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PREFACE

The Public Interest Energy Research (PIER) Program supports public interest energy
research and development that will help improve the quality of life in California by
bringing environmentally safe, affordable, and reliable energy services and products to
the marketplace.

This document is one of 33 technical attachments to the final report of a larger research
effort called Integrated Energy Systems: Productivity and Building Science Program
(Program) as part of the PIER Program funded by the California Energy Commission
(Commission) and managed by the New Buildings Institute.

As the name suggests, it is not individual building components, equipment, or materials
that optimize energy efficiency. Instead, energy efficiency is improved through the
integrated design, construction, and operation of building systems. The Integrated
Energy Systems: Productivity and Building Science Program research addressed six
areas:

¢ Productivity and Interior Environments
Integrated Design of Large Commercial HVAC Systems
Integrated Design of Small Commercial HVAC Systems
Integrated Design of Commercial Building Ceiling Systems
Integrated Design of Residential Ducting & Air Flow Systems
Outdoor Lighting Baseline Assessment

* & & o o

The Program’s final report (Commission publication #P500-03-082) and its attachments
are intended to provide a complete record of the objectives, methods, findings and
accomplishments of the Integrated Energy Systems: Productivity and Building Science
Program. The final report and attachments are highly applicable to architects,
designers, contractors, building owners and operators, manufacturers, researchers, and
the energy efficiency community.

This Windows and Offices Report (Product #2.6.10) is a part of the final report within the
Productivity and Interior Environments research area and presents the results of a study
into relationships between the indoor office environment and worker performance.

The Buildings Program Area within the Public Interest Energy Research (PIER)
Program produced these documents as part of a multi-project programmatic contract
(#400-99-413). The Buildings Program includes new and existing buildings in both the
residential and the non-residential sectors. The program seeks to decrease building
energy use through research that will develop or improve energy efficient technologies,
strategies, tools, and building performance evaluation methods.

For other reports produced within this contract or to obtain more information on the
PIER Program, please visit www.energy.ca.gov/pier/buildings or contact the
Commission’s Publications Unit at 916-654-5200. All reports, guidelines and
attachments are also publicly available at www.newbuildings.org/pier.




ABSTRACT

This study reports on a statistical investigation into the influences indoor physical
environment has on office worker performance, especially daylight and view, and
secondarily ventilation and thermal comfort. Two different studies were conducted at the
same organization, the Sacramento Municipal Utility District. The first study looked at
100 workers in an incoming call center, whose performance was continuously tracked
by a computer system and measured in terms of time to handle each call. The second
“Desktop” study examined the performance of 200 other office workers on a series of
short cognitive assessment tests, taken at each individual's desktop computer.
Extensive data was collected about the physical environment at each office worker's
cubicle. The Desktop study also included a questionnaire about workers’ comfort
conditions and health symptoms. Better access to views consistently predicted better
performance in both the Call Center and Desktop study. Daylight levels and ventilation
rates were found significant in a few of the statistical models tested. The studies have
shown that indoor environmental conditions can have a measurable relationship to
changes in office worker performance and have established a range of likely effect sizes
that other researchers can use to refine the needs of future studies.
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CALL CENTER STUDY

explanatory variables that have a consistent effect across all three models are

underlined.

The positive effect shown in the white column indicates improved (faster)
performance. A negative effect shown in the gray column indicated poorer
(slower) performance. For example, in the daily September model a worker with
the best Primary View is seen to perform 6% faster than those workers with no
Primary View, but to have no significant change in the November models.

. Hourly
Daily Models Model
September November November
Variable Name Range R2 =0.211 R2 =0.223 R2 =0.078
Lighting
Daylight (nL) if increased by 10% ... -0.2%
Electric Light (nL) if increased by 10% ... 0.3%
Total Light Range (nL) if increased by 10% ... -0.2%
Number of Task Lights from none to 1 additional ... 7%
Daylight Range (nL) if increased by 10% ... - ——-- —--- -
View
Break View from none to best ... 6% 7% 7%
Primary View from none to best ... 6%
Partition Height from none to highest ... -11% -11% -18%
Distance to North Wall if 10 ft more ... 3% 5%
Distance to South Wall if 10 ft more ...
Temperature and Ventilation
Indoor Air Temperaure if increased by 2 deg F ... -2%
Floor Register Status from closed to open ... 10% 3% 4%
Personal Fan If yes ...
Outside Air Delivered if increased by 1 CFM/sf ... - - 4%
Call Center Status
Average Seconds to Answer (nL) |if increased by 10% ... -0.9% -0.6% -0.7%
Total Calls Answered if 100 more calls per hour ... 11% 9%
Population if 10 people more ... -14% -12%
Personal Status
Part Time Worker Ifyes ...
Team Leader If yes ... 19% 17% 18%
Years on Job (nL) if 10% more ... -0.1% -0.2% -0.1%
First Hour of Shift If yes ... - - - -
Last Hour of Shift If yes ... - - - -
Group Assignment
group a Ifyes ... -8%
group b Ifyes ... -10%
group ¢ If yes ... -7% 6%
group d If yes ... -5%
group e If yes ... 3% 11% 17%
group f Ifyes ... 9% 15%
group g Ifyes ... 5% 9% 15%
group h If yes ... 4% 10% 14%
group i Ifyes ... 6% 11%

Figure 30: Percentage effects of the three Call Center models

The Average Handling Time for our data sets was approximately 7 minutes per
call. Thus, a +10% improvement indicates handing calls 10% faster on average,
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or within 6.3 minutes. A -10% reduction indicates handling calls 10% slower, or
within 7.7 minutes on average.

4.6.2 Order of Entry and R-squared

We considered the order of entry and the partial R? for the variables in each Call
Center model in our interpretations. Figure 31, Figure 32 and Figure 33 display
the order in which each explanatory variable entered the model and the partial R?
of that variable. Variables that have the greatest explanatory power generally
enter the model first. The partial R? is the additional percentage of variation
explained by a variable when it is added to the model. The variables describing a
physical condition are highlighted in bold.

The model R?values range from a low of 0.08 for the November Hourly model to
a high of 0.22 for the November Daily model. In general, one expects more
averaged data to be more predictable. Hence models based on averaged data,
such as the daily September and November models, are expected to have
substantially higher R?values than those with finer level of detail about variations
in an individual’s behavior, such as predicting hourly differences in how quickly a
worker handles incoming phone calls.

As might be expected, an individual’s seniority (Years on Job) and Team Leader
status had the highest predictive power for explaining an individual’s
performance on any given day or hour. These two variables typically accounted
for about one half of the models’ explanatory power. In predicting an individual’s
performance we expect those explanatory variables that are most specific to an
individual to have the highest predictive power. The next most powerful group of
variables are likely to be those that describe group membership, such as shift
group, or collective conditions specific to the task, such as number of incoming
calls or total population of the center. It is interesting, however, that a number of
physical variables were found to have higher explanatory power, i.e. entered the
model sooner, than group membership.

In Figure 31, Figure 32 and Figure 33 we also calculated the cumulative R? for all
the physical variables which were found to be significant in each model, and the
percentage of the model R? represented by the physical variables. This value is
an indication of the relative importance of environmental conditions compared to
other influences on worker performance. In the three models we find that the
physical variables account for 13%, 18% and 20% of the explanatory power of
the models. Thus, of the variation in Call Center worker performance that we can
predict, environmental variables account for about 1/8" to 1/5™ of explained
variation, or about 2% to 4% of the total variation.
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Partial R- | Cumulative
Order of Entry Variable Significance Square R-Square
1 Team Leader <.0001 0.082 0.082
2 Years on Job (nL) 0.068 0.035 0.117
3 group g 0.001 0.014 0.131
4 Floor Register Status <.0001 0.012 0.142
5 Partition Height 0.002 0.010 0.153
6 group e 0.050 0.009 0.162
7 Average Seconds to Answer (nL) 0.001 0.007 0.169
8 group ¢ 0.000 0.006 0.174
9 group b <.0001 0.006 0.180
10 Number of Task Lights <.0001 0.005 0.185
11 group a 0.000 0.007 0.192
12 group d 0.019 0.006 0.198
13 Total Light Range (nL) <.0001 0.006 0.204
14 Break View 0.006 0.003 0.207
15 group h 0.030 0.001 0.208
16 Primary View 0.050 0.003 0.211
Cumulative R-Square for all Environmental Variables 0.038
Percentage of Model R-Square 18%

Figure 31: Order of entry and partial R-squared, September daily

Partial R- | Cumulative
Order of Entry Variable Significance Square R-Square
1 Years on Job (nL) 0.024 0.065 0.065
2 Team Leader <.0001 0.054 0.119
3 Average Seconds to Answer (nL) 0.069 0.024 0.143
4 Population <.0001 0.009 0.152
5 Total Calls Answered <.0001 0.013 0.165
6 Break View <.0001 0.007 0.172
7 Floor Register Status 0.036 0.007 0.178
8 Partition Height 0.003 0.006 0.184
9 Daylight (nL) 0.003 0.007 0.191
10 group i 0.059 0.006 0.197
11 group e <.0001 0.003 0.200
12 group h <.0001 0.003 0.204
13 group f <.0001 0.006 0.209
14 group g 0.000 0.010 0.220
15 Distance to North Wall 0.071 0.003 0.223
Cumulative R-Square for all Environmental Variables 0.030
Percentage of Model R-Square 13%

Figure 32: Order of entry and partial R-squared, November daily

Partial R- | Cumulative
Order of Entry Variable Significance Square R-Square
1 Years on Job (nL) 0.096 0.028 0.028
2 Partition Height <.0001 0.005 0.033
3 Outside Air Delivered 0.003 0.004 0.037
4 Population <.0001 0.006 0.043
5 Total Calls Answered <.0001 0.008 0.051
6 Average Seconds to Answer (nL) <.0001 0.004 0.056
7 group e <.0001 0.003 0.059
8 group f <.0001 0.003 0.061
9 group g <.0001 0.003 0.064
10 group h <.0001 0.003 0.067
11 Break View <.0001 0.002 0.069
12 Team Leader <.0001 0.002 0.071
13 Floor Register Status 0.002 0.002 0.073
14 group i <.0001 0.002 0.074
15 Distance to North Wall 0.007 0.001 0.075
16 Electric Light (nL) 0.001 0.001 0.076
17 group ¢ 0.012 0.001 0.077
18 Indoor Air Temperaure 0.092 0.000 0.078
Cumulative R-Square for all Environmental Variables 0.016
Percentage of Model R-Square 20%

Figure 33: Order of entry and partial R-squared, November hourly
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4.6.3 Discussion of Call Center Findings

The findings of the Call Center models are generally consistent with
management experience and findings of other researchers.

Personal Status. The largest changes in performance are associated with being
identified as a team leader (19%, 17% and 18% faster performance for the three
models). The other demographic variable that proved significant in all three
models is length of service as a CSR. For each 10% increase in service time,
CSRs are slowing down ever so slightly, by 0.1% to 0.2%.

Work Intensity. The intensity of incoming calls and the number of CSRs working
at a given time clearly affects performance. Consistent with management
experience, the more people working in the Center the slower calls are being
answered overall. For every 10 more people added to the list of active CSRs,
performance slowed in November by 14% daily or 12% hourly. Similarly, as the
average time to answer calls (Average Seconds to Answer) increases by 10%,
Average Handling Time slows down by about 1%. However, the more total calls
answered by the Center (implying a high density of incoming calls matched by
enough CSRs to handle them) the faster everyone is working, by 9% to 11%.

lllumination. Daylight was only significant in one model, November Daily, and
was found to slow overall performance slightly, by -0.2% for every 10% increase
in average daily daylight horizontal illumination level. The intensity of electric
illumination, on the other hand, is found to increase performance by about the
same amount, +0.3% in the November Hourly model. The relative effect of these
two findings is shown in Figure 34, where the dashed line is average daily
daylight illuminance and the solid line is electric illuminance.

AHT in relationship to Daylight and Electric lllumination
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Figure 34: AHT in relationship to daylight and electric illumination
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It is somewhat surprising that the Daylight variable was not significant in the
hourly model, where it represented hourly variation, while the Electric Light
variable, which does not vary hourly, showed up for the first time. Neither proved
to be very consistent across all models tested.

Since we know from our illumination transects that electric light increases in the
center of the Call Center and daylight increases at the perimeter, these two
effects are basically complements of each other. It is possible that people in the
core are functioning slightly better than people at the perimeter for some other
reason than illumination, although we tried to control for any such confounding
effects with the Distance to Window variables. We see that in the same
November models being further from the north windows predicts a positive effect
of handling calls 3% to 5% faster.

View. The findings about view are perhaps one of the most striking findings in
these models. A better Break View consistently predicts 6% to 7% faster
performance. A better Primary View also predicts an additional 6% faster
performance in the September daily model.

As a complementary finding, those employees at a workstation with partition
heights above eye level on two sides are seen to be performing 11% to 18%
slower than those with all their partitions below eye level. Workers with high
partitions have fewer opportunities for views, especially Primary View. The
highest partitions are at the boundaries of the workgroup and along the central
corridor. However, it is also possible that low partition height is associated with
higher status, since the assistant supervisors in our analysis are given
workstations that allow views out across their shift group neighborhood.

For our view variables we did not attempt to model the dynamic situation of how
the position of the window blinds interacted with the view from each cubicle. The
vertical blinds at the Call Center have 5% perforations making them semi-
transparent. Thus, from certain angles, even when the blinds are closed, there is
still a view to the outside. We know that blind conditions varied during the study
period, but the static variable describing view potential remained important in all
models. Therefore it may be that even subtle indications of a view, as seen
through the filter of perforated blinds, are important for worker performance.

Alternatively, the view variables may reflect people’s exposure to vertical
illumination. When the blinds are open employees typically have views of the sky
or the adjacent building wing, both of which are quite bright. When the blinds are
closed the blind surface still tends to be brighter than the surrounding field of
view, especially if the blinds are in the sunlight, as on the south fagade. It is
possible that our view metric is actually a better indicator of exposure to high
luminance levels at the eye than the horizontal daylight illumination measured by
the Hobos.

Thus, the positive impact of the view variables could potentially be explained by a
number of causal mechanisms. These include theories that a relaxing view
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improves performance via stress reduction, that an interesting view improves
ability to maintain focus, or that higher luminance levels viewed by the eye may
help enhance performance via physiological circadian stimulus.

Temperature and Ventilation. Cooler temperatures are associated with faster
performance handling calls in the November Hourly analysis. A small increase in
air temperature inside of the space, from the average of 74°F to 76°F was seen
to slow worker performance by 2%. There was never more than a 6°F range in
indoor air temperatures in the hourly data, so the maximum size of this effect
would be a 6% difference in worker performance. Air temperatures were
measured at five feet above the floor for groups of two to four cubicles. Thus
there is also some spatial sensitivity to this data.

It is interesting that this temperature relationship showed up in the hourly
analysis but not the daily analysis, implying that it is a fairly immediate effect
rather than a longer term effect responding to daily average temperature. The
hourly analysis did have more statistical power since it was based on eight data
points per day rather than just one, so it is more likely to find subtle effects. It
should also be noted that Air Temperature was the last variable to enter the
hourly model as significant and thus has the lowest predictive power of the
significant variables in the model.

Those workers who had their floor registers set to fully open, presumably to
maximize ventilation near their workstation, were consistently seen to have faster
performance than those with their floor registers fully closed. The observation
that Floor Register Status was one of the most powerful explanatory variables in
the preliminary September analysis induced us to pay closer attention to
ventilation conditions in the Call Center for the Phase 2 analysis. The magnitude
of the positive effect associated with a more open floor register varied from 3% to
10% faster performance in the three models, but it was consistently significant.
This finding could potentially be related to increased local air flow or to lower
local air temperature.

Upon examination of the facility records for the study period we confirmed that
the delivery air temperatures were substantially cooler than average room air
temperatures for the Call Center. In September the delivery air ranged around
58°F, about 15°F cooler than the room air, while in November the delivery air
was at about 64°F, or about 10°F cooler than the average room air. Thus, people
with their floor registers open were receiving both more ventilation air and cooler
local temperatures than those with their registers closed.

In the November Hourly model we were able to include a variable indicating the
amount of outside air introduced into the space on an hourly basis (Outside Air
Delivered). As the rate of outside air per square foot increased, performance also
improved. Increasing the rate of outside air by one cubic foot per minute per
square foot (CFM/sf), or double the average rate, was associated with 4% faster
handling of calls. The range of outside air CFM/sf varied between 0.5 to 2.0
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CFM/sf for our study. Thus the largest range in performance expected due to
changes in outside air rates from lowest to highest would be about 6%.

Again it is interesting that this metric was significant in the hourly analysis but not
the daily analysis. Furthermore, the outside air delivered variable entered the
hourly model as the third most important explanatory variable. This suggests that
more attention should be given to the relationship worker performance and
changes in outside air delivery rates. Furthermore, this relationship should be
studied at a fairly fine grain, considering local workstation conditions and data at
the hourly or finer level of detail.

Hourly Analysis. We undertook the November Hourly model in order to study
the dynamic effect of hourly variation of daylight and ventilation on worker
performance. We even artificially varied these inputs in order to better study their
impact (see discussion earlier on Phase 2 Interventions). Changes in daylight
illumination were not found to be significant in the hourly model, but changes in
outdoor air ventilation rates were highly significant, and this variable was third to
enter the model. Indoor Air Temperature was also significant in the hourly model.
There were four other dynamic variables that were also significant in the hourly
model: three describing work load conditions and the indoor air temperature.

As mentioned earlier we tested lagged versions of the Daylight variable in all
models, and found that added the lagged Daylight variable to the hourly model
increased the explanatory power of the model slightly, even though the variable
itself did not prove significant. From this exercise, and other preliminary models
tested, we concluded that daylight illumination levels of the previous hour were
more strongly associated with worker performance than concurrent levels. This
suggests that any influence of daylight on worker performance is more likely to
operate via a delayed physiological effect than an instantaneous visual effect.

We suspect that the hourly versions of Indoor Air Temperature and Daylight may
be somewhat collinear with each other; however we were not able to investigate
such a relationship. It would be interesting to be able to distinguish between the

thermal effects and the illumination effects provided by windows and daylight.

It was very advantageous to be able to study worker performance at the fine
grain of hourly data. Many environmental conditions vary over the course of an
hour, and in our models we were able to detect changes in worker performance
that responded that this level of time detail. Field conditions supporting this level
of analysis are very rare. Indeed, call center workers present one of the few
situations where office worker performance is routinely monitored at that fine
level of detail. Thus, we strongly recommend that future studies consider the use
of call centers as field study sites to investigate the relationships between indoor
environmental conditions and office worker performance.
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5. DESKTOP STUDY

The Desktop study presented us with the opportunity to study office worker
performance across a greater range of daylighting and other environmental
conditions than the Call Center study. We had the opportunity to investigate
three buildings with a substantial range of daylight versus view conditions: one
with basically no views and no daylight, one with excellent views and no daylight,
and the third with a combination of high daylight levels provided by skylights
where workers often had little or no view and other areas with both high daylight
levels and excellent views. All three buildings also included core office areas
where workers had no daylight and no views.

The greatest challenge of the Desktop study was creating a metric of
performance that could be uniformly administered to the participants and would
create a meaningful measure of changes in office workers capabilities. As
described in the introduction to this report, most previous studies considering
office worker performance have been performed in laboratory environments,
using simulated office tasks and temporary workers for experimental subjects.
We were also constrained by the need to minimize the time requirement to
participate in the study so that the study itself did not create a negative
productivity impact on SMUD’s ongoing operations. In discussion with
management we agreed to create a test of performance that would take no more
than five or ten minutes to complete.

Since we wanted to analyze the relationship of actual workplace environmental
conditions to worker performance, this assessment had to be administered at the
worker’'s own desk and under as uniform and normal conditions as possible. We
decided to create a computerized assessment test that could be administered
simultaneously to our full study population. This assessment was successfully
administered to a final study population of over 200 participants multiple times.
Volunteers took the test from one to four times over the course of a five week
study period in October and November 2002. The details of the study
methodology and its findings are described below.

5.1 Selection of Study Population

For the Desktop study we wanted to recruit a sufficiently large population in order
to be able to able to analyze a range of environmental conditions and achieve
sufficient statistical power in order to be able to detect fairly subtle effects. Initial
calculations suggested that we would require a study population of about 225,
with a minimum of at least 150 needed for successful analysis.

We needed to find a population that was fairly evenly distributed across the
range of environmental conditions that we wanted to study, and represented a
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sufficiently balanced population to avoid introducing inadvertent demographic
bias. In order to recruit this population we first worked with the Human Resources
Department within SMUD to identify an initial pool of potential study participants,
and then used a survey to further screen the population and recruit volunteers.
This selection process is described below.

5.1.1 Department Selection

We worked with SMUD personnel officers to identify the departments and
locations of employees who had somewhat similar job positions and task. From
this exercise we identified a potential pool of about 700 employees from twelve
departments in the three buildings (CSC, headquarters and 59" street) from
which we could create matched set comparisons between the CSC building and
at least one of the non-daylit buildings. Of these 700 employees, about 125 were
filtered out as inappropriate for the study, because they were not professional or
clerical employees, were part time employees, were located in the wrong area or
were inappropriate for other reasons, leaving us with an initial survey population
of 575.

Break up of employees based on departments and buildings

0 Computer

90,
80
70
60
50
40|
30
20
101

o Financial

mEngineers

No. of employees in the 3
departments

0-
CSC- Skylights Head Quarters CSC-side lights 59th St.

SMUD buildings

Figure 35: Employee distribution in 3 SMUD buildings by job category
Arrows indicate possible comparison between similar departments located in
different buildings.

Of the twelve departments considered, we grouped them broadly into three
types: engineers, computer professionals and financial professionals. We wanted
to then make sure that each group was represented in at least two of our three
study buildings. Our data collection goal identified employee workstation location
by building and its relationship to windows or skylights. The goals described in
the research plan are summarized in Figure 36 below:
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Head Quarters CSC CSC Sky 59th Total
Core|S N E/W ]JCore|S N Core|S N Core |[E/W
Engineers 12 12 12] 12| 48
Computer] 12 241 24 12| 12| 12 96
Financial 12| 12| 12 12 12| 12| 12 84
Total 241 12| 36| 24| 24| 24| 24 12| 12 12] 12| 12] 228
Bldg Total 96 108 24 1

Figure 36: Research plan goal for Desktop study population
(S= cubicle near to south window, N= cubicle near to north window E/W = cubicle
near to east or west window, Core =3 cubicles away from N, S, E or W windows)

5.1.2 Initial Survey Administration

We prepared a one page flier giving a brief description of our office study and
inviting SMUD employees to participate in the initial survey, and announced a
drawing for a prize among those who participated. SMUD management provided
us with email addresses and mail stops of employees of the selected
departments. Based on this, we invited participation via e-mails and fliers.

Participation in the survey and the subsequent study was completely voluntary. A
seven page survey was created requesting demographic information such as
age, level of education, years with the company, employment status, etc. We
also asked information about the employees’ workspace and their use of it, such
as their monitor type, number of hours they spend at their desk and number of
hours doing certain tasks, and simple details about their workstation. A copy of
the initial survey is provided in the Appendix.

The survey was administered over the company intranet system. Participants
simply clicked on the listed URL, and the survey form opened up on their
computer screen. As they took the test, the results were automatically
downloaded to an Access database. With this system we could track progress on
the survey. Their log-in was subsequently translated into a unique numerical ID
in order to preserve anonymity of the responses, but allowing us to contact them
in the future via e-mail.

We mapped the approximate location of the initial 575 employees who were
invited for the initial survey and discovered that we had low population of
employees in skylit areas. We later send out initial surveys to 40 people in two
more departments that were located on skylit floors. Out of a total of 614 initial
invitations, we received 515 responses to the initial survey.

5.1.3 Selection of Final Test Invitees

Out of the 515 employees who responded to the initial survey, further screening
of the population was done on the basis of their responses. People who were
inappropriate, unavailable or uninterested in the study were eliminated. Criteria
for elimination included:
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¢ Located in a private office

+ Working at the desk for less than 7 hours per week

+ Highly unusual computer tasks or computer set up

+ Managerial position

+ Part time employee or not specifically invited to participate
+ Did not volunteer to participate in study

+ Not available during study period

The participants were also asked to list all the days in the coming two months in
which they would be unavailable at their desks to take Mini-Tests, so that we
could schedule the test days on which we would reach the maximum potential
participants.

We checked that this list represented a demographically balanced population that
was distributed around the buildings approximately according to our proposed
sampling frame. We mapped each participant to their location in the buildings
and made sure that they were located in clusters. A few people in isolated
locations were also eliminated so that we could economize on the number of
data loggers set out to record environmental conditions.

From this response we created a list of 234 employees who would be invited to
participate in the study. Our ideal data collection goal was 225 participants. We
judged that we could have as few as 150 to support our intended analysis. We
successfully collected Mini-Test results from 214 participants who took it at least
once, 184 who took it at least twice, 147 who took it at least three times and 45
who took it four times. One last screening of these 214 participants was done
based on which of these participants had completed both at least one Mini-Test
and the final questionnaire, resulting in a final study population of 201 shown in
Figure 37.

HQ CSC CSC Sky 59th St.
Core| S N |E/W]|Core| S N |E/W]|Core|] S N | E/W|Core| E/W
35 6 4 9 43 | 31 30 1 11 5 11 2 8 5

54 105 29 13 201

Total

Figure 37: Final Desktop study population, by location
(S= cubicle near to south window, N= cubicle near to north window
E/W = east or west window, Core =3 cubicles away from any window)

The final study population shown in Figure 37 has a very good distribution
balance between workers located in the core and near windows, those under a
skylight and distribution within the three buildings. We are fairly confident that in
the final analysis increasing levels of daylight and view were not confounded by
higher professional status in the company. We recruited a good mix of high
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status professionals in the Headquarters building with wonderful views from their
cubicles but no daylight, and we also had a fairly large population of clerical
workers in the core of the top floors of the CSC building who had very high
daylight levels due to the skylights overhead but comparatively little view. We
also achieved a population of engineers, some located in the Distribution
Services Building with no daylight and no view, and others located in both
Headquarters and the CSC building with a variety of conditions.

Figure 38 gives the number of responses in each filtering step of the recruitment
process and the resulting final study population.

615 Initial survey-
15 responded

214 responded

study
ulation = 201

Figure 38: Venn diagram showing filtering of study population.

5.2 Environmental Data Collection

The process of onsite data collection for the Desktop study was based on the
experience from the Call Center study. We used a similar methodology to collect
information about the workstations, their illumination levels and other
environmental conditions.

We spent two Saturdays on-site with eight to ten surveyors each day to collect all
of the data. We mapped the location of the 235 potential study participants to
their cubicles in the three study buildings and noted their location on a floor plan
of the building. We found each cubicle and assessed its static environmental
conditions such as distance from window or skylight, view factors, glare from
windows and floor register status. Hobo data loggers were set in place at the
same time and remained recording illumination and temperature data for the
duration of the study period.

We followed the procedures described earlier in the Call Center study to rate the
Primary View and Break View at each desk. We took digital photographs of
conditions in each space and documented the view out of each window, standing
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five feet from the window. We rated the glare potential from the window sitting at
the monitor, and noted any obvious sources of glare on the monitor. We collected
illumination data and radiant temperatures using handheld equipment following
the methodology described for the Call Center Phase 2. In the CSC building we
also noted the floor register status for each cubicle.

In the Customer Services Building, occupants located next to a window had the
opportunity to adjust their blinds and open or close windows. We noted that
compared to the Call Center, where we had observed blind operation over the
course of three weeks, in the rest of the CSC blinds were adjusted even less
frequently, since they were not required to be closed at night. We observed that
Ya to 4 of the blinds had controls that were very difficult to reach due to furniture
arrangements. Some occupants had taken remedial measures, such as devising
clever control extensions to help them make changes to the blinds. Typically,
blinds were 80-90% fully open on the north windows and 80-90% partially closed
in the south, east and west walls in a wide variety of settings from fully closed, to
drawn but set at an angle allowing clear views out from some positions.

We did not attempt to formally assess the frequency of operation the operable
windows, but would estimate that during our study periods we observed that
perhaps 10-25% of the windows were open at any given time. The building is
pressurized, and thus an open window should result in net flow of air out of the
workstation, rather than inducement of a breeze into the workstation. Interviews
with occupants informed us, however, that sometimes they do feel air moving in
to the building from an open window. They also reported that there was likely to
be a slight increase in traffic noise from outside the building near an open
window. The on-site data collection process is described in further detail below
and in the Appendix.

5.2.1 Illlumination and Temperature Data

We took horizontal illumination readings at each desk. Surveyors were instructed
to take three to five readings across the surface of the desk at four feet above
floor level. The average of these readings was then entered into the dataset.
Separate readings were taken with lights on and off. For the CSC building
additional readings were taken with blinds open and closed and at different times
of the day to capture the variability of daylight illumination.

Hobos were placed at representative locations chosen to capture the variability in
environmental conditions. Thus, along perimeter cubicles with substantial
daylight we located Hobos every two or three cubicles. In the core of the
buildings, where there was little variation in daylight or temperature, only two or
three Hobos were located to represent all core cubicles for that area.

We placed 60 Hobos in the CSC building, 18 in Headquarters, five in 59" street
and 13 were located in various air handling units to monitor HVAC conditions. On
average, we had one Hobo located for every three cubicles that could potentially
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be included in the study. It was possible that some of the Hobo locations would
become extraneous since we had to locate the Hobos in advance of the
employees’ participation in the study. In addition we located four Hobos and two
Licor illuminance meters on the roof of the CSC to take continuous readings of
outdoor temperature and illumination levels in case we needed them to calibrate
the inside Hobo readings.

The data collected from Hobos was processed to create illumination and
temperature readings for each of the cubicles in the study. Hand held readings
taken at both the Hobo locations and cubicles were used to calibrate dynamic
Hobo readings to cubicle locations. Since the Mini-Tests were taken by the
participants only between 10:30 AM to 12:30 PM for any of five Thursdays, a two
hour average for both daylight illumination and temperature readings was created
for each of the five study days.

The radiant temperature measurement gun was used to assess radiant comfort
conditions in the various spaces. Both survey days were warm sunny days with
clear blue skies and outside air temperatures peaking in the upper 80s. The air
conditioning system was off during the Saturdays when we were there, so air
temperatures were typically around 78°F - 84°F. Radiant temperatures of
surfaces, including windows tended to be in a very similar range. Interior
surfaces of windows that had recently been in direct sunlight were often 10°F
warmer than other surfaces.

Radiant temperature readings were also taken for the skylight glazing and wells
on the top floors of the CSC building. The surfaces of the skylight wells tended to
be 10 to 15°F warmer than the ambient air temperatures. The skylight glazing
was up to 40°F warmer in the sun and only 10°F warmer when the glazing was
currently in the shade.

Description of the procedure of measuring and calculating daylight and electric
illuminance is given in the Appendix.

5.2.2 Ventilation and IAQ Data

We hoped to calculate ventilation rates from a combination of data from the
automatic energy management system (EMS) data collection, weather data and
information from the Hobos placed in the air handling units. However, the SMUD
EMS system failed to record data for some of the locations and some of the days
in our study period. As a result we were unable to calculate changes in
ventilation rates or outdoor air components for the study.

We did know the supply and return air temperatures for most locations, and
confirmed that all of the study areas stayed within comfort conditions at 72°F to
75°F. The Customer Services Building tended to be maintained about one or two
degrees warmer than the other two buildings.
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We were not able to directly measure the variation in ventilation rates by time or
location for the Desktop study due to missing data from the facilities EMS system
for the study period. The Headquarters and 59" street buildings did not have
economizer systems and thus the outside air component was maintained at
relatively constant ASHRAE recommended levels. For the CSC building the
percentage of outside air supplied was a function of both economizer function
and the position of the operable windows, and so was highly variable in both time
and space.

We also noted the floor register status of each cubicle location in the CSC as a
proxy measure of ventilation rates. Similar to the Call Center findings, we noted
that about 25% of the occupants changed their floor register setting over the six
week study period, with a balance between those that were more open or more
closed at the end of the period. We could not, however, assess the frequency of
these changes.

We know from the UC Berkeley study' that employees in the CSC building had
more complaints about the floor registers than any other feature of their building.
They most frequently complained of cold air blowing on their legs and annoyance
from dust blown up from the floor vents. We confirmed this with our own informal
interviews and observations. Surveyors often noted an accumulation of small
debris particles in the vent baskets. Employees told us that these were remnants
of the carpet cleaning process. A number of employees told us that they covered
their vents to prevent a draft on their legs. In the UC Berkeley study a number of
employees also mentioned that they covered their floor vents in order to prevent
their chair or high heeled shoes from getting caught in the register. We found
roughly 5% of the floor registers purposefully blocked.

For the Desktop study we collected hourly CO levels for a day in one
representative space in each building. For the CSC and HQ buildings we
measured the CO; levels in the return air plenum, while we measured the CO,
levels inside the space in the 59" street building. The CO, levels were seen to
show similar hourly variation as seen for the Call Center study, and values were
observed to be well below the ASHRAE recommended limits. Between the three
buildings, the CSC building had the lowest average CO; level (475 ppm) with the
HQ building having an average CO; level of 520 ppm and the Distribution
Services Building with an average CO;, level of 670 ppm. Thus we did not find
any significant variations in the CO;, levels that could indicate unhealthy air
quality in any of the study’s spaces.

5.3 Performance Metrics

In the Desktop study we were faced with a rather unique challenge—how to
measure office worker performance in the field in a meaningful way that might

'uc Berkeley study
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influence a manager’s assessment of overall organizational productivity. We
needed to do this in a way that would:

+ Standardize testing under field conditions
+ Minimize impact on employee time
¢ Minimize administration and analysis costs

+ Provide widely accepted performance metrics, referenced to other
studies

+ Create a system that could potentially be replicated in other studies

We decided to create a series of “Mini-Tests” that would assess employee visual
and mental performance, including short term and long term memory. Our
primary criterion was that these tests could be administered in a five to ten
minute time span. We decided to identify a suite of tests that could be:

+ Self-administered at a worker’s own computer

+ With performance metrics that could be automatically measured and
recorded by the computer

This created fairly rigorous selection criteria which narrowed our search for
potential tests to relatively few possibilities.

After examining research literature of similar studies, which tried to assess visual
and mental performance but primarily in a laboratory or clinical setting, we
identified a range of candidate tests used by other researchers. We interviewed
many of these researchers to understand their use of the tests, the availability of
normative data, the ability of the test to discriminate a range of performance
between individuals and the potential of the test to be self-administered and
computerized.

Based on these interviews and reviews, we selected five types of tests that
represented a range of commonly used visual and cognitive assessments, and
seemed that they could be successfully administered in a 5-10 minute computer
session. We coordinated our development of the Mini-Tests with the researchers
who had developed four of five of the formats. For the first three visual acuity
tests, Chris Hunt of City Visual Systems Ltd. was extremely generous and helpful
in helping us adapt the CITY University Vision Screener to our computer format.”
Dr. Jeb Schenck consulted on the administration of the memory test, which he
developed as a research tool for comparing various educational methodologies.
The fifth test, Backwards Numbers (Digit Span Backwards), is a computerized
variation of a standard psychological test developed in the 1950s. Our adaptation
was based on basic psychology texts and interviews with practicing researchers
and psychiatrists who use the tool.

' The CITY University Vision Screener for VDU Users was developed under the direction of Dr.W.D.
Thomson, senior lecturer, Department of Optometry and Visual Science, City University, London
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A single Mini-Test session was constructed with each of the five tests. Each
session of a Mini-Test included three to four trials of each test type. The five tests
are as follows:

1. Landolt C: identify the direction of a square “c”. As administered in our
format, it measures visual acuity and speed of response. It is a standard visual
acuity test, widely used in vision research.

2. Letter Search: find a “c” in a random field of “0”s; measures visual acuity,
visual scanning efficiency, manual dexterity and speed of response.

3. Number Search: count the number of a certain digit randomly distributed
in a larger matrix of digits; measures visual acuity, visual scanning efficiency,
mental alertness, speed of response and short term memory.

4. Backwards Numbers: repeat a series of digits backwards; a standard
psychological test for mental acuity, attention span and short term memory.

5. Memory Test: remember a number of images presented earlier;
measures short term (within ten minutes of first presentation) and long term
visual and verbal memory (two to four weeks later).

Memory Test
Backwards Numbers

Visual Acuity

Speed and Accuracy
Dexterity

Short Term Memory . .
Long Term Memory | @

® |@| @ | Letter Seach
e @ |@| LandoltC

e |+ (@|®| Number Search

. Strongest factor
@ Moderate factor

& Minor factor

Figure 39: Cognitive functions assessed by the five Mini-Tests

Figure 39 gives a graphic representation of the cognitive functions assessed by
each of the five Mini-Tests.

5.3.1 Description of Mini-Tests

The Mini-Tests were made available to the participants on an internal server
within the SMUD intranet. The participants could access the tests by typing in a
web address in their internet browsers from their workstations. In a single
session of the Mini-Tests, the participant took a version of all five tests. New
screens with randomized answers were presented each session, so that no

86



WinDows AND OFFICES DEskTOP STUDY

participant saw the same exact image twice. A sample of a complete session of
the Mini-Tests is provided in the Appendix.

The Mini-Tests were designed using active serve pages (asp) and SQL server
technology to provide database connectivity and interactivity. This allowed us to
administer the tests over the intranet to our test population and instantaneously
record their response to a SQL database. We were also able to capture response
time of the participant at the level of milliseconds.

Each test consisted of images that are displayed on the participant’'s computer
monitors. To adjust for the different screen resolutions that the employees may
have on their individual monitors, the application was programmed to first check
the user’s screen resolution and then display appropriately sized images. This
ensured that the relative scale of the images and their pixel symmetry remained
constant even when the images were seen at different screen resolutions. Given
the field conditions, we could not control for monitor contrast settings or observer
distance to the screen. However, we assume that the office workers had already
set their monitors to preferred settings and locations for their visual needs and
preferences, and therefore the screens’ settings had generally been optimized for
each individual.

We controlled for variation in time of day and daylight exposure by restricting the
time of taking to tests to a two hour time slot before lunch, between 10:30 AM
and 12:30 PM. This time period was chosen to let the employees be exposed to
the environmental conditions in their workspace for a few hours before they took
the tests, and to be tested when daylight illumination was likely to be near its
highest but before they were likely to leave the workplace for a lunch break, and
thus be exposed to outside environmental conditions. Participants were sent an
e-mail reminder the evening before.

The participants were instructed to take at least four sessions of the Mini-Tests,
on four consecutive Thursdays between mid October and November of 2002.
Thursday was chosen to maximize exposure to the workplace during the week,
while avoiding the reduction in population observed on Fridays. A make-up
session was scheduled for the third week in November for anyone who had
missed taking a Mini-Test session earlier. To ensure the participants took the
tests only at the specified times, access on the intranet was granted only in this
two hour window on the Thursdays.

Instructions were provided at the beginning of each session and for each type of
test. A practice test was provided for each type of test with a correct response
illustrated. For the timed tests participants were asked to be “as quick and
accurate as possible.” Instructions for the two un-timed tests explained the
purpose of the test, such as: “this test assesses your ability to pay attention to
sequences on information.” Participants were asked to complete the test session
within one sitting and minimize disturbances while taking the test. The software
tolerated pauses between each test trial, but timed out if a participant waited
more than ten minutes before taking another action.
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Landolt C

In the Landolt C test, a square was shown on the center of the computer screen,
and the subject was asked to identify in which direction an opening in that square
points. The opening could be pointing either “Up”, “Down”, “Right” or “Left.” The
subject responded by clicking an appropriate button below the image.

In one session, the shape was presented four times consecutively, with an
increasing level of difficulty. In the second screen the size of the C shape was
reduced by 50%. Then in the third screen, the original size was again used but
this time, the contrast between the C shape and the background was decreased,
thus making it harder to see. For the fourth screen, both reduced size and
reduced contrast were used.

A sample image of a Landolt C screen is shown in Figure 40 below.
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Figure 40: Screen shot of Landolt C test.
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Letter Search

In the Letter Search, an image was presented in the center of the screen that had
many circles and one incomplete circle. The subject was required to identify the
incomplete circle and then click on it using the left button on the mouse.

In one session three screens of the Letter Search were presented consecutively,
each with a different image and a randomized location of the target.

A sample image of a Letter Search screen is shown in Figure 41 below.
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Figure 41: Screen shot of Letter Search
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Number Search

In the Number Search, an image was presented in the center of the screen that
had an array of single digit numbers on it. The subject was required to identify
how many of a particular number there were in that array. The subject then
responded by clicking on an appropriate button below.

In one session three screens of the Number Search were presented
consecutively, each with a different image.

A sample image of a Number Search screen is shown in Figure 42 below.
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Figure 42: Screen shot of Number Search
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Backwards Number

The Backwards Numbers test was an adaptation of the “Digit Span Backwards”
test which is commonly administered by psychologists to test attention span,
focus and short term memory capacity. It is normally administered by speaking
out random numbers exactly one second apart to the subject, who is then asked
to repeat the numbers but in the reverse order.

To make this a computer-based, self-administered test, we used Macromedia
Flash to develop flash images that displayed numbers for precisely one second

each, and then the subject was asked to type in the numbers he or she saw in
the reverse order.

A sample image of a Backwards Numbers screen is given below in Figure 43.
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Figure 43: Screen shot of Backwards Numbers

The test began with a presentation of two sets of three digits, and then the
number of digits was increased progressively up to two sets of seven. The initial
images of numbers in the series were colored gray, and the final image was
colored black to indicate the series was finished. For each progression of digits
from three to seven, two sets of randomized numbers were presented so there
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was a total of ten possible sets for each session of the Mini-Tests. However,
once the subject got two responses wrong the remaining screens were
automatically skipped.

Memory Test

In the beginning of the first session of Mini-Tests, an image was shown to the
subjects for exactly 30 seconds. This image contained 24 household objects.
This test was developed as a method of assessing the efficacy of various
teaching methodologies in improving long term memory.

A screen shot of the page with the initial image and the response page are
shown in Figure 44 and Figure 45 below:
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Figure 44: Screen shot of the Memory test image page

At the end of each session of Mini-Tests, we asked the participant to remember
all the objects they could from the initial image. They were presented with a list of
48 similar objects from which they could select those objects that were in the
initial image. The same list, but in randomized order, was presented at the end of
each session. The image was only presented once, in each participant’s first
session of the Mini-Tests. Thus, in their first session of the Mini-Tests, this
challenge came about five to ten minutes after they had seen the image. In
subsequent sessions, there had been a one to four week delay since they had
seen the initial image.
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Interestingly, this was the most unpopular test in the Mini-Tests battery. After the
second session, a number of participants sent us an e-mail to complain, either
that they thought their version of the Mini-Tests must be dysfunctional since they
hadn’t seen the image again, or to complain that asking for such a long term
memory test was not fair. We doubled our efforts to encourage participation in
this test and got higher participation on the third and fourth sessions.
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Figure 45: Screen shot of Memory Test response page

5.3.2 Mini-Tests Response

After selecting the population for the Mini-Tests, the participants were sent an
email inviting them to take the Mini-Tests, with information about the format and
procedures. They were asked to take the Mini-Tests three or four times on
sequential Thursdays mornings. They were told that the Mini-Tests are a part of
a study looking at the influence of different environmental conditions on office
workers. They were not told that it specifically focused on lighting conditions or
mental performance. We were able to receive e-mail questions from participants
if they wanted further instructions or clarification.

The Mini-Tests were installed on a server within the SMUD intranet and were
accessed via an internal URL hyperlink. The computers on the employees’ desks
had restricted access to the internet and firewalls which prevented us from
installing the Mini-Tests on an outside internet server. The SMUD Business
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Administration Services (BAS) department graciously provided the access to the
server space for hosting of the Mini-Tests and greatly helped in tailoring the
application to their server environment. The hyperlink was sent to the participants
in an email reminder every Thursday morning, but was only activated during the
specified test period.

At the end of each week a lottery was held to award a small prize for those who
participated. The winner was announced in the e-mail reminder the following
week.
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Figure 46: Number of participants by week for Mini-Tests

We received 155 responses for the first week from the 234 participants whom we
invited. Participation fell to 127 in the second week and 101 in the third, as
shown in Figure 46. To ensure higher participation, we sent out another flier after
the third week to encourage participation in the final weeks. As a result the
number of participants increased to 164 in the fourth week of the tests. Those
who had missed a week and wished to complete a full round of the tests were
invited to take another session on the fifth, make-up week, with the promise of a
final lottery for those who completed at least three sessions.

Results from the Mini-Tests were collected on the SMUD server in a SQL
database, then converted to an MS Access database for processing. The
database recorded each participant’s response, along with the time in
milliseconds for each response. The records were identified by the cubicle
number and participant ID. About five people relocated to a new cubicle during
the course of the study. They were included in the study if we had comparable
information about their new cubicle location.
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5.3.3 Questionnaire

In addition to the Mini-Tests, the participants were asked to fill out a 15 page
questionnaire at the end of the study period. Topics included thermal comfort, air
quality, lighting quality, view, acoustics, stair usage and general health. General
comfort questions were asked on a 7-point scale. An example of the
questionnaire format and the 7-point scale is shown in Figure 47.

1 of 15 guestions
»  How often is the temperature in your workplace
Flease provide an answer for each row
NEVER SOMETIMES ALWAYS
1 2 3 4 5 6 br
comfortable o o 9 L8 o o o
too cold o 06 O o c o o
too hot o T ST & o c o o0
<< Back l Mext >> I Ciuit I

Figure 47: Screen shot of questionnaire showing 7-point scale

Other questions detailed specific problems with the use of checkboxes if that
problem applied. These pages also included a choice of “other” with a space for
respondents to make comments. The entire questionnaire is provided in the
appendix for reference.

This questionnaire was based on an earlier survey administered to SMUD
employees by the University of California at Berkeley’s Center for the Built
Environment in 1995." The format of the original questionnaire was modified to
provide greater discrimination in response. We also simplified and shortened the
original questionnaire to suit our study interests.

The answers to the questionnaire allowed us to compare employees’ own
assessment of their workstation environment with our physical measurements
and subjective surveyor ratings. We used Pearson’s correlations to look at these
relationships. For example, there was a strong correlation between survey rating
of a better view and employee assessment of the size of their view.

We also used the questionnaire to answer questions raised during the regression
analysis and provide insight to the findings. For example, we found a strong
correlation between proximity to skylights and complaints about glare on

' E Ring and G Brager, Summary Report of Indoor Environmental Quality Assessment, by UCB Center for
the Built Environment for SMUD, December 1999 . 179 employees in the newly opened CSC completed
this survey.
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computer screens, but no correlation between proximity to skylights and
complaints about thermal comfort.

We also tested preliminary regression models explaining results on the Mini-
Tests using a selected group of responses to the questionnaire as explanatory
variables. These regression models were not conclusive and are not included in
this report.

5.4 \Variable Definition and Statistical Methodology

The data from the initial survey, cubicle observations and Hobo data collection
were transformed into explanatory variables for use in the regression analysis.
The data sources and definitions of the various demographic and environmental
explanatory variables are described below.

The results from the Mini-Tests were transformed into “scores” for use as
outcome variables. Scores for the timed tests were based on speed and
accuracy. Scores for Backwards Numbers and the Memory Test were based on
number of correct responses. The rationale and formula for creating these scores
is also explained below.

Demographic Variables

The data for the demographic variables was mostly self-reported by the
employees through the initial survey. Department and worker status was
obtained from SMUD as part of our initial population assessment. Monitor
resolution was recorded automatically by the server at the time of the test, as
was the session indicator. The following variables were created from the
available data.

+ Years at SMUD (YearsAtSmud) the number of years the employee
has been employed at SMUD

+ Highest Degree (degree1) the highest degree obtained by the
employee from high school diploma to PhD

+ Age (aget) the age of the employee in five bins of 10 years,
where 0= 20-29 yrs and 4= 60+ years

+ Gender (male/female) a yes/no variable that indicates the gender of
the employee

+ Worker Status (OSE/PAS) a yes/no variable that indicates the work
status of the employee. OSE indicates the employee is a member of
Organization of SMUD Employees, and PAS indicates the employee is
a non-union employee with professional, administrative or supervisory
status.

+ Net Hours Spent at Desk (NetHours) a self-reported number of
estimated hours the employee spent working at his/her desk in the
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past week. Hours spent on task away from desk such as meetings, site
visits, lunch, etc., were not included.

+ Departments (Dept A — Dept K) the department to which an employee
belongs. The names of the departments have been masked for
confidentiality.

¢ High Resolution Monitor (mon1024) monitors with resolution from
1024x768 to 1152x864.

+ Higher Resolution Monitor (monQOther) monitors with resolution at
1280x1024 or higher. The default condition is 800x600.

We consider monitor resolution to be a demographic control variable, since we
believe it is more indicative of the “type” of person and the type of work they
perform than an indicator visual acuity or other physical conditions. We went to
great lengths to control for the impact of monitor resolution on visual acuity by
automatically identifying the resolution of each screen and then administering
images calibrated to that resolution. It turned out in practice that there were more
than three resolutions in use, so we binned the various types into low, medium
and high resolution monitors. By far the greatest number of participants had their
monitor resolution at the lowest level, (800x600),which became the default for
comparison. The next largest group was in the mid level. The smallest and most
diverse group were those with the highest resolution monitors. Upon checking
departments and task occupation we determined that most of those with high
resolution monitors were CADD or specialized computer operators. This re-
affirmed our hypothesis that this variable was best considered a demographic
control variable.

+ Session 2-4 (sessionx), indicates the session of the Mini-Tests, with
the first session is the default

* Missing Questionnaire (missQuest) an indicator that the participant
had not attempted the questionnaire, or had left it incomplete

Environmental Variables

Environmental variables were created from data collected by the surveyors or
recorded by the Hobos. The Hobo readings were averaged for the time between
10:30 AM and 12:00 PM to create a single reading for each of the five days the
Mini-Tests were administered.

¢ Total llluminance (TI) the illumination level recorded by the nearest
Hobo, and calibrated to the cubicle location

¢ Electric Light (EImin_revised) the electric illumination level from
handheld readings at the cubicle during Saturday surveys based on
the difference between two conditions: blinds closed-lights on and
blinds closed-lights off. For measurements under skylights, where the
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daylight contribution could not be excluded during the survey, we took
nighttime readings from the Hobo, calibrated to cubicle location.

+ Daylight illumination (D), created by subtracting the estimated
electric illuminance from the total illuminance recorded by the nearest
Hobos, calibrated to the cubicle location

+ Daylight (nL) (DI _log) the natural log of daylight illuminance

+ Skylight Zone (SkylightsDistance_revised), proximity to a skylight,
where 0=none nearby and 3=underneath a skylight

To create the skylight zone category, we plotted the skylights and their splays on
a floor plan. 3 = Cubicles directly under a skylight or splay of the skylight well.

2 = Cubicles that were between two skylights. 1 = Cubicles adjacent to one
skylight splay. 0 = Cubicles with no skylight influence or in a non-skylight
location. (See Figure 48 for a sectional diagram)

3= cuhicle directly under

e . skylight well
e, { L 5, I =
\L !]/ Q\ ! 2= cuhicle hetween two

. St [ L, wells or adjasent to
= B — e Pk ki T 1 R IR (ke D | - a we"
(e —— e S - | | 3 .
3 | 2 3 3 ! 2 1 ! 0 ! 1= cubicle partially undel
R W e g Jr 0 T a skylight well
¥ n—r—_z‘r { L oNES 0= no influence of
| kB _ |l I — skylicht

Figure 48: Location of Skylight Zone, shown in section
3= under skylight, 2= one desk away from skylight,
1= two desks away from skylight, 0= no skylight

+ Primary View (ViewFactor) rating of workstation view of window while
looking at monitor within a 90 degree field of view from O=none to
5=best. See discussion in Call Center study for rating procedure.

+ Break View (ViewBreak) rating of workstation view of window while
looking away from monitor in any direction from O=none to 5=best. See
discussion in Call Center study for rating procedure.

+ Distance to External Wall (DeskDistance) the distance in feet
between a cubicle’s chair location and the nearest outside wall

¢ Glare from Windows (Glare) rating of the potential for occasional
glare from window in primary field of view, including moving cars or
sunlit surfaces from 0=none to 3=worst. See discussion in Call Center
study for rating procedure.
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+ Floor Register Status (Flreg) position of the vent on the floor register
at an employees’ workstation, with O = missing or blocked, 1=
completely closed, 2 = 10-40% open, 3 = 50-80% open, 4 = fully open

¢ Air Temperature (Temp) the indoor air temperature in degrees F
recorded by the Hobo nearest to the cubicle

¢ CSC Building (CSC/HQ or bldg59th) a yes/no variable indicating if the
employee is located in the CSC building

5.4.2 Outcome Variables

The outcome, or dependent, variables were defined for each of the five Mini-
Tests. The three timed tests were translated into an average score for each
session based on speed and accuracy. The time taken to respond to a screen
was captured by the computer in milliseconds. It recorded the time elapsed from
when the screen was first displayed to when the respondent selected an answer
or button to continue to the next screen. The two un-timed tests, Backwards
Number and the Memory Test, were scored based on the number of correct
answers.

We examined the average, standard deviation, minimum and maximum of the
results on each test to make sure that we had achieved an appropriate and
sufficient range of response for analysis. We also preformed sensitivity analysis
to make sure that there were no significant differences in the data that we were
combining.

We examined the data and removed any individual that had exceptional success
or failure. In the Backwards Number test, a series of very low scores followed by
a series of perfect scores was considered a sign of cheating and removed from
the population.

Ultimately we decided to include a “session variable” as an indicator variable for
which session was being considered. This variable captured any systematic
change in performance between sessions, as might be expected with either a
learning curve if participants did progressively better with each session or a
fatigue or boredom factor, if they did worse with each session.

The formula to create an individual score which was used as the outcome
variable for each test is described below. The descriptive statistics for the study
population’s performance on these tests is included in the Appendix.

Landolt C

The first three screens of the Landolt C tests had an extremely high success rate,
with 98% to 100% of respondents always getting the image correct. The fourth
screen, with the smallest image and lowest contrast, had a lower response rate
that ranged from 88% to 95% correct for various sessions. Thus, we decided to
use only results from the fourth screen for our analysis.
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If a respondent got a correct answer, their score was the amount of time to
respond to the fourth screen. If a respondent got an incorrect answer, their score
was their time plus the average of all correct times for that screen for that
session.

We analyzed this approach to scoring to make sure that it provided an
appropriate distribution of responses. The average of all wrong times was almost
always slightly greater or very close to the average of all correct times, and was
always greater than the standard deviation of correct times. Thus, with this
weighting method, the average weighted wrong score was always greater than
the average of correct scores plus one standard deviation. Weighted wrong
responses tended to be above the 85™ percentile of scores. The average
weighted score on this test was 3.6 seconds.

Letter Search

For the Letter Search test, the three screens were determined to be equally
difficult, with a correct response rate of 93-100%. The times also had a normal
distribution for all screens, thus we decided to use an average of the response
for all three screens per session.

We used the same scoring method as Landolt C, but this time applied to all three
tests per session. If a respondent got a correct answer, their score was the
amount of time to respond to that screen. If a respondent got an incorrect
answer, their score was their time plus the average of all correct times for that
screen for that session. Their score for all three screens was then averaged for a
session score. The average weighted score on this test was 5.1 seconds.

Number Search

For the Number Search test, the three screens varied in difficulty somewhat
according to which digit respondents were requested to find, and how many of
those digits they needed to find. We conducted paired sample t-tests to
determine if there were any significant differences in time between trials in a
single week, between digits, and between weeks. After sensitivity analysis, we
concluded that there was sufficient uniformity in difficulty between the sessions
that they could be compared. The times also had a normal distribution for all
screens. This test was clearly more challenging than the previous two. Correct
response rates varied from 70% to 96%. We decided we could use an average of
the response for all three screens per session.

We used the same scoring method as Letter Search, described above. The
average weighted score on this test was 15.6 seconds.
Backwards Number

The outcome variable for Backwards Numbers was the highest score each
individual achieved per week, based on the standard scoring method used for
this test by clinical psychologists. Time taken for completing the screens was not
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considered. The score was determined by the count of how many digits the
participant could correctly remember. Participants were given two chances for
each count of digits. If they got both randomized strings of numbers correct for a
given count of digits, then that number of digits was their score. If they only got
one of a pair correct, then their score was one half point less. Thus, if their
highest correct answer was two strings of fours, their score = 4. If their highest
correct answer was only one string of fours, their score = 3.5. Failure to get the
either of the first strings of three digits was a zero.

Norm for the adult population for the test as administered aurally by a clinical
psychologist is 4.5. The norm for our study population as administered visually
on the computer was 5.23.

Memory Test

The Memory Test results can be used to predict long and short term memory.
For short term memory, the score from the first session, in which the participant
is shown the image at the start of the test, was considered the outcome variable,
while for long term memory, the score of the participant’s second, third and fourth
sessions would be considered.

Our preliminary analysis of the results from the Memory Test show a clear and
marked decline in the number of correct items checked from the first to the
second session. This decline in memory was not significantly different between
the second test and any subsequent test. Thus, we felt confident lumping the
second, third and fourth tests together for analysis.

The score for the Memory Test was the number of correctly remembered objects.
In addition we added explanatory variables that accounted for the number of
correct answers on the first test and the number of imagined objects for each
session. Thus, if a person tried to “hedge their bets” by selecting more
responses, they were penalized by this second explanatory variable. The
average score for the second through fourth sessions of the Memory Test was
11.6 objects correctly remembered out of 24 potentially correct.

5.4.3 Preliminary Statistical Investigations

The outcome variables for the Landolt C, Letter Search and Number Search tests
in the Desktop study were based upon the amount of time taken by each person
to complete each trial. Since there were multiple trials for each test in one
session, and a person could take each test multiple times over the course of the
testing period, it was necessary to devise a defensible method for combining the
results from all the trials into a single outcome variable for each test.

In consultation with our advisors, we concluded that it was necessary to conduct

paired sample t-tests to determine if there were any significant differences in time
between trials in a single week, since each trial in the sessions were different and
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may have posed differing levels of difficulty. We also tested for differences
between weeks to determine if there were significant differences in the scores
between the weeks. The testing between weeks also allowed us to test the
hypothesis that there was a learning effect associated with the tests and that
people who took the tests multiple times had shorter times in subsequent tests.
We also tested to see if there was a significant difference in time between people
with differing monitor resolutions. We found that there were few significant
differences between trials, sessions and monitor resolutions among people who
had attempted a single session and those who had attempted multiple sessions.
Therefore we concluded that it was appropriate to use straight averages to
combine the trial results into a single outcome variable for each test.

Preliminary analysis of the data was performed to test for heteroscedasticity and
collinear variables. Pearson’s correlations were used to look for collinearity
among explanatory variables. In addition, since daylight illumination was our
greatest interest, we also created a preliminary regression model using daylight
illumination as the dependent, or outcome, variable with all other data included
as explanatory variables. This model revealed that indoor air temperature was
the strongly correlated with measured horizontal daylight illumination levels, with
a one degree increase in air temperature predicting a six footcandle increase in
daylight illumination. All other variables that could predict daylight illumination
levels were entirely expected, such as being closer to a window or a skylight
predicting higher levels, with the exception of two. Younger people were found to
have better chance of higher daylight levels and those with the mid resolution
monitors also had slightly higher daylight levels. The Daylight-as-outcome model
is included in the Appendix.

5.4.4 Final Models

All of the analysis was pursued using multivariate regression models run in SAS
(Statistical Analysis Software). The analysis used p<0.10 as the threshold criteria
for inclusion of explanatory variables in the models, meaning that for a variable to
be considered significant, there must be no greater than a 10% chance of error in
making this decision, or 90% certainty. All statistical terms are explained in the
Appendix.

Alternate forms of both outcome and explanatory variables were considered,
such a linear versus logged versions, as discussed above. Models were judged
based on their R? (the percentage of variation in the data explained by the
model), the parsimony (minimum explanatory variables for maximum explanatory
power) and consistency between the models.

The variable selection methodology was the same used in the Call Center study,
as described in Section 4.5.6.
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5.5 Desktop Findings and Discussion

In this section we discuss the findings from the regression analysis, for each of
the five Mini-Tests. The Mini-Tests were administered to the participants in order
of increasing difficulty and increasing mental function. However, here we report
on them in reverse order, starting with the most challenging, involving the highest
order mental processing—Ilong term memory—and progressing to the least
challenging, Landolt C, measuring only visual acuity. After discussing the findings
of each test in turn, we then compare the results across the tests to consider
possible reasons for consistency or lack of consistency in the findings.

5.5.1 Reporting Format

The results are presented here in a variety of formats to aid interpretation. For
each test we first present the findings as a percentage effect, as determined by a
specified range of the explanatory variable. We also present the findings of each
model in terms of order of entry and partial R? of the explanatory variables.

In the percentage effect tables, all those variables that had a significance of more
than 90% (p-value < 0.1) are reported. Explanatory variables that were tested in
the model but did not achieve this significance threshold are left blank. The
percentage effect shows how much the outcome variable would change over a
range of the explanatory variable, if all other factors considered in the regression
model were held constant. The percentage effect was calculated using the B-
coefficient for each variable multiplied by a specified range for that variable, and
then divided by the mean of the outcome variable. For a simple yes/no variable
the percentage effect is the change in performance observed when that variable
is “yes.” For variables with a scalar range, we choose a consistent and
meaningful range for comparison. For example, for, Daylight (nL) we report the
effect seen with an increase of daylight illumination of 10%, or for Air
Temperature we report the effect seen when indoor air temperature increases by
2°F.

In the second, order of entry tables, we present information about the order of
entry, p-value (significance) and partial R? of each variable. The order of entry
and partial R? give an indication of each variable’s explanatory power in the
model. Those variables with highest explanatory power will tend to enter the
model first and have the largest partial R%. The p-value, or the significance level
of variables, is perhaps the best way to assess their strength in the model and
their likelihood of consistently appearing in other models. The highest
significance level, p<0.0001, expresses that there is a 99.99% certainty that the
effect does indeed exist, or is not zero. A significance level of p<0.10 expresses
that there is a 90% certainty of a valid effect. The lowest criterion for entry into
the models was p<0.10.
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Figure 49 , shown earlier, presents a summary of the cognitive functions
assessed by each of the five Mini-Tests. Descriptive statistics and statistical
details of results for each model are provided in the Appendix.

Memory Test
Backwards Numbers

Visual Acuity

Speed and Accuracy
Dexterity

Short Term Memory . .
Long Term Memory | @

® |@| @ | Letter Seach
* (@ |@)| LandoltC

e |+ (@|®| Number Search

. Strongest factor
@ Moderate factor

& Minor factor

Figure 49: Cognitive functions assessed by the five Mini-Tests.

5.5.2 Memory Test

The Memory Test was a visual memory test which asked participants to
remember a set of images shown to them at the very beginning of their first
session. They were allowed to look at the image only once for 60 seconds.
Scores for the test were based on the number of objects that participants could
correctly remember later, either at the end of the first session, or in later session
one to four weeks after seeing the image. Thus, we consider this to be an
indication of the short term (first session) and long term (second through fourth
session) visual memory capabilities of the employees.

We tested a number of model formats and found that, in general, this metric of
performance was not very well predicted by any of our explanatory variables,
including department, demographics or physical conditions. Models where we
looked only at the outcome of the first session to indicate short term memory—
the ability to remember objects correctly at the end of the first session, about 10
minutes after first seeing the images—found that none of our explanatory
variables were significant. There are at least two possible conclusions from this
exercise: either that this capability is randomly distributed in the population and is
not influenced by any physical comfort conditions, or alternatively that the test is
not a highly sensitive indicator of mental performance and thus would require a
much larger sample size to reveal significant relationships.
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Memory Test
Variable Range R2=0.511
better | worse
Lighting
Daylight (nL) if increased by 10% ...
Electric Light if increased by 10% ...
Skylight Zone from no skylight to below a skylight ...
View
Primary View from none to most ... 16%
Break View from none to most ... 9%
Glare from Windows from none to most ... -17%
Distance To External Wall from 6 ftto 60 ft ...
Temperature
Floor Register Status from closed to completely open ...
Air Temperature if increased by 2 deg F ... 8%
Location
CSC Building if located in CSC ...
Demographic
Age if 10 years older ... 5%
Years with Company if 10 years more ...
Education from High School degree to PhD ...
Gender if selected gender ... -13%
High Monitor Resolution if yes ... -13%
Higher Monitor Resolution if yes ...
Session
Session 2 if yes ...
Session 3 if yes ... -6%
Session 4 if yes ...
Correct on 1st Memory Test  |if 5 more ... 26%
Imagined per Memory Test if 5 more ... 19%
Department
Dept A ifyes ...
Dept B ifyes ...
Dept C ifyes ...
Dept D ifyes ...
Dept E ifyes ...
Dept F ifyes ...
Dept G ifyes ...
Dept H if yes ... -10%
Dept | ifyes ...
Dept J ifyes ...
Dept K if yes ... -21%

Figure 50: Memory Test, percentage effects

We then separately analyzed scores from the later sessions indicating long term
memory. In these models we included explanatory variables that controlled for
performance on the first test and number of objects incorrectly “imagined” on the
tests. Both these variables clearly show that the more objects a person got
correct in the first session, the more they were likely to get correct in following
session. Furthermore, the more objects incorrectly imagined in the following
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tests, the more correct objects a person was also likely to identify. Once we
controlled for these “test” effects, influences of other variables also showed up as
significant. Looking at the order of entry table in Figure 51, it is clear that these
two explanatory variables were the most powerful predictors of a person’s
performance, explaining 43% of the variation in scores.

In the final model of long term visual memory presented here in Figure 50, four
environmental influences on performance were found significant. Three of these
relate to the window view, and one relates to the air temperature.

When a participant had the best possible Primary View, they could remember
16% more objects correctly than those participants with no Primary View, or
about two more objects out of a potential list of 24. Likewise those employees
with the best Break View also increased their performance by 9% over those with
no Break View. These two results are additive, so any employees with both the
highest Primary View and Break View would be performing 25% better than
those with none. However, in this model we also see Glare from Window as a
negative influence, reducing performance by 17%. Thus this negative effect of
Glare from Window could be a self-canceling effect of the benefits from the
Primary View. (Glare from Window was only a function of the primary view.)
Adding an interaction variable between Glare and Primary View did not change
the model.

Higher Air Temperature was also seen to be associated with improved long term
memory performance. A 2°F increase in Air Temperature was seen to improve
long term memory by 8%. Since a higher air temperature was strongly correlated
to more daylight at the workstation it is possible that this could also be an indirect
indication of a daylight effect. (See Daylight-as-Outcome model in Appendix)

Among the other control variables, it is interesting that Age was found to be
significant and a positive indicator of better long term memory performance. Two
dimensional analysis showed that there was a downward trend in the absolute
number of objects remembered as the study population increased in age, but that
the relative decline between the first and later session (the metric measured in
the analysis) was slightly less. In our study population the average age was
about 42 years old, with a standard deviation of eight years. The model predicts
that, once number of objects remembered on the first test is controlled for,
people who are forty-two years old will correctly remember about one more
object than a twenty-two year old. Other demographic control variables, such as
Gender, High Monitor Resolution, Session2, Dept H and Dept K also indicated
negative performance.

Figure 51 gives the order of entry for all the significant variables in the Memory

Test model. The environmental variables, indicated in bold, can be seen lower in
the order, while demographic and visual variables are higher up the order. At the
bottom of the table, the total R? for the four environmental variables is calculated
and its percentage with respect to the full model is determined. Thus, all together
the four environmental variables are responsible for 4% of the explanatory power
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of this model. This low contribution of environmental variables might be attributed
to the number of intervening environments each participant was exposed to over
the one to four week period between seeing the image and reporting on
remembered objects.

Order of Partial R- | Cumulative
Entry Variable Significance| Square R-Square
1 Correct on 1st Memory Test <.0001 0.340 0.340
2 Imagined per Memory Test <.0001 0.085 0.426
3 Gender <.0001 0.023 0.449
4 High Monitor Resolution 0.001 0.014 0.462
5 Age 0.012 0.012 0.474
6 Air Temperature 0.004 0.007 0.481
7 Session 3 0.066 0.006 0.487
8 Dept H 0.032 0.004 0.491
9 Dept K 0.048 0.005 0.496
10 Break View 0.060 0.004 0.500
11 Primary View 0.009 0.004 0.504
12 Glare from Windows 0.032 0.008 0.511
Total R-Square for all Environmental Variables 0.022
Percentage of Model R-square 4%

Figure 51: Memory Test, order of entry and partial R®.

The R?for this model is substantially higher, at 0.51, than the other Mini-Tests
models, which range from 0.11 to 0.19. This is entirely due to the contributions of
the two top variables, which provide information on individual performance on the
tests rather than demographic or environmental conditions. When those two
variables are subtracted form the model, the remainder is the lowest of all, at
0.085, meaning that all these other variables only explain 8.5% of the variation in
performance on this test. Of this remaining percentage, the environmental
variables are responsible for 26%.

5.5.3 Backwards Numbers

Backwards Numbers was the short term memory test in which the participants
were asked to remember a sequence of numbers flashed on screen and then
type them into the computer in reverse order. The scoring is based on the
maximum number of digits that the participant could remember correctly. This
test is widely accepted by psychologists worldwide as an assessment of attention
span and shot term memory. This test indicates the ability to focus one’s
attention and remember details. Of the five Mini-Tests, we consider it to be the
closest to an overall assessment of mental performance. Poor scores on this test
could indicate mental fatigue or inability to shut out distractions to concentrate.
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Backwards
Numbers
Variable Range R2=0.126
better | worse
Lighting
Daylight (nL) if increased by 10% ... 0.4%
Electric Light if increased by 10% ...
Skylight Zone from no skylight to below a skylight ...
View
Primary View from none to most ... 10%
Break View from none to most ...
Glare from Windows from none to most ... -15%
Distance To External Wall from6 ftto 60 ft ...
Temperature
Floor Register Status from closed to completely open ...
Air Temperature if increased by 2 deg F ...
Location
CSC Building if located in CSC ...
Demographic
Age if 10 years older ...
Years with Company if 10 years more ... -4%
Education from High School degree to PhD ... 11%
Gender if selected gender ... -7%
High Monitor Resolution ifyes ...
Higher Monitor Resolution ifyes ...
Session
Session 2 if yes ...
Session 3 if yes ...
Session 4 if yes ...
Department
Dept A ifyes ...
Dept B ifyes ...
Dept C ifyes ...
Dept D if yes ... -10%
Dept E if yes ... -16%
Dept F ifyes ...
Dept G ifyes ...
Dept H ifyes ...
Dept | ifyes ...
Dept J if yes ... 15%
Dept K ifyes ...

Figure 52: Backwards numbers, percentage effects.

Figure 52 shows the percent effects calculated for all significant variables in the
Backwards Numbers model. Among the environmental variables, the results
show Daylight (nL) to be a highly significant and a positive indicator of
performance. For every 10% increase in daylight illumination, a 0.4% increase in
performance can be expected. Although this may sound like a very modest
effect, this variable was on a logged, not a linear scale. Thus, it predicts
increasing larger effects at lower levels of illumination.
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The predicted effect of daylight on Backwards Number performance is plotted on
a linear scale of increasing daylight footcandles (fc) in Figure 53. It shows that an
increase in daylight from 1 to 20 footcandles results in a 0.7 point improvement in
performance over the 3-7 point scale in our test, or a 13% improvement in
performance. A full one point improvement in performance is seen from 1 to 67
footcandles of daylight illumination, translating in to an overall increase of 19%
compared to norm. However, due to the logged scale of the variable, an increase
in 20 footcandles at the upper end of the range, from 70 fc to 90 fc, results in
very little improvement in performance. This is consistent with expectations that
the greatest effect of daylight would be at the low end of indoor illumination
levels, with a decreasing relative effect at higher illumination levels.

Backwards Numbers score in relation to Daylight lllumination
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Figure 563: Backwards Numbers score in relation to Daylight lllumination

Along with daylight, a higher quality Primary View was also found to be a positive
indicator of performance, increasing performance by 10%. Glare from Windows
was also found significant, and is predicted to have a negative influence on
performance. A high glare workstation can be expected to reduce performance of
the office worker by 15% as compared to a workstation with no glare from the
windows. We tested an interaction variable between Glare and Primary View,
which was significant for this one model. Analysis of the net effect showed that
in this case a participant with a high Primary View only performed better when
there was also no glare potential from that window.

The demographic control variables that show up as significant and positive were
Education and Dept J, while negative performance was indicated by Years at
Company, Gender, Dept D and Dept E. The results suggest that higher
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education will result in better focused attention, while more years at the company
is an indication of poorer performance.

Order of Partial R- | Cumulative
Entry Variable Significance| Square R-Square
1 Daylight (nL) <.0001 0.031 0.031
2 Years with Company 0.009 0.021 0.052
3 Dept J 0.003 0.019 0.071
4 Dept E 0.001 0.018 0.089
5 Dept D 0.012 0.010 0.099
6 Gender 0.009 0.007 0.106
7 Education 0.018 0.007 0.112
8 Glare from Windows 0.005 0.006 0.118
9 Primary View 0.031 0.008 0.126
Total R-Square for all Environmental Variables 0.045
Percentage of Model R-square 36%

Figure 54: Backwards Numbers, order of entry and partial R?

For the Backwards Numbers model, we see in Figure 54 that the daylight
variable entered the model first and has the largest partial R?. It also has the
highest significance, denoted by the lowest p-value in the significance column.
The remaining environmental variables of glare and view enter the model last,
with much smaller partial R2. In this model, the environmental variables are
responsible for 36% or about one third of the explanatory power of the model.

We are fairly confident that increasing levels of daylight and view are not
confounded by higher professional status in the company for two reasons. First, if
proximity to the perimeter of the building, and a thus a better view or more
daylight, were the most relevant indicator of performance, than the variable
Distance to Wall would be more significant than Primary View or Daylight (nL).
Secondly, as mentioned earlier, we had a good mix of high status professionals
in the Headquarters building with wonderful views from their cubicles but no
daylight, and we had a fairly large population of clerical workers in the core of the
top floors of the CSC building who had very high daylight levels due to the
skylights overhead.

With these results, daylight was shown to be a significant indicator of better
performance in tasks related to mental alertness and short term memory. The
results for Primary View and Glare from Windows show consistency with results
from the Memory Test.

5.5.4 Number Search

The Number Search Test involved a mix of mental function and visual acuity. The
participant was required to visually scan through a matrix of numbers and count
the number of times a specified digit appeared. The test requires visual acuity to
find the digits with a coordinated scanning motion of the eye across the matrix,
while also remembering the number of times the digit appears, which requires
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mental alertness and short term memory. The scoring is based on time taken to
respond, weighted for a correct response, as described in Section 5.4.2.

Number
Search
Variable Range R2=0.111
faster | slower
Lighting
Daylight (nL) if increased by 10% ...
Electric Light if increased by 10% ...
Skylight Zone from no skylight to below a skylight ...
View
Primary View from none to most ... 8%
Break View from none to most ... 8%
Glare from Windows from none to most ... -21%
Distance To External Wall from6 ftto 60 ft ...
Temperature
Floor Register Status from closed to completely open ... 17%
Air Temperature if increased by 2 deg F ...
Location
CSC Building if located in CSC ...
Demographic
Age if 10 years older ... -4%
Years with Company if 10 years more ... -4%
Education from High School degree to PhD ...
Gender if selected gender ... -6%
High Monitor Resolution ifyes ...
Higher Monitor Resolution |if yes ... -10%
Session
Session 2 if yes ...
Session 3 if yes ...
Session 4 if yes ...
Department
Dept A if yes ... 13%
Dept B if yes ... 16%
Dept C ifyes ...
Dept D ifyes ...
Dept E ifyes ...
Dept F ifyes ...
Dept G if yes ... 11%
Dept H if yes ... 9%
Dept | ifyes ...
Dept J ifyes ...
Dept K ifyes ...

Figure 55: Number Search, percentage effects

From the results shown in Figure 55, Primary View and Break View were found
to be statistically significant in having a positive influence on performance of this
test. The highest level of both Break View and Primary View were found to be
associated with enhanced performance of 8% each when compared a
workstation with no view. Once again, Glare from Windows also came in
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significant and was found to have negative impact of 21% on performance.
Adding an interaction variable between Glare and Primary View had no effect on
the model.

In the Number Search model Floor Register Status was found to be significant
and have a positive association with performance. Hence those workers who
kept their floor register completely open performed 17% better than those with
their floor register completely closed.

Age, Years with Company, Gender and Higher Resolution Monitor were the
demographic control variables that had statistical significance and all had a
negative effect on performance. Four of the departments also came in as
significant with a positive relationship to performance in this test. Although we
pledged general anonymity for the departments in reporting, we think it is
reassuring to mention that the Accounting Department was one of the groups
that did well on this test—potentially confirming the skills of that department and
the validity of the test as a performance indicator for those who must deal with
lots of numbers throughout the day.

Order of Partial R- | Cumulative
Entry Variable Significance| Square R-Square
1 Years with Company 0.051 0.023 0.023
2 Floor Register Status <.0001 0.013 0.036
3 Glare from Windows 0.000 0.014 0.049
4 Higher Monitor Resolution 0.001 0.011 0.060
5 Dept H 0.018 0.009 0.069
6 Dept B 0.007 0.008 0.077
7 Age 0.014 0.006 0.083
8 Dept A 0.008 0.007 0.091
9 Break View 0.034 0.004 0.095
10 Gender 0.026 0.004 0.099
11 Dept G 0.021 0.007 0.106
12 Primary View 0.088 0.005 0.111
Total R-Square for all Environmental Variables 0.035
Percentage of Model R-square 32%

Figure 56: Number Search, order of entry and partial R?

The order of entry table for Number Search is shown in Figure 56. The
environmental variables can be seen higher in the order, compared to the earlier
two purely memory related tests. The physical variables were found to be
responsible for 32%, or again about one third, of the explanatory power of the
model.

The results about Glare, and Primary View and Break View are again consistent
with findings from the two memory and mental alertness related tests discussed
earlie—Backwards Numbers and Memory Test. The other consistent variables
in the three tests have been Years with Company which had a negative effect on
performance, and Gender which also had a consistently negative effect.
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5.5.5 Letter Search

Letter Search
Variable Range R2=0.132
faster | slower

Lighting

Daylight (nL) if increased by 10% ...

Electric Light if increased by 10% ...

Skylight Zone from no skylight to below a skylight ... -15%
View

Primary View from none to most ...

Break View from none to most ...

Glare from Windows from none to most ...

Distance To External Wall from 6 ft to 60 ft ...
Temperature

Floor Register Status from closed to completely open ... -15%

Air Temperature ifincreased by 2 deg F ...
Location

CSC Building if located in CSC ...
Demographic

Age if 10 years older ... -6%

Years with Company if 10 years more ... -6%

Education from High School degree to PhD ...

Gender if selected gender ... 12%

High Monitor Resolution ifyes ... 12%

Higher Monitor Resolution |if yes ... 16%
Session

Session 2 if yes ... 18%

Session 3 if yes ... 27%

Session 4 if yes ... 22%
Department

Dept A ifyes ...

Dept B ifyes ...

Dept C ifyes ...

Dept D ifyes ...

Dept E ifyes ...

Dept F ifyes ...

Dept G ifyes ...

DeptH ifyes ...

Dept | ifyes ...

Dept J if yes ... -18%

Dept K ifyes ...

Figure 57: Letter Search, percentage effects.

The Letter Search test was one of the two out of five tests whose focus was

mainly on visual acuity. The participants were asked to locate a

C among a

random image full of “0”s. It required visual acuity, good visual scanning ability,
as well as speed, accuracy and dexterity to quickly get the mouse in the right
location to select the “c”. This was a fairly easy visual task, as indicated by the
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high percentage of participants who always got it right (93%-100%). The
weighted score was determined by how long it took to respond correctly.

Figure 57 presents the percentage effect findings for the Letter Search model.
The only environmental variables that were significant were Skylight Zone and
Floor Register Status. Both show a negative influence on performance. Those
employees who were directly under a skylight did 15% worse than those who
were not near a skylight. Those employees who kept their floor register
completely open also performed 15% worse than those with their registers
completely closed (or those without a floor register, as in Headquarters and the
59™ street building).

The other control variables that were significant were Age, Years at Company
and Dept K, all of which had a negative effect on performance, and Gender, High
Monitor Resolution, Higher Monitor Resolution, Session 2, Session 3 and
Session 4, all of which had a positive influence.

Order of Partial R- | Cumulative
Entry Variable Significance| Square R-Square
1 Age 0.018 0.025 0.025
2 Session 3 <.0001 0.023 0.048
3 Gender 0.003 0.018 0.066
4 Session 2 0.000 0.015 0.081
5 Session 4 0.004 0.014 0.095
6 Floor Register Status 0.004 0.012 0.107
7 Years with Company 0.023 0.004 0.110
8 Skylight Zone 0.007 0.004 0.114
9 Higher Monitor Resolution 0.002 0.005 0.120
10 High Monitor Resolution 0.028 0.005 0.125
11 Dept J 0.033 0.007 0.132
Total R-Square for all Environmental Variables 0.016
Percentage of Model R-square 12%

Figure 58: Letter Search, order of entry and partial R?

The order of entry table in Figure 58 shows that Age had the most explanatory
power, followed by the learning curve implied by the session variables. The
environmental variables come in at the middle of the model order, followed by
monitor resolution status. The two environmental variables are responsible for
12%, or 1/8th, of the explanatory power of the model.

The negative effect attributable to skylights might best be interpreted as a glare
problem. From the questionnaire responses we saw that being under a skylight
was highly correlated with reporting problems of skylight reflections in the
computer monitor (see discussion in Section 5.5.9).

In this visual acuity test, it is interesting that those employees with a high monitor
resolution clearly have an advantage. Although the Mini-Tests controlled the
image size in the tests depending on the three most common monitor resolutions
to produce the same size image on screen, we did not control for all possible
settings of resolution.
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The three session variables that came in significant show the effect of a learning
curve from the second session to the fourth, in which individuals got
progressively better at this test with each trial. Higher Age and Years at the
Company were both indicators of slower performance, which is consistent with
the observation that both visual acuity and dexterity tend to decrease with age.

5.5.6 LandoltC

Landolt C
Variable Range R2 =0.195
faster | slower

Lighting

Daylight (nL) if increased by 10% ...

Electric Light if increased by 10% ...

Skylight Zone from no skylight to below a skylight ...
View

Primary View from none to most ... -16%

Break View from none to most ...

Glare from Windows from none to most ...

Distance To External Wall from 6 ftto 60 ft ...
Temperature

Floor Register Status from closed to completely open ... -20%

Air Temperature ifincreased by 2deg F ... -8%
Location

CSC Building if located in CSC ... 29%
Demographic

Age if 10 years older ... -13%

Years with Company if 10 years more ...

Education from High School degree to PhD ... -29%

Gender if selected gender ...

High Monitor Resolution ifyes ... 33%

Higher Monitor Resolution |if yes ... 29%
Session

Session 2 if yes ...

Session 3 if yes ... 16%

Session 4 if yes ... 22%
Department

Dept A ifyes ...

Dept B ifyes ...

Dept C ifyes ...

Dept D ifyes ...

Dept E ifyes ...

Dept F if yes ... 19%

Dept G ifyes ...

DeptH ifyes ...

Dept | ifyes ...

Dept J ifyes ...

Dept K ifyes ...

Figure 59: Landolt C, percentage effects
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The Landolt C test is a visual acuity test commonly used in human factors vision
and lighting research. The participants were asked to identify which direction a
square “C” was pointing. The weighted scoring was based on time for a correct
response. We presented four versions of this test, with progressively more
difficulty as the size and contrast was reduced. Only the fourth, most difficult, test
showed any discrimination among the capabilities of the participants. We
interpret this test to be primarily an assessment of the visual acuity of the
employee under their standard workstation conditions.

Figure 59 presents the percentage effects for the Landolt C model. Here three
environmental variables were significant and associated with negative
performance. They were Primary View, Floor Register Status and Air
Temperature.

Those employees with a large Primary View, directly within the field of view while
looking at the monitor, were seen to perform 16% worse than those with no
Primary View. Interestingly, those with their floor registers completely open
performed 20% worse on this test than those with their registers closed (or in
Headquarters or the 59™ street building). This needs to be tempered by the other
finding that those employees in the CSC building were performing 29% better
(faster) than those in the other two buildings. Likewise, higher Air Temperature
was also found to have a detrimental effect on the test score by 8% for every 2
degrees increase. We know that those in the CSC building tended to have
slightly higher air temperatures by about 2°F and as did those employees directly
located under a skylight.

Order of Partial R- | Cumulative
Entry Variable Significance| Square R-Square
1 Age <.0001 0.053 0.053
2 Education 0.001 0.025 0.078
3 Higher Monitor Resolution <.0001 0.026 0.103
4 High Monitor Resolution <.0001 0.038 0.141
5 Session 3 0.002 0.010 0.151
6 Session 4 0.010 0.010 0.162
7 Dept F 0.037 0.008 0.170
8 Primary View 0.015 0.004 0.174
9 CSC Building 0.000 0.004 0.178
10 Floor Register Status 0.016 0.010 0.188
11 Air Temperature 0.035 0.007 0.195
Total R-Square for all Environmental Variables 0.021
Percentage of Model R-square 11%

Figure 60: Landolt C, order of entry and partial R?

The order of entry table in Figure 60 shows that the environmental variables
come into the model at the bottom of the order. Age again has the most
explanatory power. The three environmental variables are responsible for 11%,
or again about 1/8", of the explanatory power of the model.

We would interpret these findings to suggest that having a large view in the
visual field while looking at a computer monitor may interfere with speed and
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accuracy of visual performance. This may be either due to sources of glare or to
distraction. This result is opposite to the findings from the three memory related
tests, where view was found to be associated with enhanced performance.

The floor register status result is consistent with the result from Letter Search
where having floor registers open is associated with poorer performance on
visual acuity related tasks. However, it is opposite to the finding for the Memory
Test, where more open floor registers were associated with better performance.
We will discuss the implications of the floor register findings further in the general
discussion in Section 5.5.8 at the end of this report.

5.5.7 Desktop Results Summary

As seen earlier in Figure 49, in a session of Mini-Tests, the first two tests, Landolt
C and Letter Search, focus heavily on visual acuity, speed and accuracy, and
dexterity, while the last two tests, Backwards Numbers and Memory Test, are
mainly related to short and long term memory. Number Search in the middle
requires functions of both visual acuity and speed, combined with short term
memory.

Figure 61 presents a table with the analysis results for all five tests, allowing
comparisons for consistency across models. As in the previous tables, only the
percentage effects of the significant variables are shown.

The results from the analysis clearly fall into the two categories of visual acuity
and memory. We always found consistency in the signs of significant variables,
i.e. positive or negative, within the two pure visual acuity tests or the two memory
related tests. The explanatory variables for the Number Search test, representing
both visual acuity and memory functions, either followed the pattern of the earlier
visual acuity pair or the memory pair.
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<< Visual Acuity \
Memory >> >
Letter Number | |Backwards|| Memory
Landolt C Search Search Numbers Test
Variable Range R2 =0.195 R2=0.132 R2=0.111 R2 =0.126 R2=0.511
Lighting
Daylight (nL) if increased by 10% ... 0.4%
Electric Light if increased by 10% ...
Skylight Zone from no skylight to below a skylight ... -15%
Glare
Glare from Windows [from none to most ... -21% -15% -17%
View
Primary View from none to most ... -16% 8% 10% 16%
Break View from none to most ... 8% 9%
Distance To External Wall from 6 ftto 60 ft ...
Temperature
Floor Register Status \from closed to completely open ... -20% -15%| | 17%
Air Temperature \if increased by 2deg F ... -8% 8%
Location
CSC Building [if located in CSC ... 29%
Demographic
Age if 10 years older ... -13% -6% -4% 5%
Years with Company if 10 years more ... -6% -4% -4%
Education from High School degree to PhD ... -29% 11%
Gender if selected gender ... 12% -6% -7% -13%
High Monitor Resolution if yes ... 33% 12% -13%
Higher Monitor Resolution if yes ... 29% 16% -10%
Session
Session 2 ifyes ... 18%
Session 3 ifyes ... 16% 27% -6%
Session 4 ifyes ... 22% 22%
Missing Questionnaire if yes ...
Correct on 1st Memory Test  |if 5 more ... - - el e - | - -- | - 26%
Imagined per Memory Test if 5 more ... - - - - - | - - | == 19%
Department
Dept A ifyes ... 13%
Dept B ifyes ... 16%
Dept C if yes ...
Dept D if yes ... -10%
Dept E ifyes ... -16%
Dept F if yes ... 19%
Dept G ifyes ... 1%
Dept H ifyes ... 9% -10%
Dept | if yes ...
Dept J ifyes ... -18% 15%
Dept K if yes ... -21%

Figure 61: Comparison of percentage effects for all five Mini-Tests.

5.5.8 Desktop Results Discussion

The discussion below first assesses the success of the Mini-Tests as a tool to
measure office worker performance under field conditions. We then discuss the
findings across all five Mini-Tests and potential implications.

Success of Mini-Tests

The Mini-Tests administered in the Desktop study were successful in
differentiating between performance among individuals and produced results that
were reasonably consistent with normative values for each type of test. The
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findings of the statistical models explaining performance on the tests were also
fairly consistent with expectations for the various explanatory variables, such as
the predicted effect of age or monitor resolution. Thus, overall the approach of
using Mini-Tests administered at the workstation can be judged fairly successful
as a tool to assess individual office worker performance under field conditions.

Some of the Mini-Tests were more successful than others. The validity of each
test and its ability to discriminate among the performance of participants should
be taken into consideration in evaluating the implications of the findings for each
mini-test.

The Landolt C test proved rather insensitive, with little diversity in response
among participants. As a result, we used only the most difficult of the four
Landolt C screens in our analysis. A more discriminating assessment of visual
acuity using computer based images should be considered for similar future
research.

The Letter Search and Number Search tests were more discriminating than the
Landolt C tests. While most participants could easily find the “C” in the field of
“O’s” for Letter Search, the timed response did show reasonable variation. The
Number Search test was the most difficult to get correct of the three tests
involving visual acuity, and also provided us with the greatest discrimination in
response time. Thus, we would judge the Letter Search test to be the most
successful of the three. However, we would recommend two improvements to
the use of Letter Search in the future. First, a researcher should give attention to
carefully balancing the difficulty of screen images for each session. Secondly,
recording the value of the participant’s numbered response, rather than just
‘yes/no’ for a correct response could provide more discrimination in the analysis.

The Backwards Numbers (a.k.a. Digit Span Backwards) test provided the
greatest range of responses among workers of all tests considered. While it has
been widely used in psychological research for decades, this is the first time that
we are aware of that it has been administered visually and automatically over a
computer. The one drawback to our unsupervised approach seems to be the
possibility to subvert the test by writing the numbers down while viewing. We
found evidence of such behavior in only about three of 214 participants, where
very low scoring participants suddenly achieved perfect scores. Any sets of all
perfect scores were also eliminated from the analysis.

The Memory Test proved the least satisfactory of the five Mini-Tests, in that the
explanatory variables that we considered had very little relationship to initial
performance (short term memory assessment) of the test. Once we considered
the relative difference in long term memory performance for the second through
fourth trials, and controlling for initial performance and number of “imaged’
images, then this test was able to provide some discrimination in performance
among individuals. We would recommend that future research consider using a
different assessment of long term memory that can be easily adapted to field
conditions.
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Overall, for any future research, we would recommend a slightly reconfigured
battery of assessments that focus less on visual acuity and more on cognitive
performance, especially attention span and short term memory.

Lighting and View

Daylight came up significant and positive for the highly accurate short term
memory assessment test of Backwards Numbers. The analysis indicates that for
every 10% increase in daylight illuminance on the log scale, there was a 0.45%
increase in performance in the Backwards Numbers test. Daylight can be inferred
to be consistent with a higher level of concentration and better short term
memory recall. The magnitude of this effect is plotted in Figure 53 shown earlier,
which implies that there is a larger gain in performance at small increases of
daylight illumination at the low ranges of illumination, and a diminishing effect at
higher illumination levels.

Daylight was not found significant for any of the tests measuring speed and
visual acuity or for the long term Memory Test where one to four weeks
intervened between seeing the image and taking the assessment test.

Electric Light illumination levels did not show up as significant in any of the
models.

Primary View was significant in four out of the five tests, positive for the three
tests requiring mental function, and negative in the test based purely on visual
acuity function. For the Letter Search, Backwards Numbers and Memory Tests, it
was found that being at a workstation with the highest quality primary view
results in an increase in performance by 8%, 10% and 16% respectively. It is
interesting to note that as the requirement for mental function increases, from
Letter Search to Backwards Numbers to Memory Test, there is an increase in the
magnitude of the percentage effect also. The negative effect of 16% in Landolt C
test might best explained as a distraction issue, reducing response time ever so
slightly.

Break View also was significant and positive for Letter Search and Memory Test.
Both tests again require mental function rather than visual acuity, dexterity or
speed. It was found that being at a desk with the highest quality Break View was
associated with an increase in performance by 8% and 9% for Letter Search and
Memory Test respectively, as compared to having no Break View at all.

The consistency of these results suggests a remarkable importance of view in
office worker performance. It is possible that the mental stimulation or relaxation
achieved from a view improves mental function. It is also possible that the higher
vertical illumination levels to which an employee is exposed when looking at a
view help stimulate a physiological circadian response. It may be that view, as a
measure of vertical luminance, is a better measure of daylight exposure than the
horizontal illumination readings which we collected with our Hobos.
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Interaction between Glare and Primary View

Glare from Windows was assessed by the researchers on a subjective four point
scale based on the probability that the workstation occupant might experience
glare from the windows at some point over the course of the day or the year. It is
not known what glare conditions the participants were actually working under
when they took the tests.

In the results we find that glare was significant in three of the tests and had a
consistently negative impact for each of them. It is interesting that whenever
Primary View is positive, Glare from Windows is negative, implying that the
positive effect of a large field of view while looking at the monitor needs to be
modified by the negative potential for Glare from Windows.

Employees were more likely to have a high glare rating if they looked out onto
sunlit building surfaces or parking lots, and likely to have a lower rating if they
looked out to only vegetation or had no view at all. Employees near windows on
the south side of the CSC building were twice as likely to have a high glare rating
as those on the north. Those on the north were most likely to have a high glare
rating if they looked out onto a brightly sunlit portion of another wing of the
building.

We also observed informally that employees on the south side of the building
were much more likely to keep their blinds closed. Thus, “glare potential from
windows” could also potentially be a proxy for “window blinds closed more often”.
Unfortunately, we did not collect data on blind position for the Desktop study to
investigate such a relationship further.

The glare rating was also likely to have a collinear relationship with the Primary
View rating, since employees with no Primary View would also have no Glare
from Windows. Primary View, however, was not synonymous with glare. Rather
those employees with a high glare rating were only a small subset of those with a
high view rating. For example, while there were 24 employees in the study
population with the highest Primary View rating of 5, there were only 6
employees with the highest Glare rating of 3.

To clarify the relationship between Glare and Primary View, we tested an
interaction variable between Primary View and Glare for the three models in
which both variables were found significant. Two of the models were not
changed with the additional consideration of an interaction variable. The
interaction variable was however significant when tested in the Backwards
Numbers model. Calculation of a net effect between the three variables—
Primary View, Glare and Primary View*Glare—showed that Primary View was
only associated with a positive effect for Backwards Numbers when there was no
glare potential from the windows.

This study was not designed to tease out the relationships between glare
potential from windows, occupants response with use of window blinds, and the
resulting changes in daylight illumination and view quality. Certainly there is likely
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to be some behavioral accommodation to glare that could affect all of these
parameters. However, it is clear from these models that higher window glare
potential is associated with negative performance impacts which modulate the
positive impacts of view.

Skylight Zone

The Skylight Zone variable came up significant and as having a negative effect
for the Letter Search test. When the participant’s desk was located directly below
a skylight as in Zone 3, it was found that they performed 15% worse in Letter
Search than a participant who was not located near a skylight.

We believe this is best interpreted as a glare issue. In a correlation study
between the self-reported problems by participants reported in the questionnaire
and physical measurement variables collected by the surveyors, we found a
statistically significant and inverse relationship between people who reported
glare from skylights on their computer screen and distance of their desk from the
skylight. We did not, however, find a significant link between complaints about
temperature and distance of desk from skylight, which could have been an
alternate explanation for the negative results associated with skylights. See
Section 5.5.9 for a further discussion of the questionnaire findings.

Ventilation

We were not able to consider variations in outside air ventilation in the Desktop
study as we were in the Call Center study due to missing data. The Floor
Register Status variable perhaps provides a proxy for local ventilation rates, but
may be confounded by many conditions. First of all floor register vents only
existed in the CSC building. Thus all participants in the Headquarters and
Distribution Services Building were grouped together with those in the CSC who
had a blocked or non-existent floor register. Secondly, per the discussion of the
Call Center findings, Floor Register Status is potentially confounded with Air
Temperature. This potential relationship, however, is less extreme for the
Desktop study than the Call Center study, since air supply delivery temperatures
were much closer to room air averages in the Desktop study. Finally, from
evidence from the questionnaire (discussed in Section 5.5.9 below) we learned
that workers were more likely to fully open their floor registers because they were
dissatisfied with air flow rates and temperatures. Thus, Floor Register Status may
be more indicative of need for corrective action than actual ventilation rates.
Further understanding of this issue would require much finer grain monitoring of
air flow rates and temperatures within each cubicle.

Temperature

Higher Air Temperature was significant and a negative indicator of performance
for the Landolt C and a positive indicator for the Memory Test. The percentage
effect for a two degrees increase in temperature was 8% for both cases. This is
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the inverse of what might be expected with the usual expectation that warmer
temperatures slow mental functions but improve manual dexterity. Since all of the
air temperatures within this study are considered within a normal comfort range,
we may be dealing with an indicator of one’s location in the three buildings. We
do know that air temperatures in the CSC building averaged about two degrees
warmer than the other two buildings.

Alternatively, it is possible that the Air Temperature findings in the Desktop study
are also a secondary indicator of the amount of daylight illumination level
exposure for workers. Indeed, when we ran a model with daylight as the outcome
variable for the Desktop study, Air Temperature was highly correlated with more
daylight (p>.0001). That model predicted that for each one degree increase in air
temperature around a cubicle that daylight illuminance would increase by six
footcandles. Since the range of air temperature in the study was only eight
degrees from minimum to maximum, this potentially represents a range of 8*6, or
48 footcandles. Assuming the Air Temperature is also an indicator of daylight
illumination would make the findings above more consistent with expectations
that higher daylight illumination might slow performance on the Landolt C test
while improving performance on the long term Memory Test.

Unfortunately, we were not able to further explore the relationship between air
temperature and other explanatory variables in the study. More detailed analysis
of the data may be able to reveal more about the interrelationship between air
temperature and other variables of interest.

Location

A yes/no variable was included in the analysis to indicate those employees in the
CSC building. The variable was included to capture the effect due to any other
differences between the CSC building and the Headquarters and 59™ Street
buildings, besides those that were been accounted for by other explanatory
variables. The CSC building as a whole only entered one model as significant,
with a positive association for performance on the Landolt-C test. In general, in
the preliminary models we saw that being in the CSC building was always
associated with positive effects on the Mini-Tests performance, but not at a
significance level sufficient to enter the final models.

Monitor Resolution

Monitor resolution at 800x600 pixels was found to be the most common
resolution and was considered as norm. The variable High Monitor Resolution,
represented any resolution between 800x600 and 1024x768 pixels, while all
resolutions more than 1024x768 were represented by Higher Monitor Resolution.
It was found that in general, higher resolutions monitors were indicative of better
performance in visual acuity related tests (as would be expected), and worse
performance in mental function related tests. High Monitor Resolution was a
significant and positive indicator of performance in Landolt C and Letter Search
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by 33% and 12% respectively, and Higher Monitor Resolution was a significant
and positive indicator of performance by 29% and 16% respectively in the same
two tests. Participants with Higher Monitor Resolution also did worse by 10% in
Number Search, while those with High Monitor Resolution monitors did worse by
13% in Memory Test. We considered the monitor resolution variable to be
primarily a control for whatever demographic characteristics were associated with
people who used these monitor settings.

Session Effects

Session variables demonstrate a learning curve for the tests, as is clearly shown
for Letter Search and Landolt C tests. As the participants took more tests, they
got progressively better at them. Including the variable in the analysis allowed us
to control for this learning effect. A decay of long term memory is also seen with
the 8% decrease in score of the Memory Test in Session 3. Why then would
session 3 show worse performance than Session 4? We believe that people who
took four sessions were highly motivated and found satisfaction in taking the
tests, since they found them challenging rather than frustrating. Thus, those
participants who took the fourth session were most likely to be high performers.

5.5.9 Questionnaire Findings

The results from the questionnaire provided us with a very rich data set which
helped inform interpretations of the regression model findings. There is far more
to be learned from this exercise than we can present here in this report. The
discussion below summarizes some of the more interesting observations. In
general, we highly recommend including such a self-assessment of comfort and
health in future research on the relationship between human performance and
the indoor environment.

The questionnaire was a fifteen page online survey which asked the participants
to assess aspects of their physical environment and comfort. The final page of
the questionnaire asked the participants to report the number of days they
experienced symptoms for thirteen health related symptoms such as headache,
fatigue, eye strain, common cold, migraine, etc.

We looked at the results of the questionnaire by using Pearson’s correlation
between the various responses to the questionnaire and the physical data
collected from the onsite surveys. The value of a Pearson’s correlation shows
the strength of association between two variables, varying between 1.0 for a
perfect one-to-one relationship between two types of information, to -1.0 for a
perfect negative correlation. A zero value means that there is no relationship
between the two types of information.

The first set of analysis compared participants’ responses to the comfort related
questions and the physical data collected from onsite surveys. A second set of
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analysis compared the responses from the health related question and both the
responses on other comfort related questions and the physical data.

Section 1.2 of the Appendix provides the tables for these two Pearson’s
correlation studies. In the tables, the variables that were included in the analysis
are shown to the left. The correlation coefficient is shown for only those variables
that had high significance levels, p<0.1. Positive and negative correlations are
shown separately in two sets of tables.

Pearson’s Correlations Findings for Comfort Condition

Figure 13 and Figure 14 of the Appendix are the tables comparing the comfort
assessments to the surveyed physical variables. The following discussion
highlights some of the results from these two tables for each category of
variables. The value of the Pearson’s correlation coefficient is given in
parenthesis for each variable mentioned.

View

Having a high View Factor (View Primary and View Break combined) as rated by
the surveyors, was found to be strongly and positively correlated to having a
‘large size window view’ (0.77), an ‘interesting’ view (0.55) and/or a ‘relaxing’
view (0.43) as rated by the participants. The relationship between View Factor
and ‘large size window view’ (0.77) was one of the strongest correlations found in
this comparison. This seemingly obvious result is of interest as it somewhat
validates the view calibration and assessment done by the researchers with the
assessment from the participants. More Daylight (nL) was found to be positively,
but more weakly, correlated to a ‘large size window view’ (0.32), an ‘interesting’
view (0.29) and/or a ‘relaxing’ view (0.17).

As would be expected, we also found that being Distance to Exterior Wall was
negatively correlated with having an ‘interesting’ view (-0.39) and having a
‘relaxing’ view (-0.32).

It would be useful for future research on view to develop a self-report of view
assessment that has high consistency with measured data. This would greatly
reduce the cost of additional research on the interaction between workers and
view.

Lighting

Many indications of discomfort due to lighting were positively correlated to
Distance to Exterior Wall. These include ‘not enough daylight’ (0.23), ‘no task
lights’ (0.22), being bothered by ‘reflections of electric lights’ (0.22), ‘light is too
dim’ (0.14) and ‘not enough sunlight’ (0.13), While the correlations to ‘not
enough daylight’ and ‘not enough sunlight’ would seem fairly obvious as workers
are located further away from exterior walls with windows, the other complaints
about reflections and dim lighting may be more related to lack of exposure to
daylight or views than a decline in electric lighting quality, since all workers
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basically had the same electric lighting conditions within a given building,
regardless of their distance from an exterior wall.

A high Primary View was positively correlated to being bothered by ‘reflections of
windows’ (0.30), ‘too much daylight’ (0.16)and ‘too much sunlight’ (0.14) .This
pattern shows that glare from windows, specifically on computer screens, is likely
to be a greater discomfort than the intensity of the daylight. Facing computer
monitors away from windows, using low-glare monitor surfaces, providing user-
controlled blinds and avoiding creation of exterior sources of glare are all design
measures that can help address this issue.

Being closer to a skylight, as indicated by Skylight Zone, was positively
correlated to reports that the ‘light is too bright’ (0.17), but not complaints about
too much daylight or too much sunlight.

More Daylight (nL) was positively correlated to lighting being ‘just right’ (0.13)
and negatively correlated to lighting being ‘too dim’ (-0.20) and ‘too dull’ (-0.22).
But more Daylight (nL) is also positively correlated to the discomforts of ‘too
much daylight’ (0.19), ‘too much sunlight’ (0.30), being bothered by ‘reflection of
windows’ (0.26) and ‘reflections of skylights’ (0.13).

Thermal Comfort

We found that Floor Register Status, indicating that the vent was more open was
positively correlated to more reports of discomfort due to temperature being ‘too
hot’ (0.20) and negatively correlated to temperature being ‘too cold’ (-0.22). This
suggests that those occupants who are opening up their floor register to increase
the flow of cool air from the air conditioning system are doing so because they
are too warm, and closing them if they are too cold. Interestingly, those with the
most open floor registers were more likely to complain that the air was ‘too dry’
(0.29) and that air movement was ‘too low’ (0.25). Again, this relationship
suggests that floor register status was set in order to offset perceived discomfort.

Being closer to skylights as indicated by Skylight Zone, was negatively correlated
to having ‘no temperature problems’ (-0.18). In other words, the occupants in
buildings with no skylights, lower floors of the CSC or positioned further away
from skylights were more likely to report that they were comfortable with the
temperature. However, being close to skylights was not correlated to any reports
of thermal discomfort.

Pearson’s Correlations Findings for Heath Symptoms

Figure 15 and Figure 16 of the Appendix are the tables for the health symptoms
correlations. In this analysis, the responses from the question related to health
symptoms were correlated to the surveyed physical variables and the other
questionnaire responses to comfort conditions. The value of the Pearson’s
correlation coefficient is given in parentheses.
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In general we found strong evidence that the those who reported no comfort
related problems were the most likely to also report no or fewer health
symptoms. Hence those who responded positively to questions such as ‘lighting
is just right’, ‘| have no temperature problems’, and ‘air quality is just right’ etc.
were also found to report fewer symptoms of health aliments. The causal
relationship could potentially go either way here, where those with more health
symptoms are more sensitive to discomfort, or where those who are most
content with their environment are experiencing the least health stresses. The
consistency of this relationship, however, is striking. It is consistent across all
comfort conditions considered—Ilighting, view, thermal comfort, acoustics and air
quality. The fewer complaints employees had about their physical environment,
the fewer negative health symptoms they also reported.

View

From the positive correlations table, we found that a ‘boring’ view was
significantly correlated with increasing reports of ‘fatigue’ (0.25), ‘headache’
(0.19), ‘difficulty concentrating’ (0.16), and flu’ (0.13). Similarly from the negative
correlations table, we found that those with an ‘interesting’ view had negative
correlation to symptoms of ‘fatigue’ (-0.27), ‘difficulty concentrating’ (-0.20),
‘headache’ (-0.20), flu’ (-0.15) and ‘eye strain’ (-0.12). A ‘relaxing’ view also had
a negative correlation to most of the same symptoms of ‘fatigue’ (-0.31), ‘difficulty
concentrating’ (-0.22), ‘eye strain’ (-0.21) and ‘headache’ (-0.20).

‘Large size window view’ was also found to have a negative correlation with
increased reports of ‘fatigue’ (-0.22), and ‘headache’ (-0.18) and ‘eye strain’
(-0.13). Thus, the larger a view a participant reported, the fewer of those
symptoms they reported.

The questionnaire also asked what can be seen from the window. People who
reported that they can see more ‘sky’, were less likely to report ‘fatigue’ (-0.22),
‘headache’ (-0.20) and ‘eye strain’ (-0.13) problems. Those with more ‘trees’ in
their view were less likely to report ‘fatigue’ (-0.22), ‘headache’ (-0.20) while the
ones with more view of ‘people outside’ were less likely to report ‘fatigue’ (-0.24),
‘headache’ (-0.19) and ‘eye strain’ (-0.14) problems.

Thus the content of view (more sky, trees or human activity) had about the same
negative relationship to health symptoms (i.e. fatigue, difficulty concentrating,
headache, eye strain) as size of view, while qualitative assessments of view
(more interesting, more relaxing) had a slightly stronger correlation to lack of
these health symptoms.

Lighting

Having ‘too dim’ lighting was positively correlated to reporting more ‘headache’
(0.29), ‘eye strain’ (0.25), ‘fatigue’ (0.16) and “flu’ (0.16). The four symptoms were
also likely to be reported for lighting that was ‘too dull’. Similar symptoms were
also most likely to be reported by those with ‘not enough electric light’ viz.
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'fatigue’ (0.16), ‘eye strain’ (0.25) and ‘headache’ (0.29), and by those with ‘not
enough daylight’ viz. ‘fatigue’ (0.24), ‘headache’ (0.16) and ‘eye strain’ (0.13). In
addition, those with ‘not enough daylight’” also reported more ‘difficulty
concentrating’ (0.14).

Those who said there was ‘too much electric light’ were also likely to report
‘difficulty concentrating’ (0.15) and ‘eye strain’ (0.13). Similarly, those who
complained about ‘not enough control of electric light’ were also likely to report
the same two symptoms of ‘eye strain’ (0.17) and ‘difficulty concentrating’ (0.15)
along with ‘headache’ (0.20) and ‘fatigue’ (0.18).

Those bothered by ‘reflections of electric lights’ were more likely to have reports
of ‘headache’ (0.19), ‘difficulty concentrating’ (0.16), ‘eye strain’ (0.17), ‘fatigue’
(0.13).

From the negative correlations table, we see that those who had ‘no lighting
problems’ had also indicated fewer symptoms of ‘eye strain’ (-0.22), ‘difficulty
concentrating’ (-0.19), ‘fatigue’ (-0.18), ‘headache’ (-0.14) and flu’ (-0.14). Those
who said their ‘lighting was just right’ were also less likely to report the same five
symptoms of ‘eye strain’ (-0.31), ‘headache’ (-0.28), ‘difficulty concentrating’
(-0.27), ‘fatigue’ (-0.25) and “flu’ (-0.19).

Fatigue

We found ‘fatigue’ to be one of the most interesting and sensitive indicators of
problems related to the person’s physical environment. Figure 62 and Figure 63
below show the negative and positive correlations results isolated for only reports
of ‘fatigue’. Both the tables have been sorted by the Pearson’s correlation
coefficient, with the strongest (negative or positive) correlation on top. Only those
variables that had high significance level, where p<0.1, are shown.
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Pearson
Correlation Significance
Category Variable Coefficient level

View My view is realxing -0.31 <.0001
View My view is interesting -0.27 0.0003
View | have a view of other plants -0.26 0.0005
Lighting Lighting is just right -0.25 0.0006
Air Quality Air quality is just right -0.25 0.0008
View | have a view of people outside -0.24 0.0015
View | have a view of cars outside -0.23 0.0017
Thermal Comfort | have no temperature problems -0.23 0.0017
View | have a view of trees -0.22 0.0026
Thermal Comfort Temperature is comfortable -0.22 0.0027
View | have a large size window view -0.22 0.0035
View | have a view of the sky -0.22 0.0039
View | have a view of other buildings -0.19 0.0108
Lighting | have no lighting problems -0.18 0.0195
View | have a view of 1 window -0.16 0.0280
Acoustics | have no noise distractions -0.16 0.0353
Air Quality Humidity is comfortable -0.16 0.0373
Physical Measurements |Higher primary view factor -0.15 0.0422
Physical Measurements |Higher break view factor -0.15 0.0515

Figure 62: Comfort conditions negatively correlated with more ‘fatigue

Pearson
Correlation Significance
Category Variable Coefficient level

Health DifficultyConcentrating 0.50 <.0001
Health EyeStrain 0.50 <.0001
Health Headache 0.48 <.0001
Health HighStressLevel 0.46 <.0001
Health StomachUpset 0.44 <.0001
Health BackOrJointsAche 0.41 <.0001
Health NeckOrShoulderAche 0.35 <.0001
Health Flu 0.26 0.0006
View My view is boring 0.25 0.0009
Lighting There is not enough daylight 0.24 0.0011
Air Quality Air is too dry 0.21 0.0047
Health CommonCold 0.20 0.0065
Lighting There is not enough control of electric light 0.18 0.0144
Acoustics Office equipment is noisy 0.18 0.0152
Acoustics Noise level is distracting 0.18 0.0157
Acoustics Construction noise is distracting 0.17 0.0274
Lighting Lighting is too dim 0.16 0.0291
Thermal Comfort Air movement is too low 0.15 0.0396
Acoustics | wear headphones while working 0.15 0.0470
Lighting There is not enough electric light 0.15 0.0482
Acoustics Noise level is noticable 0.14 0.0610
Lighting Lighting is too dull 0.14 0.0674
Lighting There is not enough sunlight 0.13 0.0781
Health | use the elevator more 0.13 0.0797
Lighting Reflections of electric lights bother me 0.13 0.0802
Health Allergy 0.13 0.0809
Thermal Comfort The window is drafty 0.13 0.0894

Figure 63: Comfort conditions positively correlated with more fatigue’

In the negative correlation table shown in Figure 62 it can be seen the comfort
conditions with the largest correlations are related to view: ‘relaxing’ (-0.31),
‘interesting’ (-0.27) and those having a ‘view of plants’ (-0.26). These are
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followed by lighting and air quality being ‘just right’. In other words, those who
reported their views were ‘relaxing’ or ‘interesting’ were also the least likely to
report incidents of ‘fatigue’ in the previous week.

In the positive correlation table we see that the top eight variables that are most
significant and most strongly related to having ‘fatigue’ are all other health related
problems. This means that having ‘fatigue’ is strongly associated with also having
other health related problems. These are followed by a view being ‘boring’ (0.25)
and having ‘not enough daylight’ (0.24).

The results show a surprisingly strong relationship between view and ‘fatigue’.
Assessments of view were the most consistent predictor of ‘fatigue’ of all the
comfort conditions considered.
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6. OVERALL STUDY DISCUSSION AND CONCLUSIONS

Buildings are built to house human occupations. Any building that can enhance
the purposes of its occupants is inherently more valuable. To the extent that we
can provide reliable information to architects and building owners about how
design decisions will influence the performance of workers in those buildings, we
can promote the construction of a physical environment that is more supportive
of our health, our comfort and our overall productivity as a society.

Energy is also used to support the purposes of the building’s occupants. It is a
social good to use energy as efficiently as possible, but never at the expense of
the basic purposes of the building. Thus, while energy efficiency is important, it
will always be less important to owners and operators of buildings than the
primary purposes of the building. To the extent that we can understand how the
design of buildings and their energy systems impact the performance of the
occupants, we can proceed to optimize for both concerns.

This study is one of many in this relatively new field of building science which is
trying to understand the impact of building design choices on human
performance. In the discussion below, first we consider the potential energy
impacts of building design based on the daylight conditions of the CSC building.
We then discuss some of the broader findings of this study—how much influence
decisions about the physical environment may have on worker performance—
and useful lessons from this study for other researchers. Finally, we summarize
the key findings of both the Call Center and the Desktop study together, along
with providing recommendations for future research directions that will support
the continued development of this field.

6.1 Energy Savings Potential

The main focus of this project was to understand the comfort and productivity
related issues with daylighting in office spaces. However there are energy
efficiency aspects with daylit offices that are also significant. While the energy
efficiency potential of daylighting was not dealt with specifically in the onsite
observations and employee surveys, we have prepared an estimate of California
statewide energy savings potential which could result from adding daylighting
controls to daylit office buildings like the SMUD customer services building.
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6.1.1 Estimates from SMUD’s Energy Simulation Analysis

Building energy simulation analysis for SMUD’s Customer Services building was
conducted by Energy Simulation Specialists, Inc." in 1994 as the building was
being designed. The objective was to estimate the amount of energy and
capacity savings associated with the various energy efficiency measures
incorporated in the design. The software program DOE 2.1E was used for
simulation, with appropriate routines included to account for the sophisticated
systems and controls in the design.

The building energy saving estimate used the modeling rules of California’s
Energy Efficiency Standards (Title 24) for nonresidential buildings current at the
time as a reference for comparison of the enhanced design’s potential for energy
savings. The final analysis, however, used the proposed (actual) operation
schedules for the design, rather than the standard schedules used for code
compliance purposes. The assumed base case design had the same amount of
daylit area (side and toplighting) as the actual Customer Services building and
the same lighting power density (0.9 Wsf), but without the automatic daylighting
controls.

Figure 64 shows the incremental energy savings due to the addition of
daylighting controls to the base case, which resulted in a total of 69,000 kWh/per
year of lighting energy savings (0.37 kWh/sf) and a total of 112,000 kWh of
electric energy savings (0.6 kWh/sf) when the additional cooling energy savings
are included. These savings were calculated for the total area of the customer
services building (183,630 sf).

The design also produced an electricity peak demand reduction for lighting, due
to electric lights turned down during the day, of 49 kW for the building (an
average reduction of 0.26 W/sf over the gross sf of the building).

Annual Energy Savings Lighting Cooling Total electric
Units kWh/yr kW kWh/yr kW kWh/yr

Savings for SMUD 69,000 49 43,000 0 112,000

Savings per sf 0.376 0 0.234 0 0.610

Figure 64: Incremental energy savings for SMUD CSC building
by adding daylighting controls to base case

Figure 65 shows the incremental cost savings for SMUD per year from adding
daylighting controls to the base case, calculated using 1994 SMUD rates and
dollar values. The results indicated a total utility savings of $10,090 per year
($0.05/sf) from the daylighting controls.

' sMuD Report: Energy and capacity savings estimates for SMUD’s customer service building, 1994
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Annual Cost Savings Cooling + Lighting | Heating | Total Utility
Units $ Usage |$ Demand| $ Usage | $ Savings

Savings for SMUD $5,190[  $4,750 $150 $10,090
Savings per sf $0.028( $0.026 $0.001 $0.055

Figure 65: Incremental cost savings (1994)for SMUD CSC building
by adding daylighting controls to base case

6.1.2 Demand Savings

Note that the value of the demand savings in Figure 65 (based on SMUD’s 1994
office rate utility schedule) is almost equal to the value of the electric energy
savings. An estimate of demand savings from daylighting controls is highly
complex, since it must account for interactive effects between lighting and
cooling loads, peak demand periods and dynamic climatic conditions. In order to
do so, such an estimate requires the type of hourly annual simulation specific to
a building design and climate used in this calculation. As a result of this
complexity, statewide estimates of demand savings from daylighting have rarely
been attempted. This estimate, based on a real office building design, is a very
good indication that the potential value of daylighting controls also includes
significant demand savings that may double the value of the energy savings.

6.1.3 New Construction/Retrofit Statewide Savings Potential

The energy savings calculated by the SMUD simulation process were then
expanded to approximate California statewide savings for office buildings.
According to the California new construction database,” out of a total area of new
construction/retrofit buildings in California, 30.9 million sf of area are large offices
and 9.9 million sf of area are small offices. This database estimates total square
feet by new construction building type.

We calculated the energy savings that would result from daylighting controls if all
offices in California were constructed to have daylighting potential similar to that
of the SMUD Customer Services building (roughly 30% of the space sidelit and
an additional 20% toplit, with dimming controls set to a minimum of 10% light
output, lighting power density of 0.9 W/sf) and were operated in a similar climate
(California’s Central Valley). Based on these assumptions, the addition of
daylighting controls to all new office buildings would result in annual electric
energy savings of 24,800 MWh/yr. This calculation is summarized in Figure 66
below:

10 years of new construction (2003-2012)- Brook, M. 2002. "California Electricity Outlook: Commercial
Building Systems". Presentation at PIER Buildings Program HVAC Diagnostics Meeting, Oakland, CA.
April 16.
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Description Area Lighting Cooling Total Electric
Units stlyr MWh/yr MW MWh/yr MW MWh/yr MW
Savings for SMUD 69 0.049 43 0.00 112 0.05
Statewide Lg Office 30.9 Million/yr 11,600 8.25 7,200 0.00 18,800 8.25
Statewide Sm Office 9.9 Million/yr 3,700 2.64 2,300 0.00 6,000 2.64
Statewide Savings Potential | 40.7 Million/yr 15,300 10.88 9,500 0.00 24,800 10.88
Statewide 10 Year Savings 407 Million 153,000 108.84 95,000 0.00 248,000 108.84

Figure 66: Energy savings potential for daylit offices in California
from lighting controls only for new construction

Obviously these calculations are very rough, and would vary considerably if
applied to the existing configuration of the office building stock and actual local
climate conditions. Furthermore, the application of new electric lighting and
control technologies would change the calculation significantly. Based on
average electric costs of $0.1487 kWh' in California in 2003, the economic value
of the energy savings calculated in Figure 66 is $3.7 million dollars per year for
the first year of new construction. This would increase by tenfold to $37 million
dollars per year after 10 years of accumulated construction. This value does not
account for the value of any associated demand savings.

6.2 Influence of the Physical Environment on Human
Performance

The statistical models discussed in this study do a modest job of describing the
influences on worker performance measured by our outcome metrics. For the
Call Center, our models are explaining a little over 20% of the variance in
workers’ daily performance, and 8% of their hourly performance. Similarly, the
Desktop study models explain about the 11% to 20% of the variation in
performance on the Mini-Tests.

What is interesting is the relative explanatory power of the different types of
variables. As expected we find that information that is specific to the individual
(such as job status or test score on a previous test) tends to have the greatest
explanatory power. Information about what kind of group the individual belongs to
(demographic information such as age or sex) is the next most powerful in
explaining performance. And finally, information about the physical environment
tends to have the least overall explanatory power.

The significant physical variables are each found to explain from about 0.5% to
1% of the variation in performance. All together, information about variation in the
physical environment is found to explain about 2% to 5% of the variation in
worker performance.

1 California Energy Commission, statewide electricity average, commercial sector, 2003,
www.energy.ca.gov/electricity
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On the one hand, this might seem to be a very small, even trivial amount of
explanatory power. However, when the power of the physical environment is held
up in comparison to our ability to predict performance based on other information
about people—such as their age, sex or job classification—then we see that
information about workspace conditions provides about 1/8" to 1/3™ of our ability
to predict variation in individual worker performance in the field. This range of
explanatory power is in the same range as was found in the companion study of
an elementary school district! .

Furthermore, it is important to note that while the variation in performance that
we observed in both the workers in the Call Center and the Desktop study may
seem to be small, however, this variation was observed in the field under nearly
ideal office conditions. The Customer Services Building at SMUD is an
exemplary office environment by current standards. It is carefully maintained at
comfort conditions and provides numerous opportunities for occupants to
customize their comfort conditions to their particular needs. Thus the effects we
observed were not likely to be threshold effects, or at the margin of performance,
but rather under close to optimum conditions.

This suggests that human resource and management decisions can make
meaningful contributions to perhaps 2/3™ to 7/8" of the worker performance
equation. The remaining 1/8" to 1/3™ which can be contributed by decisions
about subtle changes to the physical conditions is not trivial. This is important
news for managers, architects and anyone who makes investment decisions
about the physical environment.

And while the potential influences of physical conditions may be subtle, even
small improvements in worker productivity are of great practical importance.
Furthermore, decisions about the physical design of a space that may influence
worker performance are likely to have great persistence, continuing for the life of
the building, and influencing tens or hundreds of employees for many years to
come. Thus, both in terms of duration and number of individuals influenced, there
is a fairly large multiplier which should be considered in judging the relative
importance of the explanatory power of the physical characteristics considered in
these models.

Both studies successfully measured variation in office worker environmental
conditions and related these to measured office worker performance under actual
employment conditions. The Desktop study pioneered the use of computerized
cognitive assessment tools to gauge office worker performance in field
conditions. The studies have shown that indoor environmental conditions can
have a measurable relationship to changes in office worker performance and

! Heschong Mahone Group, Windows and Classrooms: A study of student performance and the indoor
environment, Public Interest Energy Research, California Energy Commission, 2003.

136



WinDows AND OFFICES OVERALL STUDY DiScUuSSION AND CONCLUSIONS

have established a range of likely effect sizes that other researchers can use to
refine the needs of future studies. Other studies will be required to test if these
findings can be replicated in other settings and to explore potential causal
mechanisms between the environmental conditions and worker performance.

6.3 Key Findings

+ Daylight illumination levels were significant and positive in
predicting better performance on one test of mental function and
attention.

The Backwards Numbers (Digit Span Backwards) test is widely accepted in
psychological research as a valid test of mental function and attention span. An
increase in daylight illumination levels from 1 to 20 footcandles resulted in a 13%
improvement in performance in the ability to instantly recall and mentally reverse
strings of numbers. A logged function was found to have the best fit, implying the
greatest increase in performance at the lowest levels of daylight illumination and
a diminishing positive effect at increasingly higher daylight illumination levels.
Thus, a 20 footcandle increase in daylight at the high end of illumination levels,
from 80 to 100 footcandles, was reflected in only a 1% improvement in
performance. Daylight illumination was found to have the greatest predictive
power of any variable considered for the Backwards Numbers test.

The daylight illumination explanatory variable was defined as the natural log of
the average of horizontal daylight illumination at the participant’s chair position
for the two hour time period during which the test could be taken. It was derived
from data measured at the horizontal plane at the top of a five foot high partition
near the participant’s cubicle.

+ Daylight illumination levels were not found significant for the
visual acuity tests or long term memory test. Daylight illumination
levels were found to have an association with a slight decrease in
Call Center performance for one of three models.

Daylight illumination was not found significant in any of the other models
considered, with the exception of the November Daily model for the Call Center,
where an increase in average horizontal daylight illumination from 1 to 20
footcandles was found to be associated with a 6% decrease in performance, or a
23 second increase in daily average call handling time. An hourly analysis of the
same time period did not find a significant change in Call Center performance
related to hourly fluctuations in daylight illumination levels.
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¢ The natural log of illumination and the daylight illumination level
of the previous hour were found to have the best fit in predicting
performance.

In various models tested, the natural log of both daylight and electric light
illumination levels was found to have the best fit in the models for both the Call
Center and the Desktop study. In addition, for the Call Center November Hourly
model, a one-hour time lag of daylight illumination levels was found to provide
the best model fit, even though this explanatory variable did not reach the
threshold of acceptable significance in the final model. This implies that
illumination levels can be expected to have diminishing effects as they increase
in intensity, and that any effects on human performance are likely to have a
physiological component (delayed effect) in addition to a visual component
(instantaneous effect).

+ An ample and pleasant view was consistently found to be
associated with better office worker performance.

A better view was the most consistent explanatory variable associated with
improved office worker performance, in six out of eight outcomes considered.
Views from a workstation were rated for both primary view (angular size of
window view while looking at the desktop computer monitor) and break view
(angular size of view from other seated vantage points in the cubicle). Both types
of view were rated on a scale of 0-5 first based on size, and secondarily by
vegetation content. Workers in the Call Center were found to process calls 7% to
12% faster when they had the best possible view versus those with no view.
Office workers were found to perform 10% to 25% better on tests of mental
function and memory recall when they had the best possible view versus those
with no view.

Results from the questionnaire administered to participants in the Desktop study
supported the performance findings. There was a high correlation between
workers’ and surveyors’ ratings of view. Those workers in the Desktop study with
the best views were the least likely to report negative health symptoms. Reports
of increased fatigue were most strongly associated with a lack of view.

A large window view could also potentially be an indicator of the exposure of the
worker to vertical illumination levels. The visual details of window views were
often partially screened by perforated vertical blinds which still provided a large
bright vertical plane within the field of view.

+ Glare from windows was found to be associated with reduced
office worker performance.

In the Desktop study, each cubicle was rated for its potential of glare from the
primary view windows, defined on a simple 0-3 scale of none to frequent. The
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greater the glare potential, the worse office worker performance was on three
mental function tests, decreasing performance by 15% to 21%. For the
Backwards Numbers test it was found that Primary View had a positive
relationship to performance only if there was no glare potential from that view. It
is hypothesized that participants with a high glare potential were more likely to
close their window blinds, thus diminishing their view. Participants close to
windows generally had control of their windows blinds, but blind position was not
monitored during the test period, thus this hypothesis could not be tested.

Two other variables potentially related to glare were also found to be negative.
Primary View was found to be associated with slower performance on the most
challenging visual acuity test (Landolt C). Being closer to a skylight was found to
be associated with negative performance on another visual acuity test (Letter
Search). Questionnaire responses from office workers indicated that glare from
skylights on computer monitors was the only negative comfort condition reported
by workers close to skylights.

+ Increased ventilation was found to be associated with improved
worker performance in the Call Center and improved office worker
performance on one mental function test.

In the hourly analysis of the November study period for the Call Center, it was
found that a one CFM/sf (50%) increase in outside air was associated with a 4%
improvement in hourly worker performance. It is possible that this finding could
be confounded by other hourly changes in working conditions.

Workers in both the Call Center and the Customer Services Center had the
ability to set their floor register to provide more or less ventilation from the
building’s air handling system. In the Call Center, those workers who set their
floor registers fully open handled calls faster in all three models considered, 3%
to 10% faster than those that had theirs fully closed.

In the Desktop study findings were mixed: workers who left their floor registers
full opened performed 17% better on one test of mental function (Number
Search), while their performance was worse for two tests of visual acuity and
dexterity (-15% to -20%).

These ventilation findings may also be related to local air temperature in the
cubicle. Researchers observed that the ventilation air supply temperature was
10°F to 15°F lower for employees in the Call Center than for participants in the
Desktop study. Indoor air temperature in the models was measured at 5five feet
above floor level, which may not have captured the personal thermal comfort
effects of an individualized floor air delivery system. Thus, in the Call Center,
workers with a fully open floor register were likely to be surrounded by lower air
temperatures than those recorded by the data loggers, while participants in the
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Desktop study were more likely to be in a local thermal environment close to the
recorded air temperature.

¢ Increased indoor air temperature was found to reduce worker
performance in two out of eight outcomes and improve it for one
outcome.

Indoor air temperature, measured five feet above the floor near the participant’s
cubicle, was found to reduce worker performance in the November Hourly model.
Over the course of the study periods indoor air temperature varied over only a
6°F-8°F range. For each 2°F increase in temperature, average hourly call
handling speed increased by 2%. In the Desktop study, an increase in 2°F was
associated with an 8% decline in performance on a visual acuity test (Landolt C)
while it was also associated with an 8% increase in performance on the long term
memory test.

It is likely that the air temperature findings were confounded by both ventilation
supply rates, as discussed above, and by daylight illumination levels. Room air
temperature was found to be collinear with daylight illumination levels: each 1°F
raise in air temperature was likely associated with 6 more footcandles of daylight
illumination. Further investigation looking at the interaction of these variables
may be able to sort out their relative effects.

+ Physical comfort conditions were found to be an important
component of models predicting office worker performance.

Overall these potential influences on worker performance were found to have
high statistical significance and represent changes in performance ranging from
about 1% to 20% better or worse than norm. All together information about the
physical conditions of the workers was able to explain about 2% to 5% of the
variation observed in a measure of worker productivity (Call Center study) or in
performance on short cognitive assessment tests that were thought to be related
to worker productivity (Desktop study). Other information available about the
workers such as demographic characteristics or employment status was able to
explain about 6% to 19% of the variation in their performance.

The combination of physical comfort conditions considered—illumination, view,
ventilation and temperature—typically provided 1/8™ to 1/3™ of the explanatory
power of the models, while demographic information—such as which group
manager or department the employee was assigned to, their age, years of
experience and education—provided the remaining 2/3' to 7/8" of the models’
explanatory power. These studies were done comparing worker performance in a
very uniform, modern and high quality office environment where variations in
comfort conditions were maintained well within current standards of practice.
This implies that facility managers can expect that subtle variations in physical
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comfort in their buildings could potentially alter worker performance by about
1/8" up to 1/3" of the variation observed due to organizational or hiring practices.

¢ The studies provide useful tools and guidance for other
researchers who may pursue these issues.

Both studies successfully measured variation in office worker environmental
conditions and related these to measured office worker performance under actual
employment conditions. The Desktop study pioneered the use of computerized
cognitive assessment tools to gauge office worker performance in field
conditions. The studies have shown that indoor environmental conditions can
have a measurable relationship to changes in office worker performance and
have established a range of likely effect sizes that other researchers can use to
refine the data sensitivity needs of future studies. Other studies will be required
to test if these findings can be replicated in other settings and to explore potential
causal mechanisms between the environmental conditions and worker
performance.

6.4 Recommendations

+ Encourage the design of office buildings with views provided for
all workers.

Both the school' and the office studies found strong and consistent correlations
between better views and better performance. There is a clear suggestion from
this work that window views are important for sustained human performance.
Building codes in Europe have long required that all office workers have access
to window views, typically stipulating that no workstation will be more than about
20’ from a window. Initially the importance and value of views for worker
performance should be communicated to office building owners, managers and
designers. Eventually both government and voluntary programs and standards
should encourage the design of office buildings with narrower floor plates that
allow more perimeter area for views. Additional research may be able to refine
the parameters involved in this interaction between view and performance, to
provide more guidance on view content, quality and proximity.

+ Encourage additional research on the interrelationship between
view and illumination levels.

The findings about the importance of view in this study and the related school
study? suggest that there is some important function of view in sustained human

! Heschong Mahone Group, Windows and Classrooms: A study of student performance and the indoor
environment, Public Interest Energy Research, California Energy Commission, 2003.
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performance. There are many possible mechanisms to be considered. Most
relevant research to date has considered either only the potential impact of view
content or only illumination exposure. The issue is further complicated in our
modern working environments with the transition from a primarily reflective visual
task (paper) to a self-illuminated task (computer monitors). This change not only
impacts the visual needs of the worker, but may also change the exposure to
illumination at the eye for circadian stimulation.

¢+ Encourage additional research on the relationship between
ventilation rates and worker performance.

The Call Center study is strongly suggestive that increased ventilation rates are
likely to improve worker performance. These findings may be confounded with
other simultaneous changes in the environment. As discussed above, ventilation
rates are often entangled with other environmental parameters, such as room air
temperature, indoor and outdoor air quality, acoustic conditions and occupant
control. In order to optimize worker performance while maintaining maximum
energy efficiency, building designers need more guidance on how to balance
these factors.

+ Support the development of better indoor environmental
monitoring and assessment tools.

This study was challenged by the limitations of inexpensive data collection tools
for monitoring indoor environmental conditions. The miniature data loggers used
for long-term data collection were well adapted to record air temperature, or
static electric illumination conditions, but were far from ideal for measuring
daylight illumination. Inexpensive tools to monitor air flow rates, air quality
metrics or acoustic conditions over time were not available. Appropriate methods
to assess exposure to vertical daylight illumination or to assess the quality of a
window view have yet to be defined. The ability to study variations in indoor
environmental conditions is largely dependent upon being able to accurately
measure those variations. Thus, an improved tool kit for indoor environmental
assessment will greatly help to advance the field and support the development of
knowledge that can provide specific guidance to building designers.

+ Support continued research using call centers as a field study
site.

Many of the environmental metrics of interest (ventilation, daylight illumination)
vary over a fine time scale, making the use of hourly data appropriate for trying to
understand potential effects on human performance. Call centers offer one of the
few office type environments with extensive monitoring of worker performance at
this time scale. Comparable studies across different call centers may be able to
create a cumulative knowledge base, similar to the specialized pursuit of twin
studies in the fields of behavior and genetics.
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+ Support the development of better tools for field assessment of
office worker performance

This study has shown that it is possible to adapt common laboratory assessment
tools to administration under field conditions and obtain reasonably good
discrimination in participant performance. The use of web-based assessment
tools has blossomed in the past few years and offers enormous potential for
creating timed tests that automatically collect performance data. The
development of a standard “tool kit” for field assessment of office workers will
enable comparative studies of office worker performance.

In addition, the use of self-reports of comfort or health symptoms seems a
promising and potentially economical way to assess worker performance if clear
linkages between self-assessments and actual measured performance can be
made. Thus, it would be worthwhile to study the reliability of a relationship
between self-reports and measured performance as an intermediate step to
support further research in this area.

+ Support multi-dimensional research on the indoor environment

It was clear from this study that environmental characteristics should not be
studied in isolation. This proposition is fairly obvious when considered in
relationship to thermal comfort, as a function of air temperature, ventilation rates,
radiant temperature, humidity, clothing levels and activity levels. Mechanical
engineers have had the psychometric chart to guide them on the plausible
interrelationship of these factors in a field environment. Other inter-relationships
of environmental variables are perhaps less obvious, but need to be considered
in any study looking at human comfort and performance, since all environmental
influences are ultimately integrated by the body and mind of the subjects under
study. Operable windows providing natural ventilation change the acoustic
conditions in a space. Daylight is likely to be associated with higher local air
temperatures. People working under bright light may have higher metabolic rates
than those under dim lights, changing their thermal comfort requirements.
Variation in many different types of environmental variables may provide either
mental stimulation or circadian stimulation or both. All physiological inputs to
human comfort and function should be considered in workplace studies, both to
control for their potential influences and to understand their interrelationship with
other influences.
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