward et al., 1998). Statistical 
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sampling, including deterministic methods and the Monte Carlo method are common approaches 

to compute ray tracing and radiosity simulation algorithms. 

 

 
Figure 1. (a) Ray tracing, (b) radiosity and (c) photon map (Ochoa , C et al, 2012) 

 

In 2011, Ward (2011) introduced the BiDirectional Scattering Distribution Functions (BSDF) for 

RADIANCE. McNeil et al. (2012) validated the RADIANCE three-phase method of BSDF and 

this method was groundbreaking to speeding annual simulations of complex fenestration systems 

(CFS) in daylighting models. In 2008, a five-phase method for dynamic daylighting simulations 

was introduced by (Bourgeois et al., 2008) that can render BSDF with more precision. BSDF can 

be measured on laboratory or computed with tools such as Window7 (LBNL, 2017) and 

RADIANCE. 

 

3.2.3 Simulation tools 

 

RADIANCE 

 

Introduced in 1994 (Ward et al., 1998) it is one of the most influential software  programs in the 

literature and industry, having helped advanced calculation techniques in most daylighting 

simulation software in existence. It is a command-line-based program, lacking a user interface, 

which is a weakness and a strength, requiring highly expertise to be used while at the same time 

providing higher control over the parameters. One of its great advantages is that it is a free, open 

source software (LBNL, 2017) and it has been validated many times presenting high accuracy 

results for both overcast and clear sky conditions (Mardaljevic, 1995) and (Reinhart et al., 2001). 

The inputs required include geometry, materials, date, time and sky conditions. The outputs can 

be displayed as images, numerical values or contour plots of radiance (e.g. luminance and color), 

irradiance and glare indices. Other outputs are automated shading systems and complex 

fenestration systems (CFS). RADIANCE simulation method can be divided into direct, specular 

indirect and diffuse indirect components computed with a combined Monte Carlo and 

deterministic ray tracing algorithm. The method consists of tracing rays of light from a viewpoint 

(or the point that is being measured) backwards to the lighting sources (Radsite, 2017). 

 

DAYSIM 

 

Developed specifically to perform annual daylighting calculations, DAYSIM is a verified 

(Walkenhorst et al., 2002) command-line-based software that combines RADIANCE ray tracing 

algorithms with the Daylight Coefficient approach (Tregenza, 1983) and the Perez weather sky 

model (Perez, 1993) to accurately compute hourly illuminance values over a year. DAYSIM uses 
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a variety of interfaces including Rhinoceros, Sketchup and Ecotect. The outputs include a range 

of climate-based daylighting metrics (e.g. DA, UDI and annual DGP), hourly occupancy 

schedules, and electric lighting loads that can communicate with EnergyPlus and other energy 

modeling softwares (Reinhart C. , DAYSIM, 2017). DAYSIM can also simulate automated 

shading systems and complex fenestration systems (CFS). 

 

DIVA 

 

Developed between 2009 and 2011 by the Graduate School of Design at Harvard University and 

now administered by Solemma LLC, Design Iterate Validate Adapt (DIVA) is a plug-in for 

Rhinoceros, a NURBS modeling program, and a user-friendly interface for the RADIANCE and 

DAYSIM engines (Solemma LLC, 2017). The required inputs include a weather file, sensor 

nodes, materials that are defined by RADIANCE parameters and three main groups of 

simulations: “daylight images”, “daylight grid-based” and “thermal single-zone”. DIVA uses 

RADIANCE backward ray tracing to calculate Daylight Factor and scene visualizations under 

CIE overcast/or clear skies, and DAYSIM to calculate annual-climate based metrics (Lagios, 

2010). The outputs include daylight performance metrics (e.g. point-in-time and annual-climate-

based) that are automatically loaded into the Rhinoceros scene with color mapping, or exported 

to WXfalsecolor for rendering image results, or yet numerical values in spreadsheets and text 

files. Other outputs include hourly occupancy schedules, dynamic shading schedules and electric 

lighting loads that can be used in EnergyPlus for energy modeling analysis (Jakubiec et al., 

2011). 

 

Grasshopper, Ladybug & Honeybee 

 

Grasshopper is a graphical algorithm editor and a plug-in from Rhinoceros that allows 

parametric design generation. It is also an advanced interface for DIVA that provides higher 

control over the parameters of RADIANCE and DAYSIM scripts. Ladybug and Honeybee are 

two open-source plug-ins for Grasshopper. Ladybug enables designers to make design decisions 

based on environmental analysis using EnergyPlus weather files into Grasshopper  while 

Honeybee helps to make EnergyPlus, Radiance, Daysim and OpenStudio energy and daylighting 

simulation features available in Grasshopper (Grasshopper, 2017). 

 

IES-VE 

 

Integrated Environmental Solutions-Virtual Environment (IES-VE) is a 3D modeling software 

that performs environmental analysis, including daylighting simulations, energy modeling and 

computer fluid dynamics (About IES, 2017). The software can assess annual sunlight hours, 

overshadowing, daylight distribution and glare. However, it includes limitations for daylighting 

analysis (e.g. assumes no thickness to the walls) and is generally recommended for preliminary 

studies and whole building assessments. 

 

LightStanza 

 

It is a cloud-based software developed for daylighting analysis and a streamline process for 

compliance documentation with the Leadership in Energy and Environmental Design (LEED) 
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standard (LightStanza, 2017). The software outputs include daylight distribution and illuminance 

maps, annual daylighting simulation results (SDA + ASE), false-color view renderings and 

Daylight Glare Probability (DGP) results (IBPSA, 2017). 

 

Ecotect (discontinued) 

 

Discontinued in 2015 by Autodesk, Ecotect was a software available for designers to perform 

environmental analysis for early design phases (Ecotect, 2017). The software outputs included 

lighting distribution, radiance maps, sun-path diagrams and sun-mask shading diagrams. 

 

Other computer tools for daylight analysis 

 

Photosphere 

 

Developed by Greg Ward it processes multiple exposure photographs into a Radiance RGBE 

HDR image.  The RGBE HDR encode pixel values into luminance values that can be used in 

glare analysis (Ward, 1998). The software calculates a camera response curve specific to the 

camera used and includes a calibration function for that camera to adjust luminance values based 

on external measurements.  

 

Evalglare 

 

This is a RADIANCE and command-line-based program to evaluate glare sources and calculate 

DGP using 180-degree fish-eye images (Evalglare, 2017). The inputs include horizontal and 

vertical angle (-vh –vv), measured vertical illuminance (-i) and a 180-degree fish-eye image. The 

output “-c frame” color glare sources detected looking at each pixel of the image to calculate the 

average luminance coloring the pixels that exceed this threshold with glare source color. Other 

ouputs include DGP and other glare index results. The program was developed based on the 

glare prediction model developed by Chistoffersen and Wienold (2006).  

 

HDRScope and WXFalseColor 

 

These are two graphical interface software that use RADIANCE for HDR image processing and 

lighting analysis. These softwares allow the loading and display of Radiance RGBE images and 

display luminance values in lux in an interactive environment. HDRScope (HDRScope, 2017) 

was developed by Kumaragurubaran and Inanici (2013) at the University of Washington, and 

WXFalseColor was developed and is maintained by Thomas Bleicher (2017). 

 
3.2.4 Summary 
 

For the purpose of this research a combined approach including, DIVA-for-Rhino, Grasshopper 

and RADIANCE command lines were used for simulations. Other computer tools such as 

Photosphere, HDRScope and Evalglare were used for glare analysis of the on-site collected and 

simulated data. The use of these tools is explained in more details in Section 4 of this report. 
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3.3 Daylighting performance compliance  

 
Finally, a quick overview of the performance compliance approach available to documenting 

daylighting performance for LEED projects is presented below. 

 

3.3.1 LEED v3   

 

Released in 2009, there are 408 projects certified under version 3 in the United States to date 

(LEED v3 Projects, 2017). The intent of the daylight credit in version 3 is to connect building 

occupants to the outdoors through the introduction of daylighting and views into regularly 

occupied areas of the building (LEED v3 BD+C, 2009). There are three options that projects can 

choose to comply with this credit: 

 

Option 1, Simulation: Projects are compliant when demonstrating through simulation that 75% 

or more of regularly occupied floor area has illuminance values at a minimum of 10 fc (108 lux) 

and a maximum of 500 fc (ca. 5,400 lux) in a clear-sky condition on the September equinox at 

9a.m. and 3p.m. The project should also provide glare control devices demonstrating compliance 

with the minimum 10 fc (108 lux) requirement. 

 

Option 2, Prescriptive Calculations: Demonstrate that at least 75% of all regularly occupied 

spaces have daylight through calculating side-lighting and top-lighting daylighting zones. The 

daylighting zone values for side-lighting should be between 0.15 and 0.18, calculated as a 

product of the visible light transmittance (VLT) and window-to-floor area ratio (WFR). The 

project should also provide glare control devices demonstrating compliance with the minimum 

0.15 criteria. Top-lighting projects are compliant when demonstrating skylight coverage between 

3% and 6% of the total floor area. The calculation should include a minimum 0.5 VLT and 90% 

or more haze value when a skylight diffuser is applicable. 

 

Option 3, Measurement: Demonstrate illuminance values between 10 fc (108 lux) and 500 fc 

(5,400 lux) for applicable spaces through recording of indoor light measurements. The project 

should also provide glare control devices demonstrating compliance with the minimum 10 fc 

(108 lux) requirement. 

 

3.3.2 IES LM-83-12 

 

In 2012, the Illuminating Engineering Society (IES) released LM-83-12 (2012) an approved 

method for Spatial Daylight Autonomy (SDA) and Annual Sunlight Exposure (ASE) metrics for 

daylighting performance in new and existing buildings. The first metric, SDA, is based on the 

Daylight Autonomy metric developed by Reinhart & Walkenhorst (2001) and measures the 

sufficiency of daylight illuminance for a given floor area at a specified illuminance level for a 

specified amount of annual hours. The second metric, ASE, looks at direct sunlight in the space 

as a potential source of visual discomfort, measuring the percentage of floor area that exceeds a 

specified direct sunlight illuminance level for a specified number of hours. Additionally, IES 

LM-83-12 cites: “ASE Values can be used to guide mitigation strategies to reduce potential 
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sources of glare from sunlight.” The threshold recommended by IES LM-83 for each metric is as 

follows: 

 

Spatial Daylight Autonomy (SDA), recommends that 55% or more of the analysis plan area 

meets or exceeds an illuminance threshold of 300 lux for at least 50% of the hours of the year 

based on a 10 hour day schedule. The simulation should include operable shades to block direct 

sunlight whenever more than 2% of the analysis points receive more than 1,000 lux. 

 

Annual Sunlight Exposure (ASE), recommends a relative value with smaller sunlit areas that are 

exposed to no more than 1000 lux of direct sun for more than 250 hours per year. Although there 

is no clear threshold for this metric, the standard references supporting research (Herschong et 

al., 2012) indicate that 10% or more area results as unsatisfactory visual comfort, 7% as neutral 

and 3% as clearly acceptable spaces. In addition to the thresholds recommended, the IES 

simulation method calculates ASE before operable shades are deployed to block direct sunlight. 

The LM-83-12 document recognizes that there are other sources of glare besides direct sunlight 

that are not addressed by the ASE metric. 

 

3.3.3 LEED v4 

 

This version was released in 2014, but unlike version 3 new projects are not required to register 

under version 4 until October 2016, thus the use of this version is still in its early phases. 

Currently there are only seven projects certified under version 4 in the U.S. (LEED v4 Projects, 

2017). The daylight credit in LEED v4 has the intent to increase daylighting in the space to 

provide connection of building occupants to the outdoors, increase circadian rhythms and reduce 

electrical lighting consumption (LEED v4 BD+C, 2014). There are three options for compliance: 

 

Option 1, Simulation: SDA (300 lux, 50% hour) and ASE (1000 lux, 250 hours): through 

simulation projects need to show that 55% or more of the total occupied floor area reach 300 lux 

for at least 50% of total occupied hours of the year, based on a 10 hour occupied weekday; AND 

no more than 10% of regularly occupied floor area is exposed to 1000 lux for more than 250 

hours per year1. For SDA, projects should be simulated with shades when more than 2% of a 

space is subject to direct sunlight (>1000 lux). ASE, however, should be simulated before 

operable blinds and shades are deployed to block direct sunlight.  

 

Option 2, Simulation: Illuminance Levels (300 – 3000 lux, Equinox at 9 am and 3 pm): A project 

is compliant when simulation demonstrates that 75% or more of the regularly occupied floor area 

is between 300 and 3,000 lux on a clear-sky day at the equinox at 9a.m. and 3p.m. The 

simulation should exclude shades and furniture. 

 

Option 3, Measurement: Illuminance Levels (300 – 3000 lux, at 9 am and 3 pm): Compliant 

projects need to show through measured data that 75% or more of regularly occupied floor area 

reach illuminance levels between 300 and 3,000 lux. Measurements should be taken during any 

                                                 
1 An interpretation of option 1 was released in January 2017 extending the floor area threshold 

acceptable for ASE from 10% to 20% (USGBC, 2017).  
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hour between 9 a.m. and 3 p.m. in two different months as indicated on table 4 (LEED v4 BD+C, 

2014).  

 

3.3.4 Summary 

 

The use of annual based daylighting metrics is still novel and not many practitioners have 

documented this compliance performance for their projects yet. Moreover, the limitations of the 

annual climate based metrics adopted by LEED v4 have been a frequent topic of discussions in 

the academic and practice communities. In 2015 Reinhart published a technical opinion about the 

stringent direct sunlight requirement in LEED v4 proposing the use of direct sunlight criteria 

only in task areas that require more control of direct sun incidence (Reinhart, C. 2015). 

Nezamdoost and Van Den Wymelenberg (2016) published a study with 24 building types to 

understand the correlation of human qualitative assessments with simulation daylighting studies, 

concluding that further validation studies are required to increase designers’ confidence in the 

use of these new metrics. Thus, in addition to the case study analysis focused on visual comfort 

and glare metrics, this research includes a number of interviews conducted with the intent to 

collect practitioners feedback about the use of the new annual-climate based daylighting metrics 

adopted by LEED v4. 
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4. Methods 
 

4.1 Building description 

 

As the first commercial building to be certified Net-Zero Energy Building (NZEB) by the 

International Living Future Institute (IFLI) in San Francisco, the DPR office includes a number 

of daylighting strategies, natural ventilation, ceiling fans, efficient HVAC system with variable 

refrigerant flow (VRF) and 100% dedicated outside air with heat recovery, and a 118 kW 

photovoltaic system to supply the energy used in the building. In addition to being a NZEB, DPR 

is also published as a living lab committed to the environment, community and employees. The 

building is publicly accessible for visitors to learn about its sustainability and energy-efficient 

features that are presented on a real-time monitoring dashboard and on a LEED dynamic plaque.  

 

 
Figure 2. Interior image of reception area on the first floor (DPR Construction San Francisco Regional Office, 2017) 

 

 
Figure 3. Interior image of open office area on second floor (DPR Construction San Francisco Regional Office, 2017) 
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Figure 4. DPR San Francisco site plan (Google Maps, 2017) 

 

The optimized daylighting design includes nineteen Solartube750 DS, eight Velux operable 

skylights, two large atrium skylights retrofitted with View Dynamic Glazing and existing double 

pane ribbon windows with applied film to provide natural light with heat gain control. There are 

no blinds installed in this building. The lighting system includes five rows of overhead 44W 

LED lighting fixtures mounted perpendicular to the facade and 8W LED task lights distributed at 

each desk.  

 

The overhead lighting is controlled by Lutron wireless daylight sensors and Lutron 

occupancy/vacancy sensors, as well as, a 5-button QS wall-station and PICO wireless control 

mounted on the wall to provide manual control options to the users. The lighting systems are set 

up to operate at 60%, to save overall lighting energy. In addition to that, the daylight sensor 

operates with a 30 foot candle target. When this target is achieved or exceeded the electric lights 

dim to low and turn off. The occupancy sensors turn lights on automatically when occupants 

enter the space and turn lights off 15 minutes after the room is vacated.  

 

Daylighting is one of the major energy efficiency strategies in the building. In the first year of 

operation, the total electric consumption was 132 KW, 13% less than the 151 KW predicted. 

While plug loads and HVAC systems represented 12% and 8% reduction respectively, lighting 

systems represented 23% less electric consumption than it was predicted (Integral Group Report, 

2015). 

 

This study will evaluate the DPR San Francisco office in more detail, focusing on the daylight 

performance and glare analysis of the regularly occupied spaces. The study includes occupant 

surveys, field measurements and computer daylight simulations combining the use of different 

metrics to attempt to answer the main research question: is ASE a good proxy for measuring 

glare? 
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Figure 5. East elevation (Image credits: FME Architecture + Design) 

 

        
Figure 6. East-West section (Image credits: FME Architecture + Design) 

   

 
Figure 7. Second floor plan (Image credits: FME Architecture + Design) 
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4.2 Methodology and approach  
 

To investigate the use of the ASE metric in regards to occupant comfort preferences at the DPR 

office building in San Francisco, a field assessment of daylighting performance, occupant survey 

responses and daylighting computer modeling were used as the key research methods to address 

the questions bellow: 

 

 Do field measurements reflect occupant perception of visual comfort? To answer this 

question a comparison of the short-occupant-survey results and on-site captured HDR 

images is performed. The analysis includes: 

o Short surveys to assess occupant’s perception of glare and general visual comfort 

satisfaction in the office. 

o Simultaneously, HDR images of the office interior were captured at three 

different hours in the morning to measure luminance properties under a clear sky 

and an overcast sky. 

o Post-processing of HDR images on HDRScope for glare/visual comfort analysis. 

o Survey responses and image results are compared. 

 

 Do simulations accurately produce luminance maps and DGP? To understand if 

simulations rcan be calibrated with on-site measured conditions, a comparison of 

captured HDR images and simulated luminance maps is performed through: 

o Glare analysis of captured HDR images using Evalglare to produce DGP. 

o Run of daylighting model with on-site sky measurements to generate simulated 

luminance maps.  

o Glare analysis of simulated luminance maps using Evalglare and DGP 

calculation. 

o Captured and simulated glare results are compared. 

 

 Do point-in-time DGP and illuminance levels indicate the same amount of glare? To 

answer this question a comparison of DGP with simulated illuminance maps is evaluated. 

o Run of daylighting model with on-site sky measurements for point-in-time 

illuminance levels. 

o Simulation of illuminance levels at 1000 lux threshold (simplification of the ASE 

metric) under a clear sky. 2 

o  Glare analysis results from Step 2 and illuminance simulation results are 

compared. 

 

 Do simulated annual DGP and ASE provide similar glare results?  This analysis 

involves the comparison of simulated annual DGP and ASE: 

                                                 
2 The sky measurements were applied on simulations of clear skies only, since on-site  

measurement limitations did not allow accurate capture of overcast sky variations over a cloudy 

day. 
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o Simulation of DGP over a year. 

o Simulation of ASE over a year. 

o DGP and ASE results are compared. 

 

 Does simulated ASE match occupant perception? To answer this question the 

background-occupant-survey results are compared to ASE simulation results. 

o Background surveys to assess occupant’s perception of glare and general visual 

comfort satisfaction in the office. 

o Simulation of ASE over a year. 

o Survey responses and simulation results are compared. 

 

A simplified diagram of this approach is presented below: 

 

 
 
Figure 8. Simplified diagram with methodology and approach 

 

The methods implemented in each task are described in detail in Chapter 5. In addition to the 

tasks briefly described above, this thesis includes a number of interviews with design firms and 

consulting companies to collect practitioner’s feedback around the use of the ASE metric in their 

daylighting projects. 

 

Given that the use of the ASE metric is still new and not many projects have documented this 

compliance performance to date, the interviews conducted help identify common methods that 

are used to evaluate visual comfort, glare and daylighting performance,  and help understand 

current challenges or benefits that design firms and consultants face when applying the ASE 

metric to their projects. The results of these interviews are presented in Section 5.1 and were 

used in combination with the literature review in Chapter 3 as the fundamentals of this study.   
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5. Results 
 

5.1 Interviews with practitioners 
 

5.1.1 Objective 
 

This is a survey of current performance compliance approaches to LEED daylighting credits 

used by six daylighting practitioners and their perception of the LEED v4 (LEED Reference 

Guide, 2014) interpretation of the IES LM-83-12 (IES LM-83-12, 2012) sDA and ASE metrics. 

The goal of this interview was to identify methods that are used to evaluate visual comfort, glare 

and daylighting performance, and to understand current challenges or benefits design firms and 

consultants are facing when applying the ASE metric to their LEED v4 projects. A summary of 

the information collected during the interviews, including what practitioners would like to see in 

future compliance developments is described in this section. 

 

5.1.2 Methods 
 

The interviews started with general questions about the participants’ project location and the 

goals of their daylighting models. Respondents were asked to answer the questions with 

reference to their daylighting projects only. Followed by questions about the specific compliance 

methods, software and metrics used in their daylighting performance and glare studies. This was 

followed with a discussion of the strengths and limitations of the new metrics and what further 

developments would be beneficial in the future. Lastly, the interview concluded with more open-

ended questions about how a particular method had contributed to a successful project and where 

they encountered unexpected results related to modeling. The complete interview structure is 

included in Appendix 9.1. 

 

5.1.3 Findings 
 

Overall, six practitioners from building performance consulting firms were interviewed for this 

study.  Out of this total, four participants reported working on projects in the West Coast and two 

on projects in the Midwest and the East Coast of the U.S. The most common type of building 

these practitioners simulate daylighting systems in are commercial buildings and office spaces, 

with only one participant having reported educational facilities as the most common building 

type. The sizes of projects reported vary from small (10,000 sf) office spaces to large (500,000 – 

1,000,000 sf) commercial towers and corporate campus buildings.  

 

When describing the goals of their daylighting projects, practitioners reported being mostly 

interested in evaluating the daylight performance of the architectural space and the visual 

comfort of occupants, rather than demonstrating compliance performance with a standard or 

potential energy savings. In general, practitioners prefer to be involved in a project in the early 

phases of design to influence key parameters such as building massing and orientation, 

window/skylight location and sizes, and overhangs/fins sizing. For these projects three 

participants mentioned achieving high daylighting performance results with LEED compliance 
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performance as a consequence. However, half of the practitioners reported having performance 

compliance still as the primary goal of their clients.  

 

Compliance performance approach 

 

Three firms reported that LEED projects represent between 75% to 80% of their portfolio of 

projects, while the others reported having between 15% and 20%. Half of the group hadn’t 

applied the LEED v4 yet, while the others showed some experience with complying with this 

new version. Yet, all participants knew the methods used to comply or evaluate a design for the 

LEED v4 daylight credit criteria. All six practitioners mentioned using computer simulation as a 

general approach for compliance with the credit. Three practitioners responded that in general 

they first evaluate whether the project meets the option 1 criteria, and if not, then they move 

forward with the option 2 criteria. Overall, the compliance path option 3 is not a common 

approach among the interviewees, however one of the practitioners had used this option to 

comply with a LEED v4 project once, because they were submitting and existing office space, 

thus this approach seem the most appropriate to the team. 

 

Simulation tools  

 

Practitioners reported both technical and non-technical reasons when selecting a computer 

simulation tool. As expected, the primary reason depends on the project goals (e.g. selecting the 

faster processing tool available for a large square footage project). The other most common 

reason was non-technical. Practitioners related the familiarity with the tool and skills of the users 

as important aspects when selecting a particular tool. Technical reasons included having control 

over the inputs and the processing time of the software. For example, tools based on scripting 

such as Radiance provide higher control over the inputs and can be processed faster in Os or 

Linux systems. Some practitioners also cited project budget as a non-technical reason for 

selecting a tool. Not only the project scope and size, but also resources helps define the most 

appropriate tool to be used.  

 

DIVA-for-Rhino was the most cited tool being used by the practitioners for LEED compliance 

documentation. In their experience, this approach sometimes needs to be combined with other 

tools, such as Grasshopper (e.g. to customize a material). Practitioners pointed out that among 

the advantages of using DIVA-for-Rhino is the user-friendly interface, the technical support 

from the software developers and the ability to customize the internal engine parameters. Two 

interviewers reported using Radiance for LEED compliance, when the main project goal was not 

compliant performance, but rather daylighting performance and visual comfort. In these cases, 

interviewees said when the project is already being developed in Radiance, the same tool is used 

for LEED compliance. For projects with energy efficiency goals, two interviewees reported 

using IES Virtual Environment (VE) for preliminary daylighting studies and energy savings. In 

addition, HDRScope was mentioned by two practitioners for post-processing point-in-time 

images generated by DIVA-for-Rhino for visual comfort studies. 
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Strengths and limitations 

 

When asked about the differences in approaching LEED v3 and LEED v4 compliance methods 

practitioners pointed out that the main benefit of the new v4 approach is the use of climate base 

metrics. In their opinion, it is a more comprehensive approach taking into account the whole year 

which is different from the v3 approach that looks into only two single points in time (Equinox at 

9am and 3pm). Practitioners also mentioned that the new v4 approach provides opportunity for 

better design thinking and potential improvements to their projects throughout the simulation 

compliance process. Some practitioners mentioned the complexity of the annual climate based 

metrics as a challenge. For example, a practitioner mentioned that the dual components of sDA 

(time and space) are complex and that it easier for their clients to understand DA instead of sDA.  

 

There was a good consensus among the interviewees about the challenges related to the ASE 

metric. In general, practitioners think that ASE is a simplistic approach to glare analysis when it 

assumes direct sun as the only glare source. In practice, the interviewers mentioned finding 

difficulties in applying the ASE metric. One of the main reasons reported was that the metric 

does not account for dynamic shading. For example, in projects located in dense urban sites the 

use of dynamic shading is one of the primary daylighting solutions in response to frequent sky 

changes. Dynamic shading is used to increase daylight while reducing glare risks. Therefore, in 

the practitioners’ opinion, ASE is limiting solutions that can accomplish these two goals by 

providing credit only to static shading geometries. In this sense, practitioners also agree that ASE 

contradicts the goals of the sDA metric. Two practitioners also mentioned that the 10% threshold 

for ASE seems too restrictive and that even “good” daylighting projects currently fall between 

the 25% and 30% threshold. One of the practitioners believes that ASE might be holding back 

the LM-83-12 simulation methodology, since the rigorous constraints make practitioners change 

their compliance path immediately to option 2 when they don’t meet option 1 requirements. 

Another practitioner shared that the amount of inputs and post-processing time ended up being 

more costly to their clients.  

 

Performance assessment 

 

When asked how daylighting metrics and simulations contribute to the success of their projects, 

practitioners mentioned a wide range of methods and approaches. Several respondents mentioned 

that their most successful projects occur when the client has daylight performance goals, rather 

than only complying with a standard. Looking at how simulation methods have contributed to 

the success of their projects, one of the practitioners cited using strategic point-in-time and sun 

exposure animations to predict human experience overlapped with abstract annual plan views of 

illuminance, such as DA. Another practitioner reported using annual and point-in-time 

Discomfort Glare Probability (DGP), combined with shading mask and sun path diagrams as a 

methodology for a successful commercial office facade design and static exterior shading 

selection. One of the interviewees mentioned the use of Annual Sun Exposure to understand the 

amount of daylight on artwork for a museum project. For this specific project the interviewee 

stated that the mockups were also used to verify the simulation results. Another practitioner 

mentioned that the key to their most successful projects is using a paring metric. For example, 

pairing annual illuminance metrics such as DA and UDI (e.g. to understand quantity and 
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distribution) with point-in-time luminance renderings (e.g. to understand visual aspect of the 

space). 

 

In addition to how practitioners used tools, they were also asked to describe the most common 

metrics and methods used to predict visual discomfort and glare. The most common metric 

pointed to by the practitioners was point-in-time DGP. Yet, the majority reported limitations of 

the metric and the use of additional methods for glare analysis. For example, one of the 

interviewees shared that DGP was indicating glare for a lobby space because of the vertical 

illuminance used in the DGP calculation. In the interviewee’s opinion, DGP tends to over-predict 

glare for bright scenes. For an office space, for example, this practitioner reported using 

luminance maps of field of vision with the threshold of around 6,000 and 8,000 cd/m2 instead of 

using DGP. The second most used method was luminance contrast ratios calculated from false 

color HDR images or luminance mapping images. There was no agreement on the contrast ratio 

used by respondents, with one practitioner sharing using between 10:1 or 20:1 depending on the 

space type. In addition, two practitioners mentioned preliminary glare analysis using sun path 

diagrams with shading mask and Maximum Useful Daylight Illuminance (UDI max) as an 

indicator of possible glare risks.  

 

Finally, practitioners reported unexpected results from predicting daylighting performance. The 

most common reason pointed out by them was material specification changes (e.g. a change in 

specification of a diffusing skylight component or an interior paint color that was applied after 

construction). A second reason was the incorrect assumption of materials during the simulation 

process (e.g. misrepresentation of a specular material). Another example mentioned by one of the 

interviewees was the unexpected results of simulated solutions for their clients. In one of their 

projects the application of glass fins surprised the client when it increased the brightness in the 

field of vision when hit by direct sun, while the client expected the fins to only reduce glare. 

 

5.1.4 Future direction  
 

Looking ahead in a future direction, practitioners reported what types of discussions and 

improvements they want to see in the field of daylighting performance metrics. Although there 

was a strong consensus about future improvements necessary moving forward with the ASE 

metric, several important suggestions were proposed by the practitioners. 

 

Peer sharing  

 

In almost unanimity, practitioners revealed that knowing what their peers are doing would be 

valuable to them and to the industry progress. The interviewees expressed interest in 

understanding how their peers use simulation tools and daylighting metrics, how they 

contemplate glare sources in their projects and if there is a consensus on the use of the LM-83-12 

method for LEED v4 compliance.  
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Result communication 

 

The interviewees also reported that they wanted to be able to better communicate their results to 

architects and clients. Some practitioners want results to be generated with simpler 

communication methods of illuminance through space, annual time and distribution.  

 

Research on materials properties 

 

Some practitioners expressed concern about modeling materials (e.g. diffusing materials and 

shading fabrics). The interviewees reported a gap in the industry knowledge and the need of 

future research in new material technology, looking at how they perform when hit by direct sun 

or under different sky conditions. 

 

Validation of IES LM-83-12 method  

 

Practitioners mentioned strong interest in seeing the validation of the LM-83-12 method. One of 

the practitioners mentioned the interest in seeing this validation through measured performance 

of existing buildings. Another practitioners cited interest in seeing platinum and gold-awarded 

LEED v3 projects performing under LEED v4 option 1 criteria. 

 

Review of LEED v4 option 1 criteria 

 

In almost a full consensus, practitioners stated the need for reviewing the LEED v4 option 1 

criteria. First, interviewees cited the inclusion of dynamic shading as part of the ASE criteria. 

Second, practitioners agreed with the need of discussing new thresholds for the ASE metric.  

Finally, one practitioner mentioned the challenges of post-processing sDA and ASE results, 

identifying the use of a single metric (e.g. UDI) as preferable for compliance performance 

methods.  

 

In general, the suggestions pointed out by practitioners have a same goal: to advance and 

increase the use of annual climate based metrics in daylighting performance methods.  
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5.2 Comparison of short-survey results and captured HDR images 
 

5.2.1 Short-survey 
 

Methods  

 

A short-survey was conducted in a winter clear sky and overcast sky day at three hours in the 

morning (9:30, 10:30 and 11:30 am) to understand the visual comfort and glare perception of the 

occupants located at the East side of the building. The short-survey consisted of seven questions 

about occupants perception on visual comfort and glare, simultaneously to field measurement of 

illuminance and luminance levels (Appendix 9.2). The main questions asked included: “Are you 

experiencing any glare right now?”, “Which of the following is currently contributing to the 

glare in your workspace?”, and, “How much of this glare hindered your ability to get your work 

done?”. The participation in the survey was voluntary and anonymous. Each participant was 

assigned a unique identification code, making it possible to group results by respondent group 

locations without revealing their identity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Floor plan with unique ID codes 
 

Results 

 

The total number of occupants on the East section of the building was 12, out of those 7 

participated on the short-survey deployed on the clear-sky day and only 3 participated on the 

overcast-sky day. There was minimal impact on occupant behavior and workspace conditions 

during the interviews, the lighting controls were operating as usual and only turned off for few 

minutes during the HDR images capturing.  

E1 

E2 

E3 

E5 

E6 

E7 

N/A E4 

E9 

E10 

E11 

E8 

E12 (1st floor) 
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Clear Day Results (total participants: 7) 

 
Average illuminance on the East section 

9:30 181 lx 

10:30 210 lx 

11:30 188 lx 
Table 2. On-site measured illuminance levels on a clear day 

 
 

 
9:30 E3, E4, E9, E10, E11 E8 

10:30 E3, E4, E5, E10, E11 E9, E8 

11:30 E3, E4, E5, E7, E8, E11 E9 
 

 

9:30 E3, E4, E8, E9, E10, E11 N/A 

10:30 E3, E4, E5, E9, E10, E11 E8 
11:30 E3, E4, E5, E7, E8, E9, E11 N/A 

 

Figure 10. Results of question 4 and 7 from the right-now occupant survey on a clear day 

 

On a clear day morning between 5 and 6 out of the 7 participants reported NOT having 

experienced “glare” in their work station and between 6 and 7 reported that the glare have NOT 

hindered their ability to get their work done. For the 2 participants, E8 and E9, that have 

experienced glare the main contributor described by them were “windows are too bright” or 

“reflection on my computer screen from electric light”. The working stations E8 and E9 have 

their screens against the window and might experience a large luminance contrast ration between 

their task area and the window (light source). Below is one example of the E8 field of vision at 

10:30 am on a clear sky day. 

 

 
 

Figure 11. E8 field of vision at 10:30 am on a clear day 
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Overcast Day Results (total participants: 3) 

 
Average illuminance on the East section 

9:30 140 lx 

10:30 178 lx 

11:30 162 lx 
Table 3. On-site measured illuminance levels on a cloudy day  

 

 
 

 
 

9:30 E6, E4 E12 
10:30 E6, E12, E4 N/A 

11:30 E4, E12 E6 
 

 

9:30 E6, E4 E12 

10:30 E6, E12, E4 N/A 

11:30 E4, E12 E6 
 

 

Figure 12. Results of question 4 and 7 from the right-now occupant survey on a cloudy day 

 

During the morning of the overcast day between 2 and 3 participants reported NOT having 

experienced “glare” in their work station and because glare was not present all of them also 

mentioned that their ability to get work done was not hindered by glare.   
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5.2.2 Captured HDR 
 

Methods  

 

The interior luminance levels were measured through HDR images captured with a moveable 

digital camera (Canon PowerShot A570) and fish eye lens (Opteka HD2 0.20X Professional 

Super AF). The camera was mounted on a tripod and images were captured with lights off. The 

ISO settings were captured constant at 100, the shutter speed at 1/15 and aperture sizes varying 

in manual mode (f/2.8, f/3.2, f/4.0, f/5.0, f/6.5 and f/8.0). The camera was positioned at four 

different fields of view: at two working stations (E8 and E11), and at the open office area facing 

East-West (EW) and North-South (NS). The multiple exposure images were combined in 

Photosphere (Ward G. , Photosphere, 2017) to generate the final HDR images. To calibrate the 

luminance values produced by the camera, a calibration factor calculated with the software 

algorithm and values measured with a Minolta luminance meter LS-100 were processed. 

HDRScope (Kumaragurubaran, 2017) software was then used for image processing and false 

color analysis. 

 

Results 

 

The result of a clear sky and an overcast sky day are presented below with the false color images 

generated on HDRScope. The scale selected ranges from 0 to 6,000 cd/m2, where the maximum 

value indicates “intolerable” glare, 4,000 cd/m2 is considered “just comfortable” and 2,000 cd/m2 

is “acceptable” according to the thresholds proposed by Wienold & Christoffersen (2006).  
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Clear Sky  

 9:30 am 10:30 am 11:30 am 

E8 

  

 

   
 

E11 

 

 

   
 

EW  

 

   
 

NS 
cd/m

2 

6000 

1766 

538 

164 

50 

18 

6 

0    

Figure 13. False color from collected HDR images on a clear day 

Note: HDR images of E9 and E10 positions were not taken in this first assessment. 
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Overcast Sky   
 9:30 am 10:30 am 11:30 am 

E8 
  

 

 
 

  

E11 
 

 

 
 

  

EW  
 

   
 

NS 
cd/m2 

6000 

1766 
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50 
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0 
   

Figure 14. False color from collected HDR images on a cloudy day 
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The absence of “yellow” in the pictures shows that for both clear and overcast-sky days there 

were no values above 6,000 cd/m2 indicating that the space has comfortable visual conditions 

and does not present glare problems. On the clear day the predominance of “green” and “red” 

colors indicate luminance values in the range of 18 and 1766 cd/m2. A quick-check looking at 

the task areas in the HDR images results on luminance ratios varying such as 8:1 between the 

computer screen and the ceiling (e.g. E11, 11:30) or 10:1 between the computer screen and the 

windows (e.g. E8, 9:30). These estimated ratios are another indication of visual comfort and lack 

of glare problems in the space. The overcast-sky results show a predominance of “blue”, “green” 

and few “red” spots at the location of the Solatubes. The luminance levels are, in general, low at 

overcast sky conditions (<50 cd/m2) and just like the clear-sky day, high luminance conditions 

(“yellow”) are not present in the task area of captured scenes.  

 

5.2.3 Findings 
 

By comparing the short-survey and the captured HDR images its easy to conclude that the space 

does not present glare conditions and that the answers collected on the short-survey and the 

simultaneous luminance measurements (captured HDR images) are comparing well. The short-

surveys show that the majority of occupants don’t perceive glare on either the clear-sky day (6 

out of 7 answers) or the overcast-sky day (3 out of 3 answers). The captured HDR images 

present values below 2,000 cd/m2 indicating the non-existence of glare problems in the space.  
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5.3 Comparison of captured HDR images and simulated luminance map 

images 
 

5.3.1 Captured HDR 

 
Methods  

 

With the goal of calculating Daylight Glare Probability (DGP), the camera settings for this task 

were different than the previous one. A constant ISO 100 was captured, with fixed aperture size 

(f/7.1) and variable shutter speed (1/4, 1/8, 1/15, 1/30, 1/60, 1/125, 1/250, 1/500 and 1/1000). 

The camera was positioned at two working stations, E9 and E10, which were indicated as the 

most critical locations based on the occupant surveys. Vertical illuminance at the eye level was 

simultaneously captured with a handheld Minolta T-1H illuminance meter. The multiple 

exposure images were combined in Photosphere (Ward G. , Photosphere, 2017) with the same 

calibration factor calculated in Task 1. Then, DPG calculation and glare analysis were assessed 

using Evalglare (McNiel, 2017). The following example illustrates the command line used for 

evaluations on Evalglare: 

 

evalglare -vta -vv 180 -vh 180 -i (measured vertical illuminance) (output.hdr) 

 
The two scales used to read DGP are Wienold (2009) and Van Den Wymelenberg et al. (2014) and both 

were considered for this analysis.   

 

Wienold (2006) Scale 

 

Imperceptible glare DGP ≤ 35% 

Perceptible glare  35 > DGP ≤ 40% 

Disturbing glare  40 > DGP ≤  45% 

Intolerable glare DGP > 45% 

 

 Van Den Wymelenberg et al. (2014) scale. 

 

Likely to be comfortable  DGP  ≤ 23%  

Bounded between comfort and discomfort (BCD)  23 > DGP  ≤ 25%  

Likely to be uncomfortable  DGP >25%  

  

 

 

 

 

 

 

 

 

 

 

 



 

 

 42 

Results 

 

Clear Sky – 9:00 am   

 
 False Color DGP 

E9 

 

 
Measured Vertical Illuminance (Ev) 373 lux 

 

 
DGP 18% 

E10 

 

 

 

 

 
cd/m2 

6000 

1766 

538 

164 

50 

18 

6 

0 

 
 

Measured Vertical Illuminance (Ev) 198 lux 
 

DGP 12% 

 
Figure 15. False color and DGP generated from collected HDR images on a clear day 

 

Although, the false color images for E9 shows high contrast (100:1) between the screen and the 

window, the calculated DGP for both scenes are below 20% presenting “imperceptible” glare or 

“comfortable” conditions according to the respective Wienold (2006) and Van Den Wymelenberg et 

al. (2014) DGP scales. It is worth to note that the high contrast on scene E9 is also due to the 

screens being “off”, which is not true when the occupants are working, usually they have the 

screens “on” and the contrast ration is reduced to 4:1. Thus confirming that glare is not present in 

these scenes when occupants are working. 
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5.3.2 Simulated luminance maps 

 
Methods  

 

For the simulated luminance maps point-in-time visualizations using three sky models were 

performed. The first one was generated using a modified Perez All-Weather Sky with global 

horizontal illuminance data measured on-site. The geometry and material properties were 

simulated on DIVA-for-Rhino and then imported to RADIANCE for sky model alterations. The 

inputs are described in Appendix 9.4. The final results were post-processed on Evalglare for 

DGP calculation and glare analysis. 

 

First, the model was adjusted with illuminance values measured during the field studies 

conducted between February 15th and March 18th. The collected data included exterior global 

horizontal and global vertical illuminance, as well as, interior horizontal illuminance collected 

with LI-COR sensors connected with LI-1400 data logger and HOBO data loggers.  

 

 
LI-COR + HOBO (2nd floor 

mezzanine) 

Internal Horizontal Illuminance 

 
LI-COR + LI-1400 (2nd floor window) 

External Vertical Illuminance 

 
LI-COR + HOBO ( roof) 

External Horizontal Illuminance 

Figure 16, 17 and 18. On-site images from sensor locations during field assessment 

 

The measurements provided information on sky conditions and accuracy for calibrating the sky 

model. Two sky model was defined using the RADIANCE gendaylit command. The example 

below illustrates the inputs used: 

 

gendaylit mm dd hh -a (latitude) -o (longitude) -m (meridian) -G (direct irradiance) (diffuse 

irradiance) > newsky_mmddhh.rad 

 

To calculate the direct irradiance and diffuse irradiance inputs from global horizontal 

illuminnace values, a constant luminous efficacy factor of 179 lm/W (RADIANCE, 2017) was 

assumed to allow conversion of illuminance to global horizontal irradiance. Then, gen_reindl 

command was used to estimate direct and diffuse irradiance as the following:  

 

gen_reindl -i (input.txt) -o (output.txt) -m (meridian) -l (longitude)  -a (latitude) 

 

Applying the gen_reindl output file on gendaylit command a radiance (.rad) file is created. This 

file contains the measured sky that was then used on a Windows Batch file to re-run the 

simulations. The final result of the simulations included visualizations that were brought to 
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Evalglare and HDRScope for DGP calculation and false color analysis. DIVA and RADIANCE 

were used in combination to calculate the vertical illuminance at the eye level used as one of the 

inputs on Evalglare, more details are described in Appendix 9.4.  

 

The second sky model used was the standard Perez All-Weather Sky, which was also used on the 

Annual DGP analysis (Section 5.5). First, a day with similar external global horizontal 

illumination at 9 am was selected from the TMY3 weather file, see Figure 16. Then the global 

horizontal irradiance calculated using gen_reindl was used as an input for DGP simulation on 

DIVA. 

 

 

 
 
Figure 19. Global Horizonatl Illuminance of measured collected on 2/23 and TMY3 from 2/25  

 

Lastly, a generic CIE sky model was used. The DIVA setting were “clear sky with sun (CIE 

clear sky)” and the 2/25 date selected from the TMY 3 file.  
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Results 

 

Clear Sky – 9:00 am   
 Measured Sky  Perez All-Weather Sky CIE Sky 

E9 

 

Ev 453 lx, DGP 19% 
 

 
DGP 8% 

 
DGP 19% 

E10 

 
cd/m2 

6000 

1766 

538 

164 

50 

18 

6 

0 
 

Ev 372 lx, DGP 19% DGP 16% 
 

DGP 19% 
Figure 20. False color and DGP results for three sky models 

 

 

The comparison shows the sensitivity of false color and DGP results in different sky models. The 

CIE sky model seems to provide closer results to those measured on-site with the HDR images. 

The second better predictor was the Perez all-Weather with the measured sky parameters. Other 

than the differences on each sky model method, the inaccuracies between measured and 

simulated results can be explained by the lower global horizontal illuminance levels from the 

TMY 3 file, as shown in Figure 19. For more accurate results the use of image-based HDR sky 

models (Inanici, 2009) with sky measures over a whole year would be necessary. However, this 

method would require a whole year of measured data, which was not part of this research scope.    
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5.3.3 Findings 

 
Clear Sky – 9:00 am 

 
 HDR Photography  Perez All-Weather Sky CIE Sky 

E9 

 

 
DGP 18% 

 

 
DGP 8% 

 
DGP 19% 

E10 

 
cd/m2 

6000 

1766 

538 

164 

50 

18 

6 

0 DGP 12% DGP 16% 
 

DGP 19% 
Figure 21. Comparison of measured DGP and simulated DGP w/ two sky models 
 

While the CIE clear sky approximates the most the measured results for scene E9, the Perez All-

Weather provides the closest result for scene E10. Although the three sky models provided 

different false color results, they all still provided “comfortable” conditions or “imperceptible” 

glare results for DGP thus, comparing well with the DGP calculated based on the on-site 

measurements.  
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5.4 Comparison of DGP with simulated illuminance levels  
 

5.4.1 Point-in-time illuminance levels 
 

Methods  

 

A grid-based point-in-time illuminance simulation with a “zero” ambient bounce at 9 am of 2/25, 

clear sky day, was developed as a simplified version of ASE to evaluate if the 10% floor area 

threshold indicated the same amount of glare as previous DGP analysis on Section 5.3. For this 

analysis the same three sky models used in Section 5.3 were simulated.  

 

For the “Measured Sky” model, simulations started with DIVA-for-Rhino for geometry, material 

properties and grid-points generation, that were then open in RADIANCE to be combined with 

measured sky data. The final results were brought back into DIVA for readings through a 

Grasshopper scripted file that reconstructed the illuminance grid and provided output control, 

such as the 1000 lux threshold and floor area calculations for final readings. The other two sky 

models, Perez all-weather and CIE sky, were generated only with the capabilities of DIVA-for-

Rhino. 

 

Results 

 

Clear Sky – 9:00 am 
 Measured Sky  Perez All-Weather Sky CIE Sky 
Lux 

 
 

7.9% of area > 1000 lux 

 

6.5% of area > 1000 lux 
 

6.5% of area > 1000 lux 

 
Figure 22. Comparison of simulated DGP for three sky models 
 

This task simplifies the Annual Sunlight Exposure approach to a point-in-time illuminance grid-

based approach, removing the time component of the ASE metric. The three skies simulated with 

this approach generated results below the 10% floor area threshold defined by LEED v4. The 

“Measured Sky” provided higher values, that the sky models based on TMY 3 data. Still, all the 

three simulations are below the 10% floor area indicating that there is no risk of glare in the 

space on a clear day in February at 9 am in the morning. 
  



 

 

 48 

5.4.2 Findings 

 

 
 

Figure 23. Comparison of simulated DGP results and illuminance levels 

 

The graph shows DGP values for scene E9 and E10 compared to percentage of floor area above 

1000 lux for three different sky models. “Measured Sky” and “CIE Sky” present close results for 

DGP (both skies with 19% DGP for both scenes) and different percentage of floor area (7.5% for 

the “Measured Sky” and 6.5% for the “CIE Sky”. The “Perez All-Weather Sky” present different 

DGP results, as discussed in Section 5.3, however the illuminance results indicate 6.5% percent 

of floor area above 1000 lux, just like the CIE sky. These analyzes show a good comparison 

between point-in-time DPG and point-in-time illuminance level results. However, ASE is only 

providing information about the absence of glare when less than 10% of floor area reaches 1000 

lux, yet not providing qualitative data on the visual comfort conditions of the space, lacking the 

human experience simulation provided with the field of vision analysis used by DGP, for 

example. 
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5.5 Comparison of annual DGP and simulated Annual Sunlight 

Exposure 
 

5.5.1 Annual DGP simulation  
 

Methods 

 

The Annual DGP calculations were generated with the “Annual Glare” simulation option on 

DIVA-for-Rhino for scene E9 and E10. The occupancy schedule considered was from 8 am to 6 

pm and the grid-analysis had 432 points delimiting the analysis area of the East section of the 

building. The sky model for annual glare analysis was the Perez All-Weather sky model 

generated from the San Francisco International Airport TMY3 weather file.  

 

Results 

 

Scene E9  

 
Figure 24. Annual DGP results for scene E9 
 

Scene E10 

 
Figure 25. Annual DGP results for scene E10 
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The first threshold for annual DGP analysis, based on the Wienold DGP scale, considers results 

above 45% as “intolerable glare”, between 45 and 40% “disturbing”, between 40 and 35% 

“perceptible” and anything below 35% “imperceptible”. The annual DGP for scene E9 and E10 

resulted in “imperceptible” glare for all the hours of the year. The result was not a completely 

surprise, once the preliminary point-in-time showed low illuminance levels on the interior of the 

office, indicating that the space has low brightness as well. 

 

To better understand the annual DGP results the Van Den Wymelenberg et al. scale was used. 

For this scale a Grasshopper file was generated for DGP lower thresholds definition and graphical 

readings. 
 

Scene E9 

 
Figure 26. Annual DGP results for scene E9 with lower glare thresholds 

 

Scene E10 

 
Figure 27. Annual DGP results for scene E10 with lower glare thresholds 

 

This second analysis considers thresholds above 25% as “likely to be uncomfortable”, between 

23 and 25% as “bounded between comfort and discomfort” and values below 23% as “likely to 

be comfortable”. The simulation results showed values below 23% for scene E9 indicating that 

this working station is “likely to be comfortable” for most times of the year. For scene E10 few 

values above 25% during few hours (10 am - 12 pm) for some of the Spring and the Summer 

months, some hours between 10 am and 2 pm with values between 23 and 25% from March to 

September, and, values below 23% for most part of the year.  

DGP > 25% 23 > DGP < 25% DGP < 23% 

DGP > 25% 23 > DGP < 25% DGP < 23% 



 

 

 51 

5.5.2 ASE Simulation  

 
Methods 

 

The Annual Sunlight Exposure was simulated using the “grid-based, LEED v4 SDA +ASE” 

simulation option on DIVA-for-Rhino. The 138 square meter area on the East side of office was 

selected for this analysis to keep consistency with the previous analysis. The simulation included 

electrochromic glass represengted simulated as dynamic shading with node groups selected 

below the skylights (more details on node selection on Appendix 9.4) and 6 ambient bounces.  

 

Results 

 

East Section - Annual Simulations 
 

     
 

sDA 98.8% floor area (300 lx, 50% hours)  

                                                                                               # Hours 

       
 

ASE 13.7% floor area (> 1000 lx, >250 hours) 

Figure 28. Spatial Daylight Autonomy and Annual Sunlight Exposure results for the East section of the building 
 

The LEED v4 SDA + ASE simulation results meet the SDA requirements, but not the ASE. The 

SDA simulation shows that 98.8% of the floor area meets the 300 lux illuminance target for at 

least 50% of the occupied hours of the year, meeting the required threshold for LEED v4. 

However, ASE resulted in 13.7% of the total occupied hours above 1000 lux for more than 250 

hours of the year, a “pink” higher than the required 10%, thus not complying with the LEED v4 

requirements. 

 

5.5.3 Findings 

 
While annual DGP simulations for scene E9 resulted in “green” values for most of the time of 

the year indicating no glare risks at this working station, scene E10 presented few “red” and 

“orange” values for the Spring and Summer, indicating some glare potential for this working 

station between 10 am and 2 pm. The Annual Sunlight Exposure at E9 and E10 locations present 

the same amount of “pink” area indicating the same probability of glare for both working 

stations, and with a total of 13.7% of the floor analysis area exceeding the 1000 lux threshold 

defined by LEED v4 for more than 250 occupied hours of the year. In conclusion, these two 
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annual metrics do not compare well, thus suggesting that the ASE LEED v4 methodology is 

over-predicting glare for the space. 

 

5.6 Comparison of background survey and simulated ASE 
 

5.6.1 Background survey  
 

Methods  

 

The background occupant survey was deployed between February 28Th and March 14th to 

understand occupant satisfaction with general daylight and visual comfort at the DPR San 

Francisco office to capture the occupant perception over a four-year-seasons. The participation in 

the survey was voluntary and anonymous. Each participant was assigned an anonymous 

identification number, making it possible to group results by respondent without revealing their 

identity. The background survey consisted of seventeen questions including: “Overall, how 

would you rate your satisfaction with your VISUAL COMFORT in your workspace?”, “At 

which points throughout the day do you typically experience VISUAL DISCOMFORT?” and 

“At which time of year is your VISUAL DISCOMFORT most PROBLEMATIC?”. The full 

survey is presented in Appendix 9.2 (pages 67-71) and included questions regarding the 

occupants sensitivity to glare and satisfaction with views to the outdoors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 29. Floor plan with unique ID codes 
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E3 

E5 

E6 

E7 

N/A E4 

E9 

E10 
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E12 (1st floor) 
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Results 

 

Out of the 12 total building occupants on the East section of the building, 9 participants 

completed the one one-time background survey. In general, occupants show satisfaction with the 

visual conditions of the office, 8 participants answered being either moderately satisfied or very 

satisfied.  

 

  
 

N/A E10 N/A N/A N/A E7, E9, 

E12 

E3, E4, 

E5, E6, 

E8 

Figure 30. Results of question 3 from the background occupant survey  

 

When asked about what time of the year visual discomfort was most problematic 4 responded 

winter, 4 spring and 3 summer. Participants seating on E4 and E5 might be exposed to glare 

sources coming from Solatubes, while E7 has the skylight as the main potential glare source, 

and, participants located on E8, E9 and E10 might are exposed to glare sources from the 

windows. During the Summer, when solar angles are higher, participants under the skylights and 

Solatubes might experience higher brightness coming from these sources and E7 is subjected to 

direct sun, as showed in the supporting shading mask analysis in the following pages. During the 

Winter, when solar angles are lower, participants seating close to the window might be subjected 

to high brightness coming from the window and direct sunlight in adjacent areas. In addition, 5 

occupants believe that visual discomfort and glare does not hinder their ability to get work done, 

3 believe that it hinders a little and only 1 reported a moderate amount.  

 

     

N/A E7, E8,  
E10, E12 

E4, E10,  
E9, E12 

E4, E5,  
E10 

     

E3, E4, 
E6, E7, 

E9 

E5, E8, 
E10 

E12 N/A 

        Figure 31. Results of question 8                                                             Figure 32. Results of question 11  
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When asked about the reasons for visual discomfort in their workspace, participants reported a 

wide variety of reasons. This was a “check all that apply” question with a total of 18 answers. 

The primary reason reported was not enough daylight and electric light (5 answers), followed by 

reflection on computer screen from daylight (3 answers), too much light from windows (3 

answers) and too much light from skylights and Solatubes (2 answers) and other reasons (2 

answers) including “not enough overall light” and “after 5:00 the lights go off unless you are 

moving around”.  

 

 

              
        E5, E9, E12 E9 E8, E9, 

E12 
E4, E6 E10, E12 E9, E12 E4, E10, 

E12 
E3, E7 

 

              Figure 33. Results of question 10 

 

Direct sunlight analysis using shading mask 

 

To better understand the lighting conditions at each working station and compare the occupant 

survey results to ASE a shading mask analysis was used. The results below show that for E4, E5, 

E8, E9 and E10 there is no direct sunlight, only E7 presents direct sunlight reaching the working 

station in the later afternoon hours during few Summer months coming from the skylight located 

at the East side of the building.  

 

 
E4 

 
 
 

E5 

 

E7 
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E8 

 

E9 

 

E10 

 
         Ceiling          Walls          Surroundings 

 
Figure 34. Shading Mask Analysis 

 

5.6.2 Simulated ASE 

 
Methods  

 

The Annual Sunlight Exposure simulation was performed on DIVA-for-Rhino. Different from 

the point-in-time simulations, the annual simulation was not calibrated with onsite 

measurements, because measurements of an entire year would be necessary. Thus, the TMY3 file 

for San Francisco International Airport was used for this annual simulation. The final result was 

then exported to Grasshopper and subdivided in four seasons to allow comparison with the 

question: “At which time of year is your VISUAL DISCOMFORT most PROBLEMATIC?”. 

The Grasshopper script calculated a relative value for ASE considering the threshold of 250 

hours for the total occupied hours of the year, based on a 8 am to 6 pm daily schedule. The 

readings used the 1000 lux threshold, providing “blue” results for illuminance values below it 

and “pink” for values above. The final readings were then overlapped with the occupant 

responses for comparison.  
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Results 

 

  

 
Relative ASE to Winter months: 

2.8% floor area         

 

 
Relative ASE to Spring months: 

17. 6% floor area 

  

 
Relative ASE to Summer months:  

18.5% floor area 
 

         < 1000 lx 

 
Relative ASE to Fall months: 

4.6% floor area 

 

          > 1000 lx 

 
Figure 35. ASE results for the four-seasons of the year 

 
The ASE simulations resulted in higher ASE values for Summer and Spring and lower values for 

Fall and Winter. The ASE values below 10% indicate that for the last two evaluated periods, 

glare might not be a problem. However, this results did not compared well with the occupant 

survey results. Occupants reported having visual discomfort during Winter, Spring and Summer 
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and the only case that seems to overlap well occupant responses and ASE values is E10 during 

the Summer. Yet, the same working station did not compare well between ASE results and 

occupant perception for Winter and Spring. The occupant responses show variations between the 

seasons that puts this comparison into question. For example, while E9 reported having visual 

discomfort in the Spring it did not show the same for Winter and Summer.  

 

5.6.3 Findings 

 
Occupant responses indicate good satisfaction rates (8 out of 9 respondents are satisfied) with the 

visual comfort conditions of the space, however ASE values exceed the 10% threshold for 

Summer and Spring, indicating overlit areas and glare risks. This shows that ASE might be over-

predicting the risk of visual comfort and glare. Although, preliminary observations for these two 

data sets can be made, it is difficult to draw definitive conclusions from this analysis. Given the 

nature of the background occupant survey, which is a one-time survey that rely on occupants 

memory and not real-time experience to answer to the questions. Yet, the little correlation 

between ASE and the occupant responses might not be completely related to the occupant survey 

but also with the ASE method according to indications already discussed and presented in the 

previous sections. 

 

6. Discussion 

 
6.1 Interview with practitioners 
 

As a result of the information collected in the interviews with the daylighting practitioners, three 

main take away can be discussed. First, the idea that ASE is a simplistic approach to glare when 

it considers direct sunlight as the only glare source of a project. Practitioners believe that there 

are other important considerations for glare analysis such as understanding the effect of specular 

material and complex fenestration systems (CFS), thus the need for future work on BSDF and 

materials is a key aspect on assessing glare properties of a space in the practitioners’ opinion.  

 

Second, the exclusion of dynamic shading in the required simulation methodology. Practitioners 

reported that dynamic shading is a key strategy to reduce glare risks while increasing the amount 

of daylighting penetrating in the space. Practitioners believe that optimizing static shading only 

to meet the ASE thresholds reduces greatly the levels of SDA, thus the exclusion of dynamic 

shading when simulating ASE might be contradicting the SDA goals. Finally, the rigorous floor 

area threshold (10%) might be dissuading good daylighting design from achieving this LEED 

credit with option 1 (annual-based metrics), resulting in projects changing automatically to 

option 2 (point-in-time metric) when not complying with the previous one.  

 

It is important to emphasize that these results are limited to interviews with six daylighting 

practitioners and that a more representative result would require a survey with a larger number of 

practitioners. Despite the limitations of this study, the general sense from this survey is- that 

annual-based daylighting metrics are a welcome advancement for these practitioners, however 
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the validation of the LM-83-12 methodology would be necessary to increase their confidence in 

these metrics.  

 

6.2 Summary and limitations of field study and simulations 

 

The results from each section is summarized next.  

 

Section Question Answer 

5.2. Comparison of short-survey 

results and on-site captured 

HDR images. 

Do field measurements reflect 

occupant perception? 

Yes. The short-survey responses 

reveal that more than 80% of the 

occupants are not experiencing 

glare. Collected HDR images do 

not indicate glare in the space 

for the three hours of analysis 

for both clear and cloudy days. 

5.3. Comparison of captured 

HDR images and simulated 

illuminance maps. 

Do simulations accurately 

produce luminance maps and 

DGP? 

Yes. Although the luminance 

maps results depend on the sky 

model for accurate results, the 

DGP calculations for both HDR 

images and luminance maps 

indicate “impercetible“ glare w/ 

DGP values below 19%. 

5.4. Comparison of DGP and 

simulated illuminance maps. 

Do point-in-time DGP and 

illuminance levels indicate the 

same amount of glare? 

Yes. While point-in-time DGP 

resulted in “imperceptible“ 

glare, point-in-time illuminance 

maps resulted in floor area 

below the 10% threshold used to 

indicate glare. Yet, ASE could 

not provide qualitative data and 

human experience for the glare 

analysis. 

5.5. Comparison of annual DGP 

and Annual Sunlight Exposure. 

Do simulated annual DGP and 

ASE provide similar glare 

results? 

No. Annual DGP resulted from 

two critical views indicating 

“imperceptible“ glare. While, 

ASE indicated 14% overlit area 

and glare probability. 

56.. Comparison of background 

survey and simulated ASE. 

Does simulated ASE reproduce 

occupants perception? 

No. The background occupant 

responses do not provide precise 

data for this analysis. Still, the 

little correlation between 

occupant surveys and ASE 

seems to be related to the metric 

itself. 
Table 4. Summary of results  

 

First, the collected HDR images and right-now surveys provided comparable results, 

characterizing the absence of glare in the space. Second, the results were used to validate the 

point-in-time luminance maps generated in the simulations, which in turn, provided DGP values 
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below 19%, indicating no glare risks. Then, point-in-time DGP was compared to illuminance 

maps to compare the vertical illuminance based method used on DGP with the horizontal based 

method used on ASE. The results correlate surprisingly well, indicating that the 10% threshold 

adopted by LEEDv4 for the ASE metric worked well for this specific space and analysis period. 

However, because this result does not cover a significant period of analysis it is not enough to 

conclude that the 10% threshold is a good indicator of glare just based on this analysis.  

 

After validating point-in-time DGP in relation to the measured results, annual DGP was used in 

comparison to ASE to understand if they indicate the same amount of glare in the space. This 

analysis showed that the two-annual metrics do not compare well, providing very divergent 

results. While DGP indicates “imperceptible” glare for the whole year, ASE indicates overlit 

areas (14%) with probability of glare. This analysis suggests that the lack of correlation between 

Annual DGP and Annual Sunlight Exposure is an indicator that ASE has little capacity to predict 

human experience and visual comfort. The last analysis compared ASE calculations for each 

season of the year in comparison to background occupant surveys. Due to the lack of confidence 

in the survey methodology, this analysis did not provide any firm conclusions.  

 

One of the limitations of this study is that it represents only one climate zone (San Francisco, 3C) 

at a 37.8º latitude and -122.4º longitude. However, daylighting is climate dependent, thus the 

application into different climate zones and at different latitudes will present broader results for 

these two metrics. For example, if the same building was located in a lower latitude closer to the 

equator with high solar angles, ASE would most likely be higher since the simulation considers a 

horizontal grid-analysis and at high solar angles outcomes will likely result in more light coming 

from skylights rather than side-light. While, in the same hypothetical scenario DGP might result 

in lower values, since it considers vertical illuminance as a key parameter. Therefore, the 

application of these analyses into different climate locations is necessary for more significant 

outcomes. 

 

In addition, to the climate limitation, this study relied on the use of Daylight Glare Probability 

metric for the analyses. However, DGP is only valid for vertical illuminance values above 380 

lux and ranges between 20 and 80%. Thus, it is important to note that the application of this 

metric in the current study, which is characterized by low bright scenes, might reduce the 

accuracy of results. It would require the validation of expanded ranges of vertical illuminances 

below 380 lux to increase the accuracy of the DGP metric in low brightness spaces. At the 

moment, DGP is the only metric capable of calculating glare sources for both point-in-time and 

annual analysis, being the main and unique available metric for the analysis of this study.  

 

Lastly, the limited number of occupants participating in the survey is a significant point to stress. 

For more representative results an occupant survey with a larger group of participants would be 

necessary for further applications of this investigation. In addition, the background survey 

attempted to represent occupants perception of visual comfort over a year. For more accurate 

results the survey would have to be deployed with more frequency during a whole year of 

analysis to provide a more accurate result and not rely only on occupants memories. 
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6.3 Visual comfort indexes and human health studies 
 

In addition to the limitations discussed in Section 6.1 and 6.2, current daylight metrics lack two 

important findings from human health and visual science research: the time dependency aspect 

of eye sensitivity and the “non-visual” light reliance on triggering pupil mechanisms that also 

affect human sensitivity to light. 

 

Sensitivity to glare is time dependent (Kent et al., 2016). Human eye photoreceptors, cones and 

rods, are renewed daily through a process called disc shedding, which is one of the 

characteristics of human sensitivity to light throughout the day (Young, 1978). Current daylight 

glare metrics do not address time dependency aspects associated with visual comfort and glare.  

 

Eye sensitivity is also related to pupil diameter dynamics controlled by intrinsically 

photosensitive retinal ganglion cells (ipRGCs) (Perichak, 2015).  The amount and distribution of 

“non-visual” light (wavelengths > 480 nm) triggers the ipRGCs or pupil opening and closing 

mechanisms (Panda, 2003). Existing glare indexes also do not consider this important 

relationship between non-visual light and pupil mechanisms. 

 

Current glare metrics might not be accurately accounting for human sensitivity to glare, once it 

does not account for time dependency sensitivity and “non-visual” aspects of light. The 

limitations discussed of the metrics above (Section 6.1 and 6.2) could be also related to the lack 

of consideration for time of the day and “non-visual” light. Therefore, considering the inclusion 

of these factors in future visual comfort indexes might provide a more comprehensive approach 

to link human health, visual comfort and daylighting performance metrics. 
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7. Conclusion and future work 
 

The primary goal of this study was to determine whether ASE is a good predictor of visual 

comfort and glare. While the interview with practitioners provided a background on the current 

application of the ASE metric in practice, the field assessment, occupant surveys and simulations 

addressed the applicability of this metric in a real commercial office space. The field study 

provided data not only to inform simulation inputs, but also to “validate” the simulation methods. 

For example, in Section 5.3 simulated DGP results were compared to calculated DGP from on-

site collected HDR images. The results from the interviews with practitioners, field 

measurements, occupant surveys and simulation were discussed in detail in the previous chapters 

(5 and 6). This chapter provides a broader analysis of the results in the context of wider 

daylighting applications and future research recommendations. 

 

First, the lack of correlation between Annual DGP and Annual Sunlight Exposure presented in 

Section 5.5 is an indicator that the 10% floor area threshold should be more flexible, thus 

assuring the LEED v4 decision to extend it to 20% in January 2017; additionally, ASE does not 

represent well human experience and visual comfort through an illuminance plan view approach. 

As mentioned in Section 3.1.3, current literature supports that luminance-based metrics can 

predict better human responses than illuminance-based metrics (Van Den Wymelenberg et al., 

2016). The, first recommendation of this study for future versions of LEED is to adopt an 

approach integrating illuminance and luminance metrics for more accurate visual comfort and 

glare analysis. 

 

Second, the results from the interviews with practitioners presented in Section 5.1 suggests that 

the interpretation of direct sunlight as the only glare source in building simulations is a limitation 

of the ASE metric. Thus, another recommendation of this study is the consideration of other 

approaches to glare sources, including future research suggestions on material properties and 

complex fenestration systems. Additionally, practitioners claim that the exclusion of dynamic 

shading in the simulation methodology for ASE requirements is a problem that is not only 

making it harder for projects to comply with the metric, but also contradicts its LEED pairing 

metric Spatial Daylight Autonomy (SDA), since dynamic shading is a key strategy to increase 

daylighting while controlling glare. Therefore, the validation of the IES LM-83-12 and LEED v4 

simulation requirements is recommended to increase confidence in the use of SDA and ASE 

metrics. 

 

Lastly, the limitations of current glare metrics (such as DGP) can cause inaccurate results. A 

recent study showed that there is no scientific evidence that DGP alone can predict visual 

comfort (Van Den Wymelenberg, 2014). Thus, this study suggests both a validation of extended 

ranges of vertical illuminance for DGP to more accurately predict glare in low brightness scenes 

and the development of future glare metrics that include human sensitivity changes throughout 

the day and “non-visual” aspects of light addressing recent findings from human health and 

vision science research.  
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9. Appendices 
 

9.1 Interview questions  
 

Phone and in-person interviews with six building performance and consulting firms were 

conducted to identify methods that are used to evaluate visual comfort, glare and daylighting 

performance, as well as, understand current challenges or benefits practitioners are facing when 

applying the ASE metric to their LEED v4 projects. The interview guide is below: 

 

1. Geographically, where are your daylight projects located? 

 

2. What types of buildings have you simulated daylight systems in? 

 

3. In general, what are the sizes of your daylighting projects? 

 

4. What are usually the goals of your daylighting projects? Assess daylighting performance, 

reduce energy use, document compliance standards - LEED, LBC, WELL?  

 

5. Overall what percentage of your daylight projects are also LEED projects? From those, 

what percentage claimed daylight credits using version 3 and what is the percentage for 

version 4? 

 

6. Usually, what is the option used to document the daylight credit under version 4? Please 

describe the methodology. Option 1 (sDA+ASE), option 2 (illuminance calcs), option 3 

(measurements). 

 

7. What simulation tools do you use?  How did you select these tools? 

Diva-for-Rhino, OpenStudio, Radiance, Daysim, LightStanza, or others. 

 

8. Can you point out benefits or possible challenges between LEED v3 and v4 performance 

compliance that impact your daylighting projects?  

Complexity of metrics, computational time, tools available, accuracy? 

 

9. Can you tell me about your most successful daylight project and how daylighting metrics 

and simulation work contribute to it?  

 

10. Could you describe what metrics and methods were used to predict glare? 

 

11. Have you had any big surprises come up on a project regarding daylighting performance? 

 

12. Given that we are talking to other practitioners in the industry, what would you hope to 

get out of the results of this project? 
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9.2 Occupant survey questions  
 

A one-time background survey and three-days short-surveys were conducted with the DPR SF 

occupants to assess visual comfort and satisfaction. The surveys were answered on-line through 

the UC Berkeley Qualtrics survey system. A unique ID was emailed to each participant to 

preserve their identification and all the survey responses were kept in private and confidential. 

The one-time background survey had 16 questions in total that are listed below:  
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The short-surveys were conducted at three times (9:30, 10:30 and 11:30 am) on a cloudy and 

clear day in February 2017 simultaneously to physical lighting measurements. A light meter was 

provided to each survey participants to enter the illuminance levels at their desk at the time of the 

survey. The short-survey questions were the following: 
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If the answer was yes, then the survey displayed the next questions: 
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The following is a floor plan with the unique ID used during the occupant surveys. The use of 

these unique ID codes allowed a case-by-case analysis considering the layout and space 

conditions necessary to fully understand daylighting implications of occupant experience. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 36. Floor plan with unique ID codes 
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9.3 Measured data process   
 

The process to create the HDR images and calculate DGP is described by the workflow below: 

 

 
Figure 37. Workflow for HDR image processing and DGP calculation 
 

Initially, nine different exposure images were captured onsite at a clear and cloudy day at 9 am. 

A constant ISO 100 was captured, with fixed aperture size (f/7.1) and variable shutter speed (1/4, 

1/8, 1/15, 1/30, 1/60, 1/125, 1/250, 1/500 and 1/1000). The multiple exposure images were 

combined in Photospher. To calibrate the images photosphere created a camera response curve 

calculated with the software algorithm and values measured with a Minolta luminance meter LS-

100. The camera response curve genererated is described below:  

 
Make|Model|Version|Red|Green|Blue 
"Canon"|"Canon PowerShot A570 IS"|"v.0"|{1.998128e-02,-1.123529e-01,3.122074e+00,-

5.807552e+00,4.292871e+00}|{2.869961e-02,-3.102114e-01,3.905320e+00,-7.203379e+00,5.094594e+00}|{3.621418e-

02,-3.847246e-01,4.485704e+00,-8.192710e+00,5.570538e+00} 
 

In addition to the imaging capture, the vertical eye illuminance was measured with a handheld 

Minolta Illuminance meter T-1H. The values measured onsite are listed below. 

 
 Scene E9 Scene  E10 Scene WE Scene  NS 

Clear Day (2/23) 373 lx 198 lx 139 lx 203 lx 

Cloudy Day (3/18) 64 lx 39 lx 40 lx 56 lx 
Table 5. Vertica Eye Illuminance Measurements  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 38 and 39. Cannon Power Shot A570 with Minolta Illuminance meter on the left and working station on the right 
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The HDR images generated in Photosphere, combined with the vertical eye illuminance 

measurements were brought to Evalglare for DGP calculations. The command line used in 

Evalglare was:  

 

evalglare -vta -vv 180 -vh 180 -i (vertical illuminance) (output.hdr) 

 

For example, evalglare -vta -vv 180 -vh 180 -i 373 E9_ClearDay.hdr 

 

To have the glare sources highlighted in the images, the following command was used: 

 

evalglare -vta -vv 180 -vh 180 -i (vertical illuminance) -c (output.hdr) (input.hdr) 

 

Finally, the Evalglare results were brought to HDRScope for results visualization. HDRScope 

converted the .hdr files into .jpg files. The software also created false color readings, with the 

“False color” command, which were presented in Section 5.2 and 5.3. 

 

The final DGP results are presented below: 

 
E9 E10 West-East North-South 

 

Clear Day 9 am 

 
DGP 18% 

 

 

 

 
DGP 12% 

 

 

DGP 8% 

 

 

 
DGP 13% 

Cloudy Day 9 am 

 
DGP 1% 

 

 
DGP 1% 

 

 
DGP 1% 

 

 
DGP 1% 

 
Figure 40. DGP results for a clear day and a cloudy day 
 



 

 

 78 

9.4 Simulation process   
 

The 3D geometry was generated at the Rhinoceros environment using the FME Architecture + 

Design construction drawing set for the DPR San Francisco office. Furniture dimensions and 

layout were confirmed with on-site measurements. The model also includes the surrounding 

buildings that had dimensions determined through google earth information and site 

observations. 

 

 

 
Figure 41. Isometric South-East perspective of Rhino model  
 

 

 
Figure 42. Isometric Nouth-East perspective of Rhino model  
 



 

 

 79 

Material properties were collected  onsite with a spectrophotometer CM-2600d that measured the 

surface reflectance of material properties (e.g walls, furniture and etc), assumption values were 

used for material properties that could not be measured onsite. The materials are listed below: 

 

  

Table 6. Material Properties 
 

 

 

 

 

 

Geometry Material Reflectance Transmitance

BEAMS Wood 80% N/A

CEILING Gypsum 92% N/A

COLUMN Concrete 51% N/A

DOOR Wood 45% N/A

EQUIPMENT_fan Metal 70% N/A

EQUIPMENT_tube_shine Metal 70% N/A

EQUIPMENT_pipe_matte Metal 70% N/A

FLOOR Carpet 34% N/A

FURNITURE_blackmate Plastic 15% N/A

FURNITURE_blackshine Plastic 28% N/A

FURNITURE_partfabric Fabric 48% N/A

FURNITURE_partglass Glass N/A 88%

FURNITURE_partwhiteframe Metal 93% N/A

FURNITURE_white Wood 91% N/A

FURNITURE_wood Wood 77% N/A

GLAZING Glass N/A 63%

GROUND Asphalt 20% N/A

HAIL Metal 26% N/A

INTERIOR GLAZ Glass N/A 88%

MULLION Metal 36% N/A

ROOF Wood 80% N/A

SKY_VELUX Glass N/A 52%

SKYLIGHT_electrochromic Glass N/A

60%

40%

20%

4%

STAIRS Wood 45% N/A

STRUCTURE Concrete 51% N/A

SURROUND Concrete 35% N/A

WALL_interior Gypsum 92% N/A

WALL_exterior Concrete 35% N/A

WALLS_existing Concrete 92% N/A

WALL_det_white Recycled rubber 91% N/A

WALL_det_darkblue Recycled rubber 37% N/A

WALL_det_medblue Recycled rubber 48% N/A

WALL_det_lightblue Recycled rubber 65% N/A
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Solatubes were initially modeled with an IES file from the manufacturer, and then changed to a 

diffuse material property with 20% transmittance for annual simulations. The electrochromic 

glass was simulated with a “dynamic shading control group” capability within DIVA-for-Rhino. 

That was possible because electrochromic glazing is considered as part of the envelope and not a 

blind system per LEED v4. Thus, simulating dynamic shading with DIVA capabilities the 

electrochromic glass routine was defined as follows:  

 

      
  
Figure 43. DIVA dynamic control group for electrochromic glass                        Figure 44. Shading control group in plan      
 

The point-in-time illuminance map, annual DGP and ASE metrics were simulated with an 

analysis grid of 0.76 meters height off the floor and 0.60 meters between nodes. A total of 432 

nodes were calculated for each simulation, from those 110 belonged to the dynamic shading 

group below the atrium skylight. Simulations were performed with 6 ambient bounces. 

 

The sky models used for point-in-time analysis include a “Measured Sky Model”, a “Perez All-

Weather” and a “CIE Clear w/ Sun” sky model. The simplified process to generate DGP 

calculations for each sky models is presented below: 

 

 
Figure 45. Workflow for luminance map image processing and DGP calculation for measured sky 
 

First the geometry and material properties were generated in DIVA-for-Rhino through a batch 

file. Then the “Measured Sky Model” was used as an input of the batch file to generate final 

simulated HDR images.  

 

To generate the “Measured Sky Model” a Perez All-Weather was adjusted with Global 

Horizontal Illuminance values measurements collected on the roof with a LI-COR sensors and a 
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HOBO data logger. To generate the new sky the RADIANCE gendaylit command below was 

used: 

 

gendaylit mm dd hh -a (latitude) -o (longitude) -m (meridian) -G (direct irradiance) (diffuse 

irradiance) > newsky_mmddhh.rad 

 

This command requires a direct irradiance and diffuse irradiance input, however only global 

horizontal illuminance was collected during the field assessment. Thus, a constant luminous 

efficacy factor of 179 lm/W (RADIANCE, 2017) was assumed to allow conversion of global 

horizontal illuminance to global horizontal irradiance. Then, the gen_reindl command below was 

used to calculate the direct irradiance and diffuse irradiance components: 

 

gen_reindl -i (input.txt) -o (output.txt) -m (meridian) -l (longitude)  -a (latitude) 

 

 The measured and estimated values for a clear (2/23) and cloudy (3/18) sky are presented below: 

 

 
Table 7. Global Horizontal Illuminance Onsite Measurements 
 

The final sky generated with gendaylit was then combined into the simulation batch file created 

on the first step described above and a simulation generate the final results with this new sky. For 

example, the point-in-time DGP simulations used the following batch file with the new sky3: 

 
oconv material.rad sky_02239.rad E9Clear.rad > E9Clear.oct 

@ECHO Running image overture calculation no.1 of 1. 

rpict -t 15 -vta -vp 139.196 33.23 4.451 -vd 0.562000000000012 -0.120999999999995 -2.29999999999997E-02 -vu 0 0 1 

-vh 180 -vv 180 -vs 0 -vl 0 -af E9Clear.amb -x 776 -y 776 -ps 4 -pt .10 -pj .9 -dj .5 -ds .25 -dt .25 -dc .5 -dr 1 -dp 256 -st .5 

-ab 3 -aa .2 -ar 256 -ad 2048 -as 1024 -lr 6 -lw .01 E9Clear.oct > E9Clear.overture 

del E9Clear.overture 

@ECHO Running final image calculation no.1 of 1. 

rpict -t 15 -vta -vp 139.196 33.23 4.451 -vd 0.562000000000012 -0.120999999999995 -2.29999999999997E-02 -vu 0 0 1 

-vh 180 -vv 180 -vs 0 -vl 0 -af E9Clear.amb -x 776 -y 776 -ps 4 -pt .10 -pj .9 -dj .5 -ds .25 -dt .25 -dc .5 -dr 1 -dp 256 -st .5 

-ab 3 -aa .2 -ar 256 -ad 2048 -as 1024 -lr 6 -lw .01 E9Clear.oct > E9Clear.unf 

pfilt -r .6 -x /2 -y /2 E9Clear.unf  > E9Clear.pic 

del E9Clear.unf 

ra_tiff E9Clear.pic E9Clear.tif 

del E9Clear.amb 

                                                 
3 The same process was used to generate point-in-time illuminance. 

Measured DPR 

Global Horizontal 

(Lux)

Estimated* Global 

Horizontal  

Irradiance (W/m2)

gen_reindl Direct 

Normal Irradiation 

(W/m2)

gen_reindl Diffuse 

Normal Irradiation 

(W/m2)

23-Feb 9:00                    39,095                         218                         137                         166 

23-Feb 10:00                    57,539                         321                         169                         233 

23-Feb 11:00                    71,408                         399                         190                         281 

23-Feb 12:00                    78,382                         438                         200                         305 

18-Mar 9:00                    18,033                         101                             2                         100 

18-Mar 10:00                    20,645                         115                             1                         115 

18-Mar 11:00                    26,771                         150                             2                         148 

18-Mar 12:00                    24,813                         139                             1                         138 
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To calculate the DGP results on Evalglare the simulated vertical eye illuminance (Ev) input is 

required. Thus to calculate Ev the following point file (.pts) and batch file (.batch) was used: 

 
#vertical.pts 

#point position x, y, z; vector direction x, y, z 

139.49000000000 33.30000000000 4.92000000000 0 1 0 

 

#vertical_eye_illuminance.batch 

oconv C:\Users\Arch249\Desktop\Vertical\sky_02239.rad material.rad Vertical.rad > Vertical.oct 

rtrace -I -h -dp 2048 -ms 0.063 -ds .2 -dt .05 -dc .75 -dr 3 -st .01 -lr 12 -lw .0005 -ab 6 -ad 1000 -as 20 -ar 300 -aa 

0.1   Vertical.oct < vertical.pts > Vertical.dat 

rcalc -e "$1=$1*47.435+$2*119.93+$3*11.635" Vertical.dat > ill.dat 

 

The HDR image and vertical eye illuminance results were the inserted on Evalglare for final 

DGP calculation of simulated results. 

 

evalglare -vta -vv 180 -vh 180 -i (vertical illuminance) -c (output.hdr) (input.hdr) 

 

For the other two sky models, “Perez All-Weather” and a “CIE Clear w/ Sun” the process was 

more straight forward. Both sky models were generated only with the DIVA-for-Rhino 

capabilities and a TMY3 file for the San Francisco International Airport. The command “Poin-

in-Time Glare” was used for DGP calculations and final results were assessed in WXFalseColor.  

 

 
Figure 46. Workflow for luminance image processing and DGP calculation for two skies 
 

The same process described for point-in-time glare simulations with “Measured Sky” was used 

for point-in-time illuminance maps and the final results were brought to Grasshopper for 

readings on Rhino. 

 

 




