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Executive Summary 
 

The question this study addressed was, "Can different forms of realistic office lighting affect the 
performance of office work or the health and well-being of employees?" An office was furnished as a 
typical open plan workplace for nine workers, with perimeter windows allowing access to a view but 
limited daylight penetration. Two experiments were conducted. In Experiment 1, there were provisions 
for changing between four lighting installations:  
• Base Case: A regular array of parabolic-louvered luminaires  

• Best Practice: A linear system of direct / indirect luminaires, together with some wall-washing to 
brighten the walls, with the same average illuminance as the Base Case 

• Switching Control: The same as the Best Practice but with a moveable desk lamp having three 
manually switched light outputs, allowing the individual to increase the illuminance in the work area. 

• Dimming Control: Direct / indirect luminaires suspended over the center of each cubicle, together 
with the wall-washing system. The direct component of each suspended luminaire could be dimmed 
using an interface on the occupant's computer, allowing the individual to adjust the illuminance in the 
work area over a wide range. 

Experiment 2 contrasted two lighting installations: 

• Base Case 2: A regular array of recessed prismatic luminaires 

• Best Practice 2: A linear system of direct / indirect luminaires, together with some wall-washing to 
brighten the walls, at an illuminance level approximately 27% lower than the Best Practice in 
Experiment 1. 

We hypothesized that occupants would prefer, and would perform better in, the Best Practice condition 
compared to the Base Case, and that having control would result in a further improvement in outcomes. In 
addition, workstations were decorated using one of two surface reflectances, a light gray and a dark blue. 
This provided greater variation in vertical surface luminance, which previous research has suggested 
might influence responses to the luminous environment in concert with lighting system effects. 
 
The experiments were designed to test the effects of lighting systems on performance and well-being, as 
well as indications of the processes that might mediate these effects. What these processes might be is 
indicated in the Linked Mechanisms Map (Figure ES1), which evolved from the original RFP issued by 
the Light Right Consortium.  
 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 3 

Figure ES1. Linked Mechanisms Map hypothesized to link luminous conditions  
with health, well-being, and performance. 

 
 
Both experiments collected data from temporary office workers, who were hired to work under one of the 
lighting installations for a complete day. During that day the participants carried out tasks involving many 
forms of clerical and cognitive office work, evaluations of the physical environment, and assessments of 
their mood. In Experiment 1, we also collected data on switching/dimming choices in the designs in 
which control was offered.  
 
Experiment 1 had two parallel experimental designs:  
1. A between-groups design, in which each person was randomly assigned to one of the four lighting 

conditions, none of which they had previously seen. A total of 181 individuals contributed data to this 
portion of the experiment.  

2. A repeated-measures design, in which 45 individuals returned for a second day of testing under a 
different lighting condition. This portion of the experiment involved the Base Case and Dimming 
Control conditions only. 

Experiment 2 had a between-groups experimental design, in which each person was randomly assigned to 
one of the two lighting conditions, neither of which they had previously seen.  A total of 107 people 
participated in this experiment. Experiment 2 was an extension and partial replication of Experiment 1. 
 
The data from the two experiments were analyzed and interpreted separately. Within each experiment, 
comparisons between different lighting and partition reflectance conditions were analyzed using 
orthogonal planned comparisons, which provide for independent tests of specific effects chosen based on 
the underlying theory. Multivariate analysis of variance was used for sets of measurements relating to 
concepts for which there were multiple dependent measures, or univariate analysis of variance when there 
was only one measurement relating to a concept. To examine the validity of the Linked Mechanisms Map, 
each link in Figure 1 was tested individually, across all lighting conditions. 
 
Results 
• Linked Mechanisms Found. For the lighting installations examined, the Linked Mechanisms Map 
supports 5 conclusions, two of which involve paths that were not in the original model (see Figure ES2). 
The first three findings were obtained in both experiments (personal control was not a variable in 
Experiment 2): 
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1. Vision Path (Luminous Conditions  Visual Capability  Task Performance). Lighting and 
task conditions that improve visibility lead to better task performance. This extends laboratory 
knowledge to a more realistic setting. 

2. Appraisal Path (Luminous Conditions  Appraisal  Preference  Mood  Health & Well-
Being). People who are more satisfied with their lighting rate the space as more attractive, are 
happier, and are more comfortable and satisfied with their environment and their work. This is 
the first time that this complete path has been demonstrated. 

3. Cross Links. The proposed linkages between the Appraisal Path and the Vision Path were not 
found. Visual Comfort did not predict Visual Capability; this might be because none of the 
lighting conditions were very uncomfortable. A similar explanation might hold for the (absent) 
link between Mood and Motivation. 

4. Personal Control Path 1 (Personal Control  Health & Well-Being). People with dimming 
control reported higher ratings of lighting quality, overall environmental satisfaction, and self-
rated productivity. This does not appear to be mediated by effects on Mood. 

5. Personal Control Path 2 (Personal Control  Motivation  Task Performance). People with 
dimming control showed more sustained motivation, and improved performance on a measure 
of attention. 

• Lighting designs discriminated. The lighting designs were rated for comfort as expected from 
normative data. The Base Case was considered comfortable by 71% of participants, and Base Case 2 by 
69%, whereas the four better practice designs received more favorable ratings (81-91% comfortable). The 
highest ratings were obtained by the Dimming Control condition. 

• Task characteristics, practice, and fatigue important. These effects occurred in both 
experiments. Performance on a vision test was best when the targets were presented at higher contrasts 
and larger sizes. Transcription typing performance improved when the source text, printed on paper, was 
in larger print (16 pt vs. 8 pt). Performance on tasks first encountered on the testing day improved from 
the start to the end of the day, reflecting practice. Performance on a psychophysical reaction time task 
declined over the day, indicating fatigue. This confirms the sensitivity of the tasks to the known 
influences of visibility, practice, and fatigue. 

• Current lighting practice attenuates lighting effects on performance. Complex cognitive tasks 
showed no simple main effects of lighting design in either experiment. This is consistent with other short-
term experiments, in which visibility was high and no condition was uncomfortable, and in which 
participants might be motivated to work hard for the one day regardless of conditions. There is ambiguous 
evidence concerning possible interactions between lighting design and partition reflectance, particularly 
for direct / indirect systems. 

• Control used sparingly, but effectively. When they had control, most people used it once, near the 
start of the day, to choose a preferred condition. People with dimming control were particularly satisfied 
with their ability to achieve desired conditions. The median desktop illuminance for the people with the 
ability to adjust the lighting by dimming was generally lower than recommended practice, but consistent 
with other laboratory and field work. As mentioned above, people with dimming control showed more 
sustained motivation, and improved performance on a measure of attention. 
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Figure ES2. Linked Mechanisms Map: demonstrated linkages in Experiment 1. 

 
 
Implications for Lighting Practice 
• Current lighting practice (as represented by the Base Case and Base Case 2) is acceptable: levels of 
comfort were high, and task performance was the same as for the fixed, Best Practice lighting designs. 

• Nevertheless, there is room for improvement. The direct / indirect installations, particularly those 
with individual dimming control, had even higher levels of comfort and satisfaction. 

• People show a wide range of preference for illuminance (see Figure ES3). Individual overhead 
dimming control as well as desktop personal control are effective means of accommodating this range.  

• In addition, on average, people with dimming control chose lower illuminances than current 
recommended practice. This implies that individual overhead dimming control has potential for energy 
savings. 

• Although people on average chose lower illuminances than recommended practice, the diversity of 
preferences suggests that if a fixed lower ambient illuminance is chosen it must be supplemented with 
desktop personal control to allow higher local illuminances for those who prefer them. (It is important to 
note that the illuminances people chose were in the context of an environment with high room surface 
brightness due to the wall washing and an indirect component on the ceilings. Illuminance preferences 
might differ if the room surface brightness was reduced.) 
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Figure ES3. Mean desktop illuminance chosen by participants with Dimming Control. 
Includes data from both between-groups and within-groups designs. 

 
 
Implications for Future Research 
This study has implications for both future laboratory and field studies addressing the consequences of 
lighting design. 
• Future laboratory studies should focus on specific pathways in the Linked Mechanisms Map. In 
particular, testing the Linked Mechanisms Map under more extreme lighting conditions that violate 
common design guidelines (in order to expand the range of conditions, thereby improving the sensitivity 
of the test). More robust measures of motivation should also be developed in order to test the 
hypothesized Mood  Motivation  Performance link. 

• Field studies are important because they provide a more realistic context for research. Lighting is 
only part of the work context, and any laboratory experiment can only simulate part of that context. 
Effects involving visibility occur regardless of context, but mood and motivation effects are context-
dependent. Studying these effects requires collecting data from real employees doing real jobs in real 
organizations over periods longer than a single day. This would also allow measures of consequence to 
the organization, rather than just the individual, to be explored, and would allow tests of the connections 
between performance and well-being. 
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Lighting Quality and Office Work: A Field Simulation Study 
 

1. Introduction 
 

For many years studies of the optimum lighting conditions for offices were focused on maximizing 
visual performance and avoiding visual discomfort. The result was a steady growth in the understanding 
of what lighting conditions are necessary to achieve high levels of visual performance (Rea and Ouellette, 
1991) and to avoid visual discomfort (Boyce, 2003). Further, lighting practice has taken this knowledge 
on board to such an extent that it is rare today to find offices lit in such a way that either visual 
performance is limited or visual discomfort occurs. However, this should not be taken to mean that all is 
well in the world of office lighting. It is all too easy to find offices that are perceived to be gloomy and 
uninteresting. This perception has been the impetus behind the burgeoning field of lighting quality 
(Veitch 1998; Veitch and Newsham, 1998a, 1998b). Lighting quality means different things to different 
people but the one thing all agree on is that a high quality lighting installation needs to consider not just 
the visibility of the tasks but the appearance of the space. This report describes a study done to determine 
to what extent different levels of lighting quality affect the task performance of office workers, and their 
health and well-being.      
 The approach adopted to address this question is that of a field simulation study. Two separate field 
simulation experiments have been conducted.  In both experiments, "Best Practice" office lighting design 
conditions have been compared with a "Base Case" lighting condition representative of modern office 
lighting practice. The comparison is done in terms of office workers' task performance and feelings of 
health and well-being, over a complete working day. The "Best Practice" lighting conditions used 
enhanced non-task surface brightness and gave people different levels of control of the luminaires 
associated with their own workspace. The office workers who experienced the lighting conditions were 
temporary office workers, with no expert knowledge of lighting. The tasks examined were representative 
of those done in a modern office, but with an emphasis on knowledge-based tasks.   
 This approach has two major advantages. The first is that it has a high level of external validity. It 
uses a real office and real office workers experiencing a number of realistic lighting conditions while 
doing a wide range of realistic tasks. The second is that it is cost-effective, in that it provides a sensitive 
test of whether lighting conditions can have an effect on the task performance and/or health and well-
being of office workers, even when all the task details are highly visible and visual discomfort is absent. 
The approach is sensitive because it tests the combined effects of several different mechanisms that may 
influence task performance and health and well-being and that are influenced by lighting conditions. If a 
significant effect of the lighting conditions is found, then the effectiveness of the individual mechanisms 
can be tested to determine their relative importance. If no significant effect of the lighting conditions is 
found, then it is unlikely that the individual mechanisms are significant - a conclusion that would have 
taken much longer and much more money to reach using an approach that studied one mechanism at a 
time.  

2. Proposed Mechanisms 
  

Wyon (1996) introduced the concept of a linked mechanisms map as a guide to well-conducted 
research projects that aim to provide useful practical guidance. They provide a rational basis for 
answering the question "Why do you expect your independent variable to affect your dependent 
variables?"  Figure 1 shows the linked mechanisms map that sets out the mechanisms by which it is 
believed that surface brightness and personal control may improve task performance and enhance feelings 
of health and well-being.  
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Figure 1. Linked Mechanisms Map hypothesized to link luminous conditions  
with health, well-being, and performance. 

 
 
The rationale behind this linked mechanisms map is as follows: 
•  Changing the luminous conditions in an office can immediately affect office workers in three ways; 

by changing visual capability (Rea & Ouellette, 1991); by changing visual comfort (Wibom & 
Carlsson, 1987); and, by changing the perception (appraisal) of the conditions (Flynn, Hendrick, 
Spencer, & Martyniuk, 1979).  

•  These three aspects interact over time. For example, luminous conditions that cause visual 
discomfort or distraction, over time, will affect visual capability and the appraisal of the conditions. 
Similarly, luminous conditions that limit visual capability will, over time, affect visual comfort.  

•  Visual capability has a direct effect on task performance (e.g., Eklund, Boyce, & Simpson, 2000, 
2001). They also affect the perception of competence to do the task and hence the motivation to do 
the task.  

• Visual comfort has a direct effect on mood and, through mood, an effect on feelings of health and 
well-being (although it could also be considered a form of well-being in itself).  

•  As for the appraisal of the lighting conditions, these are evaluated against expectations to determine 
whether the office worker likes or dislikes the luminous conditions (preference) and this, in turn, 
leads to an effect on mood (Baron, Rea, & Daniels, 1992; Newsham & Veitch, 2001).   

• Mood, itself, directly affects feelings of health and well-being. Mood and the perception of 
competence together affect the motivation to do the task and hence task performance (Bandura, 1982; 
Baron et al. 1992).   

• Finally, giving an office worker personal control directly affects their mood and feelings of 
competence to do the task, even if the control is little used (Barnes, 1981; Becker, 1986). 

 This study has been designed around this Linked Mechanisms Map (Figure 1). Measurements taken 
will allow all the elements in the map to be measured, using established methods or at least methods that 
have been used before.  
 

3. Method - Experiment 1 
 
3.1 Setting 

The setting for the study was a Class C construction office building in downtown Albany, New York 
(Figure 2). Figure 3 shows a plan of the 239 m2 (2,573 ft2), air-conditioned, second floor office used. On 
entering the office from the elevator, the participant faced an array of nine office cubicles, arranged in 
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three groups of three, four, and two (Figure 4). Turning to the left, the participant saw a reception desk 
and sofa (Figure 5), while a turn to the right revealed a long tapering hallway leading to a break area 
furnished with tables and chairs (Figure 6). There were a number of rooms off this open area. Starting 
from the elevator they were two restrooms, a kitchen, a large storage room, a janitors room, a large office, 
another storage room, a conference room (Figure 7) and a small room used for visual screening. 
Participants had access to the restrooms, the kitchen, the cubicle area, the hallway and the conference 
room. Of these areas, there were rectangular windows in the cubicle area, the conference room, and the 
end of the hallway. The positions of these windows are marked by letter in Figure 3. The dimensions of 
the windows, identified by letter, are given in Table 1. 
 The view through windows A to D, i.e., to the west, was of a small dark atrium. The view through 
windows E, F, G, H and I, i.e., to the north, were of a similar brick building some 10.7 m (35.1 ft) away 
across a pedestrian passage. The view through window J, i.e., to the east, was of some small buildings, the 
embankment of an interstate highway and the sky. Windows E and G were fitted with both vertical blinds 
and a perforated roller blind. Windows B, C, D, F, H, I, and J were fitted with vertical blinds. Both types 
of blinds were beige in color, the vertical blind having a reflectance of 0.56 and a transmittance of 0.21, 
the roller blind having a reflectance of 0.51 and a transmittance of 0.06.  
 By adjusting the position of the blinds on each window, the view of the sky from almost all of the 
cubicle area was eliminated, the amount of daylight entering the cubicle area was limited, yet a view out 
was preserved. For windows B, C, D, H and I, the vertical blinds were drawn across and slanted at 45 
degrees. For window J, the vertical blinds were drawn back. For windows E and G the vertical and roller 
blinds were set so that the open part of the window started at sill height and was symmetrical about the 
vertical centerline of the window. For window F, the roller blind was pulled down to cut off the top part 
of the window. The actual dimensions and the effective dimensions of windows E, F, and G used 
throughout the experiment are given in Table 2. 
 

 Figure 2. The office building in downtown Albany, New York containing the study office. 
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Figure 3.  A plan of the 239 m2 (2,573 ft2), second floor office used. 

 
 

Figure 4. The array of nine office cubicles used in the study, as seen on participant arrival. 
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Figure 5. The reception area. 
 

 
 

Figure 6. Hallway leading to the break area. 
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Figure 7. The conference room. 

 
 

Table 1. Window positions and sizes 
Identification 

letter 
Location Sill 

height (m) 
Window 

width (m) 
Window 

height (m) 
Blinds 

A West wall, 
reception desk 

0.82 1.35 2.18 None 

B West wall, 
cubicle area 

0.82 1.35 2.18 Vertical 

C West wall, 
cubicle area 

0.82 1.35 2.18 Vertical 

D West wall, 
cubicle area 

0.82 1.35 2.18 Vertical 

E North wall, 
cubicle area 

0.82 3.63 2.13 Vertical and 
roller 

F North wall, 
cubicle area 

1.37 0.76 1.63 Roller 

G North wall, 
cubicle area 

0.84 1.24 2.13 Vertical and 
roller 

H North wall, 
conference 
room 

0.89 1.07 1.32 Vertical 

I North wall, 
conference 
room 

0.89 1.07 1.32 Vertical 

J East wall, 
break area 

0.89 2.28 2.08 Vertical 
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 Table 2. Blind positions for windows E, F, and G. 
Identification 

letter 
Sill 

height 
(m) 

Window 
width 

without 
blinds (m) 

Window 
height 

without 
blinds (m) 

Window 
width with 
blinds (m) 

Window 
height with 
blinds (m) 

E 0.82 3.63 2.13 2.89 1.04 
F 1.37 0.76 1.63 0.76 0.58 
G 0.84 1.24 2.13 0.91 1.55 

 
3.2 Finishes and Furnishings 

The ceilings throughout the office were suspended T bar carrying 600 mm by 1,200 mm (2 ft by 4 ft) 
fiber ceiling tiles with a reflectance of 0.88. In the open area, this ceiling was 2.90 m (9.5 ft) above the 
floor. However, the ceiling was interrupted by a series of enclosed structural beams whose underside was 
2.75 m (9.0 ft) above the floor, and there was a 0.63 m (20.7 in) wide dropped soffit along the north edge 
of the building, whose underside was 2.44 m (8.0 ft) above the floor (see Figure 8). These features were 
painted flat white and had a reflectance of 0.88. In the conference room, the soffit and ceiling tiles were 
arranged so as to form a long elevated rectangular section above the conference table (see Figure 7). The 
height of the raised ceiling area was 2.75 m (9.0 ft) above floor level, while the height of the rest of the 
ceiling was 2.44 m (8.0 ft) above floor level. 
 The walls throughout the office were sheetrock with the exception of a small area near the reception 
desk which was painted brick. All these surfaces were painted flat white with a reflectance of 0.73. 
 The floor throughout the office was carpeted. The carpet was gray in color, with a reflectance of 
0.20. 
 The cubicles were square in plan, the actual dimensions being 2.28 m by 2.28 m (7.5 ft by 7.5 ft). 
The height of the panels forming the cubicles were either1.67 m (66 in) or 1.37 m (54 in). Half the wall 
area of the cubicles had the 1.67 m height and half the 1.37 m height. Centered on the corner of the 
cubicle directly opposite the entrance to each cubicle was an L-shaped gray work surface. This work 
surface was positioned 0.75 m (29.5 in) above the floor. The work surface extended the full length of the 
two panels it was adjacent to (see Figure 9).  
 Above one arm of the L was a 0.40 m by 1.14 m (15.7 in by 44.9 in) filing bin, the bottom of which 
was mounted 0.48 m (18.9 in) above the work surface. A bare T5HO fluorescent lamp was recessed under 
the filing bin close to the panel. This lamp was mechanically filtered using electrical tape to limit its light 
output. The purpose of this lamp was to soften any shadows that were cast by the filing bin on the work 
surface. This lamp was on at all times. It produced an illuminance of 40 lx at the edge of the work surface 
opposite the center of the lamp, 100 lx on the work surface directly under the front of the filing bin, and 
250 lx on the work surface directly under the lamp.  
 A 17 inch computer monitor was positioned at the angle of the L-shaped work surface, with the CPU 
on the floor below the work surface and the keyboard and mouse resting on a retractable shelf that could 
be pulled out and raised over a limited range as desired by the user. On one side of the monitor was a 
document holder, angled so as to place a sheet of paper in the document holder in a similar plane as the 
screen of the computer monitor. The location of the monitor on the desk was fixed, as was that of the 
document holder except that this latter could be positioned in one of two symmetric positions to the left or 
right of the monitor, as desired by the participant.  
 Completing the furnishing in each cubicle was a wheeled and padded chair of adjustable seat height, 
adjustable back position, and adjustable arm location.  
 The fabric finishes of the panels forming the cubicles were either gray with a reflectance of 0.30 or 
dark blue with a reflectance of 0.05 (see Figure 10). In five cubicles, all the panels had the gray finish. In 
two others, all the panels had the dark blue finish. In yet two others, three panels had the dark blue finish 
and the one containing the entrance to the cubicle had the gray finish. In all cubicles, the work surface and 
the filing bin were metal painted gray with a reflectance of 0.52. In all cubicles, the chair seats and backs 
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were blue fabric with a reflectance of 0.11, while the rest of the chair was of black plastic with a 
reflectance of 0.04.  
 As for the conference room, this was furnished with a long mahogany table and a mahogany 
credenza, both of reflectance 0.12. Around the conference table were   chairs with red seats and backs 
with a reflectance of 0.05, the rest of the chairs being black plastic with a reflectance of 0.03.  
 The only significant furnishing in the hallway area were two sets of four filing draws, arranged 
between the columns (see Figure 6). The filing draws were arranged back to back to form a 0.91m square 
in plan with a height of 0.75 m. The top of the units was covered with a mahogany panel of reflectance 
0.11. The sides were painted light gray with a reflectance of 0.42. 
 A variety of paintings were hung on the walls of the office and various decorative items were placed 
on non-working surfaces to provide some visual interest (see Figures 5, 6, and 10). 
 

Figure 8. The dropped soffit along the north edge of the building. 

 
Figure 9. Typical work station configuration (with Lighting Design 4, Dimming Control). 
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Figure 10. General view of workstations showing different fabric reflectances, and decorative elements 
external to workstations, and Lighting Design 1 (Base Case). 

 
 

Figure 11. General view of workstations, Lighting Design 2 (Best Practice). 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 21 

Figure 12. Conference Room, Lighting Design 2 (Best Practice). 

 
 

Figure 13. The desk lamp used in Lighting Design 3 (Best Practice with Switching Control).  
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Figure 14. General view of workstations, Lighting Design 4 (Dimming Control). 

 
3.3 Lighting Manipulations 

Four different lighting installations were used in this study. The four lighting installations were all 
designed to be representative of current office lighting practice. A check on the how well this objective 
was achieved was made by having a panel of experienced lighting designers visit the office and evaluate 
the design. The panel consisted of James Benya (Benya Lighting Design), Naomi Miller (Naomi Miller 
Lighting Design), and Michael White (Johnson Controls). At the time of their visit, the office was fully 
furnished but with different areas lit using the different lighting installations. After discussion and some 
minor modifications the panel agreed that the four lighting installations were all representative of current 
office lighting practice.  
 The four lighting installations were: 
 1. Base Case: This installation was designed to represent the most common approach to office 
lighting in use today. It was designed to meet the minimum requirements for office lighting as set out in 
the IESNA/ANSI  Standard guide to office lighting (RP-1-1993) (IESNA, 1993). It consisted of a regular 
array of three lamp, 18 cell, 3 inch deep, semi-specular, parabolic-louvered luminaires, mounted on 8 ft 
by 10 ft centers in the suspended ceiling (Figure 10). Each luminaire contained three T8, 32W, 
fluorescent lamps of correlated color temperature (CCT) of 3,500K and a CIE General Color Rendering 
Index (CRI) of 82. These three fluorescent lamps were operated from an electronic dimming ballast. This 
installation provides an adequate illuminance on the working plane but tends to produce dark walls and 
ceilings. Its strongly downward directional light distribution also tends to produce shadows and veiling 
reflections. This lighting was installed throughout the space. Only the areas that the participants 
frequently used during the experiment, i.e., cubicle area, hallway and conference room, were changed to 
other lighting systems during the experiment. Other areas i.e., restrooms, kitchen, storage rooms, research 
office, and vision screening room, were lit by this installation throughout the experiment.  
 2. Best Practice: This installation was designed to provide a similar illuminance on the working 
plane as the Base Case installation but also to produce brighter walls and ceiling and to reduce shadows 
and veiling reflections. The part of the office containing the cubicles was lit by five runs of continuous 
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direct / indirect luminaires suspended 16 inches below the ceiling (Figure 11). Each luminaire was either 
eight feet or four feet long; the eight foot luminaire containing two four foot, 54W, T5 high output 
fluorescent lamps, while the four foot luminaire contained only one of these lamps. All these lamps had a 
CCT of 3,500K and a CRI of 85. All these lamps were controlled by electronic dimming ballasts.  
 The north and west walls of the area containing the cubicles were illuminated by a wall-washing 
system using track-mounted linear luminaires, each luminaire containing one 50W 24 inch twin tube 
compact fluorescent lamp. These lamps have a CCT of 3,500K and a CRI of 82. The track on which these 
luminaries were mounted was set 3 feet in from the wall. The luminaires were positioned so as to light 
significant areas of the wall, i.e., areas with paintings but not windows (Figure 8). All these lamps were 
controlled by electronic dimming ballasts.  
 The hallway area was lit by three sets of four, 8 feet long indirect luminaires, arranged in a rectangle, 
and suspended 16 inches from the ceiling (Figure 6). Each luminaire contains two 54W, T5, high output 
fluorescent lamps, each with a CCT of 3,500K and a CRI of 85. All these lamps were controlled by 
electronic dimming ballasts. 
 The conference room was lit by two, 8 foot, direct / indirect luminaires, arranged above the long axis 
of the table. These luminaires were the same as those used in the cubicle area and contained the same 
lamps and ballasts (see Figures 7 and 12). The walls of the conference room were lit by five track 
mounted luminaires of the same type, with the same lamp and ballast as were used in the cubicle area. 
 3. Best Practice with Switching Control: In this installation, the lighting of the hallway and 
conference room was the same as in the Best Practice lighting. In the cubicle area, the ambient lighting 
(including wall-washing on the perimeter walls) was the same as for the Best Practice installation but, in 
addition, each cubicle was fitted with a free-standing desk lamp with a luminous shade placed on the 
unobstructed work surface (Figure 13). The desk lamp was a model. Each desk lamp contained one 40W 
2D compact fluorescent lamp which could be mechanically switched to three different light outputs, 
equivalent to 11W, 19W and 35W. This lamp has a CCT of 3,500K and a CRI of 82. Moving and 
switching this desk lamp provides an element of control to the lighting of the cubicle. 
 4. Dimming Control: For this installation, the lighting of the hallway and conference room was the 
same as in the Best Practice installation. In the cubicle area, the wall-washing was also the same as in the 
Best Practice installation,. However, suspended above the center of each cubicle was one modified four 
foot, direct / indirect luminaire (Figure 14). Each of these luminaires contained three 54W T5HO 
fluorescent lamps with a CCT of 3,500K and a CRI of 85. The modification (made by the manufacturer 
for this experiment) was an opaque baffle that separated the three lamps so that one contributed only to 
the indirect component, while the other two could contribute to both the direct and indirect component but 
primarily the direct component. The light output of the lamp that contributed only to the indirect 
component was fixed, but the light output of the other two lamps could be dimmed from zero to full light 
output from the computer in the cubicle using a simple on-screen interface.  
 As for the area between the cubicles and the elevator, this was lit by thirteen compact fluorescent 
downlights (Figure 14), each luminaire containing a four-pin, 32W triple tube compact fluorescent lamp 
of CCT of 3,500 K and CRI of 82. In addition, two desk lamps, each fitted with one 40W, 2D compact 
fluorescent lamp which could be mechanically switched to three different light outputs, equivalent to 
11W, 19W and 35W, were placed on the small filing cabinets near the cubicles (see Figure 14). For this 
application the middle, 19 W setting was used. 
  
3.4 Lighting Monitoring 

All the lighting installations, with the exception of the direct / indirect luminaires centered over each 
cubicle in the Dimming Control lighting installation, were operated through one lighting control system. 
This system allowed the luminaires forming the installation to be put into functional groups, e.g., for the 
Best Practice installation, the direct / indirect luminaires over the cubicle area formed one functional 
group and the wall washing luminaires formed another. Each functional group could be dimmed as 
desired. Further, the power demand for each functional group of luminaires was recorded every five 
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minutes. This is particularly useful for monitoring the use of the individual desk lamps in the Best 
Practice with Switching Control installation.  
 The direct / indirect luminaires suspended over the center of each cubicle in the Dimming Control 
lighting installation were operated through a separate control network proprietary to the manufacturer. 
This network provided the occupant of the cubicle with a simple interface displayed on the monitor to 
control the light output of the two lamps in the luminaire over the cubicle that contributed to the direct 
and indirect components. It also recorded the time, magnitude and direction of any changes made.  
  
3.5 Photometric Conditions 
3.5.1 Illuminances 

Table 3 shows the mean illuminances provided by the four lighting installations on the work surface, 
on the monitor screen, on the keyboard, and at the participant's eyes, in the cubicles with the gray and 
navy blue panels. Where there is some degree of control of light output, two average illuminances are 
given, reflecting the range of illuminances possible. For the Best Practice with Switching Control 
lighting, the range covers from the desk lamp being switched off to the desk lamp at full light output. For 
the Dimming Control installation, the range covers from the direct / indirect luminaire at minimum light 
output to maximum light output.  
  

Table 3. Means of the illuminances (lx) provided on the work surface, on the monitor, on the keyboard, 
and at the participant's eye, by the four lighting installations in the cubicles with the gray and dark blue 

panels.  
Lighting installation 

and panel type 
Illuminance on 

work surface (lx) 
Illuminance on 

monitor (lx) 
Illuminance on 
keyboard (lx) 

Illuminance at 
participant's eye 

(lx) 
Base Case 
     Gray 
     Blue 

 
611 
558 

 
364 
338 

 
697 
640 

 
313 
288 

Best Practice 
     Gray 
     Blue 

 
601 
528 

 
426 
378 

 
649 
544 

 
341 
316 

Best Practice with 
Switching Control 
     Gray 
     Blue 

 
 

528 - 1199 
473 - 1140 

 
 

371 - 447 
344 - 438 

 
 

599 - 764 
539 - 740 

 
 

295 - 422 
264 - 335 

Dimming Control 
     Gray 
     Blue 

 
285 - 1032 
276 - 1048 

 
166 - 852 
188 - 873 

 
269 - 1156 
283 - 1151 

 
171 - 578 
181 - 588 

 
To indicate the contribution of daylight to these illuminances, Table 4 gives the mean illuminances 

on the work surfaces of the cubicles with gray and dark blue panels measured at noon on a sunny day with 
all the electric lighting turned off. From Table 4 it can be seen that the contribution of daylight to the 
measured illuminances given in Table 3 is modest.  
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Table 4. Means (and standard deviations) of the illuminances (lx) provided on the work surface by 
daylight alone. 

Lighting 
installation and 

panel 

Illuminance on 
work surface (lx) 

 

Illuminance on 
monitor (lx) 

Illuminance on 
keyboard (lx) 

Illuminance at 
participant's eye 

(lx) 
Daylight only 
     Gray 

 
19.8 (24.9) 

 
18.8 (22.6) 

 
22.2 (22.6) 

 
18.2 (11.9) 

Daylight only 
     Blue 

 
16.5 (9.4) 

 
27.5 (24.9) 

 
25.3 (18.1) 

 
14.0 (1.4) 

 
 Illuminances were also measured at other salient locations in the space, i.e., the reception desk, the 
sofa near the reception desk, on the filing cabinets in the hallway, and on the tables at the end of the hall 
way that were used for meeting.  
Table 5 shows the mean illuminances provided by the four lighting installations at these locations. 
 
Table 5. Means (and standard deviations) of the illuminances (lx) provided on the reception desk, on the 

sofa near the reception desk, on the filing cabinets in the hallway, and on the tables at the end of the 
hallway, by the four lighting installations.  

Lighting installation Illuminance on 
reception desk 

(lx) 
 

Illuminance on 
sofa (lx) 

Illuminance on 
filing cabinets in 

hallway (lx) 

Illuminance on 
tables at end of 

hallway (lx) 

Base Case 390 (63.8) 492 (22.6) 445 (47.7) 392 (56.4) 
Best Practice 414 (67.6) 451 (38.1) 429 (46.0) 451 (31.7) 
Best Practice with 
Switching Control 414 (67.6) 472 (45.9) 429 (46.0) 451 (31.7) 

Dimming Control 323 (51.3) 579 (94.9) 429 (46.0) 451 (31.7) 
 

For the Best practice with Switching Control installation, the illuminance on the work surface, on the 
monitor screen, on the keyboard and at the participant's eyes varied as the desk lamp wattage is switched. 
Table 6 shows the mean illuminances measured at these locations for the three setting of the desk lamp 
wattage in the cubicles with the two panel types.   
 

Table 6. Means (and standard deviations) of the illuminances (lx) provided on the work surface, on the 
monitor, on the keyboard, and at the participant's eyes, by the three wattage levels of the desk lamp used 

in the Best practice with switching control installation, for the gray and dark blue cubicles.  
Desk lamp 

wattage (W) and 
panel 

Illuminance on 
work surface (lx) 

 

Illuminance on 
monitor (lx) 

Illuminance on 
keyboard (lx) 

Illuminance at 
participant's eye 

(lx) 
13 W 
Gray 
Blue 

 
867 (58.1) 
740 (72.7) 

 
387 (66.5) 
408 (81.8) 

 
612 (56.0) 
597 (76.8) 

 
323 (39.9) 
301 (45.9) 

26 W 
Gray 
Blue 

 
1420 (179.7) 
1215 (118.2) 

 
403 (38.1) 
383 (68.7) 

 
681 (23.4) 
657 (72.3) 

 
353 (17.4) 
302 (32.1) 

37W 
Gray 
Blue 

 
2356 (284.0) 
2248 (186.3) 

 
447 (52.4) 
438 (99.2) 

 
764 (18.3) 
740 (80.0) 

 
422 (26.0) 
335 (20.9) 

   



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 26 

For the Dimming Control installation, the illuminance on the work surface, on the monitor screen, on 
the keyboard and at the participant's eyes varied as the direct component of the lighting was dimmed. 
Table 7 shows the mean illuminances measured at these locations for three setting of the dimming 
control, for the cubicles with the gray and dark blue panels. One other aspect of the Dimming Control 
installation is the effect on adjacent cubicle when the direct component of the luminaire suspended 
directly above a cubicle is altered. To measure the contribution to an adjacent cubicle, the increase in 
illuminance on the work surface in one cubicle when the indirect component of the luminaire over the 
adjacent cubicle was varied from zero light output to 100% light output was measured. The mean increase 
in illuminance was 85 lx .   
 As for the conference room, the illuminance on the table in front of each chair and on the faces of 
people sitting in each chair were measured. The mean illuminances for the two lighting installations used 
in the conference room are given in Table 8.  
 

Table 7. Means (and standard deviations) of the illuminances (lx) provided on the work surface, on the 
monitor, on the keyboard, and at the participant's eyes, at three dimming levels of the Dimming Control 

installation, for the gray and dark blue cubicles.  
Dimmer 

Setting (%) and 
panel 

Illuminance on 
work surface 

(lx) 
 

Illuminance on 
monitor (lx) 

Illuminance on 
keyboard (lx) 

Illuminance at 
participant's 

eye (lx) 

0% 
Gray 
Blue 

 
279 (35.3) 
300 (27.1) 

 
166 (16.3) 
181 (32.1) 

 
270 (34.4) 
283 (12.8) 

 
171 (21.7) 
181 (32.1) 

50% 
Gray 
Blue 

 
358 (48.9) 
378 (23.7) 

 
244 (22.2) 
263 (40.1) 

 
368 (39.6) 
377 (22.0) 

 
215 (43.3) 
218 (12.1) 

100% 
Gray 
Blue 

 
945 (88.7) 
964 (59.7) 

 
853 (64.5) 

874 (116.2) 

 
1151 (49.5) 
1156 (32.0) 

 
588 (96.9) 
579 (66.8) 

 
Table 8. Means (and standard deviations) of the illuminances (lx) provided on the conference room table, 

and at the eyes of participants sitting around the table, for the two lighting installations used in the 
conference room.  

Lighting 
installation 

Illuminance on 
table (lx) 

 

Illuminance at 
participant's 

eye (lx) 
Base Case 522 (37.2) 365 (52.3) 
Best Practice 687 (43.5) 538 (58.7) 

 
3.5.2 Luminances 

3.5.2.1 Room surfaces 
The luminances of the all the surfaces in the cubicle area, the hallway and the conference room, 

under each lighting installation, were measured using a Radiant Imaging 2610 digital imaging 
photometer, and the appearance of the space was recorded with a Sony Mavica FD92 digital camera.  
 3.5.2.2 Computer monitor 
 The computer monitors used extensively throughout the study were all set up to have a similar 
background color. The screen luminance of a blank white screen display, in the absence of any lighting in 
the room, was 120 cd/m2. 
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3.6 Thermal and Acoustic Conditions 
The air temperature and relative humidity conditions provided by the air-conditioning in the office 

were typical of offices and showed little variation over the time of the experiment The sound pressure 
levels occurring in the office were less than 50 dB(A). Such sound pressure levels are typical of a quiet 
office. 

 
3.7 Experimental Design 
3.7.1 Outline 

There were two independent variables for the experiment, one being the four different lighting 
installations; the other being the two reflectances of the panels forming the background to the computer in 
the cubicle. (Although the panels also differed in color, we know of no reason why this color difference 
would be expected to influence any of the behavioral outcomes.) 
 The experimental design involved two experiments in one. One, called the between-groups 
experiment, collected data from every participant once only. The other, called the repeated measures 
experiment, exposed the same participants to two lighting conditions on separate occasions. The 
advantage of the between-groups approach is that the sample is larger and, therefore, is more likely to be 
representative of the population. It also reduces any bias due to hypothesis-guessing or to asymmetric 
transfer of training or mood that can occur under the repeated measures approach. The disadvantage of 
the between-groups approach is that more participants are required to achieve equal sensitivity to the 
repeated measures approach because the individual differences between participants cannot be removed 
from the variability. In the repeated measures approach each participant acts as their own control, so the 
differences between individuals can be removed from the variability, thereby increasing the sensitivity for 
the same number of participants.  
 The experimental design is shown schematically in Table 9. By using both approaches, this 
experimental design provided a partial replication of the experiment. Replication is important in 
persuading people about the reliability of the conclusions of a study. Demonstrating that lighting 
conditions that enhance non-task surface brightness and but allowing personal control leads to better task 
performance and improved feelings of health and well-being once would be interesting, but demonstrating 
it twice is convincing. 
 
3.7.2 Target Sample Size 

In a between-groups experiment, each participant is randomly assigned to one of the experimental 
conditions (in this case, one of eight conditions:  four lighting conditions crossed by two cubicle panel 
reflectances). This procedure ensures that individual differences are equally distributed between the 
groups, and allows the inference that if any differences exist between the groups on any dependent 
measure, then the treatment is the cause of the effect (Kerlinger & Lee, 2000). A power analysis was 
undertaken to determine the sample size necessary to detect medium-sized effects (7-10% explained 
variance; Cohen, 1988), which was the smallest effect size considered to have practical significance. 
Assuming the standard probability criterion of alpha=.05, a sample size of 200 people would provide 
adequate statistical power (power= .84 for the lighting design main effect, power = .93 for the partition 
luminance main effect, and power = .84 for the interaction [Borenstein, Rothstein, & Cohen, 1997]). To 
have enough statistical power to detect a small effect (1-2%) would have required 972 participants. Thus, 
we set our target as 50 participants in each of the four lighting conditions. 
 A random selection of people in the Base Case and Dimming Control conditions who at the end of 
the first day had indicated their willingness to participate again, returned for a second day of testing in 
which they experienced the other of these two lighting conditions from the one they had previously 
experienced. This procedure provided a counterbalanced presentation of the conditions (half had the base-
case lighting first, and half had the best-practice with Dimming Control first). They experienced the same 
reflectance condition (either high or low) on both days.  
 The repeated measures experiment sample size target was set at 50 people, 25 each from the Base 
Case lighting condition and the Dimming Control condition. This repeated measures comparison required 
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a minimum sample size of 34 individuals (each experiencing both lighting design conditions) to detect 
medium size effects, so a sample size of 50 was expected to provide more than adequate power. 
(Statistical power for the detection of a small effect size would require 199 people; Borenstein et al., 
1997). 
 

Table 9. Schematic experimental design with planned sample sizes (Experiment 1) 
 
 

Base Case Best Practice 
 

Best Practice with  
Switching Control 

Dimming Control 

Gray 
Panel 

Between 
groups 
N = 25 

Between 
groups 
N = 25 

Between 
groups 
N = 25 

Between 
groups 
N = 25 

Blue 
Panel 

Between 
groups 
N = 25 

Between 
groups 
N = 25 

Between 
groups 
N = 25 

Between 
groups 
N = 25 

 N = 200 participants randomly assigned to the 8 above conditions 

Same panel 
reflectance for both 

occasions: 

Repeated 
measures: 

N = 25 from 
Dimming Control 

participated a 
second time 

 Repeated 
measures: 

N = 25 from Base 
Case participated 

a second time 

 N = 50, each participant participating twice in counterbalanced order. 
 
3.7.3 Participant Characteristics   

The participants were recruited from an office temporary services agency; and paid at the agency rate 
for each day they worked. They were all over 18 years of age and were required to have experience with 
Windows-based word processing and spreadsheet software and a minimum typing speed of 30 words per 
minute, and have normal or corrected to normal vision and hearing.  
 Several demographic characteristics were recorded by the participants themselves, guided by the 
software on their computers. In addition, during one of the rest periods built into the day, each participant 
was taken to the vision screening room. In this room, the participants' near-field visual acuity, contrast 
sensitivity, color vision and visual field size were measured. Visual acuity was measured using the 
Lighthouse continuous text card seen at a distance of approximately 40 cm with an illuminance of 320 lx. 
Contrast sensitivity was measured using the Vistech contrast test system, viewed from a distance of 2.28 
m, and at a background luminance of 60 cd/m2. Color vision was measured using the Ishihari Test for 
Color Blindness. Visual field size was measured using an apparatus consisting of a horizontal array of 
white LEDs, with one LED positioned every 10 degrees from the fixation point. The participant was 
asked to fixate on the central LED, and the experimenter flashed different LEDs, one at a time, until the 
locations where the participant was no longer able to see the LED flashing were identified. 
 
 3.7.3.1 Between-groups experimental design 
 A total of 181 people provided valid data in the between-groups experimental design. The sample 
size for each of the eight experimental conditions is shown in Table 10. (Equipment failure and 
experimental errors led to the loss of data and the unequal group sizes.) 
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Table 10. Between-groups participants by experimental condition 
 Base Case Best Practice Best Practice 

with Switching 
Control 

Dimming 
Control 

Total 

Light (Gray) 27 25 17 33 102 
Dark  (Blue) 24 16 16 23 79 
Total 51 41 33 56 181 
 

The demographic characteristics of the between-groups participants are summarized in Table 11. 
 

Table 11. Between-groups sample characteristics 
Sex 69 Male  112 Female 
Age 86 – 18-29 38 – 30-39 28 – 40-49 22 – 50-59 7 – 60-69 
Corrective 
Lenses 

54 –  
None 

23 –  
Reading 55 – Distance 15 – Bi- or 

Tri-focal 
6 –  
Multi-focus 

7 – Contact 
lenses 

Education 41 - HS 38 - CC 35 - UC 42 - UD 25 - GD 
Note. HS = high school diploma. CC = community college diploma. UC = undergraduate courses. UD = 
undergraduate degree. GD = graduate degree. 
 
 We inquired about the frequency of hearing impairment or use of a hearing aid on the testing day. 
Eleven participants reported having at some time being diagnosed with a hearing impairment, and three 
wore a hearing aid at the test. In addition, no one reported any functional problems with hearing that 
prevented them from communicating with others during the session.  
 In the separate vision testing, participants’ color vision was tested: Six people failed the Ishihara 
color test.   

The contrast sensitivity test consisted of five rows of rings, from high to low spatial frequency; in 
each row were nine targets of diminishing luminance contrast. Scores on this test were the sum of 
correctly-identified rings, from 0 to 45. The mean contrast sensitivity score was 33.22 (SD = 4.41). Near-
field visual acuity was generally very high; the distribution is shown in Table 12. 
 

Table 12. Between-groups participants' near-field visual acuity 
 Visual Acuity 20/ 
 20 25 30 35 40 50 60 80 
Total frequency 59 57 33 2 18 8 3 1 

 
 We also asked participants to report the duration of their time in the paid work force and as a 
temporary office worker. Overall, participants had been in the workforce for an average of 15.2 years (SD 
= 11.4) and as a temporary worker for an average of 1.5 years (SD = 3.1).  

3.7.3.2 Repeated-measures participants 
 A subset of the between-groups participants returned for a second visit in a different lighting 
condition. We examined the distributions of the demographic variables for the repeating participants to 
see whether or not they were similarly distributed to the larger sample. These statistics are shown in Table 
13. The distributions differed from the full sample for every variable (compared to the overall sample for 
expected values, using chi-squared). The people who completed a second session included a higher 
proportion of women, a lower proportion of people aged 40 – 49, more contact lens wearers, and fewer 
people with only a high school diploma, than the overall sample. Two people in this group reported a 
hearing impairment and one used a hearing aid. The people who repeated did not differ from the whole 
sample in their total years in the workforce (M = 14, SD = 12) or as a temporary office worker (M = 1.2, 
SD = 2.2).  
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Table 13. Repeated measures sample characteristics 

Sex 13 Male  32 Female χ2(1) = 102.6, p<.01 
Age 20 –  

18-29 
9 –  
30-39 

11 – 
40-49 

3 –  
50-59 

2 –  
60-69 χ2(4) = 103.1, p<.01 

Corrective 
Lenses 13 - 

None 
6 – 
Reading 

13 – 
Distance 

3 –  
Bi- or 
Tri-focal 

2 - 
Multi-
focus 

8 – 
Contact 
lenses 

χ2(5) = 102.4, p<.01 

Education 14 - HS 7 - CC 9 - UC 10 - UD 5 - GD χ2(4) = 102.8, p<.01 
Note. HS = high school diploma. CC = community college diploma. UC = undergraduate courses. UD = 
undergraduate degree. GD = graduate degree. 
 
 Visual acuity for the people who repeated showed a different pattern than for the full sample (χ2(7) = 
103.5, p<.01) (Table 14), but the median and mean did not differ from the full sample. The difference in 
the distributions were a higher proportion of people with 20/20, 20/30, or 20/40 vision, and a lower 
proportion of people with 20/25 vision. Two people who repeated failed the color vision test, which was a 
significantly higher proportion than in the full sample (χ2(1) = 103.7, p<.01). Contrast sensitivity test 
scores were the same for the repeating participants as for the full between-groups sample (M = 33.51, SD 
= 3.89). 
 

Table 14. Repeated measures visual acuity 
 Visual Acuity 20/ Median Mean 
 20 25 30 35 40 50 60 80   
Frequency 13 20 6 1 2 2 1 0 25 27 

  
3.8 Independent Variables  

This experiment had two independent variables, lighting design and panel reflectance, that are 
applicable to all the dependent variables. In addition some dependent variables were measured more than 
once, thereby providing an independent variable of time for these dependent variables. Further, one of the 
tasks, the typing task, had the task material presented in three print sizes. The timed vision test also varied 
in target contrast, with six levels. 
 
3.9 Dependent Variables 
3.9.1 Daily Schedule 

The outcome measures encompassed several domains in order to cover all of the concepts in the 
linked mechanisms map: visual and cognitive task performance; mood; satisfaction; vision capability; 
ratings of task and environmental competence, motivation, room appraisal, and lighting preferences. In 
addition, demographic information was recorded. The activities undertaken by the participants during the 
day are listed in the planned chronological order in Table 15.  

 As is clear from this list of activities, the first session, from 8.30 a.m. to 10.00 a.m., was 
primarily used for collecting demographic and current state information from the participants and for 
training the participants in the tasks. Subsequent sessions involved performance on a mixture of visual 
and cognitive tasks, with participants working as individuals or in a group. Several of the tasks and 
surveys were repeated so that changes over time could be examined. The typing task, summaries task, and 
the group discussion task required the participant to leave the cubicle and go up the hallway to retrieve 
information from the filing cabinets there. The group discussion task required the participant to leave the 
cubicle and go into the conference room with all the other participants to hold a discussion.  
 The nature of each activity and the data collected from it are discussed below in conceptual groups. 
This same conceptual grouping guided the data analysis reported in the Results section.  
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Table 15. Activities undertaken during the day, in chronological order 
Approximate time Duration 

(min) 
Activity 

8.30 a.m. 15 Arrival, instructions, consent,  
  assignment to cubicle 
8.45 a.m. 10 Visual capability 1 
8.55 a.m. 5 Training on survey response systems 
9.00 a.m. 10 Demographics survey 
  Visual discomfort survey 1 
  Physical discomfort survey 1 
  Room appraisal survey 1 
9.10 a.m. 5 Training on typing task 
9.15 a.m. 15 Training on summaries task 
9.30 a.m. 5 Task competence 
9.35 a.m. 10 Training on the conveyor task 
9.45 a.m. 15 Lighting preferences survey 1 
  Mood survey 1 
  Environmental competence survey 1 
10.00 a.m. 15-25 Break and visual screening 
10.15 a.m. 15 Typing task 1 
10.30 a.m. 40 Summaries task 1 
11.10 a.m. 10 Conveyor task 1 
11.20 a.m. 30 Social situations task 
12.00  30 Lunch 
12.30 p.m. 15 Typing task 2 
12.45 p.m. 40  Summaries task 2 
1.25 p.m. 10 Conveyor task 2 
1.35 p.m. 40 Group discussion task 
2.15 p.m.  15 Break 
2.30 p.m. 15 Typing task 3 
2.45 p.m.  40 Summaries task 3 
3.25 p.m.  10 Conveyor task 3 
3.35 p.m. 15 Mood survey 2 
  Room appraisal survey 2 
  Lighting preferences survey 2 
3.50 p.m. 10 Visual discomfort survey 2 
  Physical discomfort survey 2 
  Environmental satisfaction survey 
  Session satisfaction survey 
  Environmental competence survey 2  
  Lighting control survey (if necessary) 
4.00 p.m. 10 Visual capability 2 
4.10 p.m.  10 Workday experiences survey 
4.20 p.m. 5 Dismiss 

 
3.9.2  Perceptions and Feelings 

3.9.2.1 Appraisal 
Two scales, both presented on the computer, were used to determine the opinions of the participants 

about the lighting they experience: the Office Lighting Survey (Eklund and Boyce, 1996) and the lighting 
quality scale developed by Veitch and Newsham (2000a). Although the two sets of questions are similar, 
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they are not identical and they use different rating methods. Normative data are available for the Office 
Lighting Survey, and data from a similar experiment on control and lighting quality are available from 
Veitch and Newsham (2000a). The lighting preferences survey was administered at the beginning and end 
of the day  

3.9.2.2 Preferences 
Also using a questionnaire presented on the monitor, evaluative judgments of the appearance of the 

office were collected using a set of 27 semantic differentials based on Flynn, et al. (1979) and on Loe, 
Mansfield, & Rowlands (1994). Each adjective pair was presented on the computer at opposite ends of a 
sliding scale scored from 0 to 100 (left to right). This set of scales was used by Veitch and Newsham 
(1998a) and shown to be sensitive to differences in lighting design. The room appraisal survey was 
administered at the start of the day and at the end.  

3.9.2.3 Mood  
This survey was also presented on the monitor. The participant's mood was assessed using the 

Russell and Mehrabian 3-Factor Mood Scale (Russell & Mehrabian, 1974). This is a well-documented 
psychological measure that has been used successfully in previous research to detect subtle emotional 
effects of experimental conditions (e.g., Newsham & Veitch, 2001; Veitch, Gifford, & Hine, 1991). It 
provides scores on a 0-8 point scale for Pleasure, Arousal, and Dominance factors, each of which is the 
average of the scores on 6 semantic differential pairs relating to that factor. The mood survey was 
administered at the beginning and end of the day. 

3.9.2.4 Competence 
One of the cognitive tasks (described below) involved creating summaries from longer articles. After 

completion of the training of the summaries task, the participant's feeling of competence was measured by 
simply asking how many of the summaries they expected to evaluate during the three remaining forty-
minute sessions. The more competent and capable they felt, the higher should be the expected number of 
summaries evaluated. This was the measure of task competence. 
 No scale exists to measure environmental competence in an experimental context, but a new measure 
was been adapted from Jones and Veitch (2000) for this study. Jones and Veitch developed a 5-item scale 
to assess office workers' feelings of competence to create desirable environmental conditions in their 
usual workplaces; it is analogous to common scales measuring job competence (e.g., Wagner & Morse, 
1975). Participants indicate their agreement or disagreement with such statements as "I believe I know 
how to create good working conditions for myself." A four-item version of the scale demonstrated 
acceptable internal consistency (alpha =0.73, N=93). This survey was presented on the monitor. 
Individuals with personal control of the lighting are expected to report higher feelings of environmental 
competence than those without. The environmental competence survey was administered at the beginning 
and end of the day.  

3.9.2.5 Health and well-being 
This conceptual group included measurement of satisfaction (both with the environment and with 

one's own performance), visual and physical discomfort, and ratings of the difficulty of the tasks.  
 Satisfaction with the physical environment was measured in two different ways, both administered 
on the monitor. The first used the four-item scale developed by Sundstrom, Town, Rice, Osborn, and Brill 
(1985), which has good internal consistency and reliability, and is sensitive to changes in lighting 
conditions (Newsham & Veitch, 2001; Veitch & Newsham, 1998a). The items ask the participant to give 
their level of agreement, on a five point scale, with the statements "This workspace has helped me get the 
work done efficiently", "All things considered, I'm very satisfied with this workspace". "The physical 
layout of this workspace is well suited to the tasks I have done today" and "Compared to the other offices 
where I have worked, I like this workplace. 
 The second measure was the response to the question "How much do you think the office 
environment you experienced today influenced your work performance compared to the office 
environments your are used to?" The answer was given on the nine point scale raging from -40% or more 
to +40% or more; this survey was completed once in Session 4. 
 A similar approach was used to quantify session satisfaction. The participant was asked to indicate 
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their level of agreement with four statements presented on the monitor. The level of agreement was given 
on a five point scale. The statements were "I worked well today", "All things considered, I'm very 
satisfied with my performance at work today". "With regard to work, I was at my best today" and 
"Compared to other short assignments I have worked, I'm pleased with my efforts today". This survey 
was also completed once in Session 4. 
 Using a questionnaire presented on the monitor, visual discomfort was measured using a 
modification of the scale developed by Wibom and Carlsson (1987), and with which they demonstrated 
that luminance ratios of greater than 10:1 between paper and a VDT screen tend to reduce visual comfort 
over several hours. The scale used asks the participants to indicate the intensity (not at all, a little, 
moderately, very much, extremely) at which they are experiencing eight symptoms of eye discomfort 
(smarting, itching, gritty feeling, aches, sensitivity to light, redness, teariness and dryness). Visual 
discomfort was scored as the total of the intensity ratings for the eight symptoms. The visual discomfort 
survey was administered at the beginning and end of the day.  
 Using a questionnaire presented on the monitor, physical comfort was measured using a scale which 
asked the participants to indicate the intensity (not at all, a little, moderately, very much, extremely) at 
which they were experiencing nine symptoms of physical discomfort (sore throat, hoarseness, nose 
congested, sore back, sore wrists and arms, excessive mental fatigue, nervousness and irritability, 
headaches, unusually tired). Physical discomfort was scored as the total of the intensity ratings for the 
nine symptoms. Veitch & Newsham (1998a) have found that this measure is sensitive to changes in 
lighting conditions. The physical discomfort survey was administered at the beginning and end of the day.  
 Participants were also asked to rate the difficulty of the various tasks , using a five point scale. There 
were seven ratings of task difficulty: the typing task, categorizing summaries, evaluating articles and 
summaries, extracting summaries, questionnaires, the timed vision test, and all tasks, overall. (The 
performance tasks to which these refer are described below.) 

3.9.2.6 Lighting control survey 
For lighting installations in which the participants had some degree of control over their lighting 

conditions (Best Practice with Switching Control and Dimming Control), a five-item survey was 
presented at the end of the day. The participant was asked to indicate their level of agreement with four 
statements presented on the monitor. The level of agreement was given on a five-point scale. The 
statements were "The lighting control system allowed me to create the lighting conditions I wanted", “The 
lighting control system was easy to use". The instructions on how to operate the lighting controls were 
adequate", "The interface for the lighting controls was easy to use", and "When I used the lighting 
controls, the lighting changed rapidly enough in response to my commands". This survey was presented 
once in Session 4. 
 
3.9.3 Performance Measures 

3.9.3.1 Timed vision test  
In this task a series of square gratings of side 7.6 cm (3.0 in), oriented either vertically or 

horizontally, or a square of the same size but uniform in luminance, were presented to the participant, on 
the computer monitor, in random order. For each presentation the participant had to respond whether 
he/she perceived a grating to be present or not, by pressing keys on the keyboard.  
 Two measurements were taken for each presentation, whether the answer was right or wrong and the 
reaction time, this being the time from when the square was first presented to when the participant 
responded. The uniform square and the square gratings all had the same average luminance (28.5 cd/m2) 
but the square gratings varied in luminance contrast from 0 to 16 gray levels. The square gratings were 
presented at three different spatial frequencies, 0.6 cycles / degrees, 6 cycles / degree and 10 cycles / 
degree.  
 To ensure that the spatial frequency of the grating was not changed by the participant changing the 
distance from the monitor, the participant viewed the monitor from a distance of 51 cm (21.3 in), this 
distance being fixed by the participant placing their chin in a chin cup mounted one end of a post placed 
at a marked position on the floor. This task was designed to quantify the contrast sensitivity function of 
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the participant's visual system, a metric that reflects the sensitivity of the visual system to stimuli varying 
in size and contrast. This task occurred twice, once at the start of the day and once at the end.  

3.9.3.2 Motivation  
We used the NRC Conveyor Belt task (Newsham et al., 1995a) to assess motivation. This computer-

based task presents two different red or blue moving symbols that enter the screen from the left and exit 
on the right, in random order. This movement was over a black, horizontal strip of width 8.9 cm (3.5 in), 
simulating a conveyor. Pairs of symbols were chosen from a list of hearts, crosses, squares, diamonds, 
circles and clubs. During passage across the screen the symbols passed through a defined region on the 
simulated conveyor of length 10.8 cm (4.25 in). Participants were instructed to use the space bar to delete 
one of the two symbols presented whenever it was in this region (Veitch and Newsham, 1998a).  
 The speed with which the symbols moved across the screen increased in a series of 8 steps, each 
speed being presented for 15 seconds, giving a total trial time of 2 minutes. The outcome measure was the 
speed at which the symbols were moving when the participant ceased to attempt to delete them; 
participants were instructed to keep trying as long as possible, but to stop pressing the space bar when the 
task becomes impossible to keep up with. Performance on this task is taken as a measure of motivation, 
motivation being conceptualized as the individual's willingness to persist at a difficult or impossible task 
(Feather, 1962). The conveyor task was done in all four sessions; data from sessions 2-4 were used for 
analysis (session 1 was a training session).  

3.9.3.3 Vigilance 
Accuracy of performance on the conveyor belt task at lower speeds was one measure of vigilance or 

attention. A second measure was the speed with which the participant responded to a random prompt. 
This task could occur at any time during the day apart from when the participants were on a break or 
when the conveyor task was being done. An outline envelope icon was present on the lower right corner 
of the monitor at all times. Participants were informed that when the envelope changed color to a solid 
yellow and a beep sounded, they were required to move the mouse to click on the icon as quickly as 
possible. Performance on the task was measured as the time taken to respond to the changes. This was 
used as a measure of alertness. 

3.9.3.4 Typing task  
This task used the NRC Typing Task software (Newsham et al., 1995b). This task required the 

participant to first collect a binder of material from a marked filing cabinet in the hallway. The material to 
be typed consisted of a number of 200-300 word passages. The participant's task was to place the piece of 
paper containing one passage in the document holder and type the passage into the computer exactly as it 
appeared on the paper. At the end of each word typed, the computer checked the word for accuracy. If an 
error had occurred a beep was sounded and the error was marked by a strikethrough mark. Performance 
was measured as the time taken to complete the typing of the passage exactly as it appeared on the paper, 
the number of errors corrected, and the time intervals between finishing one passage and starting the next. 
There were six passages to be typed, two of each of three different print sizes (8 point, 12 point and 16 
point), all at the same high luminance contrast, done in a random order that differed between 
workstations. Every passage was presented on a different sheet of paper. Having the passages in different 
print sizes introduces a difference in visibility. This provides an index of sensitivity for the experiment 
because the effect of print size on visual performance is well understood and can be predicted from 
known models of visual performance (Rea and Ouellette, 1991; Eklund et al., 2000). A maximum time of 
15 minutes was allowed for this task, with a minimum of four minutes per passage. This task occurred in 
all four sessions; data from sessions 2-4 were used for analysis. 

3.9.3.5 Cognitive performance 
There were both objective and subjective cognitive performance measures, both derived from work 

performed on a series of news articles drawn from commercial broadcasts in 1998 and 1999. 
This task required the participant to answer questions relating to a series of articles approximately 300 
words long, on popular topics, and written at approximately 8th-10th grade reading levels. The articles 
were of matched difficulty for vocabulary and comprehension. They covered topics in politics, 
sports/entertainment, business and science/health.  
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 One sequence of tasks was called article categorization. In this the participant was shown a 50-word 
summary of an article on the monitor. The participant was asked to read the summary and then select a 
category for the article from four alternatives (business, entertainment or sport, science or health, 
politics). Performance on article categorization is measured by the time taken to select a category and 
accuracy compared to the choices made by expert raters. The total time for trial on this task (including the 
evaluations described below) was another objective cognitive performance measurement. 
 Upon finishing the article categorization, a question was presented on the monitor which asked the 
participant to rate, on a continuous scale, their level of interest in reading the article from which the 
summary they had just read was taken. Regardless of their level of interest, the whole article was then 
presented on the monitor alongside the summary. The participant was then asked the extent to which they 
agreed with the statements "The summary contains all the important information from the article". "The 
summary is grammatically correct", and "The summary is well written". These ratings were given on a 
five point scale. These provided four subjective measurements of cognitive function. 
 A separate task was called summary extraction. In this the participant first read an article printed in 
12 point, high contrast print on paper. Then the participant viewed the monitor on which were displayed 
all the sentences forming the article, one per line, in order. The participant was asked to mark the four 
sentences that are most important in conveying the meaning of the article. This summary extraction task 
was scored by the time taken to select the sentences. 
 Categorization and extraction tasks occurred in all four sessions, but only data from sessions 2-4 
were analyzed. Forty minutes (20 for each part) were allotted to these tasks in each session. 
  The preceding tasks were primarily computer-based. We also had a source of comparable data 
from material presented on paper, as part of the preparations for a group discussion task (described further 
below, under Social Behavior). For this task the participants were asked to consider themselves as editors 
of a fictional magazine entitle markeTrend. In the first part of the task, each participant reviewed two sets 
of four stories, all of which were similar in length, style and content to those used in the Summaries task. 
The stories were printed on paper in high contrast 12-point print and reviewed by the participant in his or 
her cubicle. The participant's task was to rate each article on a series of 7 point scales for interest to the 
reader, relevance to markeTrend, and ease of understanding, and to estimate the probability (0 to 100%) 
that the article would be chosen by the group of participants as the lead story for markeTrend.  

3.9.3.6 Work structure 
For the typing, conveyor belt, and summary extraction tasks, we also recorded the time the time 

intervals taken by the participant between completing one part of the task and starting the next. These 
were analyzed to give an indication of whether or not lighting conditions altered the work strategies of 
participants, as had been observed in a prior experiment (Boyce & Eklund, 1996). 
 
3.9.4 Social Behavior 

3.9.4.1 Liking for group members 
After the participants had made their individual ratings of articles for the fictional magazine entitled 

markeTrend, they went to the conference room for a group meeting. For each article, the participants, as a 
group, were asked to reach consensus on how interesting the article would be to the readers of 
markeTrend, how relevant it was to markeTrend, and how easy it was to understand. Finally, the group 
had to select one article from each set of four as lead stories in two successive publications of markeTrend 
and suggest an appropriate title for the two selected stories. The purpose of this task was to provide a 
constant source of interaction for all groups, in order to facilitate the creation of opinions about other 
group members.  
 At this point the participants return to their individual cubicles and are asked to complete a simple 
paper questionnaire on the behavior of the group. The questionnaire asked the participant to rate his/her 
degree of agreement with the following statements: "The discussion gave an opportunity to get to know 
the others in the group; I like the other members of this group; The group worked effectively to complete 
the task; The group was argumentative; If I could, I would choose this group to work with in the future." 
The degree of agreement was given on a 7 point scale, ranging from very strongly disagree to very 
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strongly agree. This task was done once in Session 3  
3.9.4.2 Conflict resolution 
Baron et al. (1992) found that lighting conditions influenced the likelihood that participants would 

choose co-operative rather than competitive forms of conflict resolution, when asked how they would 
resolve conflicts described in written scenarios. For this experiment, five scenarios involving workplace 
conflicts were presented on paper, each with five alternative responses. For each scenario, the participant 
was first asked to rate the likelihood that they would adopt each alternative response, the likelihood being 
given on a 7-point scale. After assessing each alternative response in this way, the participant was asked, 
without looking back at these answers, to rank order the five alternative responses, with 1 = most likely 
response and 5 = least likely response. this task was done once in Session 2. 

3.9.4.3 Willingness to volunteer 
As part of the final survey at the end of the day, the participants were asked how much time they 

would be willing to spend completing questionnaires on environmental issues regarding buildings, 
transportation, and energy conservation, at home, on a scale ranging from zero to ten hours, and how 
willing they would be to spend another day like they had just completed, the response being given on a 
continuous scale from "not at all willing" to "very willing". 
 
3.10 Daily Procedure 

Participants arrived at the site between 8:30 and 9:00 each day. Group sizes varied from three to nine 
(nine being the number of workstations available). Groups were either all-male or all-female to avoid any 
variation in gender balance in the group discussions. In addition, sessions were either composed entirely 
of people who were in the between-groups experiment (i.e., on their first visit), or of people who had 
returned for a second day as part of the repeated-measures experimental design. This ensured that all the 
between-groups participants had the same starting level of knowledge about the experiment, and could 
not acquire extra knowledge from a repeating participant in the same group. 
 As they arrived, the experimenter oriented the participants to the site; then they read and signed an 
informed consent form. When all participants for the day had arrived, the experimenter explained that the 
purpose of the experiment was to study office productivity. The experimenter then described the structure 
of the day, the nature of the tasks that participants would perform, and the types of additional vision 
testing that they would undergo. The participants were informed that the custom computer software 
would train them on the tasks, guide them through the sequence of tasks, and record their performance. 
Participants could then ask questions about what was expected of them.  
 When everyone understood the requirements, they went to their assigned cubicles, entered their 
assigned identification number, and began working. Assignment to high- and low-reflectance partitions 
was random for the between-groups groups, subject to the need to have equal numbers experiencing both 
reflectance panels. Participants who came for a second day stayed with the same reflectance for both 
lighting conditions. For the Best practice with Switching Control lighting, when the participant entered 
the assigned cubicle the desk lamp was on and had been set at the middle power setting. For the Dimming 
Control lighting, when the participant entered the assigned cubicle the direct component of the direct 
/indirect luminaire suspended over the center of the cubicle was switched on and the light output had been 
set to the midpoint of the control interface.   
 The experimenter monitored the participants closely at the beginning of the day to ensure that all 
were using the software correctly. He or she also watched participants using the chin rest during the visual 
capability tests at the beginning and end of the day. Throughout the day, he or she monitored participants’ 
progress through the tasks and checked written materials for completeness.  
 To encourage people to move around in the office suite so that they experienced the lighting 
conditions throughout the space, they had to retrieve task materials from filing cabinets in the hallway at 
intervals, get coffee or their lunches from the kitchen area, and, during breaks, sit in the break area at the 
end of the hallway. 
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 In the morning, participants completed two sessions of task work separated by a break and the 
administration of four vision tests (see Table 15). At the break, they could go to the kitchen or the break 
area; only if they were smokers were they allowed to leave the office.  
 Participants took a 30-minute lunch break, as close to noon as possible. If some participants finished 
their tasks early, they were given a paper version of the summaries task and were told to work on the 
summary extraction and categorization parts of the task. This activity was a time filler and was not 
scored. During lunch, participants were encouraged to stay in the office break area, although those who 
had not brought their lunch were allowed to buy it from the restaurant in the building opposite. Some did 
choose to stay outside socializing, walking, or smoking, especially when the weather was pleasant. 
 After lunch, participants went back to their cubicles for the third session of task work. As they 
completed the readings for the Group Discussion task, they could take a break until all participants were 
ready for the task. Some went immediately to the conference room, some waited at their cubicles, and 
some went to the break area. When all participants were ready to begin and seated in the conference 
room, the experimenter joined them to explain the task, then left the room and closed the door. 
Approximately 30 minutes later, he or she let the group know how much time remained for the task, if 
they had not already finished. He or she collected the participants’ completed forms as they left the 
conference room. They returned to their cubicles, filled out the Group Discussion Feedback form, gave it 
to the experimenter, and were given their last afternoon break. The fourth session of task work followed, 
and then the end-of-day questionnaires administered by the computer software.  
 Most participants finished their work by 4:15-4:30 p.m. The experimenter signed their time cards 
and thanked them for their work. If the participants had any questions about the experiment, the 
experimenter deflected these questions by telling them that they would receive an explanation of the 
experiment and a summary of the results when the project had been completed.  
  
3.11 Ethical Issues 

The experiment protocol was submitted for approval to the Institutional Review Board at Rensselaer 
Polytechnic Institute, to the Research Ethics Board at the National Research Council of Canada, and to 
the Ethics Review Board of the Pacific Northwest National Laboratory prior to the commencement of 
data collection. All eventually approved the protocol, with some minor modifications. An informed 
consent procedure was used in which participants received information in advance about the general 
nature of the study, and more detailed information at the time of their participation concerning the risks 
and benefits of participation, and rights accorded to research participants. At the start of the experimental 
session they were asked to sign a consent form.  
 The information provided to the participants prior to the experimental session deliberately omitted 
any mention of the existence of varying lighting conditions. This was done so as to minimize the 
likelihood that participants would have expectations about the purpose of the study. To persist with this 
deception, participants were told to report to "Office Solutions", the name intending to convey that the 
study was about all aspects of the office and not just the lighting. Further, data collection for the between 
participants experiment was completed before data collection for the within participants experiment 
started. 
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4. Results and Discussion - Experiment 1 
 

4.1 Analytic Strategy 
 Conservative practices from the behavioral sciences guided the data analysis. This section describes 
the general approach taken. For detailed discussions of the issues, consult general works such as those by 
Ghiselli, Campbell, and Zedeck (1981), Keppel (1982), Kerlinger and Lee (2000), and Tabachnick and 
Fidell (2001). 
 
4.1.1 Research Design  
 4.1.1.1 Statistical model.  
 As described above, this experiment combined two research designs, one a between-groups design 
and one a repeated measures design. Data from each research design were analyzed using analysis of 
variance models. Separate analyses were conducted for each conceptual group of measurements (groups 
of dependent variables). When there was more than one dependent variable relating to the concept, the 
analysis was a multivariate analysis of variance (MANOVA). This technique gives an overall test of 
significance for all dependent variables and individual, univariate significance tests. The univariate effects 
on individual measurements were interpreted only if the multivariate test reached statistical significance 
(α < .05). This practice limits the possibility of Type I statistical errors. If the group had only one 
dependent variable, univariate analysis of variance was used (ANOVA). 
 4.1.1.2 Between-groups design.  
 The general between-groups experimental design was a 4 x 2 (Lighting Design X Reflectance) 
factorial experiment, in which participants were randomly assigned to a lighting design and partition 
reflectance condition. For Lighting Design, three orthogonal planned comparisons were tested: the 
comparison of Base Case versus Best Practice; Best Practice versus Best Practice + Switching Control; 
and, Best Practice versus Dimming Control. Each comparison addressed our starting hypotheses, and, as a 
group, the comparisons had the added benefit of being independent of one another (thereby providing a 
further protection against obtaining significant results merely because of conducting many interrelated 
statistical tests). For Reflectance there was one possible comparison, between Light and Dark partitions. 
We also tested all possible interactions of the three Lighting Design planned comparisons and the 
Reflectance comparison. 
 4.1.1.3 Repeated measures design.  
 The repeated measures experimental design was a 2-level (Lighting Design) comparison between 
Base Case and Dimming Control. This allowed us to test the widest difference between lighting 
conditions with the greatest statistical power. Participants who repeated kept the same reflectance on both 
occasions, making it a between-groups variable; we ignored it in the repeated measures design because it 
lacked statistical power.  
 4.1.1.4 Non-lighting variables.  
 For both the between-groups and repeated measures designs there were additional within-subject 
(i.e., repeated measures) independent variables for some of the dependent variables. Some variables were 
measured twice, and others were measured three times during the day. For the transcription typing task 
only, the source text came in three print sizes (8, 12, or 16 point) at all three times. The visual 
performance task could be analyzed by six contrast levels or three spatial resolutions (these were not 
crossed). For these variables we examined polynomial trends (linear and quadratic, where appropriate), 
and interactions with all of the other variables in the analysis.  
 4.1.1.5 Interaction effects and interpretation.  
 When we found statistically significant interaction effects, we further probed them using post hoc 
tests to ascertain the exact nature of the interaction. In this case, we chose to conduct planned 
comparisons between specific pairs of means in the interaction as if they stood alone. We did not apply 
any additional corrections for Type I (e.g., Bonferroni probabilities) because we judged them to be overly 
conservative for our purposes. The focused tests already had fewer degrees of freedom than the original 
tests and were therefore less powerful.  
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 Interpretation followed the standard rules. A significant interaction means that the effect of one 
variable is different depending on the level of the second variable. The nature of the interaction qualifies 
the interpretation of the main effect. Therefore, statistically significant interactions were interpreted first, 
followed by statistically significant main effects only if the main effect was strong.  
 Consider a hypothetical example, shown in Figure 15, of the effects of age and task contrast on 
visibility (these data are made up for the purposes of this example). The left-hand panel shows results that 
might have two statistically-significant main effects. Increasing contrast appears to improve visibility by 
the same amount for both old and young people, and young people appear to score higher on visibility 
than old people, for each task contrast. The fact that the two lines are parallel tells us that there is no 
interaction of age and contrast. Although the average visibility is always higher for young people than for 
old (an average, or mean (M) of 40 versus 30), the difference between scores for high and low contrast is 
20 units for both age groups.  
 The right-hand example, however, shows lines that intersect. In this example, it appears than the 
effect of increasing contrast is larger for older people than younger people (equally, the effect of age is 
larger for low contrasts than for high contrasts). If our statistical tests tell us that the interaction is 
statistically significant, we cannot reach conclusions about the effects of one variable without knowing 
the state of the other. We would conduct post hoc tests on all possible pairs of means to aid interpretation. 
In this example, it appears that although young people score better than old at low contrasts, the two are 
roughly the same when the task has high contrast. In addition, it would be generally true that visibility for 
high-contrast tasks is better than for low-contrast tasks. Although in this example there is the same 
difference between the means for young and old adults (M = 40 versus 30), it is probably not true in this 
case that young people always score better than old people. That is, there is a main effect but knowing the 
interaction tells us more. The important fact about the interpretation is that the effects of one variable 
depend on the level of the other. Old people can do as well as young ones if the task contrast is high.  
 

Figure 15. Hypothetical example of main effects and interactions. 
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 4.1.1.6 Statistical versus practical significance.  
 We reported effect sizes for all statistically significant effects. Our effect sizes are reported as 
percentages of variance explained (R2 or η2

partial). We interpreted them using Cohen’s (1988) guidelines 
for small, medium, and large effects. A small effect explains 1% of the variance; a medium effect 9%, and 
a large effect 25%.  
 The importance of a given effect size depends, however, on the specific outcomes being tested. For 
example, a famous study tested the effect of aspirin on heart attacks. Those who took aspirin daily had 
fewer heart attacks than those who took a placebo pill. The study was prematurely stopped because it was 
concluded that it would be unethical not to give aspirin to the placebo group given the clear benefits of 
aspirin in the treatment group. Using the measure that we are using (% of variance explained), the effect 
size was R2 = .011 (Rosenthal, 1991). This small effect is important because it means that three out of 
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every hundred people who might otherwise have died will survive if they take an aspirin every day (the R2 

= .011 corresponds to r = .034, or three in one hundred people if expressed as a binomial). This is a 
common effect size in biomedical research with large sample sizes.  
 The outcomes in the Light Right Albany Experiment are not as fundamentally important as life and 
death, so one might say that a small effect is not important enough for us to interpret. However, the range 
of independent variables also influences effect sizes. Consider the effect of age on the heights of teenage 
girls (Cohen, 1988) (Table 16). If there is a small change in the predictor (age, in this case), the effect size 
will be small. This is analogous to the present experiment, in which horizontal illuminances were kept in 
a tight range and all lighting systems more than adequately lit the working area. 
 

Table 16. Effect sizes for effect of age on height of teenage girls. 
Age Range (years) Effect Size (R2) 

15-16 .014 
14-18 .058 
13-18 .137 

 
 Another comparison is to a meta-analysis of the effects of illuminance on office task performance 
(paper-and-pencil, reading-intensive tasks, but not just involving vision) (Gifford, Hine, & Veitch, 1997). 
A meta-analysis is an investigation that statistically combines many separate studies to see what the 
overall effects are. Overall the effect of increasing illuminance on office task performance had an R2 = 
.032 over the range of very low (average 70 lx) to very high (average 1962 lx) illuminances.  
 Group means (Ms) and standard deviations (SDs) are also indicators of the practical significance of 
an effect, and we report these also. Most of the dependent variables do not have direct parallels to 
workplace measurements but are interpreted in a relative manner between experimental conditions. The 
larger the difference in relation to the scale of measurement, the greater the potential importance of the 
effect. 
 
4.1.2 Dependent Variables 
 For dependent variables that used established scales, we used the established rules to form the final 
scores. If there were no established scales associated with a set of related questions (e.g., for the Room 
Appearance judgments), we used principal components analysis with varimax rotation to find an 
interpretable simple structure, and created subscales using unweighted averages of the answers to 
questions loading on each component. For performance variables that included repeated trials within a 
session, the dependent variables were averages within the session. 
 The frequency distributions of dependent variables were examined and tested for normality. Many of 
the dependent variables were not normally distributed, although the direction and magnitude of the skew 
varied widely (as one would expect for such a diverse set of measures). Transformations were used where 
possible (and as appropriate) to convert the distributions to normality. If no such transformation was 
possible or appropriate, analyses proceeded with the original data. The number of participants included 
varies slightly from one analysis to another because of missing data.  
 
4.1.3 Lighting Choices 
 For people in the Best Practice + Switching Control and Dimming Control conditions, we also 
recorded their lighting choices (power levels or dimmer settings) throughout the day. These were 
converted to illuminance values using measured photometric data. We examined the luminous conditions 
that each group chose, and also conducted multiple regression analyses to determine whether or not the 
photometric conditions directly influenced performance or mood. These regression analyses were 
conducted separately for the two forms of lighting control. For the Dimming Control group, we combined 
data from the between-groups and repeated-measures experimental designs and controlled statistically for 
the order in which it was experienced. Data from the Switching and Dimming control conditions could 
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not be combined; participants in Switching control had no opportunity to lower illuminance beyond the 
Best Practice design setting, whereas Dimming Control people were able to do so. 
 
4.1.4 Linked Mechanisms Map 
 We had planned to use structural equation modeling (SEM) to conduct simultaneous tests of all of 
the links in the linked mechanisms map. However, the data were not distributed appropriately for us to 
use this method; the data failed to meet the statistical assumptions. Instead, we tested each link as a 
single, a priori hypothesis in which an independent variable predicted a dependent variable. We collapsed 
all the data across Lighting Design and Reflectance conditions for these tests. For each independent 
variable we formed two non-random groups by splitting the data at the median (50th percentile) of that 
variable. We then conducted a MANOVA or ANOVA (as appropriate) to test whether or not levels of the 
independent variable affected the dependent variable(s) at the next level of the link. For example, we 
formed two groups for ratings of Lighting Quality, and tested whether being above or below the median 
in lighting quality rating influenced ratings on the Room Appearance scales. We conducted these analyses 
separately for the between-groups experimental design (people on their first visit) and for the additional 
data from people in the repeated measures design (people on their second visit), thereby providing a 
partial internal replication. This is not a perfect test of the map because the tests are not independent; 
however, it provides support to theoretically-derived predictions and provides guidance for further 
research.  
 
4.2 Manipulation Checks 
4.2.1 Demographics 
 4.2.1.1 Between-groups design.  
 The between-groups research design rests on the assignment of participants to groups being truly 
random, so that individual characteristics are approximately equally distributed across groups. 
Differences in the dependent measures can then be attributed to the between-groups treatments rather than 
to any inherent differences between the group compositions.  

We checked this assumption against several demographic characteristics. There were no differences 
between the groups (4 Lighting Designs or 2 Reflectances) for sex (Lighting Design, χ2(3) = 2.30, p>.05; 
Reflectance, χ2(1) = 0.07, p>.05) , age (Lighting Design, χ2(12) = 14.21, p>.05; Reflectance, χ2(4) = 6.03, 
p>.05), education (Lighting Design, χ2(12) = 20.53, p>.05; Reflectance, χ2(4) = 4.52, p>.05), or type of 
corrective lenses (Lighting Design, χ2(15) = 22.03, p>.05; Reflectance, χ2(5) = 4.51, p>.05). In addition, 
the distributions did not differ across Lighting Design (for hearing impairment, χ2(3) = 5.03, p>.05; for 
hearing aid, χ2(3) = 1.11, p>.05) or Reflectance groups (for hearing impairment, χ2(1) = 0.60, p>.05; for 
hearing aid, χ2(1) = 0.13, p>.05). Of the six people who failed the Ishihara color test, one was in the Base 
Case condition (2%), one in the Best Practice condition (2%), one in the Best Practice + Switching 
Control condition (3%) and three in the Dimming Control condition (5%). The frequency of impaired 
color vision did not differ between the lighting conditions (χ2(3) = 1.1, p>.05), nor across Reflectances 
(χ2(1) = 0.28, p>.05). For contrast sensitivity, we conducted a 4 x 2 Lighting Design X Reflectance 
ANOVA on the overall scores and found no between-groups differences.  
 We tested near-field visual acuity, and examined its distribution across Lighting Design (Table 17) 
and Reflectance conditions. In this case, we did notice a difference. Visual acuity is slightly better for the 
Base Case participants than for others (χ2(21) = 33.8, p<.05). However, the median visual acuity for all 
groups is the same, 20/25, and the means differed by less than 5 when the test itself cannot distinguish 
more finely than 5. We further examined this issue by testing whether or not adding Visual Acuity as a 
covariate would alter results for the NRC Vision test or for a measure of Room Appearance, judging that 
these were the two dependent variables that would be most likely to be affected by differences in visual 
acuity. There was no difference in results with the added covariate; therefore we judged that the 
difference between groups on near-field acuity was unlikely to have influenced the overall results.  
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Table 17. Near-field visual acuity by lighting design 
 Visual Acuity 20/   
 20 25 30 35 40 50 60 80 Median Mean
Base Case 21 20 9 0 1 0 0 0 25 24.1 
Best Practice 10 12 10 0 5 3 1 0 25 29.5 
Best Practice + 
Switching Control 

15 8 2 0 6 0 1 1 25 28.5 

Dimming Control 13 17 12 2 6 5 1 0 25 29.7 
Total 59 57 33 2 18 8 3 1   

  
 We also asked participants to report the duration of their time in the paid work force and as a 
temporary office worker. These continuous variables we tested in a 4 x 2 (Lighting Design by 
Reflectance) MANOVA design with planned comparisons as described above. This revealed one 
statistically significant multivariate effect, for the planned comparison of Best Practice vs Best Practice + 
Switching Control (Wilks’ Λ = 0.94, F (2,168) = 5.14, p<.05), which was associated with a significant 
univariate test for years as a temporary worker (F (1,169) = 10.24, p<.01). The Best Practice participants 
had spent a shorter time as temporary workers than the Switching Control participants (M = 0.6 (SD = 
0.8) versus M = 2.9 (SD = 5.8) years). Eight of the 33 people in the Switching Control group, but none of 
the Best Practice people, had worked as a temporary office worker for more than three years. However, 
the overall years in the workforce did not differ between the groups. This difference seemed unlikely to 
be a source of bias in the results. 
 4.2.1.2 Repeated-measures participants.  
 The repeated-measures design exposes individuals to all the treatment conditions (in this case, two 
lighting designs, Base Case and Dimming Control), so that in effect each participant serves as his or her 
own control. Extraneous influences cannot bias the results; this reduces random variation in the data and 
provides a more powerful test of the hypothesis. However, bias may result because of the order of 
presentation of the treatment conditions. Forty-five participants provided complete data for two lighting 
conditions. Of these, 25 participated first in the Dimming Control condition, and 19 participated first in 
the Base Case condition. Scheduling difficulties prevented a perfect split in orders (which would have 
been 22 or 23 in each direction). Using 23 for the expected value for Base Case and 22 as the expected 
value for Dimming Control, we tested the observed distribution and found that it did not differ 
significantly from the expected (χ2(1) = 1.1, p>.05). We do not believe this order difference was a likely 
source of bias in the results. 
 
4.2.2 Participant Expectancies 
 At the end of each testing day, participants were asked to report their beliefs about the purpose of the 
experiment and their feelings about what might have influenced their performance or responses. These 
questions we ask routinely to probe the extent to which participants had expectancies about the expected 
outcome of the investigation, or beliefs about how the researchers had wanted them to act. In reading 
these responses we looked particularly for indications that participants had identified lighting as the focus 
of the experiment. 
 A content scoring of responses to the question “What did you think was the purpose of the study?” 
revealed differences between the lighting conditions. For the between-groups participants, those in the 
Base Case, at 20%, were less likely to identify lighting as the independent variable, than those in the Best 
Practice (42%), Best Practice + Switching Control (36%), or Dimming Control (41%) conditions. A likely 
reason for this is the fact that the Base Case lighting was probably more familiar to them than any of the 
other conditions. Participants who experienced Base Case on a second visit (having seen Dimming 
Control on their first visit) were very likely to say that lighting was the focus of the investigation (46%). 
Of those who experienced Dimming Control on the second visit, 37% reported that lighting was the focus 
of the experiment.  
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 Although most responses were not specific about the nature of the research question, a small number 
of participants reported having been influenced by the lighting, usually saying that they had developed 
headache or eyestrain, or had experienced problems with glare. Those who expressed definite opinions 
about office lighting (2 or 3) said that they disliked fluorescent lighting. Not one person reported a 
preference for fluorescent lighting over other types. 
 Smaller percentages of people responded that the purpose of the experiment was to study vision, eye 
strain, or optical problems: Sixteen percent of the Base Case made this attribution, 2% of Best Practice, 
18% of Switching Control, and none in Dimming Control. Two people (4%) in Dimming Control said 
specifically that the purpose of the study was to determine what lighting choices people make with 
individual controls.  
 We judged that these expectancies were unlikely to have significantly biased the results for the 
between-groups comparison, but cannot rule out these opinions as having intensified responses for the 
repeated measures participants on their second visits. This underscores the importance of 
counterbalancing the order of exposure to the two repeated conditions. 
 
4.3 Perceptions and Feelings 
 In this section we report the results of analyses of both the between-groups and repeated measures 
designs. The results are organized by their conceptual groups. Except for the LRC Office Lighting 
Survey, all analyses proceeded using the MANOVA and ANOVA strategy outlined above.  
 
4.3.1 Lighting Appraisal  
 4.3.1.1 LRC’s Office Lighting Survey.  
 Although participants completed this survey in both the morning and afternoon, we focus here on the 
afternoon responses. Most participants did not change their responses from the morning to the afternoon; 
for those who did, we view the afternoon responses as more reliable indicators of their opinions of the 
lighting. The agree/disagree format of the survey lends itself to cross-tabulation and nonparametric 
analyses. For the between-groups design, we examined the tables of responses by Lighting Design and by 
Reflectance. Lighting Design was the only breakdown for the repeated measures design. We tested the 
distributions using the chi-squared test of independence to seek differences in the pattern of responses 
across lighting designs and across partition reflectances. We also compared the results individually for 
each lighting design against normative responses based on over 800 individuals in 13 offices with new or 
energy-efficient upgraded lighting, all in the upper North-East (Eklund & Boyce, 1996). For these tests 
we used the normative values as the expected values, and tested the difference between the observed and 
the expected values using chi-squared tests.  
 Tests of contingency must be interpreted cautiously. The chi-square statistic is unreliable under 
certain conditions. Its power can be low when the expected frequency drops below five in many cells, and 
particularly when more than 20% of cells have low expected frequencies (Tabachnick & Fidell, 2001). In 
the between-groups design a further limitation is the discrepancy in group sizes. One case accounts for a 
smaller percentage difference for the Base Case and Dimming Control conditions than for the Best 
Practice + Switching Control condition (which had fewer participants), which means than the tests for the 
Best Practice + Switching Control condition will have less statistical power than for the others. In 
interpreting cross-tabulations such as these, one must examine the observed frequencies as well as the 
statistical tests in order to come to an understanding of the results. 
 Results are in Table 18. One important observation is that all of the lighting conditions were 
relatively comfortable: even the Base Case lighting, which was intended to be representative of the 
majority of present-day office lighting, was rated as comfortable by 71% of respondents in the between-
groups design and 82% of the repeated-measures participants. The Base Case responses were not different 
from the normative sample. The Best Practice and Dimming Control conditions both had higher-than-
expected percentages of people rating the lighting as comfortable. 
 Equally importantly, the responses reveal that the participants distinguished between the various 
lighting conditions. The distinctions are stronger for the repeated-measures participants. The most 
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substantive difference for the between-groups data is between the Base Case and the other conditions. For 
both overall judgments (questions 1 and 10), the Base Case group responded in a similar way to the 
normative sample. The percentage agreement that the lighting is comfortable rose for all conditions with 
direct / indirect systems, and was highest for the Dimming Control group. Similarly, the Base Case 
condition was judged most similar to other workplaces (question 10) and the other conditions tended to be 
rated as better than lighting in other workplaces. Base Case lighting was also more likely to be rated as 
uncomfortably bright or for the fixtures to be too bright.   
 

Table 18. Afternoon OLS appraisals. 
1. Overall, the lighting is comfortable. 
  Between-Groups Repeated Measures 
Norm:  69% Agree Χ2(3) = 7.52 Χ2(1) = 6.23** 
Base Case Count of total 36 of 51 36 of 44 
 % Agree 71 82 
 Χ2(1) 0.09 3.77 
Best Practice Count of total 34 of 40  
 % Agree 85  
 Χ2(1) 4.29*  
Best Practice + Switching Control Count of total 26 of 32  
 % Agree 81  
 Χ2(1) 2.33  
Dimming Control Count of total 49 of 54 44 of 45 
 % Agree 91 98 
 Χ2(1) 12.36*** 17.52*** 
2. The lighting is uncomfortably bright for the tasks that I perform. 
  Between-Groups Repeated Measures 
Norm:  16% Agree Χ2(3) = 8.18* Χ2(1) = 5.87* 
Base Case Count of total 17 of 51 13 of 45 
 % Agree 33 29 
 Χ2(1) 12.00*** 6.09* 
Best Practice Count of total 8 of 39  
 % Agree 21  
 Χ2(1) 0.12  
Best Practice + Switching Control Count of total 7 of 33  
 % Agree 21  
 Χ2(1) 0.94  
Dimming Control Count of total 6 of 56 4 of 45 

 % Agree 11 9 
 Χ2(1) 1.19 1.52 
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3. The lighting is uncomfortably dim for the tasks that I perform 
  Between-Groups Repeated Measures 
Norm:  14% Agree Χ2(3) = 2.86 Χ2(1) = 2.05 
Base Case Count of total 2 of 50 0 of 45 
 % Agree 4 0 
 Χ2(1) 4.15* 6.92** 
Best Practice Count of total 3 of 40  
 % Agree 8  
 Χ2(1) 1.76  
    
Best Practice + Switching Control Count of total 2 of 33  
 % Agree 6  
 Χ2(1) 2.12  
Dimming Control Count of total 7 of 56 2 of 45 

 % Agree 13 4 
 Χ2(1) 0.32 3.08 

4. The lighting is poorly distributed here. 
  Between-Groups Repeated Measures 
Norm:  25% Agree Χ2(3) = 0.26 Χ2(1) = 0.00 
Base Case Count of total 8 of 50 5 of 45 
 % Agree 16 11 
 Χ2(1) 1.75 4.33* 
Best Practice Count of total 7 of 40  
 % Agree 18  
 Χ2(1) 1.20  
Best Practice + Switching Control Count of total 6 of 33  
 % Agree 18  
 Χ2(1) 0.66  
Dimming Control Count of total 8 of 55 5 of 45 

 % Agree 15 11 
 Χ2(1) 3.45 4.36* 

5. The lighting causes deep shadows 
  Between-Groups Repeated Measures 
Norm:  15% Agree Χ2(3) = 1.40 Χ2(1) = 0.19 
Base Case Count of total 6 of 50 3 of 44 
 % Agree 12 7 
 Χ2(1) 0.60 2.72 
Best Practice Count of total 4 of 40  
 % Agree 10  
 Χ2(1) 0.78  
Best Practice + Switching Control Count of total 5 of 33  
 % Agree 15  
 Χ2(1) 0.00  
Dimming Control Count of total 4 of 54 2 of 43 

 % Agree 7 5 
 Χ2(1) 2.35 3.10 
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6. Reflections from the light fixtures hinder my work. 
  Between-Groups Repeated Measures 
Norm:  19% Agree Χ2(3) = 5.70 Χ2(1) = 4.11* 
Base Case Count of total 15 of 51 14 of 45 
 % Agree 29 31 
 Χ2(1) 3.11 3.47 
Best Practice Count of total 7 of 41  
 % Agree 17  
 Χ2(1) 0.16  
Best Practice + Switching Control Count of total 13 of 33  
 % Agree 39  
 Χ2(1) 9.98***  
Dimming Control Count of total 12 of 56 6 of 45 

 % Agree 21 13 
 Χ2(1) 0.11 1.25 

7. The light fixtures are too bright. 
  Between-Groups Repeated Measures 
Norm:  14% Agree Χ2(3) = 6.56 Χ2(1) = 6.69** 
Base Case Count of total 19 of 50 14 of 45 
 % Agree 38 31 
 Χ2(1) 23.92*** 12.31*** 
Best Practice Count of total 8 of 41  
 % Agree 20  
 Χ2(1) 0.78  
Best Practice + Switching Control Count of total 7 of 32  
 % Agree 22  
 Χ2(1) 2.25  
Dimming Control Count of total 10 of 54 4 of 44 

 % Agree 19 9 
 Χ2(1) 0.50 0.77 

8. My skin is an unnatural tone under the lighting. 
  Between-Groups Repeated Measures 
Norm:  9% Agree Χ2(3) = 9.17* Χ2(1) = 0.00 
Base Case Count of total 11 of 50 8 of 45 
 % Agree 22 18 
 Χ2(1) 13.32*** 4.39* 
Best Practice Count of total 5 of 40  
 % Agree 13  
 Χ2(1) 0.28  
Best Practice + Switching Control Count of total 2 of 32  
 % Agree 6  
 Χ2(1) 0.37  
Dimming Control Count of total 17 of 56 8 of 44 

 % Agree 30 18 
 Χ2(1) 31.62*** 4.40* 
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9. The lights flicker throughout the day. 
  Between-Groups Repeated Measures 
Norm:  4% Agree Χ2(3) = 2.89 Χ2(1) = 0 
Base Case Count of total 2 of 50 0 of 45 
 % Agree 4 0 
 Χ2(1) 0.00 2.09 
Best Practice Count of total 0 of 40  
 % Agree 0  
 Χ2(1) 2.11  
Best Practice + Switching Control Count of total 2 of 33  
 % Agree 6  
 Χ2(1) 1.03  
Dimming Control Count of total 1 of 55 0 of 45 

 % Agree 2 0 
 Χ2(1) 0.52 2.09 

10. How does the lighting compare to similar workplaces in other buildings?. 
  Between-Groups Repeated Measures 
Norm:  19% worse – 60% same – 22% better Χ2(6) = 11.63 Χ2(2) = 5.91* 
  Worse Same Better Worse Same Better 

Base Case Count 4 35 12 3 28 14 
 %  8 69 24 7 62 31 
 Χ2(2) 4.52 5.94 
Best Practice Count of total 1 18 21    
 %  3 45 53    
 Χ2(2) 22.64***    
Best Practice + Switching Control Count of total 3 17 13    
 %  9 52 39    
 Χ2(2) 7.09*    
Dimming Control Count of total 4 24 28 0 22 23 

 %  7 43 50 0 49 51 
 Χ2(2) 28.87*** 30.70*** 

Note. * p<.05. ** p<.01. *** p<.001. 
 
 One notable finding is the response pattern for the Best Practice + Switching Control group on 
question 6, "Reflections from the light fixtures hinder my work." A higher-than-expected percentage of 
this group agreed with the statement (39%), indicating that reflected images were somewhat of a problem 
for them. The percentage of agreement for the other groups were all consistent with the normative data 
(19%).  It is not surprising that the Best Practice + Switching Control participants might have found 
reflected images problematic, as the luminous desk lamp had the potential to cause such reflections, 
whereas all of the other luminaires were designed to prevent them.   
 There was one unexpected finding, the observation that people in the Best Practice and Best Practice 
+ Switching Control group rated skin tone to be as natural as the normative sample. People in both Base 
Case and Dimming Control had higher-than-expected percentages of people rating their skin tone as 
unnatural. This is difficult to interpret because the Best Practice and Dimming Control conditions both 
had T5HO lamps (Base Case had T8 lamps). All the lamps had a CRI over 80 and had a CCT of 3500K. 
We know of no property of the lamps or lighting distribution that can account for this finding, which 
persisted in the repeated-measures design.  
 Similar cross-tabulations were examined for Reflectance. There were no statistically significant 
differences between lighting appraisals for the two partition reflectances.  
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 4.3.1.2 NRC’s lighting quality scale.  
 Participants also completed this scale at the beginning and end of the day, but a software problem 
resulted in data loss for many participants’ morning responses on this questionnaire. Therefore we 
analyzed only the afternoon scores. The dependent measures were Lighting Quality (LQ) and Bothersome 
Glare (Glare). LQ was a composite score, the average of responses on four questions concerning the level 
of satisfaction with the lighting. It had a theoretical range from 0 – 4, where higher values indicate higher 
ratings of lighting quality. It showed good internal consistency reliability, with Cronbach’s alpha = 0.87 
for the between-groups experimental design. Glare was the average of responses to two questions. It also 
had a theoretical range from 0 – 4, with higher values indicating more bothersome glare. Its internal 
consistence was acceptable, with Cronbach’s alpha = 0.79. 
 For the between-groups design, these two variables were examined using the 4 x 2 MANOVA model 
described above. There were no statistically significant differences between ratings of either Lighting 
Quality or Bothersome Glare by Lighting Design, Reflectance, or their interaction. Examination of the 
overall descriptive statistics revealed that all the lighting designs were favorably rated. The mean Lighting 
Quality rating was 2.93 (SD = 0.89), and its median was 3, which means than half of the participants rated 
the lighting as 3 or 4 out of 4. Bothersome Glare, conversely, had low scores (few problems), with an 
overall mean of 1.13 (SD = 1.06), and median of 1. Although both variables had scores throughout the 
range of possible scores, for most participants the lighting was quite good. This reiterates the observation 
made above on the basis of the LRC Office Lighting Survey results. 
 For the repeated-measures design, the planned comparison was between Base Case and Dimming 
Control. For the MANOVA model, 14 cases were excluded because of missing data on Bothersome 
Glare. Subsequent comments revealed that some participants skipped the glare questions because they 
saw none. Nonetheless, even with the reduced sample size the results were strong, and clearly favored the 
Dimming Control condition (Table 19). This result is also consistent with the observations from the OLS. 
Although for both conditions the Lighting Quality was rated on the good end of the scale, the people who 
experienced both conditions clearly believed that the Dimming Control condition offered better lighting 
quality than the Base Case. As might be expected for a repeated-measures comparison, the effect size for 
the univariate effect is large. 
 

Table 19. Repeated-measures lighting design effect on lighting quality 
     Base Case Dimming Control 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate 0.78 4.18* 2, 29 .13     
 LQ  8.65** 1, 30 .22 2.84 0.97 3.43 0.60 
 Glare  1.07 1, 30 .03     
Note. *p<.05. **p<.01. Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
4.3.2 Preference  
 We derived four scales from the 27 semantic differential (SD) items in the Room Appearance 
questionnaire using the between-groups data from the afternoon. Principal components analysis with 
Varimax rotation was used to identify a simple structure. The most interpretable solution had four 
components (see Table 20). SD items loading higher than 0.500 were interpreted for each component, 
which were given the labels Attractiveness, Comfort, Visibility, and Spaciousness. Four items failed to 
load on any component, and one item (like-dislike) loaded on two components.  
 We used this structure to develop four scale scores, which were calculated by averaging the scores 
for the high-loading items, after first reverse-coding those items with negative factor loadings so that all 
higher scores were more favorable judgments. Possible scores range from 0 to 100. These scales were 
measured at two time points. Internal consistency reliability ranged from very good (Attractiveness) to 
just acceptable (Spaciousness), and was higher in the afternoon than in the morning. 
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Table 20. Rotated factor loadings from principal components analysis of afternoon room appearance 

judgments. 
 Comfort Attractiveness Visibility Spaciousness
Formal – Casual -0.72    
Complex – Simple -0.60    
Cluttered – Uncluttered -0.53    
Comfortable – Uncomfortable 0.51    
Tense – Relaxing -0.51    
Attractive – Unattractive  0.77   
Sombre – Cheerful  -0.76   
Colourful – Colourless  0.75   
Interesting – Monotonous  0.75   
Subdued – Stimulating  -0.70   
Beautiful – Ugly  0.70   
Like – Dislike  0.64 (0.50)  
Pleasant – Unpleasant  0.54   
Nonuniform – uniform  0.52   
Constant – Flickering   0.77  
Clear – Hazy   0.70  
Faces obscure – Faces clear   -0.69  
Distinct – Vague   0.64  
Gloomy – Radiant   -0.59  
Bright – Dim   0.50  
Spacious – Cramped    0.67 
Overhead – Peripheral    0.51 
Small – Large    -0.70 
Dramatic – Diffuse     
Cool – Warm     
Public – Private     
Not glaring – Glaring     
% Variance Explained 10.07 19.80 15.53 8.74 
Cronbach’s alpha (PM) .70 .90 .82 .58 
Cronbach’s alpha (AM) .62 .86 .73 .45 

Note. This analysis used only data from the between-groups experimental design. Only loadings above 
the 0.50 criterion are shown. Like-Dislike, which loaded at or above the criterion on two components, 
was used only in the Attractiveness scale, where it had the higher loading.  

 
 The between-groups design was examined using a 4 x 2 x 2 (Lighting Design X Reflectance X Time) 
MANOVA with the four scales as dependent variables and using the previously-described planned 
comparisons. There were no statistically significant effects of Lighting Design, Reflectance, or their 
interactions. The only statistically significant effect was the main effect of Time (Table 21). Both 
Comfort and Visibility scores dropped from the morning to the afternoon. The change in Comfort scores 
has a medium effect size, although the change in mean values is only 4 units. The Visibility change is 
small. The direction of both effects is consistent with the development of fatigue over the working day. 
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Table 21. Between-groups Time main effect on preference 
     AM PM 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate 0.83 8.86** 4, 170 .05     
 Attractiveness  0.07 1, 173 .00     
 Comfort  29.30** 1, 173 .14 70.19 12.99 66.05 14.37 
 Visibility  5.00* 1, 173 .03 64.76 13.83 62.95 15.16 
 Spaciousness  0.92 1, 173 .01     
Note. *p<.05. **p<.01. Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
 For the repeated-measures design the statistical model was a 2 x 2 (Lighting Design x Time) 
MANOVA. There were no statistically significant effects of either Lighting Design or Time, or their 
interaction, on the four preference scales. We examined the overall scores on these variables for the 
repeated-measures participants on their first visit in comparison to the other between-groups participants. 
It appears that the people who returned for a second session tended towards the upper end of the overall 
between-groups distribution. They had slightly higher scores, and experienced less of a decline from 
morning to afternoon, on comfort and visibility, than those people who did not return for a second visit 
(regardless of lighting condition) (Table 22). The data for these people has a negative skew, with more 
high scores than low. If repeating participants tend to be extreme scorers this will limit the power of 
statistical tests, even for a repeated measures design.  
 

Table 22. Descriptive statistics for repeaters vs non-repeaters. 
 Comfort - AM Comfort – PM Visibility – AM Visibility - PM

Non-repeaters 
N of cases 136 136 136 136 

Median 68.50 63.60 62.42 59.75 
 M 69.99 64.87 64.42 61.83 
SD 13.18 14.69 13.97 14.89 

Repeaters     
N of cases 45 45 45 45 

Median 71.60 68.40 60.67 63.50 
 M 70.76 69.60 65.81 66.33 
SD 12.53 12.88 13.50 15.63 

 
4.3.3 Mood 
 There were three measures of mood, all derived from the Russell and Mehrabian Three-Factor Mood 
Scale (Russell & Mehrabian, 1974). Of the eighteen semantic differential items, six each are averaged to 
form scores for Pleasure, Arousal, and Dominance. These were collected in the morning and the 
afternoon. Each scale had a theoretical range from 0 – 8, and higher scores indicated stronger feelings 
(i.e., more pleasure, more arousal, or more dominance). Internal consistency reliability, as indicated by 
Cronbach’s alpha, was typical of previously-obtained values (for Pleasure, α = .89 AM, α = .92 PM; for 
Arousal, α = .60 AM, α = .74 PM; for Dominance, α = .62 AM, α = .62 PM). 
 These were analyzed in the same manner as the Preference scales described above. The between-
groups design showed no statistically significant differences associated with Lighting Design, 
Reflectance, or their interaction. Time had a statistically significant main effect, described in Table 23. 
The significant multivariate effect was associated with significant univariate effects for Pleasure and 
Arousal. Participants felt less pleasure (a medium-large effect) and less aroused in the afternoon than in 
the morning (a small effect). This is consistent with the development of fatigue and boredom over the 
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working day. Several participants remarked in their open-ended comments that they found the day 
repetitive and tiresome, which further supports this interpretation.  
 

Table 23. Between-groups time main effect on mood. 
     AM PM 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate 0.80 13.27*** 3, 160 .07     
 Pleasure  35.06*** 1, 162 .18 4.98 1.44 4.32 1.66 
 Arousal  5.03* 1, 162 .03 3.65 1.03 3.42 1.27 
 Dominance  0.00 1, 162      
Note. *p<.05. ***p<.001. Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
 The repeated measures analysis showed no effects involving lighting design, but did show a main 
effect of time (Table 24). This multivariate effect was associated with a large, statistically significant 
effect on Pleasure. Pleasure dropped from morning to afternoon, as it had in the between-groups design. 
Note that the means are higher for this analysis that they are for the between-groups design, which is 
consistent with the findings for the mean values of the preference (room appearance) scores reported in 
the previous section.  
 

Table 24. Repeated-measures time main effect on mood. 
     AM PM 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate 0.61 7.75 3, 36 .12     
 Pleasure  19.48*** 1, 38 .34 5.17 1.39 4.57 1.74 
 Arousal  0.64 1, 38 .02     
 Dominance  0.00 1, 38 .00     
Note. *p<.05. ***p<.001. Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
4.3.4 Competence 
 4.3.4.1 Task competence.  
Participants reported in the morning a goal for the number of summaries they would process in a session; 
this was the only measurement of task competence. It was analyzed for the between-groups design in a 4 
x 2 (Lighting Design X Reflectance) factorial ANOVA, and for the repeated measures design in a one-
way Lighting Design ANOVA. There were no statistically significant differences in any of these analyses. 
 4.3.4.2 Environmental competence.  
Environmental competence was measured using a previously-developed scale (Jones & Veitch, 2000). 
Scores on this scale have a range from 0 to 8, with higher scores indicating feelings of greater 
environmental competence (the ability to successfully alter environmental conditions). There are morning 
and afternoon scores for this dependent variable. Internal consistency reliability for this four-item scale 
was good (Cronbach’s α = .71 in the AM and α = .85 in the PM). The values for both the morning and 
afternoon scores on this variable were slightly negatively skewed; the median scores for both times were 
6 of 8, indicating that most participants felt somewhat environmentally competent. There were very few 
scores below 4, the scale midpoint. 
 The between-groups analysis was a 4 x 2 x 2 Lighting Design X Reflectance X Time factorial 
ANOVA, with planned comparisons for Lighting Design. There was one statistically-significant effect in 
this analysis, a three-way interaction of Lighting Design (Best Practice vs Switching Control) X 
Reflectance X Time. This effect is detailed in Table 25 and shown graphically in Figure 16. 
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Table 25. Between-groups interaction effect on environmental competence. 

     
 F df η2  

partial  

 5.28* 1, 173 .03  
 AM PM 
 M SD M SD 
Best Practice – Light 5.71 1.05 5.96 1.25 
Best Practice – Dark 6.22 0.81 6.02 1.43 
BP + Switching Control – Light 6.10 0.93 5.81 0.84 
BP + Switching Control - Dark 5.38 1.06 5.72 1.06 

Note. *p<.05.  
 

Figure 16. Between-groups interaction effect on environmental competence. 
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 This interaction was expected and, like all three-way interactions, difficult to interpret. We 
conducted post-hoc tests on this interaction. These revealed that the only statistically significant 
differences between the eight points in this interaction are at the extremes: The planned comparison 
between Best Practice – Dark in the AM and Switching – Dark in the AM was statistically significant 
(F(1, 30) = 6.36, p<.05), as was the planned comparison between Switching-Light and Switching-Dark in 
the AM (F(1, 31) = 4.40, p<.05). The effect appears to be a statistical artifact known as regression to the 
mean, in which extreme Time 1 scores converge on the mean at Time 2 because of random influences. 
Therefore, we made no further attempt to interpret it. 
 The 2 X 2 (Lighting Design X Time) ANOVA for the repeated measures design showed no 
statistically significant effects. 
 
4.3.5 Health & Well-Being 
 4.3.5.1 Satisfaction.  
 There were three indicators of satisfaction measured at the end of the session. Performance 
Satisfaction concerned the individual’s sense of having worked effectively. Environmental satisfaction 
concerned their feelings that the workplace had been suitable for their work. Both were averages of four 
questions, scored on scales from 0 –4, with higher scores indicating greater satisfaction. For 
Environmental Satisfaction, internal consistency reliability was very good, with Cronbach’s alpha = .89. 
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Overall, most participants were satisfied with the environment: Average Environmental Satisfaction was 
2.76 (SD = 0.79), and the median was 3. For Performance Satisfaction, alpha was .90, and the overall 
mean was 2.75 (SD = 0.84).  
 Self-rated productivity was a single-item measure on a scale from –4 through +4. Negative scores 
indicate that the participant felt that the environment had reduced his or her productivity relative to other 
workplaces; positive scores indicate that the participant felt the environment had improved productivity 
relative to other workplaces. The overall mean was 0.67 (SD = 1.94), indicating than on average the 
participants believed that the Office Solutions environment improved their ability to work relative to most 
places where they usually work. 
 There were no statistically significant multivariate effects on these measures in the 4 x 2 MANOVA 
for the between-groups design. For the repeated-measures design (a one-way MANOVA comparing Base 
Case and Dimming Control), the multivariate test was statistically significant. It was associated with 
significant univariate effects on environmental satisfaction and self-rated productivity (Table 26). These 
effects are medium-sized (η2  

partial > .10), and in both cases show greater environmental satisfaction and 
self-rated productivity for the Dimming Control condition over the Base Case. 
 

Table 26. Repeated-measures lighting design effect on satisfaction. 
     Base Case Dimming Control 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate 0.66 6.75*** 3, 39 .11     
 Env. Sat.  7.27** 1, 41 .15 2.83 0.76 3.17 0.59 
 Perf. Sat.  0.58 1, 41 .01     
 Self-Prod.  8.68** 1, 41 .17 0.69 1.96 1.64 1.78 
Note. **p<.01. ***p<.001. Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
 4.3.5.2 Comfort.  
 There were two measures of comfort, one specifically visual comfort and the other more general 
physical comfort. Each was the sum of severity ratings (from 0 = none, to 4 = extremely severe) on each 
of a list of related symptoms. Thus, high scores are more uncomfortable. For visual comfort the maximum 
possible score was 32, and for physical comfort it was 36. Participants completed these scales in both the 
morning and afternoon. Internal consistency reliability was good to very good for visual comfort 
(Cronbach’s α = .73 AM, α = .83 PM) and acceptable to good for physical comfort (Cronbach’s α = .58 
AM, α = .78 PM).  
 The between-groups analysis used a 4 x 2 x 2 (Lighting Design X Reflectance X Time) MANOVA 
model with the above-described planned comparisons. There were no effects involving lighting design or 
reflectance; the only statistically significant effect involved time (Table 27). Both visual and physical 
comfort got worse over the course of the day, which is consistent with other research (Amick et al., 2002). 
These are large effects in terms of explained variance, although the scores always remained low in 
relation to the possible scale maxima, indicating that in absolute terms people were never very 
uncomfortable.  
 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 54 

Table 27. Between-groups time main effect on comfort. 
     AM PM 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate 0.70 35.97*** 2, 169 .26     
 Visual Comfort  62.81*** 1, 170 .27 2.34 2.97 4.87 5.02
 Physical Comfort  54.09*** 1, 170 .24 2.46 2.67 4.65 4.55

Note. ***p<.001. Group descriptive statistics are provided only for the statistically-significant univariate 
tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the univariate values. 
It is the proportion of variance explained, with a range from 0 – 1.  

 
 The repeated-measures design was a 2 x 2 (Lighting Design X Time) MANOVA. It also showed no 
effect of lighting design, but did show a main effect of time on both physical and visual comfort (Table 
28). Here too, comfort got worse (higher symptom severity scores) from morning to afternoon.  
 

Table 28. Repeated measures time main effect on comfort. 
     AM PM 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate .79 5.54** 2, 42 .18     
 Visual Comfort  8.06** 1, 43 .16 2.07 2.97 3.20 4.46
 Physical Comfort  10.87*** 1, 43 .20 2.45 2.68 3.86 4.79

Note. **p<.01. ***p<.001. Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
 4.3.5.3 Task difficulty ratings.  
 At the end of the day, participants rated the difficulty of six individual tasks and all the tasks, overall, 
on a scale from 0 – 4 with higher scores indicating greater difficulty. These seven ratings were not 
combined into one scale, but kept as separate indicators and analyzed in MANOVA models for the 
between-group and repeated measures designs. The between-groups MANOVA was a 4 x 2 Lighting 
Design X Reflectance MANOVA, and the repeated measures design had only the comparison between 
the two lighting conditions. There were no statistically significant effects on task difficulty rating in any 
of these analyses. 
 
4.3.6 Summary: Perceptions and Feelings 
 The results for this set of dependent variables may be summarized thus: 
 

• Appraisals of the lighting differentiated between the lighting designs. All the lighting conditions 
were considered comfortable by the majority, and all were rated fairly highly on the NRC Lighting 
Quality scale, but nonetheless people were able to discriminate between them when asked to evaluate 
specific dimensions using the LRC Office Lighting Survey. On this measure, the four lighting 
conditions were rated as we would have expected. The ratings for the Base Case were similar to those 
for the normative sample, whereas the other three conditions received more favorable ratings.  

• The experiment was sensitive to known effects of fatigue. The lower afternoon scores for 
Pleasure and Arousal are typical of previous research (e.g., Veitch & Newsham, 1998a; Veitch & 
Newsham, 2000a). The decrease in visual and physical comfort from morning to afternoon is also 
consistent with the literature (Wibom & Carlsson, 1987). The change in ratings of room appearance 
over the day follows a similar pattern. 

• Dimming control can be very satisfactory. The repeated-measures comparison between the Base 
Case and Dimming Control showed a strong pattern favoring Dimming Control. These participants rated 
the lighting quality as superior and also showed greater environmental satisfaction and higher self-rated 
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productivity when they had spent the day with Dimming Control, than when the lighting was in the Base 
Case configuration. They also were more likely to rate the lighting as better than in other workplaces, 
when asked directly using the LRC Office Lighting Survey. 

 
 Except for the findings related to the repeated measures design, there were no dramatic effects of the 
luminous environment on perceptions and feelings. However, in this they are consistent with other 
laboratory-based lighting research that considered similar lighting designs and luminous conditions. For 
example, Veitch and Newsham (1998a) did not find statistically significant benefits of direct / indirect 
systems (in comparison to direct systems) on mood or room appearance judgments in a one-day exposure 
to an open-plan space. Neither did Eklund, et al. (2000) find differences in room appearance judgments 
during a one-day exposure to an achromatic private office with either a deep-cell parabolic luminaire or a 
suspended direct / indirect luminaire. Preferences for direct / indirect systems have been found in longer, 
field studies (e.g., Hedge, Sims, and Becker, 1995). 
 We further attempted to vary the luminous environment by varying the partition reflectance, thereby 
making some of the near surfaces dark. The hypothesis was that darker workstations would be rated as 
less satisfactory than the lighter ones, based on findings such as those of Loe, et al. (1994) on the benefits 
of lighter vertical surfaces. There were no effects of partition reflectance on any of the measures of 
preference (room appearance) or lighting appraisal. It is possible that the darker interior surface of the 
modular workstation was insufficient to engage this effect, because all participants could see over the 
workstation to more distant walls to a limited extent, and saw them when walking around the space (e.g., 
to retrieve material from the filing cabinets). The outer walls of the office were all quite light and in three 
of the lighting designs there was supplemental wall washing. Moreover, there is some evidence that these 
more distant surfaces are where the higher luminances are desired. In a simulation study conducted after 
the design of the Albany experiment, Newsham, Marchand, and Veitch (in press) found that preferred 
luminances for workstations showed lighter surfaces at the periphery of the space – distant walls and 
ceilings – than for the near surfaces of the workstation.  

 
4.4 Performance 
 In this section we report the results of analyses of both the between-groups and repeated measures 
designs. The results are organized by their conceptual groups, which relate to constructs in the linked 
mechanisms map. All analyses proceeded using the MANOVA and ANOVA strategy outlined above.  
 
4.4.1 Timed Vision Test 
 Twice during the day, participants completed a computer-based contrast sensitivity test that was 
scored for both speed and accuracy. Response times and accuracy scores were combined to form a 
composite visual performance score: total correct/total time (summed across three target sizes) for all 
trials in each of six contrast levels. Thus, time and contrast were two additional within-subjects variables 
for the vision test analyses. 
 4.4.1.1 Overall contrast sensitivity.  
 The overall pattern of visual performance by contrast had the expected shape (Figure 17). 
Performance was lowest when the target was just barely visible (a contrast of one gray level), and 
improved exponentially with diminishing returns for increased contrast, leveling off at a contrast of eight 
gray levels, and slightly for lower contrast (0 gray levels) when the uncertainty was lower. We performed 
a MANOVA on the overall data, collapsed across lighting conditions and times (Table 29), and 
determined that the effect of contrast on composite visual performance was statistically significant, and 
furthermore that all of the polynomial components were themselves statistically significant. These effects 
are large, as one would expect based on knowledge of visual processes (e.g., Boyce, 2003) and as one 
would expect for a repeated-measures design (all participants did all contrasts). 
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Figure 17. Composite visual performance by target contrast level. 
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Note. This figure uses only the data from the between-groups experimental design. 

 
Table 29. Between-groups contrast effect on composite visual performance. 

     
 Wilks’ Λ F df η2  

partial 
Multivariate .07 450.98*** 5, 168 .70 
 Linear trend  1895.09*** 1, 172 .92 
 Quadratic trend  487.84*** 1, 172 .74 
 Cubic trend  105.95*** 1, 172 .38 
 Quartic trend  683.23*** 1, 172 .80 
 Quintic trend  311.00*** 1, 172 .64 
Note. ***p<.001. Lighting condition, reflectance, and time were controlled for in this 
analysis. Contrast is weighted by gray level value. Only between-groups data were used 
here. 

 
 We simplified the remainder of the analyses on the visual performance data by focusing on the linear 
trend only, as it was the largest and the most interpretable. We further simplified the analyses by treating 
the gray-level values as being equally spaced. The repeated measures analysis was a 2 x 2 x 6 (Lighting 
Design X Time X Contrast) ANOVA. There were no effects in this analysis involving lighting design, but 
there were three non-lighting effects, which are discussed in a section below. The between-groups 
analysis was a 4 x 2 x 2 x 6 (Lighting Design X Reflectance X Time X Contrast) ANOVA. The lighting 
planned comparisons were as described above. For contrast, we examined only the linear effect of 
contrast on composite visual performance because it was of greatest interest. There were several 
statistically significant interactions and some non-lighting main effects. The interactions will be presented 
first, organized around the planned comparisons for lighting design.  
 4.4.1.2 Base Case versus Best Practice.  
 There was a small, statistically significant interaction effect of Base Case vs Best Practice by 
Reflectance by Time (Table 30 and Figure 18). We probed this interaction effect with post hoc tests and 
found that for the Base Case – Light, Base Case – Dark, and Best Practice – Light, the linear trends from 
AM to PM are statistically significant: performance improves with time. For Best Practice – Dark, there is 
no difference between AM and PM. Thus, it appears that if the ambient lighting system is direct / indirect, 
there is a penalty for dark workstations, in that there was no improvement in composite visual 
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performance from morning to afternoon. We also compared all possible pairs of means, and found that in 
the morning there were no between-groups differences; whereas, in the afternoon there was a statistically 
significant difference between the Base Case – Light and Best Practice – Dark means (F (1, 41 = 4.09, 
p=.05).  
 

Table 30. Base Case vs Best Practice by Reflectance by Time interaction effect on timed vision test. 
      

 F df η2  
partial   

 4.06* 1, 172 .02   
 AM PM AM-PM Trend 
 M SD M SD  
Base Case – Light 

0.81 0.48 1.01 0.57
F (1, 26) = 19.66***, 

η2  
partial = .43 

Base Case – Dark 
0.72 0.47 0.96 0.59

F (1, 23) = 52.24***, 
η2  

partial = .67 
Best Practice – Light 

0.77 0.55 0.96 0.62
F (1, 23) = 27.55***, 

η2  
partial = .54 

Best Practice – Dark 0.80 0.57 0.86 0.60 F (1, 15) = 2.20 
Note. *p<.05. *** p<.001. 
 

 Figure 18. Base Case vs Best Practice by Reflectance by Time interaction effect on timed vision test. 
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 This three-way interaction effect modifies a two-way interaction of Base Case vs Best Practice X 
Time (Table 31). Composite visual performance increased in the afternoon for both groups, but the 
increase is greater for the Base Case. However, we know from the significant three-way interaction with 
reflectance that the real difference is for the Best Practice – Dark group, rather than for the Best Practice 
lighting design as a whole. 
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Table 31. Base Case vs Best Practice by Time interaction effect on timed vision test. 
      

 F df η2  
partial   

 4.62* 1, 172 .03   
 AM PM AM-PM Trend 
 M SD M SD  
Base Case  

0.77 0.47 0.99 0.58
F (1, 50) = 57.70***, 

η2  
partial = .54 

Best Practice  
0.78 0.56 0.92 0.61

F (1, 39) = 23.27 ***, 
η2  

partial = .37 
Note. *p<.05. *** p<.001. 
 
 4.4.1.3 Best Practice versus Dimming Control.  
 There was also a statistically significant three-way interaction of Best Practice vs Dimming Control 
by Contrast – Linear Trend by Time (Table 32 and Figure 19). Performance increases with increasing 
contrast, but the contrast effect is greater in the afternoon than the morning (i.e., contrast interacts with 
time, so that the slope of each line is greater for the afternoon than the morning). The three-way 
interaction shows that the Contrast X Time interaction effect is larger for the Dimming Control group 
than for the Best Practice group. 
 Table 33 shows the more important of the post hoc tests. All the linear trends are statistically 
significant. Figure 19 reveals that the slope is steeper for the afternoon trends, and the increase in slope 
from morning to afternoon is greatest for the Dimming Control condition. Contrasting the scores at two 
selected contrast levels, where differences might be expected to be smallest (0) and greatest (8), we see 
that the scores for Best Practice do not differ from Dimming Control in the morning, nor in the afternoon 
(Table 33). As discussed above, this interaction effect tells us that the effect of one variable (time, in this 
case) differs depending on the level of the other variables.  
 

Figure 19. Linear Contrast X Time X Best Practice vs Dimming Control interaction. 
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Note. Trend lines show the linear effect of contrast = 0 through contrast = 16 for Best Practice and Dimming Control in 
the morning and afternoon.  
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Table 32. Best Practice vs Dimming Control by Contrast by Time interaction effect on timed vision test. 
     

 F df η2  
partial  

 5.57* 1, 172 .03  
 AM PM 
 M SD M SD 
Best Practice – 0 0.58 0.32 0.68 0.32 
Best Practice – 1 0.18 0.18 0.22 0.19 
Best Practice – 2 0.47 0.29 0.57 0.32 
Best Practice – 4 1.00 0.51 1.13 0.51 
Best Practice – 8 1.20 0.45 1.46 0.56 
Best Practice – 16 1.26 0.50 1.45 0.39 
Dimming Control – 0 0.55 0.29 0.64 0.33 
Dimming Control – 1 0.20 0.13 0.25 0.16 
Dimming Control – 2 0.46 0.26 0.57 0.26 
Dimming Control – 4 0.98 0.47 1.18 0.43 
Dimming Control – 8 1.07 0.44 1.54 0.46 
Dimming Control – 16 1.12 0.46 1.43 0.36 
Note. *p<.05. *** p<.001. 

 
Table 33. Post hoc tests for Best Practice vs Dimming Control by Contrast by Time interaction effect on 

timed vision test. 
 F df η2  

partial 

Best Practice – AM 165.79*** 1, 38 .81 
Best Practice – PM 314.26*** 1, 38 .89 
Dimming Control – AM 206.37*** 1, 54 .79 
Dimming Control - PM 472.44*** 1, 54 .90 
Best Practice vs Dimming Control  
 AM, contrast = 0 0.12 1, 94  
 PM, contrast = 0 0.28 1, 94  
 AM, contrast = 8 1.99 1, 94  
 PM, contrast = 8 0.53 1, 94  

   Note. *** p<.001. All of the contrasts in the lower half of the table have p>.05.  
 
 4.4.1.4 Non-lighting effects.  
 There were three statistically significant effects that did not involve lighting variables – that is, these 
effects apply regardless of lighting condition. Both the between-groups analysis and the repeated 
measures analysis showed these effects. 
 The first of these was a large two-way interaction of Contrast x Time, we interpret because of its 
effect size (in keeping with the guidelines for the hierarchy of interpreting interactions). As seen in Figure 
20 and Table 34, the effect has the same basic shape as the interaction above: The effect of contrast on 
performance is stronger (steeper linear trend) in the afternoon than in the morning. The effect is large for 
both the between-groups and repeated-measures designs. 
 This was accompanied by large statistically significant main effects of both Time and Contrast for 
both the between-groups and repeated-measures designs. Composite visual performance increased as the 
target contrast increases (a linear effect). Performance also improved from the morning to the afternoon. 
This latter effect was unexpected in that we had anticipated that fatigue would lead to a decline in 
performance; instead, we see an improvement associated with having more practice on this novel 
computer task. Descriptive statistics for these effects are in Table 34. 
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Table 34. Contrast -Linear and Time effects on timed vision test. 
 Between-groups design F df η2  

partial    

Contrast X Time Interaction 63.75*** 1, 172 .27    
Contrast Main Effect 1613.27*** 1, 172 .91    
Time Main Effect 129.08*** 1, 172 .43    
 AM PM Contrast Effect 
Contrast (Grey Level) M SD M SD M SD 
0 0.58 0.29 0.69 0.32 0.64 0.31
1 0.19 0.17 0.26 0.19 0.22 0.19
2 0.47 0.29 0.58 0.30 0.53 0.30
4 0.99 0.45 1.16 0.44 1.07 0.46
8 1.14 0.41 1.54 0.44 1.34 0.47
16 1.19 0.44 1.47 0.36 1.33 0.42
Time Main Effect 0.76 0.51 0.95 0.59  
Repeated-measures design F df η2  

partial    
Contrast X Time Interaction 13.84*** 1, 43 .24    
Contrast Main Effect 406.61*** 1, 43 .90    
Time Main Effect 31.37*** 1, 43 .42    
 AM PM Contrast Effect 
Contrast (Grey Level) M SD M SD M SD 
0 0.61 0.30 0.73 0.33 0.67 0.32
1 0.24 0.18 0.29 0.22 0.26 0.20
2 0.55 0.34 0.62 0.34 0.59 0.34
4 1.08 0.51 1.25 0.48 1.16 0.50
8 1.26 0.44 1.61 0.45 1.43 0.48
16 1.31 0.46 1.49 0.40 1.40 0.44
Time Main Effect 0.84 0.56 1.00 0.61  
 

Figure 20. Between-groups Contrast X Time interaction plot, with linear trend lines. 

 
Note. Solid line links the average performance at each contrast level. Trend lines (dotted) show the linear effect of 
contrast = 0 through contrast = 16 in the morning and afternoon.  
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4.4.2 Motivation 
 Persistence at a very difficult, almost impossible, task was the indicator of motivation. This variable 
was measured using the conveyor belt task, which had moving targets at increasing speeds from 1 through 
9. We derived the target speed at which responding on this task became random by determining the speed 
at which two conditions were met: the accuracy of performance dropped to random levels (based on the 
frequency of targets, 0.50 of all symbols) and the number of space bar presses (the means of responding) 
was twice the number of symbols. This gave the speed of random responding for each trial; there were 
four trials in each session, and the final score was the average speed of random responding for the session. 
When we examined the distribution of this variable we saw that it was not normally distributed, so we 
transformed the variable by cubing it. This enlarged the scale, so that the maximum possible score was 
729. The data for this variable were very skewed. Over all times and lighting conditions in the between-
groups experimental design, the mean score was 620.39 (SD = 202.17), and the median was 729, 
indicating that half of the scores were the maximum value. 
 This variable gave scores at three times: session 2 (before lunch), session 3 (after lunch) and session 
4 (after the afternoon coffee break). Therefore for the repeated-measures analysis the model was a 2 x 3 
(Lighting Design X Time) ANOVA. There was one non-lighting effect, which is discussed below. For the 
between-groups analysis the model was a 4 x 2 x 3 (Lighting Design X Reflectance X Time) ANOVA, 
with the planned comparisons discussed earlier. It had three significant interaction effects and one non-
lighting effect.  
 4.4.2.1 Best Practice vs Switching Control.  
 For the planned comparison between Best Practice and Best Practice + Switching Control, the 
interaction of this planned comparison with the linear Time effect was statistically significant (Table 35), 
although small. Figure 21 shows that the speed of random responding remained stable from session 2 to 
session 4 for the Best Practice + Switching Control group, but declined over time for the Best Practice 
group. Post hoc tests confirmed this interpretation: the linear trend was statistically significant for Best 
Practice (a drop from Session 2 to Session 4), but not for the Best Practice + Switching Control group. 
The two groups did not differ overall (there was no main effect for the comparison of the two lighting 
design conditions), and in the post hoc tests the average for the two groups was not different at any of the 
three sessions. Thus, the interpretation of this interaction is that the effect of one variable (time) is 
different for different levels of the other variable (lighting design). 
  

Table 35. Best Practice vs Switching Control by Time-linear interaction effect on motivation. 
        

 F df η2  
partial     

 4.25* 1, 173 .02     
 Session 2 Session 3 Session 4 Time-linear Trend 
 M SD M SD M SD  
 
Best Practice 640.80 177.28 607.99 195.60 566.33 243.13 

F(1, 39) = 6.10*,  
η2  

partial = .14 
Switching Control 639.59 168.56 681.01 144.02 647.15 176.76 F(1, 31) = 0.13 
Note. *p<.05.  
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Figure 21. Best Practice vs Switching Control by Time-linear interaction effect on motivation. 
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 4.4.2.2 Best Practice vs Dimming Control.  
 For the planned comparison between Best Practice and Dimming Control, the interaction of this 
planned comparison with the linear Time effect was statistically significant (Table 36, Figure 22), 
although small. The effect is consistent with the switching control planned comparison above: People 
with Dimming Control maintained their motivation scores across time, whereas the Best Practice group 
declined over time. There was no main effect of lighting design, and post hoc tests confirmed that there 
were no differences between the two groups at any of the three sessions. It appears that the availability of 
dimming control acts as an inoculation against the drop in motivation that occurs over the working day.  
 

Table 36. Best Practice vs Dimming Control by Time-linear interaction effect on motivation. 
 F df η2  

partial     
 6.09** 1, 173 .03     
 Session 2 Session 3 Session 4 Time-linear Trend 
 M SD M SD M SD  
 
Best Practice 640.80 177.28 607.99 195.60 566.33 243.13 

F(1, 39) = 6.10*,  
η2  

partial = .14 
Dimming Control 592.39 232.99 632.55 193.54 603.69 210.49 F(1, 54) = 0.29 
Note. **p<.01.  
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Figure 22. Best Practice vs Dimming Control by Time-linear interaction effect on motivation. 
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 There was also an interaction of Best Practice vs Dimming Control X Reflectance, summarized in 
Table 37 and illustrated in Figure 23. Post hoc tests revealed that the nature of the interaction was a 
significant difference between motivation levels for Light versus Dark partitions under the Best Practice 
design, with motivation higher for the people in darker workstations, but no difference in motivation 
levels for the two partition reflectances under the Dimming Control condition. There was no main effect 
of lighting design and the two lighting design groups did not differ within any reflectance condition.  
 

Table 37. Best Practice vs Dimming Control by Reflectance interaction effect on motivation. 
      

 F df η2  
partial   

 4.82* 1, 173 .03   
 Light Dark Reflectance post hoc tests 
 M SD M SD  
 
Best Practice 545.31 228.47 698.36 123.60

F(1, 39) = 7.47**,  
η2  

partial = .16 
Dimming Control 616.03 207.37 600.23 220.51 F (1, 54) = 0.09 
Lighting Design post hoc tests F (1, 56) = 1.93 F (1, 37) = 3.02  
Note. *p<.05. **p<.01. 
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Figure 23. Best Practice vs Dimming Control by Reflectance interaction effect on motivation. 
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 4.4.2.3 Non-lighting effects.  
 In addition to the between-groups effects discussed above, there were main effects of time for both 
the repeated measures and the between-groups experimental designs. For the between-groups design this 
took the form of a small but significant Time-Quadratic trend, summarized in Table 38. The quadratic 
trend takes the form of an inverted-U, with performance increasing slightly from session 2 to 3 and then 
dropping between session 3 and 4. For the repeated-measures design the time trend is a linear decline 
from session 2 through session 4. This is a medium-sized effect. In both cases we see a drop in motivation 
towards the end of the day, consistent with the development of fatigue and boredom. The linear drop for 
the repeated measures design, as compared to a midday rise for the between-groups design, is probably 
related to greater familiarity with the experiment for those who participated more than once. 
 

Table 38. Time effects on motivation. 
 Between-groups design F df η2  

partial    
Time-Quadratic Main Effect 5.22* 1, 173 .03    
 Session 2 Session 3 Session 4 
 M SD M SD M SD 

 625.02 199.93 632.80 188.84 603.35 216.75 
Repeated-measures design F df η2  

partial    

Time-Linear Main Effect 6.03* 1, 44 .12    
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 645.63 168.38 636.56 186.59 603.63 208.96 
Note. *p<.05. 
 
4.4.3 Vigilance 
 There were two measures of vigilance. One was derived from the conveyor belt task: it was the 
average hit rate [(hits-false positives)/targets] over the three middle speeds in each trial (during which 
participants were still responding systematically rather than randomly), averaged over trials to give a 
session average score. The other was the speed of response to a prompt (response/sec), similar to the beep 
and symbol flash of an e-mail arriving. These two dependent measures were used in MANOVA models 
for the between groups and repeated measures experimental designs. For the repeated measures design the 
model was a 2 x 3 (Lighting Design X Time) MANOVA; only non-lighting effects were observed, which 
are discussed below. For the between-groups design the analysis was a 4 x 2 x 3 (Lighting Design X 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 65 

Reflectance X Time) MANOVA with the previously-described planned comparisons. There was one 
statistically significant interaction effect involving lighting and two non-lighting main effects. 
 4.4.3.1 Best Practice versus Dimming Control.  
 The one statistically significant interaction involving this planned comparison was between the 
lighting design and time-linear effects. The significant multivariate interaction effect was associated with 
a statistically significant medium-sized effect for conveyor belt hit rate (Table 39 and Figure 24). The 
post hoc tests showed that the hit rate for the Dimming Control group increased over time. Although the 
means for the Best Practice group dropped from sessions 2 through 4, this linear decline was not 
statistically significant. There was no main effect of lighting design, and the post hoc tests showed that 
the two groups did not differ at any of the three times.  
 

Table 39. Best Practice vs Dimming Control by Time-linear interaction effect on vigilance. 
 Wilks’        

  Λ F df η2  
partial     

Multivariate 0.95 4.22* 2, 149 .08     
Hit rate  8.10** 1, 150 .16     
  Session 2 Session 3 Session 4  
  M SD M SD M SD Linear Trends 
 Best Practice  0.35 0.26 0.33 0.28 0.30 0.30 F(1, 39) = 1.80 
 Dimming Control  

0.33 0.24 0.36 0.23 0.39 0.24 
F(1, 54) = 4.09*,  
η2  

partial = .07 
  F df η2  

partial     
Envelope Speed  0.17 1, 150 .00     
 Best Practice         
 Dimming Control         

Note. *p<.05. **p<.01. Group descriptive statistics are provided only for the statistically-significant univariate tests. 
For multivariate tests, the η2  

partial indicator of effect size is the average of all the univariate values. It is the 
proportion of variance explained, with a range from 0 – 1.  
 
 

Figure 24. Best Practice vs Dimming Control by Time interaction effect on vigilance. 
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 4.4.3.2 Non-lighting effects.  
 There were statistically significant Time main effects for both the between-groups and the repeated 
measures experimental designs. These are summarized in Table 40. There was a small Time-Linear effect 
on envelope speed in the between-groups experimental design, but the dominant trend was quadratic, with 
a large effect on envelope speed. In the repeated measures design there was a large, statistically 
significant Time-Quadratic effect for both hit rate and envelope speed. The quadratic effects for both 
experiments showed the same shape: a drop in vigilance right after lunch, reflected in slower responding 
to the envelope prompts and a lower hit rate on the conveyor belt task at session 3 relative to sessions 2 or 
4. 
 

Table 40. Time effects on vigilance. 
 Between-groups design Wilks’ Λ F df η2  

partial  

Time – Linear Multivariate 0.94 4.70** 2, 149 .03  
 Hit Rate  0.40 1, 150 .00  
 Envelope Speed  9.31*** 1, 150 .06  
Time-Quadratic Multivariate 0.57 55.78*** 2, 149 .22  
 Hit Rate  0.20 1, 150 .02  
 Envelope Speed  112.20*** 1, 150 .43  

 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Envelope Speed 0.41 0.13 0.28 0.11 0.37 0.13 
      

Repeated-measures design Wilks’ Λ F df η2  
partial  

Time-Quadratic Multivariate 0.28 38.05*** 2, 30 .44  
 Hit Rate  11.88*** 1, 31 .28  
 Envelope Speed  44.81*** 1, 31 .59  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Hit Rate 0.41 0.25 0.38 0.27 0.42 0.27
 Envelope Speed 0.44 0.14 0.29 0.11 0.39 0.11
Note. **p<.01. ***p<.001.  Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
4.4.4 Typing 
 There was one dependent variable for the transcription typing task: correct characters per second. In 
addition to the lighting design and time variables (three sessions), there were three print sizes (8, 12, and 
16 point) for the source text. Thus, for the between-groups experimental design the statistical model was a 
4 x 2 x 3 x 3 Lighting Design X Reflectance X Print Size X Time ANOVA. The usual planned 
comparisons and interactions were examined for the lighting design and reflectance effects, and linear and 
quadratic trends for the Time and Print Size effects, with all possible interactions. For the repeated 
measures design the statistical model was a 2 x 3 x 3 Lighting Design X Print Size X Time ANOVA. The 
repeated measures design showed only non-lighting effects; there were several interaction effects in the 
between groups design. 
 4.4.4.1 Base Case vs. Best Practice.  
 There was a small but statistically significant three-way interaction of Base Case vs Best Practice X 
Print Size-Quadratic X Time – Quadratic. This effect is shown visually in Figure 25 and summarized in 
Table 41. It is a difficult effect to interpret (as are most three-way interactions). One way to express it is 
to say that the quadratic shape for Print Size varies quadratically by Time, in different ways for the Base 
Case and Best Practice conditions.  
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 We tested the quadratic trends for each lighting design both by Print Size at each time, and by time 
for each Print Size (the two ways of looking at the interaction, both illustrated in Figure 25). We also 
tested the largest between groups differences between points (e.g., the maximum difference between 
points at session 2, considering both groups and all Print Size sizes). These post hoc tests revealed that the 
only statistically significant differences were the quadratic effect of Print Size for the Best Practice at 
session 2 (Table 42), and the difference between the lowest and highest Session 3 scores (Print Size=8 for 
Base Case and Print Size = 16 for Best Practice) [F(1, 90)=4.01, p<.05, η2  

partial = .04). One way to look at 
this pattern is that the Best Practice group’s typing performance for 16 point source text was unusually 
low at Session 2 (hence the quadratic shape), and then rebounded to be unusually high at Session 3 
(where it is the highest of all points and also has the highest standard deviation). There were no other  
differences between the groups and it is unclear why lighting design should cause this pattern. It seems 
most probable that a few odd cases underlie this statistically significant effect. 
 
Table 41. Base Case vs Best Practice by Print Size-Q by Time-Q interaction effect on typing performance. 
       

 F df η2  
partial    

 3.84* 1, 173 .02    
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
Base Case – 8 point 2.31 1.04 2.38 1.03 2.55 1.09
Base Case – 12 point 2.42 1.13 2.55 1.15 2.69 1.21
Base Case – 16 point 2.52 1.11 2.65 1.16 2.72 1.24
Best Practice – 8 point 2.28 0.93 2.42 1.06 2.55 1.10
Best Practice – 12 point 2.52 0.99 2.55 1.18 2.75 1.12
Best Practice – 16 point 2.46 1.07 2.93 1.60 2.77 1.18
Note. *p<.05.  
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Figure 25. Two views of Base Case vs Best Practice X Print Size-Q x Time-Q interaction effect on 
typing. 
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Note. Top panel shows the interaction effect plotted against Print Size. Bottom panel shows the same data 
reorganized to display against session. 
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Table 42. Post hoc tests for Base Case vs Best Practice X Print Size-Q x Time-Q interaction effect on 
typing. 

 F df η2  
partial 

Base Case Print Size – Q at Session 2 0.00 1, 49  
Base Case Print Size – Q at Session 3 0.49 1, 49  
Base Case Print Size – Q at Session 4 0.62 1, 49  
Best Practice Print Size – Q at Session 2 7.12** 1, 39 .15 
Best Practice Print Size – Q at Session 3 1.25 1, 39  
Best Practice Print Size – Q at Session 4 1.44 1, 39  
Base Case Time – Q at 8 point 0.75 1, 49  
Base Case Time – Q at 12 point 0.00 1, 49  
Base Case Time – Q at 16 point 0.47 1, 49  
Best Practice Time – Q at 8 point 0.02 1, 39  
Best Practice Time – Q at 12 point 1.07 1, 39  
Best Practice Time – Q at 16 point 3.36 1, 39  

Note. ** p<.01.  
 
 4.4.4.2 Best Practice vs Best Practice + Switching Control.  
 This planned comparison also showed a small, statistically significant three-way interaction of Best 
Practice vs Best Practice + Switching Control by Print Size-Quadratic by Time-Quadratic (Table 43). For 
this interaction we also plotted two views (Figure 26), and conducted post hoc tests (Table 44). As for the 
interaction with Base Case vs Best Practice, the post hoc tests revealed that the only significant quadratic 
trend was the Print Size trend for Best Practice at Session 2, where the performance for 16-point text was 
unusually low, giving a quadratic trend. We also tested the statistical significance of the maximum 
between-groups differences at each session (across lighting conditions and Print Sizes) and at each Print 
Size (across lighting conditions and sessions). None of these pairs achieved statistically significant 
differences, not even the pairs that included the high mean value for Best Practice with16 point Print Size 
at session 3 (which had greater variability than all of the other means). 
 

Table 43. Best Practice vs Switching Control by Print Size-Q by Time-Q interaction effect on typing 
performance. 

       
 F df η2  

partial    

 4.14* 1, 173 .02    
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
Best Practice – 8 point 2.28 0.93 2.42 1.06 2.55 1.10
Best Practice – 12 point 2.52 0.99 2.55 1.18 2.75 1.12
Best Practice – 16 point 2.46 1.07 2.93 1.60 2.77 1.18
Switching – 8 point 2.43 1.06 2.53 0.98 2.67 1.18
Switching – 12 point 2.58 1.12 2.70 1.07 2.70 1.11
Switching – 16 point 2.67 1.00 2.78 1.04 2.85 1.01
Note. *p<.05.  
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Figure 26. Two views of Best Practice vs Switching Control X Print Size-Q x Time-Q interaction effect 

on typing. 
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Note. Top panel shows the interaction effect plotted against Print Size. Bottom panel shows the same data 
reorganized to display against session. 
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Table 44. Post hoc tests for Best Practice vs Switching Control X Print Size-Q x Time-Q interaction effect 
on typing. 

 F df η2  
partial 

Best Practice Print Size – Q at Session 2 7.12** 1, 39 .15 
Best Practice Print Size – Q at Session 3 1.25 1, 39  
Best Practice Print Size – Q at Session 4 1.44 1, 39  
Switching Print Size – Q at Session 2 0.25 1, 31  
Switching Print Size – Q at Session 3 0.41 1, 31  
Switching Print Size – Q at Session 4 0.26 1, 31  
Best Practice Time – Q at 8 point 0.02 1, 39  
Best Practice Time – Q at 12 point 1.07 1, 39  
Best Practice Time – Q at 16 point 3.36 1, 39  
Switching Time – Q at 8 point 0.06 1, 31  
Switching Time – Q at 12 point 0.38 1, 31  
Switching Time – Q at 16 point 0.09 1, 31  

Note. ** p<.01.  
 
 4.4.4.3 Best Practice vs Dimming Control.  
 This planned comparison also showed a small, statistically significant three-way interaction of Best 
Practice vs Dimming Control by Print Size-Quadratic by Time-Quadratic. As for the previous two 
interactions, we have plotted it in two orientations (Figure 27) and also present a summary table (Table 
45) and a table for the post hoc tests (Table 46).  
 This interaction is somewhat different from the others in that the post hoc tests showed two 
significant quadratic trends for the Dimming Control group (Time-Q for 12 point and 16 point Print 
Sizes), in addition to the one significant trend for the Best Practice group (Print Size-Q at session 2). 
These two trends reveal that performance in the Dimming Control group for 12 and 16 point Print Sizes 
increased from session 2 to session 3, but then did not increase further in session 4. We also tested the 
largest between-groups differences across Print Sizes for each session, and across sessions for each Print 
Size. One of these planned comparisons was statistically significant, the comparison at 16 point Print Size 
between Best Practice in Session 3 and Dimming Control in Session 2 (F(1, 95) = 4.09, p<.05, η2  

partial = 
.04). As one may see in Figure 27, the Best Practice-Session 3-16 point mean is anomalous.  
 

Table 45. Best Practice vs Dimming Control by Print Size-Q by Time-Q interaction effect on typing 
performance. 

       
 F df η2  

partial    

 6.73** 1, 173 .04    
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
Best Practice – 8 point 2.28 0.93 2.42 1.06 2.55 1.10
Best Practice – 12 point 2.52 0.99 2.55 1.18 2.75 1.12
Best Practice – 16 point 2.46 1.07 2.93 1.60 2.77 1.18
Dimming – 8 point 2.21 1.11 2.40 1.23 2.47 1.27
Dimming – 12 point 2.31 1.16 2.57 1.22 2.47 1.23
Dimming – 16 point 2.36 1.18 2.56 1.24 2.57 1.24
Note. **p<.01.  
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Figure 27. Two views of Best Practice vs Dimming Control X Print Size-Q x Time-Q interaction effect 

on typing. 
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Note. Top panel shows the interaction effect plotted against Print Size. Bottom panel shows the same data 
reorganized to display against session.  
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Table 46. Post hoc tests for Best Practice vs Dimming Control X Print Size-Q x Time-Q interaction effect 
on typing. 

 F df η2  
partial 

Best Practice Print Size – Q at Session 2 7.12** 1, 39 .15 
Best Practice Print Size – Q at Session 3 1.25 1, 39  
Best Practice Print Size – Q at Session 4 1.44 1, 39  
Dimming Print Size – Q at Session 2 0.47 1, 54  
Dimming Print Size – Q at Session 3 2.40 1, 54  
Dimming Print Size – Q at Session 4 0.11 1, 54  
Best Practice Time – Q at 8 point 0.02 1, 39  
Best Practice Time – Q at 12 point 1.07 1, 39  
Best Practice Time – Q at 16 point 3.36 1, 39  
Dimming Time – Q at 8 point 0.53 1, 54  
Dimming Time – Q at 12 point 7.93** 1, 54 .13 
Dimming Time – Q at 16 point 4.17* 1, 54 .07 

Note. ** p<.01.  
 
 There was also a statistically significant two-way interaction between Best Practice vs Dimming 
Control by Print Size-linear. It is modified by the three-way interaction. As may be seen in Figure 28, the 
shape of the interaction is that although increasing Print Size improves typing performance for both 
groups, the increase is greater for the Best Practice group than the Dimming Control group. Post hoc tests 
revealed that both lines are themselves statistically significant, but the performance levels for the two 
groups never differ by a statistically significant degree (Table 47). That is, although it might appear from 
Figure 28 that the mean performance is higher for the Best Practice group, this is not a statistically 
significant difference.  
 Taken together, the two interactions involving this between-groups planned comparison are puzzling. 
Among those with Dimming Control, typing performance at higher, more visible Print Size sizes 
increased from session 2 to session 3 but not further at session 4 (the three-way interaction), contributing 
to the overall smaller increase in performance across Print Size sizes (the two-way interaction). Given that 
the two groups are not different overall (despite on average a 100-lx difference in illuminance on the 
document holder, 501 lx for Best Practice vs 404 lx for Dimming Control), one interpretation of this 
effect is that making the source text more visible (by increasing print size) has a stronger effect on 
performance when there is no control available, and the effect seems to have increasing influence as the 
day progresses.  
 

Table 47. Best Practice vs Dimming Control by Print Size-L interaction effect on typing. 
        

 F df η2  
partial     

 7.24** 1, 173 .04     
 8 pt 12 pt 16 pt Print Size-L post hoc tests
 M SD M SD    
Best Practice 

2.42 1.03 2.61 1.10 2.72 1.30
F(1, 39) = 19.96***,  

η2  
partial = .34 

Dimming Control 
2.36 1.20 2.45 1.20 2.50 1.22

F(1, 54) = 10.73***,  
η2  

partial = .17 
Lighting Design 
post hoc tests F(1, 95) = 0.07 F(1, 95) = 0.48 

 
F(1, 95) = 0.35 

 

Note. *p<.05. **p<.01. ***p<.001 
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Figure 28. Best Practice vs Dimming Control by Print Size-L interaction effect on typing. 
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 4.4.4.4 Reflectance effects.  
 There were two interaction effects involving partition reflectance, one three-way and one two-way. 
The three-way interaction effect was medium-sized, and involved Reflectance X Print Size-linear X Time 
(see Table 48 and Figure 29). Post hoc tests revealed two aspects of the interaction (Table 49). 
Considered across Print Sizes by sessions (top panel), we see that all the trends are for increasing typing 
performance for larger Print Sizes in all sessions and for both reflectances, except for the dark partitions 
in session four. Considered across sessions by Print Sizes (lower panel), we see that all the trends are for 
increasing performance as the day progressed, except for the dark partitions at 16 point Print Size, which 
had no overall increase from session 2 to 4. One interpretation of this (given the absence of any between-
groups main effect) is that increasing Print Size is a less important contributor to typing performance 
when the partition reflectance is low and people have become practiced. Perhaps the greater luminance 
contrast between the source text on the document holder and the partition contributes to making the 
source text more obvious or salient, so that there is no additional benefit to making the text very large. 
 

Table 48. Partition Reflectance by Print Size-L by Time-L interaction effect on typing performance. 
       

 F df η2  
partial    

 19.64*** 1, 173 .10    
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
Light – 8 point 2.31 0.96 2.41 1.02 2.45 1.05
Light – 12 point 2.43 1.05 2.51 1.06 2.62 1.12
Light – 16 point 2.44 1.04 2.65 1.12 2.77 1.12
Dark – 8 point 2.27 1.14 2.44 1.18 2.67 1.29
Dark – 12 point 2.45 1.18 2.67 1.28 2.66 1.26
Dark– 16 point 2.54 1.18 2.79 1.46 2.63 1.26
Note. **p<.01.  
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Figure 29. Two view of the Reflectance X Print Size-L x Time-L interaction effect on typing. 
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Note. Top panel shows the interaction effect plotted against Print Size. Bottom panel shows the same data 
reorganized to display against session.  
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Table 49. Post hoc tests for Partition Reflectance by Print Size-L by Time-L interaction effect on typing. 
 F df η2  

partial 

Light Print Size – L at Session 2 9.01*** 1, 98 .08 
Light Print Size – L at Session 3 21.29*** 1, 98 .18 
Light Print Size – L at Session 4 27.68*** 1, 98 .22 
Dark Print Size – L at Session 2 28.15*** 1, 75 .27 
Dark Print Size – L at Session 3 12.62*** 1, 75 .14 
Dark Print Size – L at Session 4 0.21 1, 75  
Light Time – L at 8 point 7.77** 1, 98 .07 
Light Time – L at 12 point 6.82** 1, 98 .07 
Light Time – L at 16 point 32.66*** 1, 98 .25 
Dark Time – L at 8 point 48.58*** 1, 75 .39 
Dark Time – L at 12 point 17.07*** 1, 75 .19 
Dark Time – L at 16 point 2.99 1, 75  

Note. ** p<.01. ***p<.001. 
 
 A two-way interaction of Reflectance by Time-Quadratic relates to the three-way interaction (Figure 
30, Table 50). In this interaction, collapsed across all Print Sizes, we see that for the dark partitions there 
is a flattening of the curve between sessions 3 and 4, whereas there is a continuous increase for the light 
partitions. It appears that increasing practice has less effect for people with dark partitions, across all print 
sizes; however we know from the above three-way interaction that this effect is strongest for the 16-point 
print size, where visibility is not a factor. Note that the post hoc tests for this interaction effect reinforce 
the main effect tests; overall performance was not different for the two partition reflectance groups. 
 

Table 50. Reflectance by Time-Q interaction effect on typing. 
        

 F df η2  
partial     

 5.21* 1, 173 .03     
 Session 2 Session 3 Session 4 Time-Q post hoc tests 
 M SD M SD M SD  
Light Partitions 2.40 1.01 2.52 1.07 2.61 1.10 F(1, 98) = 0.03 
 
Dark Partitions 2.42 1.17 2.63 1.31 2.65 1.26

F(1, 75) = 7.98**, 
η2  

partial = .10 
Lighting Design 
post hoc tests F(1, 179) = 0.02 F(1, 179) = 0.44 

 
F(1, 179) = 0.06 

 

Note. *p<.05. **p<.01.  
 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 77 

Figure 30. Reflectance by Time-Q interaction effect on typing. 
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 4.4.4.5 Non-lighting effects.  
 The non-lighting effects were consistent with predictions based on source text visibility and practice. 
The linear main effects are large enough that there is no question of their interpretation even in light of 
the various interaction effects. Typing performance increased with increasing source text Print Size and 
with increasing practice, in both the between-groups and repeated-measures experimental designs (Table 
51). For the between-groups design only, there was a small interaction effect in the between-groups 
design in which Print Size-linear interacted with Time-Quadratic (Figure 31). The linear Print Size effect 
seems to have been steepest in Session 3. Overlaid on this is a small quadratic effect of time in which the 
performance did not increase quite so much between sessions 3 and 4 as it had between sessions 2 and 3. 
This could be the result of fatigue or boredom (a factor mentioned by several participants in their open-
ended comments), or diminishing returns of practice. 
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Table 51. Time and Print Size effects on typing. 

 Between-groups 
design 

 F df η2  
partial    

Print Size – L X Time – Q 
Interaction 

4.44* 1, 173 .03    

Print Size – L Main 
Effect 

 77.89*** 1, 173 .31    

Time – L Main Effect  99.53*** 1, 173 .37    
Time – Q Main Effect  6.15** 1, 173 .03    
 Session 2 Session 3 Session 4 Print Size Effect 
Print Size M SD M SD M SD M SD 
8 2.29 1.04 2.42 1.09 2.55 1.16 2.42 1.10
12 2.44 1.10 2.58 1.16 2.64 1.18 2.55 1.15
16 2.49 1.10 2.71 1.27 2.71 1.18 2.63 1.19
Time Main Effect 2.41 1.08 2.57 1.18 2.63 1.17 
 Repeated-measures 
design 

 F df η2  
partial    

Print Size -LMain 
Effect 

 23.82*** 1, 44 .35    

Time-L Main Effect  39.32*** 1, 44 .47    
 Session 2 Session 3 Session 4 Print size Effect 
Print Size  M SD M SD M SD M SD 
8   2.28 1.13
12   2.40 1.16
16   2.43 1.12
Time Main Effect 2.27 1.12 2.40 1.12 2.45 1.17 
Note. *p<.05. **p<.01. ***p<.001. Descriptive statistics are provided for statistically significant effects only. 
 
 

Figure 31. Between-groups Print Size-Linear by Time-Quadratic interaction effect on typing. 
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4.4.5 Cognitive Judgments 
 4.4.5.1 Paper-based articles.  
 Midway through the afternoon occurred a group discussion task, which provided a background for 
social behavior measurements described below. The preparation for the task also provided information 
about cognitive judgments about material read from paper, rather than on the computer screen. Before 
congregating for the group discussion, each person read eight short articles that were the basis of the 
group discussion. They provided four judgments for each article: how easy it was to read (-3 to +3), how 
interesting they found it (-3 to +3), how relevant it might be to the (fictitious) magazine in which it was 
ostensibly intended to appear (-3 to +3), and how likely it would be that the group would choose that 
article to be the lead in the magazine (0-100 % probability). We created average scores for each of these 
four judgments (across the 8 articles). Internal consistency reliability for these scales, calculated for the 
between-groups experimental design, ranged from was just acceptable to good: For Interest, Cronbach’s 
alpha = .57; for Relevance, α = .60; for Ease, α = .64; for Probability, α = .72.  
 We tested the hypothesis that lighting conditions might alter the judgments. For the between-groups 
design the model was a 4 x 2 (Lighting Design X Reflectance) MANOVA with the four judgments as 
dependent variables. For the repeated-measures design it was a MANOVA comparison between the two 
lighting conditions. There were no statistically significant differences in these cognitive judgments for 
either analysis. 
 4.4.5.2 Computer-based articles.  
 Participants spent much of each session evaluating short summaries and longer articles. We used the 
averages of articles judged in the first six trials in each session to create scores for the interest in reading 
the whole article based on a summary (0-100); the judgment that the summary includes the important 
facts in the article; the judgment that the summary is grammatically correct; and, the judgment that the 
summary is well-written (the latter three all on scales from 0 – 4). These scales had acceptable internal 
consistency reliability (for Interest, session 2 α = .76; session 3, α = .71, session 4, α = .63; for Important 
Facts, session 2 α = .67; session 3, α = .67, session 4, α = .65; for Grammatically Correct, session 2 α = 
.59; session 3, α = .63, session 4, α = .62; for Well-written, session 2 α = .67; session 3, α = .62, session 4, 
α = .67).  
 These four judgments were entered in MANOVA models for each experimental design. For the 
between-groups design the model was a 4 x 2 x 3 (Lighting Design X Reflectance X Session) MANOVA; 
for the repeated measures design it was a 2 x 3 (Lighting Design X Session) MANOVA.  
 4.4.5.2.1 Base Case vs Dimming Control.  
 There was one lighting effect, an interaction in the repeated measures design of Base Case vs 
Dimming Control by Time-Quadratic. The significant multivariate test was accompanied by a significant 
univariate test for the judgment that the summary was grammatically correct (see Table 52 and Figure 
32). Post hoc tests showed that although there was no quadratic trend for the Base Case condition, there 
was a statistically significant quadratic trend for the Dimming Control condition, in which ratings were 
higher in sessions 2 and 4 than in session 3. In addition, although there was no overall main effect of 
lighting design the two groups did differ in this judgment in Session 4, towards the end of the day.  
 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 80 

Table 52. Base Case vs Dimming Control by Time-quadratic interaction effect on cognitive judgments. 
 Wilks’       

  Λ F df η2  
partial    

Multivariate 0.74 3.55** 4, 41 .05    
Interest  0.09 1, 44 .00    
Factual  0.98 1, 44 .02    
Well-written  0.36 1, 44 .01    
Grammatically Correct  7.73** 1, 44 .15    
  Session 2 Session 3 Session 4  
  M SD M SD M SD Quadratic Trends 
 Base Case  2.51 0.44 2.46 0.46 2.48 0.51 F(1, 44) = 0.59 
 Dimming Control  

2.55 0.58 2.34 0.52 2.60 0.49 
F(1, 44)= 21.30*** 
η2  

partial = .33 
Lighting Design post 
hoc tests 

 F(1, 44) = 0.61 F(1, 44) = 2.86 F(1, 44) = 
4.17*, 

η2  
partial = .09 

 

Note. *p<.05. **p<.01. ***p<.001. Group descriptive statistics and post hoc tests are provided only for the 
statistically-significant univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all 
the univariate values. It is the proportion of variance explained, with a range from 0 – 1.  
 

Figure 32. Repeated measures Base Case vs Dimming Control by Time-Quadratic effect on cognitive 
judgments. 
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 4.4.5.2.2 Non-lighting effects.  
 Both the between-groups and repeated measures designs showed linear and quadratic effects of time 
on the computer-based cognitive judgments. These are summarized in Table 53 and illustrated in Figure 
33. 
 For the between-groups design, Interest dropped from session 2 to session 3 but then stayed steady at 
session 4 (the quadratic shape), giving an overall linear drop. The other ratings showed a decline from 
session 2 to session 3 and then an increase from session 3 to session 4 (the quadratic shape, found for two 
of the three)), for an overall increase for the linear effect (found for all three). Generally similar effects 
occurred in the repeated measures experimental design. We suspect that the drop in interest reflects 
fatigue, as it is consistent with the direction of the mood shift from morning to afternoon. The quadratic 
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shape of the other ratings might reflect a change in strategy over the day: initially (relatively) higher 
ratings with less experience, more critical judgments in session 3 with practice, and finally less critical 
judgments as fatigue and boredom developed. This interpretation draws also on the patterns in the 
cognitive performance data discussed below. 
 

Table 53. Time effects on cognitive judgments. 
 Between-groups 
design 

Wilks’ Λ F df η2  
partial  

 Linear:  Multivariate 0.73 15.48*** 4, 170 .07  
 Interest  47.25*** 1, 173 .21  
 Factual  4.24* 1, 173 .02  
 Grammar  4.24* 1, 173 .02  
 Well-written  2.00 1, 173 .01  
Quadratic:  
Multivariate 

0.81 9.72*** 4, 170 .08  

 Interest  11.51*** 1, 173 .06  
 Factual  28.86*** 1, 173 .14  
 Grammar  7.47** 1, 173 .04  
 Well-written  15.36*** 1, 173 .08  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Interest 60.74 18.60 50.86 18.50 50.58 16.82
 Factual 2.47 0.64 2.33 0.63 2.58 0.58
 Grammar 2.49 0.50 2.43 0.52 2.55 0.48
 Well-written 2.39 0.58 2.30 0.56 2.46 0.55
Repeated-measures 
design 

Wilks’ Λ F df η2  
partial  

Linear:  Multivariate 0.61 6.67*** 4, 41 .11  
 Interest  23.24*** 1, 44 .35  
 Factual  3.91* 1, 44 .08  
 Grammar  0.06 1, 44 .00  
 Well-written  0.79 1, 44 .02  
Quadratic:  
Multivariate 

0.70 4.41*** 4, 41 .19  

 Interest  3.90* 1, 44 .08  
 Factual  13.11*** 1, 44 .23  
 Grammar  13.55*** 1, 44 .24  
 Well-written  12.48*** 1, 44 .22  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Interest 60.50 16.88 51.21 18.06 49.27 16.11
 Factual 2.52 0.67 2.43 0.71 2.63 0.62
 Grammar 2.53 0.51 2.40 0.49 2.54 0.50
 Well-written 2.42 0.62 2.28 0.62 2.47 0.60

Note. *p<.05. **p<.01. ***p<.001.  
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Figure 33. Time Effects on cognitive judgments. Top:  Between-groups. Bottom: Repeated Measures 
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4.4.6 Cognitive Performance 
 4.4.6.1 Speed and accuracy.  
 There were four dependent measures associated with cognitive tasks. For the various parts of the 
work with summaries and articles, which is called the Categorization task above, there was an accuracy 
score for the assignment of summaries to content categories (# correct per session, squared to improve the 
shape of the distribution), and two speed measures: the time take to do the categorization, and the time 
required to make the four judgments reported above. In addition, we had a measurement of the time taken 
on the Summarization task, in which participants were given a full article and required to select sentences 
to form a summary of it. (There was no accuracy score available for this task.) Average scores for these 
dependent variables were calculated for the first six trials in each of three sessions (omitting session1 
which was a training session). For the between-groups design the statistical model was thus a 4 x 2 x 3 
(Lighting Design X Reflectance X Session) MANOVA, whereas for the repeated measures design it was 
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a 2 x 3 (Lighting Design X Session) MANOVA. There was a lighting effect and several non-lighting 
effects. 
 4.4.6.1.1 Base Case vs Best Practice.  
 There was an overall main effect for this between-groups planned comparison; the significant 
multivariate test was accompanied by a small statistically significant univariate test for the time required 
to make the judgments. This is summarized in Table 54. Participants in the Best Practice condition took 
longer to make their judgments about the articles. This could mean that they took time to be more 
thoughtful; alternatively it could also mean that they were less efficient.  
 

Table 54. Base Case vs Best Practice effect on cognitive performance. 
     Base Case Best Practice 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate 0.93 3.24** 4, 170 .02     
 Cat. Time  1.40 1, 173 .01     
 Cat. Acc.  0.39 1, 173 .00     
 Judge Time  9.96*** 1, 173 .05 72.35 34.83 93.21 45.96
 Summ. Time  2.60 1, 173 .02     
Note. **p<.01. ***p<.001. Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
 4.4.6.1.2 Non-lighting effects.  
 Both the between-groups and repeated-measures experimental designs showed both linear and 
quadratic effects of time on measures of cognitive performance. These are summarized in Table 55 and 
illustrated in Figure 34. All of the linear effects are very large, and they appear in both experimental 
designs. The quadratic effects are smaller and do not occur on all dependent measures. In general the 
categorization task became both faster (requiring less time) and more accurate as the day progressed, 
clearly benefiting from practice. The time taken for judgments about the articles and to form summaries 
based on articles both dropped as the day progressed. It is less clear that these changes are the result of 
practice, although they might be. It is also possible that as the participants became less interested in the 
articles (as indicated by the interest ratings above), they became less thoughtful and worked faster to 
complete each trial.  
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Table 55. Time effects on cognitive performance. 

 Between-groups 
design 

Wilks’ Λ F df η2  
partial  

 Linear:  Multivariate 0.27 114.86*** 4, 170 .36  
 Cat. Time  92.81*** 1, 173 .35  
 Cat. Acc.  349.90*** 1, 173 .67  
 Judge Time  91.00*** 1, 173 .35  
 Summ. Time  14.27*** 1, 173 .08  
Quadratic:  
Multivariate 

0.79 11.35*** 4, 170 .06  

 Cat. Time  11.43*** 1, 173 .06  
 Cat. Acc.  29.29*** 1, 173 .14  
 Judge Time  1.09 1, 173 .01  
 Summ. Time  3.96* 1, 173 .02  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Cat. Time 23.99 13.09 22.46 10.26 17.41 8.55
 Cat. Acc. 19.55 7.27 22.29 8.45 32.06 6.23
 Judge Time 96.70 41.79 86.14 35.97 72.34 31.96
 Summ. Time 52.61 29.20 51.04 33.21 44.50 32.73

 
Repeated-measures 
design 

Wilks’ Λ F df η2  
partial  

Linear:  Multivariate 0.18 46.85*** 4, 41 .49  
 Cat. Time  123.10*** 1, 44 .74  
 Cat. Acc.  59.95*** 1, 44 .58  
 Judge Time  38.07*** 1, 44 .46  
 Summ. Time  9.54*** 1, 44 .18  
Quadratic:  
Multivariate 

0.50 10.25*** 4, 41 .06  

 Cat. Time  20.39*** 1, 44 .32  
 Cat. Acc.  1.00 1, 44 .02  
 Judge Time  7.67** 1, 44 .15  
 Summ. Time  1.78 1, 44 .04  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Cat. Time 19.90 10.58 19.81 11.56 15.07 7.10
 Cat. Acc. 19.81 7.37 21.64 7.77 32.34 6.17
 Judge Time 71.68 35.63 64.65 35.96 54.73 29.28
 Summ. Time 45.70 23.27 44.68 27.73 40.21 21.81

Note. *p<.05. **p<.01. ***p<.001.  
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Figure 34. Time Effects on cognitive performance. Top:  Between-groups. Bottom: Repeated Measures 
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 4.4.6.2 Work structure.  
 Most of the tasks occurred in sets of several trials; for three tasks we have data on the length of time 
between trials. This is the period of time during which the introductory screen for the new trial appeared 
on the computer. For the typing and conveyor belt tasks this time amounted to a rest break, as there was 
no work to be done. For the summarizing task, the time combined a brief rest and the time required to 
read the article to be summarized in the new trial. In all three cases the measurement is in seconds, and 
average scores were calculated for each session (across three trials in each session for typing, four for 
conveyor, and six for summaries). These were transformed to log values to improve the shapes of the 
distributions. For the between-groups experimental design the statistical model was a 4 x 2 x 3 (Lighting 
Design X Reflectance X Session) MANOVA with the three break durations as dependent variables. For 
the repeated-measures design the statistical model was a 2 x 3 (Lighting Design X Session) MANOVA.  
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 4.4.6.2.1 Base Case vs Best Practice.  
 There was no main effect for this planned comparison but there was an interaction of between it and 
reflectance (i.e., Base Case vs Best Practice X Reflectance). The multivariate effect was associated with a 
significant univariate effect for the break times in the summarization task. Table 56 summarizes it and 
Figure 35 illustrates this interaction. The figure and the post hoc tests reveal this interaction as one in 
which reflectance makes no difference to the Base Case group, but the break times are significantly 
longer for Best Practice people with dark partitions rather than light partitions. These breaks included 
time to read the articles to be summarized, which were printed on paper and were either on the desk 
beside the computer, or on the document holder. 
 

Table 56. Base Case vs Best Practice by Reflectance interaction effect on log(break durations). 
 Wilks’     

  Λ F df η2  
partial  

Multivariate 0.95 3.09 3, 171 .02  
Typing Breaks  0.18 1, 173 .00  
Conveyor Breaks  1.69 1, 173 .01  
Summary Breaks  6.30** 1, 173 .04  
  Light Dark 
  M SD M SD 

Reflectance post 
hoc tests 

 Base Case  1.62 0.45 1.61 0.53 F(1, 49) = 0.01 
  
 Best Practice 

 
1.40 0.65 1.83 0.19

F(1, 39)= 7.83** 
η2  

partial = .17 
Lighting Design post 
hoc tests 

 F(1, 50) = 2.51 F(1, 38) = 3.19  

Note. *p<.05. **p<.01. ***p<.001. Group descriptive statistics and post hoc tests are provided only for the 
statistically-significant univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the 
average of all the univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
Figure 35. Base Case vs by Reflectance effect on log(average summary break duration). 
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 4.4.6.2.2 Best Practice vs Best Practice + Switching Control.  
 This planned comparison showed a statistically significant multivariate main effect of lighting design 
on break times, with a significant univariate difference for the typing task breaks (Table 57). These breaks 
were shorter for the people with Switching Control than for the people in the Best Practice condition. 
 

Table 57. Best Practice vs Switching Control effect on log(average break duration) 
     Best Practice Switching Control 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate 0.95 3.31* 3, 171 .02     
 Typing  5.30* 1, 173 .03 1.23 0.28 1.13 0.24 
 Conveyor  0.81 1, 173 .00     
 Summaries  2.72 1, 173 .02     
Note. *p<.05. Group descriptive statistics are provided only for the statistically-significant univariate 
tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the univariate values. 
It is the proportion of variance explained, with a range from 0 – 1.  

 
 4.4.6.2.3 Non-lighting effects.  
 Both the between-groups and repeated-measures experimental designs showed large, statistically 
significant time-linear main effects (Table 58). In both cases all three break durations became shorter as 
the day progressed (i.e., from session 2 through Session 4). Note that the times are different for the three 
tasks in the expected direction: shortest for conveyor belt; intermediate for typing, when people were 
sorting the source text pages; and, longest for summaries, when they also read the source article. In 
general this is likely to be a practice effect, in which people move on more quickly as they become more 
experienced with the tasks. It is interesting to note that there was no quadratic component, as might have 
occurred if the effects of fatigue had offset practice. Perhaps participants kept moving on the tasks to 
offset boredom or decreasing interest. 
 

Table 58. Time effects on log(average break duration). 
 Between-groups 
design 

Wilks’ Λ F df η2  
partial  

 Linear:  Multivariate 0.55 46.62*** 3, 171 .24  
 Typing  49.55*** 1, 173 .22  
 Conveyor  49.19*** 1, 173 .22  
 Summaries  65.40*** 1, 173 .27  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Typing 1.27 0.24 1.19 0.23 1.10 0.25 
 Conveyor 0.70 0.27 0.61 0.32 0.52 0.33 
 Summaries 1.75 0.40 1.65 0.48 1.51 0.52 
Repeated-measures 
design 

Wilks’ Λ F df η2  
partial  

Linear:  Multivariate .37 22.89*** 3, 41 .34  
 Typing  13.47*** 1, 43 .24  
 Conveyor  25.66*** 1, 43 .38  
 Summaries  7.32*** 1, 43 .40  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Typing 1.16 0.28 1.12 0.27 1.02 0.28 
 Conveyor 0.68 0.27 0.57 0.35 0.47 0.33 
 Summaries 1.55 0.47 1.49 0.50 1.34 0.55 

Note. ***p<.001.  
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4.4.7 Summary: Performance 
 The results for the various performance measures may be summarized thus: 
 
• Visibility, practice, and fatigue effects were found as expected. The overall effect of target contrast 

on composite visual performance conformed to our knowledge of the visual system, as did the effect 
of print size on transcription typing performance. The tasks were novel at the start of the day, and 
showed performance improvements as the day went on. This is most clear in the speed and accuracy 
of the categorization task, and in the typing task, but also in the composite visual performance 
measure. Some of these linear effects were tempered over time as various processes interacted, such 
as declining interest leading to changes in the time taken to complete cognitive judgments, adding a 
quadratic shape to the time effects. 

 
• Indirect systems interact with partition reflectance. There were few statistically significant effects 

involving the Base Case vs Best Practice comparison, and most were interactions with partition 
reflectance. These vary in their implications. The timed vision test showed that performance 
improvements over the day (which reflect learning this novel task) were smallest for people in the 
Best Practice design with dark blue partitions. The same group also took longer breaks between trials 
in the summarization task than Best Practice participants with light gray partitions. For the wholly 
computer-based task (the timed vision test) it appears that the combination of indirect lighting and a 
dark background might be detrimental, although the effect is small and did not occur on other similar 
tasks (e.g., the vigilance measures in the conveyor belt task). The meaning of the break durations for 
the summarization task is ambiguous. Longer breaks might reflect more time reading the article on 
paper before doing the summarization on the computer, which could mean a stronger task focus that 
might be desirable. 

 
• Individual control over lighting has performance benefits. The several effects involving the 

comparisons of Best Practice with either Switching Control or Dimming Control are generally 
consistent in their directions. Dimming control participants showed steeper performance 
improvements over increasing contrast in the timed vision task and avoided motivation declines over 
the day. They also improved in vigilance performance over the day, whereas the Best Practice 
participants did not. There was additional evidence in interaction effects with Print size and time that 
typing performance also showed beneficial effects of having dimming control. 

 
 The results for the planned comparisons of light distribution are in keeping with other tests of 
lighting design effects on office work performance. Veitch and Newsham (1998a) found few performance 
effects involving planned comparisons between direct and indirect lighting systems, and the effects they 
observed were of comparable size to the ones reported here. Similarly, Eklund, et al. (2000) found no 
effects of light distribution on clerical work (data entry and proofreading).  
 These results are novel in their finding of beneficial effects of individual control on performance. 
Boyce, Eklund and Simpson (2000) found no clerical work performance effects associated with having 
control over lighting, but did not use tasks similar to those that in this experiment showed effects. Veitch 
and Newsham (2000a) did not demonstrate lighting control effects on performance using a matched 
design in which participants with control and those without experienced the same visual conditions. One 
unusual aspect of their methodology was that participants with control could not change the settings later 
during the day; their control was limited to the initial settings at the start of the day’s work. In the present 
experiment, participants in the control conditions were free to alter the lighting at any time; even if they 
did not do so, they would have been always aware of the possibility to do so. Further exploration of the 
effects of control appears below, in analyses focusing on the participants in the Switching Control and 
Dimming Control groups specifically. 
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4.5 Social Behavior 
4.5.1 Liking 
 Participants completed a five-question scale of liking for their fellow participants after spending time 
in a group discussion task. These were averaged to provide one score, on a scale of –3 through +3, which 
showed acceptable internal consistency reliability (α = .66). The overall mean was 1.34 (SD = 0.76), 
indicating that participants in general felt somewhat positively towards their fellow employees. 
 Data from this scale score was analyzed in a 4 x 2 (Lighting Design by Reflectance) ANOVA for the 
between-groups experimental design, and a one-way ANOVA comparing two lighting conditions for the 
repeated measures design. There were no differences in either analysis. Liking for other group members 
was unrelated to lighting conditions. 
 
4.5.2 Conflict Resolution 
 The conflict resolution task provided two types of scores, five ratings and five rankings. The ratings 
were the average (over five scenarios) likelihood that an individual would resolve conflicts using 
competition, collaboration, compromise, avoidance, or accommodation strategies, on a scale from –3 
through +3, where higher scores indicated greater likelihood of using that strategy. The rankings were the 
average rank assigned to each of the five strategies over the various scenarios. Table 59 summarizes the 
characteristics of these two sets of variables. For some of the scales, internal consistency reliability is 
acceptable, but for others it is unacceptably low. Overall, this task requires further development and 
refinement as a measure of these tendencies. 
 

Table 59. Conflict resolution scale characteristics 
 Cronbach’s alpha M SD 
Ratings    
 Competition .46 0.26 0.91 
 Accommodation .36 0.35 0.78 
 Avoidance .37 -1.23 0.77 
 Collaboration .58 1.33 0.79 
 Compromise .38 1.78 0.62 
Rankings    
 Competition .48 3.46 0.69 
 Accommodation .16 3.23 0.51 
 Avoidance .50 4.30 0.55 
 Collaboration .38 2.16 0.56 
 Compromise .20 1.86 0.50 

Note. Each scale is the average score for that concept rated on 5 conflict scenarios. Ratings 
indicate the absolute likelihood that the individual will use that strategy to resolve conflict, and are 
on a scale from –3 through +3. Rankings indicate the relative likelihood of using that strategy in 
relation to the others, and are on a scale from 1 through 5. 

 
 The ratings and the rankings were analyzed in separate MANOVA models (e.g., either 5 ratings or 5 
rankings were the dependent variables) for the between-groups and repeated measures designs. As usual, 
the between-groups design was a 4 x 2 (Lighting Design by Reflectance) MANOVA and the repeated 
measures design was a one-way MANOVA comparing two lighting conditions. There were no 
statistically significant effects in these analyses.  
 
4.5.3 Willingness to Volunteer 
 At the end of the day, participants were asked two questions concerning their willingness to 
volunteer. One question concerned the number of unpaid hours (0 through 10) that the individual would 
be willing to put in at home to complete questionnaires as part of other research. The other question 
concerned their willingness to return for a second session if requested (a probability, 0 through 100). 
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These two scores were standardized and then averaged to form an overall score for their willingness to 
volunteer. As one would expect for a standardized variable, the mean was 0.00 and the standard deviation 
was 0.87 (i.e., close to 1). This single score was analyzed in a 4 x 2 (Lighting Design by Reflectance) 
ANOVA for the between-groups experimental design, and a one-way ANOVA comparing two lighting 
conditions for the repeated measures design. Neither analysis showed any effects of lighting conditions on 
willingness to volunteer. 
 
4.5.4 Summary: Social Behavior 
 Social behaviors had been expected to show differences associated with positive affect (Baron, Rea, 
& Daniels, 1992). People in a state of positive affect should rate other people more positively, resolve 
conflicts with more collaborative or compromising strategies, and be more willing to volunteer. It appears 
that, just as there were no simple effects of lighting design on mood (pleasure), these lighting conditions 
were not different enough to result in changes on the measures of social behavior. 
 
4.6 Lighting Choices 
 
 This section concerns only the participants who had one or another form of control: those in the Best 
Practice + Switching Control condition, and those in the Dimming Control condition. The latter group 
includes those who experienced Dimming Control on either their first or second visit (the second visit 
being for those people from the Base Case condition who also participated in the repeated-measures 
design). Lighting choice data were lost from some of the Dimming Control participants because of 
equipment failures, so that the total sample size for that group in this section is somewhat smaller than 
was available for the analyses reported above. Data from the two groups were kept separate because the 
two forms of control are very different; Switching Control only allowed the addition of light to the 
ambient level, and in one area of the workstation; Dimming Control allowed the user to increase and 
decrease the amount of light and, furthermore, affected the whole workstation. 
 We cleaned the data to ensure that only meaningful lighting choices were included. Events that 
occurred before the participants arrived, or after they had left, were deleted. Furthermore, when there 
occurred a rapid series of changes over a two-minute period, we retained only the last setting. We 
assumed that the rapid series of changes represented an attempt by the participant to hone in on the 
desired setting, represented by the final value.   
 
4.6.1 Actions and Lighting Conditions 
 4.6.1.1 Frequency of use.  
 We examined the number of times that participants used the lighting controls available to them, as 
well as when they occurred (Table 60). The patterns are somewhat similar for the two forms of control. 
Some people never changed the setting, and most who did change the lighting did so only once, at the 
start of the day. The time of the first switching or dimming action was never later than 9:15 a.m., and the 
latest was at approximately 4:00 p.m. Given the low frequency of lighting changes, there was no 
detectable pattern that people changed settings in response to task demands. 
 

Table 60. Frequency of switching or dimming during the day. 
 0 1 2 3 4 5 6 7 Total 
Switching          
N 11 12 3 2 2 1 1 1 33 
% 33 36 9 6 6 3 3 3  
Dimming          
N 6 36 6 3 4 2   57 
% 11 63 11 5 7 4    
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 For the further analyses we focused on the lighting conditions that prevailed during Session 4. We 
did so on the basis that these choices would be the most stable indicators of lighting preferences. In 
determining the prevailing Session 4 conditions, we looked for the conditions that were in place for most 
of the session (after 2:30 p.m.), and excluded any changes made less than 30 minutes before the 
participant completed the day. (There were several changes near the end of the day, which appeared to co-
occur with a questionnaire about the ease of making lighting changes.) We also checked on when the 
Session 4 conditions had been chosen (Table 61). The lighting conditions prevailing in Session 4 were 
mostly chosen in Session 1.  
 

Table 61. Session in which Session 4 lighting conditions had been set 
 1 2 3 4 Total 
Switching      
N 26 2 3 2 33 
% 79 6 9 6  
Dimming      
N 47 3 5 2 57 
% 82 5 9 4  
Note. Session 1, up to morning coffee break (about 10:30). Session 2, 
between break and lunch (10:30 – noon). Session 3, before afternoon 
coffee break (noon – 2:30). Session 4, after 2:30 p.m. but more than 
30 minutes before the participant ended the day. 

 
 4.6.1.2 Chosen luminous conditions.  
 We characterized the lighting choices using data on the switching or dimming settings, several spot 
illuminance measurements, and two average illuminances. These are compiled in Table 62 and illustrated 
in Figure 36. The differences between the two strategies are clear in the conditions that were created. 
When given the opportunity to reduce ambient lighting levels below the initial design level, some people 
do so.1 They had no possibility to do so with the Switching condition, which only allowed addition of 
light to the ambient level. However, some participants in the Switching condition did reduce the output of 
the task lamp from the initial, mid-range setting. Because of the location and type of desk lamp, it had the 
largest effect on the average horizontal illuminance (see Figure 36), and less effect on the vertical 
illuminance on the document holder. Looking to the illuminance on the face of a cube in the location of a 
seated occupant, we see that although the median and mean values are higher for the Switching Control 
condition, the range of achieved values is wider for the Dimming Control condition, with a lower 
minimum and a higher maximum.   

                                                      
1 Only the maximum (100%) and minimum (0%) values in Table 62 have direct comparisons to design values presented in Table 3. In comparing 
the average chosen luminous conditions to the design values in section 3.5.1, bear in mind that the average chosen conditions are averaged across 
the workstations that were occupied (resulting in unequal numbers of each workstation in the sample). However, the averages for the design 
values are averaged across the nine workstations equally. The difference in the frequency of each workstation in the final sample accounts for 
differences between the achieved illuminance and the design illuminance statistics. 
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Table 62. Session 4 lighting choices. 

 Power (W) Open Desk Keyboard Keyboard-
Monitor 

Monitor 
(vertical) 

Face of 
Occupant 

Switching       
Min 0 351 422 453 246 234 
Max 35 2497 812 736 545 459 
Median 19 1679 684 614 416 338 
M 25 1701 691 616 408 349 
SD 11 611 85 70 80 51 
Dimming Setting (%) Open Desk Keyboard Keyboard-

Monitor 
Monitor 
(vertical) 

Face of 
Occupant 

Min 0 243 248 242 146 144 
Max 100 1075 1279 1341 853 604 
Median 51 384 390 394 258 251 
M 50 435 485 489 327 278 
SD 22 171 230 235 175 99 

 
Switching Document 

Holder – L 
Document 
Holder – R 

Under Bin Average 
Desktop 

Average 
Vertical 

 

Min 345 366 371 399 356  
Max 636 582 649 1131 585  
Median 513 506 533 869 510  
M 510 513 529 884 512  
SD 66 48 74 187 54  
Dimming Document 

Holder – L 
Document 
Holder – R 

Under Bin Average 
Desktop 

Average 
Vertical 

 

Min 185 179 257 252 191  
Max 1129 1115 1010 1176 10900  
Median 326 310 354 375 3110  
M 416 392 424 458 404  
SD 218 205 176 201 210  
Note. Power is in watts. Dimmer setting is in %. All other values are illuminances in lux. Average 
Desktop illuminance is the average of the illuminances on the open desk, the keyboard, between the 
monitor and document holder, and under the binder bin. Average vertical illuminance is the average of 
the illuminances on the document holder in the right and left-hand positions. 
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Figure 36. Lighting conditions created by switching and dimming choices 
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 Within each group (Switching and Dimming), we tested for partition reflectance differences in 
average desktop illuminance and average vertical illuminance. The conditions achieved in the two groups 
(light and dark) were not different. Therefore, only the aggregate data are presented here. 
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 Among the most perplexing questions for behavioral lighting research is the choice of which 
measurement of the luminous conditions might be the best predictor of how people respond. To help us 
make that choice, we also examined how the various lighting measurements correlated (Table 63).  
The lower half of the table shows the data for the Switching Control condition. Power is relatively weakly 
related to the luminous conditions because the dominant source was the overhead Best Practice direct / 
indirect system. The correlations of Power with the vertical measurements are low, as expected. The desk 
lamp made the biggest contribution to the illuminance on the open desk, where it was located, as seen in 
the r=.97 between Power and the open desk measurement.  
 The upper half of the table shows the results for the Dimming Control choices. Setting is not 
perfectly related to the lighting conditions because there was always a fixed indirect component to 
provide minimal ambient illumination. Interestingly the values are very highly intercorrelated, some of 
them perfect correlations. The correlations are somewhat higher for this condition than for the Switching 
Control condition, and the difference serves as a reminder that these relationships for any given space will 
always depend on the lighting equipment. For the present experiment, these results led to the choice of 
average desktop illuminance as the value to use in analyses seeking to relate luminous conditions to 
behavioral outcomes, the topic of the next section. 
 

Table 63. Intercorrelations among luminous conditions. 

 

Power 
(W) 

[Switch] 

Open 
Desk 

Keybd Keybd-
Monitor 

Monitor 
(vert) 

Face  Doc 
Holder 

– L 

Doc 
Holder 

– R 

Under 
Bin 

Ave 
Vertical 

Ave 
Desktop 

Setting 
(%) [Dim] 

 0.80 0.82 0.83 0.81 0.78 0.80 0.81 0.80 0.81 0.82 
Open 
Desk 

0.97  0.98 0.97 0.95 0.89 0.94 0.97 0.95 0.96 0.98 

Keybd 0.70 0.70  1.0 0.99 0.90 0.99 0.99 0.98 0.99 1.0 
Keybd-
Monitor 

0.79 0.77 0.88  0.98 0.89 0.99 0.99 0.98 0.99 1.0 
Monitor 
(vert) 

0.45 0.44 0.82 0.72  0.87 0.99 0.97 0.96 0.99 0.98 

Face  0.49 0.51 0.74 0.75 0.56  0.88 0.85 0.88 0.87 0.90 
Doc 
Holder - L 

0.43 0.47 0.88 0.75 0.72 0.60  0.97 0.97 0.99 0.98 
Doc 
Holder - R 

0.71 0.68 0.89 0.88 0.86 0.68 0.77  0.97 0.99 0.99 

Under Bin 0.10 0.09 0.64 0.35 0.69 0.60 0.59 0.54  0.98 0.99 
Ave 
Vertical 

0.58 0.59 0.94 0.85 0.83 0.67 0.96 0.92 0.61  0.99 
Ave 
Desktop 

0.95 0.98 0.83 0.86 0.59 0.63 0.61 0.79 0.28 0.73  
Note. Top (shaded) half shows intercorrelations for the Dimming Control group. Bottom half (unshaded) shows 
intercorrelations for the Switching Control group. 
 
4.6.2 Illuminance Effects on Behavioral Outcomes 
 We hypothesized that lighting levels might predict behavioral outcomes. In particular we expected 
that illuminance (either horizontal or vertical) would influence performance on visual tasks, such as 
transcription typing with a small (8-pt) print size. For these analyses we used multiple regression. For the 
Switching Control group, average desktop illuminance was the only predictor (independent) variable. For 
the Dimming Control group, we also entered a variable called visit, which marked whether the participant 
had experienced that condition on their first day, or their second (the latter occurred for the Base Case 
participants who repeated). The purpose of this was to control for any effects of practice or knowledge 
associated with having done the experiment previously.  
 We repeated the regression analyses for the same conceptual groups of dependent variables that were 
presented above, but only for the Session 4 scores. As previously, we required statistically significant 
multivariate effects for groups of variables, prior to interpreting univariate effects. Thus, for the 
performance measures there were tests for the timed vision test (6 contrasts in session 4); motivation (1 
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variable); typing task (3 print sizes in session 4); computer-based cognitive judgments (4 variables); 
cognitive performance (4 variables); vigilance (2 variables); and break durations (3 variables). None of 
these analyses showed any statistically significant effects of illuminance on performance for either 
Switching Control or Dimming Control.  
 For the perceptions and feelings measurements, we examined comfort (2 variables), lighting 
appraisals (2 lighting quality ratings), preference (4 room appearance ratings), satisfaction (3 ratings), and 
mood (3 scales). All of these outcomes were data provided in session 4. There were no statistically 
significant effects on any of these tests.  
 In addition, we tested two specific hypotheses using other illuminance predictors. We examined the 
effect of vertical illuminance on typing performance, and the effect of illuminance on the face on visual 
and physical comfort. These regressions were also not statistically significant for either the Switching 
Control or Dimming Control groups.  
 
4.6.3 Switching/Dimming Frequency Effects 
 We hypothesized that people who used their controls more frequently might have lower scores on 
perceptions and feelings; that is, that they might use the controls to try to overcome problems with the 
lighting. The dependent variables were mood (three variables), lighting appraisals (one lighting quality 
rating), preferences (4 room appearance ratings), comfort (two ratings), and environmental competence 
(one rating). For the Dimming Control group we also controlled for visit. Frequency of switching or 
dimming did not predict any of these dependent variables for either group. 
 
4.6.4 Satisfaction with Control Mechanism 
 Participants in the Switching Control and Dimming Control groups both completed an extra 
questionnaire concerning their satisfaction with the type of lighting control they had had. The responses 
are degree of agreement with various statements, where 0 = strongly disagree and 4 = strongly agree. 
Both the descriptive statistics and the test of between-groups differences are of interest. Table 64 
summarizes responses for the two groups and includes the significance test between them. This table 
includes only participants from the between-groups experimental design, which keeps a more equal 
number of participants in the two groups and avoids any confounds associated with having participated 
more than once before completing this questionnaire. 
 Although in general the means all indicate some agreement with each statement (i.e., a degree of 
satisfaction with the lighting controls), the two groups differed significantly. In particular, the Switching 
Control participants showed lower agreement with the statement “The lighting control system allowed me 
to create the lighting conditions I wanted.” They also thought that the instructions for use were poorer, 
that the interface was less easy to use, and that the change did not occur rapidly enough in response to 
their commands. This is intriguing given that the interface in question was a three-level switch on the 
desktop. The Dimming Control interface was on the computer and might have been expected to be a more 
complex way to control lights, although it did offer continuous control rather than step increments.  
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Table 64. Satisfaction with the control interface. 
 Wilks’ 

Λ 
F df η2  

partial Switching 
Control 

Dimming 
Control 

Multivariate .88 2.32* 5, 82 .06 M SD M SD 
The lighting control 
system allowed me to 
create the lighting 
conditions I wanted. 

 10.02**  .10 2.27 0.94 2.98 1.02 

The lighting control 
system was easy to use. 

 3.66 1, 86 .04 2.76 0.79 3.13 0.92 

The instructions on how 
to operate the lighting 
controls were adequate. 

 4.05* 1, 86 .05 2.70 0.95 3.13 0.97 

The interface for the 
lighting controls was 
easy to use. 

 5.43* 1, 86 .06 2.81 0.81 3.21 0.76 

When I used the lighting 
controls, the lighting 
changed rapidly enough 
in response to my 
commands. 

 4.68* 1, 86 .05 2.70 0.81 3.11 0.90 

 
4.6.5 Summary: Switching and Dimming Control 
 Overall, participants used the controls in ways consistent with previous laboratory and field research: 
rarely, and mostly at the beginning of the day (e.g., Maniccia, Rutledge, Rea, & Morrow, 1999; Moore, 
Carter, & Slater, 2002). The range of illuminances in the Dimming Control condition has an average 
lower than the designed average, which both suggests the possibility of energy savings associated with 
individual control and is consistent with other studies (Boyce, et al., 2000; Veitch & Newsham, 2000b). 
These differences in illuminance did not predict performance, perceptions, or feelings. Although 
disappointing, this is not surprising given that none of the conditions substantially impaired the visibility 
of the high-contrast, sharply printed paper material, and the fact that the computer tasks were self-
luminous and had high contrasts and large size.  
 The means of controlling the lighting did give rise to different responses. The Dimming Control 
condition was more satisfactory than the Switching Control condition. It seems likely that this is because 
it allowed the creation of a wider range of possible conditions, although the novelty effect of the computer 
interface cannot be ruled out. 
 
4.7 Linked Mechanisms Tests 
4.7.1 Analytic Strategy 
 We had initially planned to test the relationships in the linked mechanisms map (Figure 37, and 1) 
using structural equation modeling (SEM) (Kline, 1998). SEM is a statistical technique for solving sets of 
simultaneous linear regression relationships and including both the model of the manifest (measured) 
variables and the latent variables or constructs that give rise to the measurements. A simpler form of this 
is path analysis, which involves only the relationships between the manifest variables. However, both 
techniques are very sensitive to the violation of fundamental assumptions, particularly deviations from 
normal distributions. Several of our variables were not normally distributed. In addition, we had a very 
large model with many variables, which requires a very large number of participants for a robust test. 
Overall, it seemed unlikely that any meaningful results could be obtained from this approach. 
 Instead, we decided to conduct a series of tests of each link using non-randomly formed groups in an 
analysis of variance approach. Thus, for each antecedent variable we formed two groups based on a split 
around the median (50th percentile) value. We determined that the distribution of people into the above- 
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and below-median groups was independent of lighting condition, using chi-squared tests of independence. 
The median split groups were equally distributed across lighting conditions. This is not surprising, given 
the results reported above. 
 We then tested the effect of being in the high or low group, on the outcomes linked to the consequent 
variable at that link. For example, do people who rate the lighting as being of higher quality rate the room 
as being more attractive? Do the people with the highest pleasure scores report greater environmental 
satisfaction? These tests were conducted using only data from session 4, when there had been the greatest 
exposure to the experimental conditions. We conducted separate tests for data from the between-groups 
experimental design (designated BG) and from the second visit of the repeated-measures design 
(designated RM_V2). (Data from the first visit had been included in the between-groups analysis).  
 There are important caveats to this approach. Although we used analysis of variance to test the links, 
causal inferences are weak at best. We are able to argue that there are meaningful associations between 
variables on the basis of these significant tests, but because we did not randomly assign individuals to the 
above- and below-median groups on each variable we cannot assert that we have controlled for all the 
reasonable extraneous variables. For example, it is possible that people who reported higher pleasure 
might be higher in conscientiousness, a personality trait, and might have reported greater environmental 
satisfaction in order to fulfill the experimenters’ expectations as they understood them. The personality 
variable, which we did not measure, would in that case be the causal agent, rather than our explanation of 
mood effects.  
 In addition, the second visit of the repeated-measures group is an imperfect replication for the 
between-groups data because the sample size is smaller (which reduces the statistical power considerably, 
making it less likely that real effects might be detected) and because the RM_V2 sample is a non-random 
subset of the people in the BG group.  
 

Figure 37. The linked mechanisms map of expected relationships. 

 
 
 The links at the top level of the path are logically, rather than statistically, established. The four 
lighting designs and variations in task conditions (e.g., print size or luminance contrast) created a variety 
of luminous conditions, which were further varied for participants with Switching or Dimming control 
and by the use of two partition reflectances. Furthermore, we had already tested the links between 
luminous conditions, and appraisal, visual comfort, and visual capability. It was clear that the luminous 
conditions did result in discriminating appraisals (the LRC Office Lighting Survey results) and that 
luminous conditions did result in differential visual performance (variations in typing performance by 
print size, and in timed vision test performance by contrast level). We had not demonstrated that our 

Personal  
Control 

Luminous 
Conditions 

Non-task Surface 
Brightness 

Appraisal Visual Comfort Visual 
Capabilit ies 

Preference 

Mood (Affect) 

Competence 

Motivation 

Health and  
Well-Being 

Task Performance 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 98 

range of luminous conditions influenced visual comfort, but this relationship has been well-established 
previously with other lighting systems; indeed, this is the basis for predictive tools for discomfort glare 
such as Visual Comfort Probability and the Unified Glare Rating (CIE, 1995; Committee on 
Recommendations, 1966). We did not test the relationships at this level any further. 
 The relationships at the next level down were the focus of our analyses. As is evident from Figure 
37, broadly speaking there are two parallel paths through the map, one leading to through appraisal (the 
‘Appraisal Path’) and the other through vision (the ‘Vision Path’). Although this structure is an 
oversimplification, we use it here to organize the results for easier comprehension.  
 
4.7.2 Appraisal Path 
 4.7.2.1 Median-split groups.  
 The first step in the analysis was the formation of non-random groups for each variable. These 
groups were used as two levels of one independent variable when that variable served as the antecedent 
part of a link. When a given conceptual group served as the consequent part of a link, we used the same 
dependent variables as had been used for the previously-reported analyses. Thus, for some models we 
examined ANOVA tests with one dependent variable, if there had only been one (e.g., for motivation), 
and in other cases we used MANOVA tests with multiple dependent variables.  
 Table 65 describes the median-split groups for both the between-groups and repeated-measures sets. 
As is evident, it was in some instances difficult to form groups that were equal in size. This was 
particularly true for the more skewed variables. When a large number of cases fell exactly on the median, 
separating them was impossible. We tried various options in these cases and chose the one that gave the 
closest to an even split. The total number of cases varies for each variable because of missing data.  
 

Table 65. Median split groups for appraisal path analyses. 
Variable  Low Group High Group 
 Set Split N M SD N M SD 
Appraisal (Lighting Quality)       
 BG <3 or >=3 63 1.93 0.67 117 3.44 .40 
 RM_V2 < 3.25 or >= 3.25 19 2.30 0.75 26 3.75 0.33 
Preference (Attractiveness)*       
 BG < 48.89 or => 48.89 92 36.20 10.47 89 62.18 11.75 
 RM_V2 < 51.78 or => 51.78 23 40.57 10.58 22 65.03 12.08 
Mood (Pleasure)       
 BG < 4.17 or => 4.17 89 3.03 0.91 81 5.74 1.01 
 RM_V2 < 4.67 or => 4.67 22 3.49 0.92 20 6.38 1.11 
Mood (Arousal)       
 BG < 3.33 or => 3.33 74 2.32 0.71 96 4.27 0.91 
 RM_V2 < 3.67 or => 3.67 24 2.57 0.80 18 4.54 0.77 
Mood (Dominance)       
 BG < 4 or => 4 71 3.28 0.62 105 4.63 0.73 
 RM_V2 < 4 or => 4 16 3.29 0.46 27 4.66 0.73 
Motivation (Spd. Random Resp.) **       
 BG < 729 or = 729 58 336.90 205.04 123 729 0 
 RM_V2 < 729 or = 729 16 354.97 212.67 29 729 0 
Environmental Competence       
 BG < 6 or => 6 76 4.81 1.00 105 6.65 0.66 
 RM_V2 < 6 or => 6 17 4.88 0.46 28 6.98 0.78 

Note. BG = between-groups data (N=181). RM_V2 = repeated-measures data from second visit (N=45). * 
Attractiveness was chosen as the only Preference variable for this analysis because it was the strongest of the four 
components; in the principal components analysis it explained the largest percentage of variance, and its scale scores 
showed high internal consistency reliability. ** The maximum possible value for this variable was 729. 
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 4.7.2.2 Appraisal  Preference link.  
 The first link to be tested was between Appraisal and Preference, with its four dependent variables. 
Table 66 shows the summary for this analysis. Appraisal, represented by low and high lighting quality 
ratings, was related to preference in both sets of data. Higher appraisal values (above-median lighting 
quality ratings) are associated with higher ratings of Attractiveness, Comfort, Visibility and Spaciousness 
in the BG sample and higher Comfort and Visibility in the RM_V2 sample. The effects are small to 
medium in size.  
 

Table 66. Test of Appraisal  Preference link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Appraisal  
Preference  

.80 11.11*** 4, 175 .10 .78 2.88* 4, 40 .08 

 Attractiveness  33.77*** 1, 178 .16  0.63 1, 43 .01 
 Comfort  21.38*** 1, 178 .11  7.95** 1, 43 .16 
 Visibility  13.18*** 1, 178 .07  6.74** 1, 43 .14 
 Spaciousness  13.69*** 1, 178 .07  1.14 1, 43 .03 
 Low High Low High 
 M SD M SD M SD M SD 
 Attractiveness 39.77 13.62 54.06 16.76     
 Comfort 59.55 14.53 69.30 12.91 65.12 13.76 75.40 10.73 
 Visibility 57.51 13.67 65.84 15.22 58.17 10.98 70.23 17.53 
 Spaciousness 57.08 15.48 65.58 14.26     
Note. ***p<.001. **p<.01. *p<.05. 
 
 4.7.2.3 Preference  Mood link.  
 Next we tested the link from preference to mood, with its three dependent variables (Table 67). Here 
too we found statistically significant effects in which higher preference (above-median ratings of 
attractiveness) was associated with higher scores on all three aspects of mood: pleasure, arousal, and 
dominance, for both sets of data. The effect sizes were large for the RM_V2 sample and small to medium 
for the BG sample. 
 

Table 67. Test of Preference  Mood link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Preference  Mood .88 7.85*** 3, 166 .07 .67 6.21** 3, 38 .18 
 Pleasure  17.66*** 1, 168 .10  11.61** 1, 40 .22 
 Arousal   9.80*** 1, 168 .06  11.51** 1, 40 .22 
 Dominance   11,62*** 1, 168 .06  4.64* 1, 40 .10 
 Low High Low High 
 M SD M SD M SD M SD 
 Pleasure 3.83 1.61 4.85 1.55 4.07 1.53 5.74 1.64 
 Arousal  3.14 1.19 3.73 1.19 2.86 1.10 4.04 1.14 
 Dominance  3.86 0.94 4.33 0.85 3.86 0.84 4.46 0.95 
Note. ***p<.001. **p<.01. *p<.05. 
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 4.7.2.4 Mood  Health and Well-being link.  
 We tested median split groups for all three mood measures in examining the relationship between 
mood and health and well-being outcomes. For health and well-being there are three separate conceptual 
groups: health outcomes (visual and physical comfort), satisfaction outcomes (environmental satisfaction, 
performance satisfaction, and self-rated productivity), and task difficulty ratings (7 separate ratings). 
Table 68 summarizes the results for the health outcomes. For both sets, pleasure was associated with 
health outcomes, with more and stronger symptoms reported among people with lower pleasure. These 
effects are medium-sized. Smaller effects but in the same direction were found in the BG group for both 
arousal and dominance, but these effects did not occur in the RM_V2 group. 
 

Table 68. Tests of Mood  Health link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Mood (Pleasure)  
Health  

.85 14.58*** 2, 167 .12 .75 6.64** 2, 39 .14 

 Visual Comfort  18.00*** 1, 168 .10  2.52 1, 40 .06 
 Physical Comfort   27.45*** 1, 168 .14  11.45** 1, 40 .22 
 Low High Low High 
 M SD M SD M SD M SD 
 Visual Comfort 6.35 5.59 3.25 3.63 5.05 7.65 2.15 3.01 
 Physical Comfort  6.19 4.73 2.85 3.40 6.68 6.36 1.55 2.44 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Mood (Arousal)  
Health  

.96 3.92* 2, 167 .04 .94 1.33 2, 39  

 Visual Comfort  7.47** 1, 168 .04     
 Physical Comfort   4.97* 1, 168 .03     
 Low High Low High 
 M SD M SD M SD M SD 
 Visual Comfort 6.55 6.61 3.97 4.34     
 Physical Comfort  5.55 5.47 3.94 4.55     
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Mood (Dominance)  
Health  

.96 3.30 2, 173 .03 .93 1.45 2, 40  

 Visual Comfort  6.41** 1, 174 .04     
 Physical Comfort   3.80* 1, 174 .02     
 Low High Low High 
 M SD M SD M SD M SD 
 Visual Comfort 6.03 5.14 4.10 4.81     
 Physical Comfort  5.30 4.61 3.98 4.23     
Note. ***p<.001. **p<.01. *p<.05. 
 
 Table 69 summarizes the results for the link between mood and measures of satisfaction. Pleasure 
was a statistically significant predictor of all three measures of satisfaction. In all cases, satisfaction was 
higher for the above-median pleasure group. The effects were large for the repeated measures set and 
small to medium for the between-groups set. Arousal and dominance were not significant in multivariate 
tests, so we did not interpret significant univariate tests. 
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Table 69. Tests of Mood  Satisfaction link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Mood (Pleasure)  
Satisfaction 

.85 9.50*** 3, 163 .09 .63 7.12*** 3, 36 .26 

 Environ. Satis.  16.52*** 1, 165 .09  15.51*** 1, 38 .29 
 Perform. Satis.  22.13*** 1, 165 .12  11.93*** 1, 38 .24 
 Self-Rated Prod.  12.39*** 1, 165 .07  12.11*** 1, 38 .24 
 Low High Low High 
 M SD M SD M SD M SD 
 Environ. Satis. 2.55 0.85 3.03 0.66 2.57 0.62 3.39 0.57 
 Perform. Satis. 2.43 0.85 3.00 0.70 2.43 0.68 3.29 0.80 
 Self-Rated Prod. 0.18 1.82 1.19 1.89 0.32 1.19 2.35 1.67 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Mood (Arousal)  
Satisfaction 

.96 2.49 3, 163  .95 0.70 3, 36  

Mood (Dominance) 
 Satisfaction 

.96 2.36 3, 169  .93 0.95 3, 37  

Note. ***p<.001. **p<.01. *p<.05. 
 
 The final set of tests for the health and well-being outcomes concerned ratings of task difficulty. 
None of the mood measurements predicted task difficulty ratings (Table 70) for either data set. 
 

Table 70. Tests of Mood  Task Difficulty link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F Df η2  

partial 

Mood (Pleasure)  
Task Difficulty 

.98 0.56 7, 158  .93 0.33 7, 32  

Mood (Arousal)  
Task Difficulty 

.96 1.00 7, 159  .89 0.58 7,32  

Mood (Dominance)  
Task Difficulty  

.93 1.79 7, 163  .88 0.66 7, 33  

 
 4.7.2.5 Mood  Motivation link.  
 We had predicted that mood would influence motivation, and tested this link using all three mood 
measurements. The results are summarized in Table 71. Because there was only one dependent variable 
for motivation, these are ANOVA rather than MANOVA results. There was one statistically significant 
result, a small relationship between dominance and motivation for the BG data set. It was in the opposite 
direction to what we would have expected, with higher motivation scores for the people with below-
median dominance scores. One possibility might be that people who felt more in control (higher 
dominance scores) exercised this control by not persisting so long when the task became extremely 
difficult, as it did inexorably and automatically.  
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Table 71. Tests of Mood  Motivation link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

F df η2  
partial F df η2  

partial 

Mood (Pleasure)  
Motivation  

2.78 1, 168  0.04 1, 40  

Mood (Arousal)  
Motivation  

3.20 1, 168  0.00 1, 40  

Mood (Dominance)  
Motivation 

3.93* 1, 174 .02 2.70 1, 41  

 Low High Low High 
 M SD M SD M SD M SD 
 Motivation 650.31 179.57 587.40 222.92     
Note.  *p<.05. 
 
 4.7.2.6 Competence  Motivation link.  
 We had also predicted that environmental competence would relate to motivation, and tested this 
link, with results shown in Table 72. Neither data set showed a statistically significant relationship. 
 

Table 72. Test of Environmental Competence  Motivation link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

F df η2  
partial F df η2  

partial 

Environmental 
Competence  
Motivation  

0.22 1, 179  0.67 1, 43  

 
 4.7.2.7 Motivation  Performance link.  
 We tested each set of performance measurements in their appropriate MANOVA model, to see 
whether or not motivation was associated with them. These are summarized in Table 73. Some, but not 
all, of the performance measures were related to motivation. The least ambiguous effects occurred in the 
BG data, in which more motivated individuals had higher hit rate scores and were more accurate in 
categorizing summaries. In both cases the RM_V2 data did not show statistically significant multivariate 
tests, so we did not report the univariate tests; however, we note that some of the univariate tests in the 
RM_V2 data were statistically significant. (We await the analysis of the new data from the supplementary 
experiment to provide a better replication.) RM_V2 showed a significant effect on cognitive judgments in 
which more motivated individuals gave lower ratings for the quality of the summaries they read. People 
in both sets showed differences in break durations in relation to motivation; people with higher 
motivation paused slightly longer. 
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Table 73. Tests of Motivation  Performance link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Motivation  
Performance 
(Attention) 

.76 25.46*** 2, 162 .10 0.88 2.54 2, 36  

 Hit Rate  38.00*** 1, 163 .19     
 Envelope Speed  1.54 1, 163 .01     
 Low High Low High 
 M SD M SD M SD M SD 
 Hit Rate 0.17 0.26 0.43 0.25     
 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Motivation  
Performance (Typing) 

.97 1.80 3, 177  0.91 1.35 3, 41  

 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Motivation  
Performance 
(Cognitive) 

0.88 5.89*** 4, 176 .01 0.86 1.66 4, 40  

 Cat. Time  2.25 1, 179 .01     
 Cat. Acc.  20.34*** 1, 179 .01     
 Judge Time  3.41 1, 179 .02     
 Summ. Time  0.04 1, 179 .00     
 Low High Low High 
 M SD M SD M SD M SD 
 Cat. Acc. 29.17 7.74 33.42 4.83     
 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Motivation  
Performance 
(Cognitive Judgments) 

0.98 0.71 4, 176  0.80 2.56* 4, 40 .11 

 Interest      2.28 1, 43 .05 
 Factual      4.81* 1, 43 .10 
 Grammar      6.10* 1, 43 .12 
 Well-written      8.36** 1, 43 .16 
 Low High Low High 
 M SD M SD M SD M SD 
 Interest     45.29 18.96 52.94 14.59 
 Factual     2.89 0.45 2.46 0.70 
 Grammar     2.80 0.47 2.42 0.50 
 Well-written     2.77 0.47 2.25 0.64 
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Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Motivation  
Performance (Break 
Durations) 

0.94 3.91** 3, 177 .02 0.71 5.38*** 3, 40 .08 

 Typing Breaks  0.56 1, 179 .00  0.48 1, 42 .01 
 Conveyor Breaks  4.05* 1, 179 .02  0.94 1, 42 .02 
 Summary Breaks  8.20** 1, 179 .04  10.50*** 1, 42 .20 
 Low High Low High 
 M SD M SD M SD M SD 
 Typing Breaks         
 Conveyor Breaks 0.45 0.38 0.56 0.29     
 Summary Breaks 1.35 0.67 1.58 0.42 0.88 0.62 1.40 0.44 
Note. ***p<.001. **p<.01. *p<.05. 
 
 4.7.2.8 Summary: appraisal path.  
  The appraisal path received good support in these analyses. People with more favorable appraisals 
about lighting showed higher scores on preference ratings for the space. People with higher preference 
ratings showed higher mood scores. Those with higher mood scores showed better outcomes for health 
and satisfaction, although they were not different in terms of perceived task difficulty. The link between 
mood and motivation was not clearly made, although there was a hint of an unusual relationship that is 
worthy of further examination. Motivation did influence performance on some, but not all, tasks. 
Additional support for the idea that motivation and performance are linked comes from the pattern of 
results for the Best Practice vs Switching Control and Best Practice vs Dimming Control planned 
comparisons described above. This is discussed in detail in the General Discussion, below. 
 
4.7.3 Vision Path 
 4.7.3.1 Median split groups.  
 As for the appraisal path variables, we formed median-split groups for the antecedent variables 
involved in this path. Their characteristics are found in Table 74. 
 

Table 74. Median split groups for vision path analyses. 
Variable  Low Group High Group 
 Set Split N M SD N M SD 
Visual Comfort        
 BG <3 or => 3 73 0.86 0.90 108 7.75 4.89 
 RM_V2 < 1 or => 1 18 0 0 26 6.04 6.68 
Visual Capability (Composite visual 
performance at contrast = 16) 

       

 BG < 1.48 or => 1.48 91 1.21 0.26 89 1.74 0.22 
 RM_V2 < 1.60 or => 1.60 22 1.21 0.35 22 1.83 0.21 
Note. BG = between-groups data (N=181). RM_V2 = repeated-measures data from second visit (N=45). 
 
 4.7.3.2 Appraisal  Visual Comfort link.  
 We used the Appraisal split (see above) to test whether appraisals of the lighting were associated 
with visual comfort directly, in addition to the indirect linkage we tested above. This link was statistically 
significant for both groups (Table 75), with medium-sized effects in which higher appraisal scores are 
associated with fewer or less severe comfort problems.  
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Table 75. Test of Appraisal  Visual Comfort link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

F df η2  
partial F df η2  

partial 

Appraisal  visual 
comfort 

28.43*** 1, 178 .14 5.15* 1, 42 .11 

 Low High Low High 
 M SD M SD M SD M SD 
 Visual comfort 7.51 5.71 3.56 4.13 5.89 8.34 1.96 2.51 
Note. ***p<.001. *p<.05. 
 
 4.7.3.3 Visual Comfort  Visual Capability link.  
 We tested this link using MANOVA, in which composite visual performance scores at each contrast 
level on the timed vision test were the six dependent variables. The overall multivariate test did not reach 
statistical significance (Table 76). Given the generally low incidence of visual comfort problems, this is 
not surprising. It might be possible to detect such effects using more extreme lighting or task conditions, 
or by influencing visual comfort in some other way to provide a more extreme contrast. 
 

Table 76. Test of Visual Comfort  Visual Capability link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Visual comfort  
visual capability 

0.95 1.41 6, 173  0.85 1.12 6, 37  

 
 4.7.3.4 Visual Capability  Competence link.  
 Although we had measured task competence in session 1, we decided to include it in a MANOVA 
model along with environmental competence to see whether or not visual capability related to competence 
overall. This proved not to be the case (Table 77). 
 

Table 77. Test of Visual Capability  Competence link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Visual capability  
competence 

0.98 1.41 2, 177  0.92 1.89 2, 41  

 
 4.7.3.5 Visual Capability  Task Performance link.  
 As above, we tested each conceptual group of performance tasks separately in a MANOVA to see 
whether or not visual capability would influence them. The results are summarized in Table 78. 
 There were no statistically significant effects for the RM_V2 data, but several small- to medium-
sized effects in the BG data, which follow the expected directions and occur on the most visually 
demanding tasks. People higher in visual capability showed better attention both in terms of hit rate on 
the conveyor belt task and in speed of responding to the envelope prompt. They also performed better on 
the typing task. The pattern of effects for the three print sizes was also as expected: the size of the effect 
declined as the task became visually easier (print size increased).  
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Table 78. Tests of Visual Capability  Performance link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Visual capability  
Performance 
(Attention) 

.93 6.38 2, 162 .05 .92 1.52 2, 35  

 Hit Rate  10.74*** 1, 163 .06     
 Envelope Speed  4.82* 1, 163 .03     
 Low High Low High 
 M SD M SD M SD M SD 
 Hit Rate 0.28 0.26 0.42 0.28     
 Envelope Speed 0.34 0.13 0.38 0.13     
 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F Df η2  

partial 

Visual capability  
Performance (Typing) 

0.89 7.18*** 3, 176 .08 .91 1.39 3, 40  

 8 point  20.61*** 1, 178 .10     
 12 point  16.61*** 1, 178 .09     
 16 point  13.82*** 1, 178 .04     
 Low High Low High 
 M SD M SD M SD M SD 
 8 point 2.18 0.95 2.93 1.24     
 12 point 2.30 0.98 2.99 1.26     
 16 point 2.40 0.99 3.93 1.28     
 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Visual capability  
Performance 
(Cognitive) 

0.97 1.18 4, 175  0.94 0.59 4, 39  

 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Visual capability  
Performance 
(Cognitive Judgments) 

0.99 0.45 4, 175  0.83 1.98 4, 39  

 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Visual capability  
Performance (Break 
Durations) 

0.98 1.50 3, 176  0.85 2.37 3, 40  

Note. ***p<.001. **p<.01. *p<.05. 
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 4.7.3.6 Summary: vision path.  
 This path received partial support. Lighting appraisals predicted visual comfort, but visual comfort 
(at least at the levels achieved here) did not related to visual capability. Visual capability was not related 
to competence. Visual capability did relate to task performance on the tasks where such relationships 
were to be expected, at least in the BG data. One cannot rule out sample size and restricted range in the 
RM_V2 data as reasons for not finding visual capability effects; that is, the fact of not observing the 
effects does not rule out their existence, especially given the literature on visibility. 
 
4.7.4 Exploratory Tests 
 In addition to the planned tests, we considered several new questions that arose as we thought further 
about how the variables might inter-relate.  
 4.7.4.1 Motivation  Health and Well-being?  
 Although we had not proposed one, it seemed plausible to consider that people who are more 
motivated might show higher levels of health and well-being. We tested this hypothesis as we had for 
mood  health and well-being, described above, using separate MANOVA models for health, 
satisfaction, and task difficulty. None of these analyses returned statistically significant results.  
 4.7.4.2 Satisfaction  Task Performance?  
 It is a perennial question, “Are happier workers better workers?” We did not design this experiment 
in order to test this hypothesis directly. The measurements of satisfaction occurred temporally following 
all of the performance measurements, and therefore should depend on the participants’ experiences during 
those tasks. This breaks the temporal chain of causality. Nonetheless, in order to address the inevitable 
question about the connection between the end points of the appraisal and vision paths, we formed three 
median-split groups to examine it. The groups are described in Table 79. 
 

Table 79. Median split groups for satisfaction analyses. 
Variable  Low Group High Group 
 Set Split N M SD N M SD 
Environmental Satisfaction        
 BG < 3 or => 3 82 2.12 0.64 99 3.32 0.39 
 RM_V2 <= 3 or > 3 28 2.59 0.51 17 3.69 0.35 
Performance Satisfaction        
 BG < 2.75 or >= 2.75 78 1.96 0.64 100 3.25 0.47 
 RM_V2 < 3 or => 3 21 2.23 0.61 23 3.51 0.41 
Self-Rated Productivity        
 BG <= 0 or > 0 101 -0.75 1.03 80 2.50 1.11 
 RM_V2 <= 1.5 or > 1.5 22 -0.27 1.12 22 3.00 0.87 
Note. BG = between-groups data (N=181). RM_V2 = repeated-measures data from second visit (N=45). 
 
 We tested the links from satisfaction to performance using the same set of performance outcomes as 
have been previously described. Only the tests with statistically significant outcomes are reported here 
(Table 80). Of the 30 tests (15 within each sample, x two samples), only three showed a statistically 
significant multivariate effect. For the BG sample, higher environmental satisfaction was associated with 
higher ratings of how well-written the summaries were, and higher self-rated productivity was associated 
with faster work in making judgments about summaries and in creating summaries from articles. For the 
RM_V2 sample, higher performance satisfaction was associated with lower accuracy in categorizing 
summaries.  
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Table 80. Tests of Satisfaction  Task Performance link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Environmental 
Satisfaction  
Performance 
(Cognitive Judgments) 

.93 3.15** 4, 176 .02 0.94 0.69 4, 40  

 Interest  0.26 1,179 .00     
 Factual  2.54 1,179 .04     
 Grammar  1.09 1,179 .01     
 Well-written  9.84** 1,179 .05     
 Low High Low High 
 M SD M SD M SD M SD 
 Well-written 2.32 0.50 2.57 0.56     
 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Performance 
Satisfaction  
Performance 
(Cognitive) 

.96 1.65 4, 173  .79 2.61* 4,39 .04 

 Cat. Time      0.70 1, 42 .02 
 Cat. Acc.      4.95* 1, 42 .11 
 Judge Time      0.05 1, 42 .00 
 Summ. Time      1.00 1, 42 .02 
 Low High Low High 
 M SD M SD M SD M SD 
 Cat. Acc.     33.91 4.43 29.65 7.66 
 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Self-Rated Productivity 
 Performance 

(Cognitive) 

0.95 2.47* 4, 176 .02 0.86 1.55 4, 39  

 Cat. Time  1.40 1, 179 .01     
 Cat. Acc.  2.77 1, 179 .02     
 Judge Time  5.05* 1, 179 .03     
 Summ. Time  5.02* 1, 179 .03     
 Low High Low High 
 M SD M SD M SD M SD 
 Judge Time 77.04 31.71 66.40 31.47     
 Summ. Time 49.30 37.85 38.44 23.68     
Note. ***p<.001. **p<.01. *p<.05. 
 
 4.7.4.3 Performance  Satisfaction?  
 Given the ambiguous directionality of the link between our measurements of satisfaction and the 
performance measurements, we decided also to test the reverse link. We created three median-split 
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variables, choosing variables that either had been sensitive in the earlier analyses (e.g., break durations on 
the summarization task, interest in reading articles), or that made logical sense (typing at 8-point print 
size). We then conducted 18 MANOVA tests to determine whether groups based on these splits predicted 
any of the three health and well-being outcomes in either sample. The median split groups are described 
in Table 81 and the results of the analyses in Table 82. 
 

Table 81. Median split groups for performance analyses. 
Variable  Low Group High Group 
 Set Split N M SD N M SD 
Typing (8 pt)        
 BG <= 2.39 or > 2.39 91 1.64 0.47 90 3.46 0.90 
 RM_V2 <= 2.22 or > 2.22 23 1.59 0.57 22 3.33 1.11 
Summary Breaks        
 BG <= 1.71 or >1.71 90 1.16 0.55 91 1.84 0.10 
 RM_V2 <= 1.38 or > 1.38 22 0.79 0.49 22 1.64 0.19 
Interest in Article        
 BG <= 50.83 or > 50.83 90 38.06 11.49 91 62.96 11.11 
 RM_V2 <= 50 or > 50 24 39.31 11.55 21 62.69 11.75 
 
 For the BG data there was one test that showed statistical significance: typing performance was 
associated with task difficulty ratings, and the significant multivariate test was explained by a significant 
univariate test for the rating of typing task difficulty. Poorer typists found the typing task more difficult. 
This is an unsurprising finding, but one that does demonstrate discriminant validity for the task difficulty 
ratings. 

For the RM_V2 data there was a statistically significant relationship between the duration of breaks 
during the summarization task and satisfaction, with the multivariate test being accompanied by 
significant univariate tests for environmental satisfaction and self-rated productivity. Those who took 
longer breaks during this task tended to be less satisfied with the environment and to rate it as having a 
poorer effect on their own productivity. The direction of this effect is consistent with the inverse effect 
reported above, an effect of self-rated productivity on cognitive performance, reported for the BG data 
set. 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 110 

 
Table 82 Tests of Task Performance  Satisfaction link.. 

Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Performance (Typing) 
 Task Difficulty 

.87 3.68*** 7, 168 .02 0.78 1.40 7, 35  

 Typing  21.25*** 1, 174 .10     
 Categorizing  0.88 1, 174 .01     
 Evaluating summ.  0.04 1, 174 .00     
 Extracting summ.  0.05 1, 174 .00     
 Questionnaires  0.93 1, 174 .01     
 Vision tests  0.08 1, 174 .00     
 All tasks  0.60 1, 174 .00     
 Low High Low High 
 M SD M SD M SD M SD 
 Typing 1.64 1.09 0.94 0.96     
 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Performance (Summ. 
Breaks)  Satisfaction  

0.99 0.39 3, 174  0.78 3.57* 3, 38 .11 

 Perform. Sat.      0.87 1, 40 .02 
 Env. Sat.      10.48*** 1, 40 .21 
 Self-rated Prod.      4.85* 1, 40 .11 
 Low High Low High 
 M SD M SD M SD M SD 
 Env. Sat.     3.34 0.64 2.72 0.67 
 Self-rated Prod.     2.05 1.61 0.77 2.11 
  
 4.7.4.4 Mood affects Social Behavior?  
 Social behavior was not included on the linked mechanisms map, but had been included in the 
experimental design because of suggestions in the literature that positive affect might influence behavior 
in desirable ways (Baron et al., 1992), and because of a request to examine it. We did not find lighting 
effects on social behavior but wondered if the positive affect hypothesis would hold, that people who 
were happier or more satisfied would show more desirable social behaviors. We approached this question 
with two analyses, the first examining pleasure as a predictor and the second involving environmental 
satisfaction. The dependent variables were: liking for other group members, willingness to volunteer, and 
the two types of responses to the conflict resolution task (ratings and rankings). 
 Pleasure did not relate to any of the social behavior outcomes. However, environmental satisfaction 
did relate to several outcomes, with small effects in the direction expected (Table 83). People in the 
above-median group for environmental satisfaction for the BG sample were more willing to volunteer and 
showed higher liking for other group members. For the RM_V2 sample (which was made up of people 
willing to return, one of the questions in the willingness-to-volunteer measurement), there was no effect 
on willingness to volunteer but there was a significant effect for liking for other group members.  
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Table 83. Tests of Environmental Satisfaction  Social Behavior link. 
Link BG Data RM_V2 
 Dependent 
 Variable 

F df η2  
partial F df η2  

partial 

Environmental 
Satisfaction  
Willingness to 
Volunteer 

4.21* 1, 178 .02 2.68 1, 42  

 Low High Low High 
 M SD M SD M SD M SD 
 Willingness to 
 Volunteer 

-0.14 0.87 0.12 0.85     

Link BG Data RM_V2 
 Dependent 
 Variable 

F df η2  
partial F df η2  

partial 

Environmental 
Satisfaction  Liking 

10.06*** 1, 178 .05 4.08* 1, 43 .09 

 Low High Low High 
 M SD M SD M SD M SD 
 Liking 1.15 0.71 1.50 0.76 1.39 0.80 1.86 0.69 
Note. ***p<.001. *p<.05. 
 
 For the conflict resolution task, there were no effects when the scores were rankings of the relative 
likelihood that the individual would use each of the various conflict resolution strategies but there were 
effects when the dependent variables were individual ratings of their likelihood of using each strategy 
(Table 84). There was a multivariate effect for both the BG and RM_V2 samples, although the univariate 
effects differed. For the BG group, people high in environmental satisfaction were more likely to use 
more co-operative styles of conflict resolution (accommodation, collaboration, or compromise) than 
people low in environmental satisfaction. For the RM_V2 group, the effect for accommodation held, and 
people high in environmental satisfaction were less likely to use avoidance, which is an uncooperative, 
unassertive form of conflict resolution (Kilmann & Thomas, 1977; Thomas, 1976). 

The relationships between environmental satisfaction and social behavior are suggestive but not 
conclusive. The same temporal causality problem applies here as in the examination of satisfaction  
performance linkages: environmental satisfaction was measured at the end of the day. Moreover, it is 
puzzling that pleasure did not predict any of the social behaviors, as it ought to have done according to the 
positive affect theory. Although pleasure did predict environmental satisfaction (see above, under 
“Appraisal Path”), mean pleasure scores were not as widely different in the low- and high- environmental 
satisfaction groups (3.32 and 4.67 for BG, and 4.27 and 5.82 for RM_V2) and as they were in the low- 
and high-pleasure groups (3.03 and 5.74 for BG and 3.49 and 6.38 for RM_V2). Thus, pleasure as an 
indicator of positive affect does not fully account for the effect. Nonetheless, the effect does suggest that 
there be further study of the possibility that conditions supportive of environmental satisfaction might 
encourage more pro-social behavior. Given the costs of conflict management to organizations, there could 
be important implications for organizational outcomes (Baron, 1990a). 
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Table 84. Test of Environmental Satisfaction  Conflict Resolution. 
Link BG Data RM_V2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial Wilks’ 

Λ 
F df η2  

partial 

Environmental 
Satisfaction  Conflict 
Resolution (Ratings) 

.92 3.17 5, 172 .03 .73 2.83* 5, 38 .06 

 Competition  0.82 1, 176 .00  2.87 1, 42 .06 
 Accommodation  9.10** 1, 176 .05  6.03* 1, 42 .13 
 Collaboration  6.43** 1, 176 .04  1.29 1, 42 .03 
 Compromise  7.91** 1, 176 .04  0.00 1, 42 .00 
 Avoidance  2.81 1, 176 .02  4.56* 1, 42 .10 
 Low High Low High 
 M SD M SD M SD M SD 
 Competition         
 Accommodation 0.16 0.75 .51 .78 0.15 0.58 0.71 0.94 
 Collaboration 1.16 0.81 1.46 0.76     
 Compromise 1.64 0.61 1.90 0.61     
 Avoidance     -1.22 0.80 -1.72 0.66 
 
4.7.5 Summary: Linked Mechanisms Tests 
 The linked mechanisms tests, despite their weaknesses, provided useful information about the 
relationships between the concepts in the linked mechanisms maps. Although some links were not 
supported, most were supported at least in part, and in the anticipated direction. This approach to making 
the connections does not rule out all possible alternative explanations. Nonetheless, most links have 
support from other investigations and from supporting theories, which can give us more confidence in the 
map as a means of understanding how employees experience and respond to their working environments. 
Although the median –split groups were independent of lighting condition, we can learn from the other 
analyses and from other research how lighting conditions influence lighting appraisals, and thereby 
influence the entire set of linked mechanisms. This overall interpretation of the linked mechanisms 
together with the other analyses, is the subject of the General Discussion. 
 

5. Method - Experiment 2 
 Experiment 2 was undertaken for two reasons. First, to provide another test of the hypothesis that 
better quality lighting will enhance the health, well-being, and task performance of office workers. 
Second, to provide a comparison between a different form of Base Case lighting and a variant of the Best 
Practice lighting used in Experiment 1. The Base Case 2 lighting used in Experiment 2 was a regular 
array of recessed prismatic luminaires with the same luminaire layout as the Base Case parabolic 
luminaire lighting used in Experiment 1. The Best Practice 2 lighting used in Experiment 2 was the same 
linear array of the direct / indirect luminaires and the wall washing luminaires used in Experiment 1, but 
with the direct / indirect luminaires dimmed to provide a lower illuminance on the desks. It is a common 
practice to reduce the design illuminance when using indirect lighting to compensate, in terms of energy 
consumption, for the reduced efficiency of indirect lighting relative to direct lighting.  
 
5.1 Setting 
 The setting used for experiment 2 was identical to that used in experiment 1 (see Section 3.1). 
 
5.2 Finishes and Furnishings 
 The finishes and furnishings used in Experiment 2 were identical to those used in Experiment 1 (see 
Section 3.2) 
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5.3 Lighting Manipulations 
 Two different lighting installations were used in Experiment 2. The two lighting installations were 
both designed to be representative of current office lighting practice.  
 The two lighting installations were: 
 1. Base Case 2: This installation was designed to represent another common approach to office 
lighting. It consisted of a regular array of three lamp, recessed prismatic luminaires, mounted on 8 ft by 
10 ft centers in the suspended ceiling. Each luminaire contained three T8, 32W, fluorescent lamps of 
correlated color temperature (CCT) of 3,500K and a CIE General Color Rendering Index (CRI) of 82. 
These three fluorescent lamps were operated from an electronic dimming ballast. This lighting was 
installed in the areas frequently used by the subjects, i.e., the cubicle area, hallway and conference room. 
Figures 38 and 39 show the space lit with this installation. Other areas i.e., restrooms, kitchen, storage 
rooms, research office, and vision screening room, were lit by the parabolic luminaire Base Case 1 
installation throughout both experiments. This installation provided an adequate illuminance on the 
working plane but the luminaire could be seen as bright from a wide range of positions. This made it more 
likely that the installation would create high luminance reflections visible on the screen of the computer 
monitor, although not every workstation had this characteristic (Figure 40).    
 2. Best Practice 2: This installation was designed to provide a lower illuminance on the working 
plane than the Base Case 2 installation and to produce brighter walls and ceiling. The luminaires, lamps 
and layout were identical to those used for Best Practice 1, but the direct / indirect luminaires in the 
cubicle area were dimmed to produce a lower illuminance on the working plane, more typical of 
contemporary installations with direct / indirect systems. All other areas were lit in exactly the same 
manner as for Best Practice 1 (see section 3.3, Figure 10). The photographs in Figures 11-12 show this 
installation, although at the higher illuminance setting used in Experiment 1. 
 

Figure 38. General view of workstations with Base Case 2 lighting installation. 
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Figure 39. View to the break area under Base Case 2 lighting installation. 
 

 
 
 

Figure 40. Two workstation views from the Base Case 2 lighting installation 
 

 
 
5.4 Lighting Monitoring 
 Both lighting installations were operated through a control system. This system allowed the 
luminaires forming the installation to be put into functional groups, e.g., for the Best Practice 2 
installation, the direct / indirect luminaires over the cubicle area formed one functional group and the wall 
washing luminaires formed another. Each functional group could be dimmed as desired. The power 
demand for each functional group of luminaires was recorded every five minutes.  
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5.5 Photometric Conditions 
5.5.1 Illuminances 
 Table 85 shows the mean illuminances provided by the two lighting installations on the work 
surface, on the monitor screen, on the keyboard, and at the subject's eyes, in the cubicles with the gray 
and navy blue panels. A comparison of Table 85 with Table 3 shows that the Base Case 2 lighting 
provides slightly lower horizontal illuminances and slightly higher vertical illuminances than those given 
by the Base Case 1 lighting. However, the Best Practice 2 lighting provides illuminances about 25 to 30 
percent lower than does the Best Practice 1 lighting, for both vertical and horizontal illuminances.  
  
Table 85. Means of the illuminances (lx) provided on the work surface, on the monitor, on the keyboard, 

and at the subject's eye, by the two lighting installations in the cubicles with the gray and dark blue 
panels. 

Lighting 
installation and 

panel type 

Illuminance on 
work surface 

(lx) 
 

Illuminance on 
monitor (lx) 

Illuminance on 
keyboard (lx) 

Illuminance at 
subject's eye 

(lx) 

Base Case 2 
     Gray 
     Blue 

 
567 
514 

 
364 
352 

 
586 
547 

 
321 
294 

Best Practice 2 
     Gray 
     Blue 

 
431 
398 

 
283 
242 

 
443 
446 

 
269 
235 

 
 Illuminances were also measured at other salient locations in the space, i.e., the reception desk, the 
sofa near the reception desk, on the filing cabinets in the hallway, and on the tables at the end of the hall 
way that were used for meeting. Table 86 shows the mean illuminances provided by the two lighting 
installations at these locations. 
 
Table 86. Means (and standard deviations) of the illuminances (lx) provided on the reception desk, on the 

sofa near the reception desk, on the filing cabinets in the hallway, and on the tables at the end of the 
hallway, by the two lighting installations. 

  Illuminance on 
reception desk 

(lx) 
 

Illuminance on 
sofa (lx) 

Illuminance on 
filing cabinets 
in hallway (lx) 

Illuminance on 
tables at end of 

hallway (lx) 

Base Case 2 425  (69.5) 536  (24.6) 485  (51.9) 427  (61.5 
Best Practice 2 385  (62.9) 419  (35.4) 398  (42.8) 419  (29.4) 

 
 As for the conference room, the illuminance on the table in front of each chair and on the faces of 
people sitting in each chair were measured. The mean illuminances for the two lighting installations used 
in the conference room are given in Table 87.  
 

Table 87. Means (and standard deviations) of the illuminances (lx) provided on the conference room 
table, and at the eyes of subjects sitting around the table, for the two lighting installations used in the 

conference room. 
Lighting installation Illuminance on table (lx) Illuminance at subject's eye (lx) 
Base Case 2 565 (40.3) 395 (56.6) 
Best Practice 2 567 (35.9) 440 (48.4) 
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5.5.2 Luminances 
5.5.2.1 Room surfaces 
 The luminances of the all the surfaces in the cubicle area, the hallway and the conference room, 
under each lighting installation, were measured using a digital imaging photometer, and the appearance of 
the space was recorded with a digital camera.  
 
5.5.2.2 Computer monitor 
 The computer monitors used extensively throughout the study were all set up to have a similar 
background color. The screen luminance of a blank white screen display, in the absence of any lighting in 
the room, was 120 cd/m2.  
 
5.6 Thermal and Acoustic Conditions 
 The air temperature and relative humidity conditions provided by the air-conditioning in the office 
were typical of offices and showed little variation over the time of the experiment. The sound pressure 
levels occurring in the office were less than 50 dB(A). Such sound pressure levels are typical of a quiet 
office. 
 
5.7 Experimental Design 
5.7.1 Outline 
 There were two independent variables for Experiment 2, one being the two different lighting 
installations; the other being the two reflectances of the panels forming the background to the computer in 
the cubicle. Experiment 2 was a between groups experiment only. 
 
5.7.2 Sample Size 
 The target number of subjects per condition used in Experiment 2 was the same as for the between 
groups part of Experiment 1, i.e., about 50. In the between-groups experiment, each participant is 
randomly assigned to one of four experimental conditions (two lighting conditions crossed by two cubicle 
panel reflectances). Table 88 summarizes the experimental design. The random assignment of participants 
ensures that individual differences are equally distributed between the groups, and allows the inference 
that if any differences exist between the groups on any dependent measure, then the treatment is the cause 
of the effect (Kerlinger & Lee, 2000).  
 

Table 88. Schematic Experimental Design: Experiment 2 
 Base Case 2 Best Practice 2 
Gray Panel Between groups 

N = 25 
Between groups 

N = 25 
Blue Panel Between groups 

N = 25 
Between groups 

N=25 
 N = 50 participants randomly assigned to the 2 above conditions 

 
5.7.3. Participant Characteristics   
 As before, the participants in Experiment 2 were recruited from an office temporary services agency; 
and paid for at the agency rate for each day they worked.  They were all over 18 years of age and were 
required to have experience with Windows-based word processing and spreadsheet software and a 
minimum typing speed of 30 words per minute, and have normal or corrected to normal vision and 
hearing. None of the participants taking part in Experiment 2 had taken part in Experiment 1. Table 89 
shows how the 107 participants in Experiment 2 were allocated to the different conditions. 
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Table 89. Experiment 2 participants by experimental condition 
 Base Case 2 Best Practice 2 Total 
Light (Gray) 29 29 58 
Dark  (Blue) 23 26 49 
Total 52 55 107 

 
The demographic characteristics of the Experiment 2 participants are summarized in Table 90. 

 
Table 90. Experiment 2 sample characteristics 

Sex 42 Male  65 Female 
Age 60 – 18-29 22 – 30-39 13 – 40-49 9 – 50-59 2 – 60-69 1 – 70-79 
Corrective 
Lenses 

40 –  
None 

13 –  
Reading 

31 – 
Distance 

6 – Bi- or 
Tri-focal 

4 –  
Multi-focus 

13 – Contact 
lenses 

Education 22 – HS 12 – CC 31 – UC 31 – UD 11 – GD 
Note. HS = high school diploma. CC = community college diploma. UC = undergraduate courses. UD = 
undergraduate degree. GD = graduate degree. 
 
 We inquired about the frequency of hearing impairment or use of a hearing aid on the testing day. 
Five participants reported having at some time being diagnosed with a hearing impairment, but none wore 
a hearing aid at the test. In addition, no one reported any functional problems with hearing that prevented 
them from communicating with others during the session.  
 In the separate vision testing (section 3.7.3), participants’ color vision was tested: Two people failed 
the Ishihara color test. All participants had a full visual field. 

The contrast sensitivity test consisted of five rows of rings, from high to low spatial frequency; in 
each row were nine targets of diminishing luminance contrast. Scores on this test were the sum of 
correctly-identified rings, from 0 to 45. The mean contrast sensitivity score was 33.38 (SD = 4.63). Near-
field visual acuity was generally very high; the distribution is shown in Table 91. 
 

Table 91. Experiment 2 participants' near-field visual acuity 
 Visual Acuity 20/ 
 20 25 30 35 40 50 60 80 
Total frequency 49 34 11  11 2   

 
 We also asked participants to report the duration of their time in the paid work force and as a 
temporary office worker. Overall, participants had been in the workforce for an average of 12.2 years (SD 
= 10.42) and as a temporary worker for an average of 1.2 years (SD = 2.09).  
 
5.8 Independent Variables   
 Experiment 2 had two independent variables, lighting design and panel reflectance, that are 
applicable to all the dependent variables. As in Experiment 1, time was an additional independent variable 
for some outcomes. Print size was an additional variable for the typing task, and contrast was an 
additional variable for the timed vision test.  
 
5.9 Dependent Variables 
5.9.1 Daily Schedule 
 The daily schedule adopted for Experiment 2 was the same as for Experiment 1 (see Section 3.9.1 
and Table 15). 
 
5.9.2 Perceptions and Feelings 
 The instruments used to measure the participants' perceptions and feelings in Experiment 2 were the 
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same as those used in Experiment 1 (see Section 3.9.2). 
 
5.9.3 Performance Measures 
 The measurements taken to quantify the participants’ performance at the various tasks in Experiment 
2 were the same as those used in Experiment 1 (see Section 3.9.3). 
 
5.9.4. Social Behavior 
 The questions used to assess the participants' social behavior in Experiment 2 were the same as those 
used in Experiment 1 (see Section 3.9.4). 
 
5.10 Daily Procedure 
 The daily procedure followed in Experiment 2 was the same as that followed in Experiment 1 (see 
Section 3.10). 
 
5.11 Ethical Issues 
 A revised experiment protocol for Experiment 2 was submitted for approval to the Ottawa Research 
Ethics Board at the National Research Council of Canada, and to the Ethics Review Board of the Pacific 
Northwest National Laboratory, prior to the commencement of data collection (The Institute Review 
Board of Rensselaer Polytechnic Institute did not examine the protocol of Experiment 2 because it was 
considered as a simple extension of Experiment 1 and not a new experiment). Both Boards approved the 
protocol. The informed consent procedure and forms were as in Experiment 1. 
 

6.0 Results - Experiment 2 
6.1 Manipulation Checks 
6.1.1 Demographics 
 We checked the random assignment assumption against several demographic characteristics. There 
were no differences between the groups (2 Lighting Designs or 2 Reflectances) for sex (Lighting Design, 
χ2(1) = 1.83, p>.05; Reflectance, χ2(1) = 0.09, p>.05) , age (Lighting Design, χ2(5) = 3.71, p>.05; 
Reflectance, χ2(5) = 4.93, p>.05), education (Lighting Design, χ2(4) = 1.97, p>.05; Reflectance, χ2(4) = 
5.08, p>.05), or type of corrective lenses (Lighting Design, χ2(5) = 2.56, p>.05; Reflectance, χ2(5) = 9.05, 
p>.05). In addition, the distributions did not differ for hearing impairment (Lighting Design, χ2(1) = 2.07, 
p>.05; Reflectance, χ2(1) = 0.07, p>.05). The frequency of impaired color vision did not differ between 
the lighting conditions, with one in each of the two groups (χ2(1) = 0, p>.05), nor across Reflectances 
(χ2(1) = 2.41, p>.05). For contrast sensitivity, we conducted a 2 x 2 Lighting Design X Reflectance 
ANOVA on the overall scores and found no main effects or interactions. Similarly, there were no main 
effects or interactions for a 2 x 2 Lighting Design X Reflectance ANOVA for visual acuity. We also 
asked participants to report the duration of their time in the paid work force and as a temporary office 
worker. These continuous variables we tested in a 2 x 2 (Lighting Design by Reflectance) MANOVA 
design that also showed no differences. Overall, random assignment appears to have successfully created 
two broadly equivalent groups on these demographic characteristics. 
 
6.1.2 Participant Expectancies 
 At the end of each testing day, participants were asked to report their beliefs about the purpose of the 
experiment and their feelings about what might have influenced their performance or responses. These 
questions we ask routinely to probe the extent to which participants had expectancies about the expected 
outcome of the investigation, or beliefs about how the researchers had wanted them to act. In reading 
these responses we looked particularly for indications that participants had identified lighting as the focus 
of the experiment. 
 A large percentage of the participants (53% overall) identified the effects of lighting on performance, 
vision, or well-being as the purpose of the experiment. This percentage was higher for participants in the 
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Best Practice 2 condition (62%) than the Base Case 2 condition (44%). The pattern is the same as it was 
in Experiment 1, but the overall percentages are higher.  
 Participants were also asked about what, in their opinion, might have influenced them during the 
day. Overall, 20% said that lighting had affected them, 3% positively and 17% negatively. All of the 
positive responses were from people in the Best Practice 2 condition. The negative responses were split 
across conditions, with 19% of Base Case 2 participants, and 15% of Best Practice 2 participants, 
reporting negatively about the lighting. Of the Best Practice 2 complaints, some stated that the lighting 
was too bright and others too dim.  
 In addition, 23% percent of the participants reported boredom and fatigue (21% of Base Case 2, and 
25% of Best Practice 2). Conversely, 25% reported having had a good experience and having enjoyed the 
day (23% of Base Case 2 and 27% of Best Practice 2). Ten per cent expressed interest in the experiment 
and in knowing more, with a small tendency for people in Best Practice 2 to express this more frequently 
(13%, versus 8% for Base Case 2). 
 Overall, the pattern does not suggest that participant expectancies about the expected outcomes 
biased the results. If that were the case we would expect a higher percentage of lighting-positive 
comments in Best Practice 2 and lighting-negative comments in Base Case 2.  
 
6.2 Perceptions and Feelings 
 In this section we again organized the results by the conceptual groups of outcomes, and used the 
same analytic strategies as for Experiment 1.  
 
6.2.1 Lighting Appraisal  
 6.2.1.1 LRC’s Office Lighting Survey.  
 The results of the non-parametric analysis of the afternoon responses to this questionnaire are in 
Table 92. Here, too, the results were compared to the normative data for the OLS (Eklund & Boyce, 
1996). In general, the results follow expected patterns. Base Case 2 (recessed prismatic luminaires) were 
not different in comfort from the normative sample, with 69% agreeing that “the lighting is comfortable”. 
Noticeably more people in the Best Practice 2 condition (direct / indirect) agreed with the statement 
(81%), which is comparable to the level achieved by the Best Practice condition in Experiment 1 (85%, 
section 4.3.1.1). Given the other responses we view this as a practically significant difference between the 
lighting conditions. 
 For instance, the Base Case 2 condition was judged to be uncomfortably bright by a higher-than-
expected number of people (question 2). This question also showed a significant difference between the 
two groups. Similarly, Base Case 2 was also more likely to be judged to cause reflections that hindered 
work (question 6) and to have light fixtures that are too bright (question 7). Conversely, Best Practice 2 
showed a lower-than-expected percentage agreement that “the lighting is poorly distributed here” 
(question 4). Overall it appears that people judged the Best Practice 2 condition to be better than Base 
Case 2. 
 Interestingly, however, that did not translate into between-group differences on question 10. There 
were no differences between the groups, nor between either group and the normative sample, on the 
question of whether the lighting installation was worse, the same, or better than in other places. This 
finding differs from the assessment of Best Practice in Experiment 1; in that case the same system (at a 
higher illuminance level) was judged to be better than in other places. It could be that the lower 
illuminance setting made this lighting design equivalent to other places, particularly for people in the 
group whose personal preferences would be for higher illuminances. 
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Table 92.  Experiment 2 OLS Results 
1. Overall, the lighting is comfortable. 
  Between-Groups 
Norm:  69% Agree Χ2(1) = 2.00 
Base Case 2 Count of total 36 of 52 
 % Agree 69 
 Χ2(1) 0.00 
Best Practice 2 Count of total 43 of 53 
 % Agree 81 
 Χ2(1) 3.65 
2. The lighting is uncomfortably bright for the tasks that I perform. 
  Between-Groups 
Norm:  16% Agree Χ2(1) = 5.85* 
Base Case 2 Count of total 18 of 52 
 % Agree 35 
 Χ2(1) 13.41*** 
Best Practice 2 Count of total 8 of 55 
 % Agree 15 
 Χ2(1) 0.09 
3. The lighting is uncomfortably dim for the tasks that I perform 
  Between-Groups 
Norm:  14% Agree Χ2(1) = 0.85 
Base Case 2 Count of total 6 of 51 
 % Agree 12 
 Χ2(1) 0.21 
Best Practice 2 Count of total 10 of 55 
 % Agree 18 
 Χ2(1) 0.8 
4. The lighting is poorly distributed here. 
  Between-Groups 
Norm:  25% Agree Χ2(1) = 3.91* 
Base Case 2 Count of total 12 of 52 
 % Agree 23 
 Χ2(1) 0.1 
Best Practice 2 Count of total 5 of 55 
 % Agree 9 
 Χ2(1) 7.42** 
5. The lighting causes deep shadows 
  Between-Groups 
Norm:  15% Agree Χ2(1) = 0.22 
Base Case 2 Count of total 4 of 52  
 % Agree 8 
 Χ2(1) 2.18 
Best Practice 2 Count of total 3 of 55 
 % Agree 5 
 Χ2(1) 3.93* 
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6. Reflections from the light fixtures hinder my work. 
  Between-Groups 
Norm:  19% Agree Χ2(1) = 6.76** 
Base Case 2 Count of total 21 of 51 
 % Agree 41 
 Χ2(1) 16.3*** 
Best Practice 2 Count of total 10 of 55 
 % Agree 18 
 Χ2(1) 0.02 
7. The light fixtures are too bright. 
  Between-Groups 
Norm:  14% Agree Χ2(1) = 14.94*** 
Base Case 2 Count of total 20 of 52 
 % Agree 38 
 Χ2(1) 25.84*** 
Best Practice 2 Count of total 4 of 55 
 % Agree 7 
 Χ2(1) 2.07 
8. My skin is an unnatural tone under the lighting. 
  Between-Groups 
Norm:  9% Agree Χ2(1) = 0.69 
Base Case 2 Count of total 12 of 52 
 % Agree 23 
 Χ2(1) 12.58*** 
Best Practice 2 Count of total 9 of 54 
 % Agree 17 
 Χ2(1) 3.88* 
9. The lights flicker throughout the day. 
  Between-Groups 
Norm:  4% Agree Χ2(1) = 0.00 
Base Case 2 Count of total 3 of 52 
 % Agree 6 
 Χ2(1) 0.42 
Best Practice 2 Count of total 3 of 53 
 % Agree 6 
 Χ2(1) 0.38 
10. How does the lighting compare to similar workplaces in other buildings?. 
  Between-Groups 
Norm:  19% worse – 60% same – 22% better Χ2(2) = 1.46 
  Worse Same Better 

Base Case 2 Count 5 of 52 36 of 52 11 of 52 
 %  10 69 21 
 Χ2(2) 3.17 
Best Practice 2 Count of total 8 of 55 32 of 55 15 of 55 
 %  15 58 27 
 Χ2(2) 1.30 
Note. * p<=.05. ** p<=.01. *** p<=.001. 
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 6.2.1.2 NRC’s lighting quality scale.  
 As before, we analyzed the lighting quality scale with two dependent variables, an overall 
assessment of lighting quality and a specific scale for bothersome glare, both as reported in the afternoon. 
Internal consistency reliability was excellent for Lighting Quality, Cronbach’s α = .90. For Bothersome 
Glare, internal consistency was acceptable, Cronbach’s α = .65. For Base Case 2, the mean Lighting 
Quality rating was 2.84 (SD = 0.82); for Best Practice 2, the mean Lighting Quality rating was 2.83 (SD = 
0.77). The respective ratings for Bothersome Glare were: Base Case 2 M = 1.33 (SD = 1.00), Best 
Practice 2 M = 0.98 (SD = 0.96). Thus, in general the lighting in both designs was rated as being of good 
quality, and glare was not a very bothersome problem. The statistical model for the analysis was a 2 x 2 
Lighting Design x Reflectance MANOVA. There were no statistically significant effects on either 
dependent variable.  
 However, responses to open-ended questions about the sources of glare revealed that people in the 
Base Case 2 condition were more likely to say that the lighting was a source of glare or reflections on the 
computer screen. Thirty-eight per cent (38%) of Base Case 2 participants reported this, versus 16% of 
Best Practice 2 participants. These percentages confirm the pattern seen in the responses to question 6 of 
the Office Lighting Survey (Table 92, above). 
 
6.2.2 Preference  
 The dependent variables, as before, were the four scales derived from the 27 semantic differential 
(SD) items in the Room Appearance questionnaire in Experiment 1: Attractiveness, Comfort, Visibility, 
and Spaciousness. Internal consistency reliability for these scales was not as strong as it had been in 
Experiment 1, except for the Attractiveness scale (Cronbach’s α scores:  Attractiveness, AM = .89, PM = 
.88; Comfort, AM = .39, PM = .46; Visibility, AM = .56, PM = .64; Spaciousness, AM = .51, PM = .51). 
(Compare to values in table 20). 
 The statistical analysis model was a 2 x 2 x 2 (Lighting Design X Reflectance X Time) MANOVA. 
We examined all the main effects and interactions. As for Experiment 1, only statistically significant 
effects are presented in the text.   
 6.2.2.1 Base Case 2 versus Best Practice 2.  
 There was a small, but statistically significant multivariate interaction of Lighting Design X 
Reflectance X Time, accompanied by a univariate effect for the rating of Comfort. The statistical tests are 
summarized in Table 93 and the interaction is shown graphically in Figure 41. Post hoc tests are 
summarized in Table 94. The post hoc tests show that in the morning, the Base Case 2 - Light was rated 
as more comfortable than the Best Practice 2 - Light. The Base Case 2 - Light and Best Practice 2 - Dark 
ratings both dropped significantly by the afternoon. Base Case 2 - Dark and Best Practice 2 - Light stayed 
the same.  
 We interpret this pattern as indicating that although Base Case 2 - Light and Best Practice 2 - Dark 
received higher initial ratings, they could not sustain them over time. The other two conditions received 
sustained ratings over time, which we interpret as a more favorable outcome in view of the main effect of 
time on this variable (see next section). We speculate that the Base Case 2 - Light appeared comfortable 
in the morning because of its overall lightness, but that it dropped in comfort by the afternoon because of 
its potential for glare problems. Best Practice 2 - Dark, by comparison, might be have been rated as 
comfortable in the morning because of the combination of direct / indirect lighting and variety in surface 
luminances, but that this degree of variety appears not to have been suitable for sustained work periods 
(see below, for Performance effects involving this interaction). 
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Table 93. Lighting Design x Reflectance x Time interaction effect on preference. 
     

 Wilks’ Λ F df η2  
partial 

Multivariate .91 2.64* 4, 100 .02
 Attractive 0.20 1, 103 .00
 Comfort 7.88** 1, 103 .07
 Visibility 0.63 1, 103 .01
 Spacious 0.39 1, 103 .00
 AM PM 
Comfort: M SD M SD 
 Base Case 2 – Light 72.90 10.90 65.50 9.93
 Base Case 2 – Dark 67.17 10.52 64.51 11.58
 Best Practice 2 – Light 66.77 9.39 66.54 10.00
 Best Practice 2 - Dark 72.35 12.19 67.09 10.87

Note. *p<=.05. **p<=.01. 
 

Figure 41. Lighting Design x Reflectance x Time interaction effect on Preference- Comfort. 
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Table 94. Post hoc tests for Lighting Design by Reflectance by Time effect on Preference - Comfort. 
 F df η2  

partial 

Base Case 2 – Light – Time-linear 24.91*** 1, 28 .47 
Base Case 2 – Dark – Time-linear 3.22 1, 22  
Best Practice 2 – Light – Time-linear 0.01 1, 28  
Best Practice 2 – Dark – Time-linear 7.97** 1, 25 .24 
Base Case 2 – Light vs Best Practice 2 – Light - AM 5.28* 1, 56 .09 
Base Case 2 – Light vs Best Practice 2 – Dark - AM 0.03 1, 53  
Base Case 2 – Dark vs Best Practice 2 – Light – AM 0.02 1, 50  
Base Case 2 – Dark vs Best Practice 2 – Dark – AM 2.51 1, 47  
Base Case 2 – Light vs Base Case 2 – Dark - AM 3.66 1, 50  
Best Practice 2 – Light vs Best Practice 2 – Dark - AM 3.67 1, 53  
Base Case 2 – Light vs Best Practice 2 – Light - PM 0.16 1, 56  
Base Case 2 – Light vs Best Practice 2 – Dark - PM 0.32 1, 53  
Base Case 2 – Dark vs Best Practice 2 – Light – PM 0.46 1, 50  
Base Case 2 – Dark vs Best Practice 2 – Dark – PM 0.65 1, 47  
Base Case 2 – Light vs Base Case 2 – Dark - PM 0.11 1, 50  
Best Practice 2 – Light vs Best Practice 2 – Dark - PM 0.04 1, 53  

Note. * p<=.05. ** p<=.01. ***p<=.001. 
 

 6.2.2.2 Non-lighting effects.  
 The results for Experiment 2 replicated those of Experiment 1 in the effect of time on Preference 
ratings. Ratings of both Comfort and Visibility dropped to a statistically significant degree in both 
experiments (Table 95). The effect sizes were also comparable in both cases (see Table 21 for 
comparison).  
 

Table 95. Time main effect on preference 
     AM PM 

 Wilks’ 
Λ 

F df η2  
partial M SD M SD 

Multivariate .82 5.66*** 4, 100 .06     
 Attractiveness  0.92 1, 103 .01   
 Comfort  19.852*** 1, 103 .16 69.87 11.00 65.96 10.44
 Visibility  8.47** 1, 103 .08 64.31 11.26 61.17 11.62
 Spaciousness  0.38 1, 103 .00   
Note. *p<=.05. **p<=.01. Group descriptive statistics are provided only for the statistically-significant 
univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the 
univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
6.2.3 Mood 
 The three mood scales were scored as in Experiment 1, on scales ranging from 0 – 8, and higher 
scores indicated stronger feelings (i.e., more pleasure, more arousal, or more dominance). Internal 
consistency reliability, as indicated by Cronbach’s alpha, was typical of previously-obtained values, 
although more consistent from morning to afternoon (for Pleasure, α = .88 AM, α = .88 PM; for Arousal, 
α = .71 AM, α = .76 PM; for Dominance, α = .53 AM, α = .58 PM). These scores were analyzed in a 2 x 2 
x 2 Lighting Design X Reflectance X Time MANOVA, with all main effects and interactions. 
 Table 96 shows the only statistically significant result, a small main effect of Time. It partially 
replicated the results of Experiment 1. The multivariate effect was accompanied by a statistically 
significant drop in Pleasure that was smaller than the one found in Experiment 1 (see Table 23 for 
comparison). There was also a statistically significant, small effect on Dominance, in which scores 
increased in the afternoon. This effect is difficult to explain as it has not been found in previous research. 
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In addition, these participants did not show a drop in Arousal scores in the afternoon, which is typical of 
previous research (e.g., Veitch & Newsham, 1998a; Veitch & Newsham, 2000a). 
 

Table 96. Time main effect on mood. 
     AM PM 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate .82 6.72*** 3, 91 .04     
 Pleasure  7.90** 1, 93 .08 4.78 1.38 4.38 1.44
 Arousal  0.43 1, 93 .00     
 Dominance  4.65* 1, 93 .05 3.97 0.81 4.14 0.76
Note. *p<=.05. **p<=.01.***p<=.001. Group descriptive statistics are provided only for the statistically-
significant univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all 
the univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
6.2.4 Competence 
 6.2.4.1 Task competence.  
 As in Experiment 1, participants reported in the morning a goal for the number of summaries they 
would process in a session; this was the only measurement of task competence. It was analyzed in a 2 x 2 
(Lighting Design X Reflectance) factorial ANOVA. There were no statistically significant differences in 
this analysis. 
 6.2.4.2 Environmental competence.  
 Scores on the Environmental Competence scale have a range from 0 to 8, with higher scores 
indicating feelings of greater environmental competence (the ability to successfully alter environmental 
conditions). Internal consistency reliability for this four-item scale was good, although slightly lower than 
in Experiment 1 (Cronbach’s α = .69 in the AM and α = .78 in the PM). The values for both the morning 
and afternoon scores on this variable were slightly negatively skewed; the median scores for both times 
were 6 of 8, indicating that most participants felt somewhat environmentally competent. These scores 
were analyzed in a 2 x 2 x 2 (Lighting Design X Reflectance x Time) factorial ANOVA. No statistically 
significant differences were found. 
 
6.2.5 Health & Well-Being 
 6.2.5.1 Satisfaction.  
 There were three indicators of satisfaction measured at the end of the session. Performance 
Satisfaction (the individual’s sense of having worked effectively) and Environmental Satisfaction 
(feelings that the workplace had been suitable for their work) were scored on scales from 0 –4, with 
higher scores indicating greater satisfaction. For Environmental Satisfaction, internal consistency 
reliability was very good, with Cronbach’s α = .86. Overall, most participants were satisfied with the 
environment: Average Environmental Satisfaction was 2.75 (SD = 0.67), and the median was 3. For 
Performance Satisfaction, Cronbach’s α was .86, and the overall mean was 2.86 (SD = 0.64).  
 Self-rated productivity was a single-item measure on a scale from –4 through +4. Negative scores 
indicate that the participant felt that the environment had reduced his or her productivity relative to other 
workplaces; positive scores indicate that the participant felt the environment had improved productivity 
relative to other workplaces. The overall mean was 0.47 (SD = 1.64), indicating than on average the 
participants believed that the Office Solutions environment improved their ability to work a small amount 
relative to most places where they usually work. 
 These three dependent variables were analyzed in a 2 x 2 (Lighting Design X Reflectance) 
MANOVA model. There were no statistically significant differences between the experimental conditions 
in these scores. 
 6.2.5.2 Comfort.  
 Recall that there were two measures of comfort, one specifically visual comfort and the other more 
general physical comfort. Each was the sum of severity ratings (from 0 = none, to 4 = extremely severe) 
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on each of a list of related symptoms. Thus, high scores are more uncomfortable. For visual comfort the 
maximum possible score was 32, and for physical comfort it was 36. Participants completed these scales 
in both the morning and afternoon. Internal consistency reliability was acceptable to very good for visual 
comfort (Cronbach’s α = .67 AM, α = .87 PM) and good for physical comfort (Cronbach’s α = .75 AM, α 
= .79 PM).  
 The analysis used a 2 x 2 x 2 (Lighting Design X Reflectance X Time) MANOVA model. There 
were no effects involving lighting design or reflectance; the only statistically significant effect involved 
time (Table 97). Both visual and physical comfort got worse over the course of the day, as they had in 
Experiment 1 (Table 27) and previous research (Amick et al., 2002). These are large effects in terms of 
explained variance and of the same magnitude as in Experiment 1. The scores always remained low in 
relation to the possible scale maxima, indicating that in absolute terms people were never very 
uncomfortable.  
 

Table 97. Time main effect on comfort. 
     AM PM 

 Wilks’ Λ F df η2  
partial M SD M SD 

Multivariate .72 20.04*** 2, 102 .24   
 Visual Comfort 32.74*** 1, 103 .24 2.06 2.37 4.42 5.13
 Physical Comfort 31.90*** 1, 103 .24 2.09 2.75 3.69 4.14

Note. ***p<=.001. Group descriptive statistics are provided only for the statistically-significant univariate 
tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all the univariate values. 
It is the proportion of variance explained, with a range from 0 – 1.  

 
 6.2.5.3 Task difficulty ratings.  
 There were six ratings of the difficulty of the tasks and one overall rating of the difficulty of all the 
tasks. These were analyzed in a 2 x 2 (Lighting Design X Reflectance) MANOVA. The analysis did not 
show any differences in the rated difficulty of the tasks. 
 
6.2.6 Summary: Perceptions and Feelings 
 The results for the various measurements of Perceptions and Feelings may be summarized thus: 
 

• Appraisals of the lighting differentiated between the lighting designs. This conclusion was also 
made following Experiment 1. The Office Lighting Survey and the open-ended responses from the NRC 
Lighting Quality questionnaire both showed that the Base Case 2 condition was perceived as causing 
more glare than the Best Practice 2, which would be expected for a recessed prismatic luminaire 
installation. The Office Lighting Survey results furthermore indicated that overall the Best Practice 2 
installation was perceived as better than the Base Case 2. 

• The experiment was sensitive to known effects of fatigue. Experiment 1 findings also led to this 
conclusion. Pleasure was lower in the afternoon, as in previous research and Experiment 1 (e.g., Veitch 
& Newsham, 1998a; Veitch & Newsham, 2000a). Visual and physical comfort also dropped from 
morning to afternoon, as expected from Experiment 1 and as consistent with the literature (Amick et al., 
2002; Wibom & Carlsson, 1987). The decline in room appearance ratings over the day followed the 
Experiment 1 pattern.  

• Lighting and interior design choices interact in influencing room appearance. Although the 
interpretation of the interaction remains speculative, the presence of an interaction between lighting 
design and partition reflectance and time on preference (room appearance) ratings warrants greater 
attention. This issue is discussed further below, where other similar interactions were also found. 
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 The absence of simple main effects of lighting design or reflectance on mood, health, or well-being, 
although disappointing, is also typical of previous research in this area, including Experiment 1 above 
(e.g., Eklund, et al., 2000; Veitch & Newsham, 1998a). The encouraging aspect of these findings is the 
replication of so many statistically significant non-lighting effects in similar directions and with similar 
effect sizes. Only the mood scores showed a pattern that was not consistent with previous research 
(Veitch & Newsham, 1998a; Veitch & Newsham, 2000a), with no effect of time on Arousal, and an 
increase in Dominance in the afternoon. Given the use of the same experimental protocol as had been 
used in Experiment 1, and the broadly similar demographics of the new sample, this change in mood 
response is a mystery. 
 
6.3 Performance 
 The results are organized, as before, by their conceptual groups, which relate to constructs in the 
linked mechanisms map. All analyses proceeded using the MANOVA and ANOVA strategy outlined 
above (section 4.1).  
 
6.3.1 Timed Vision Test 
 As in Experiment 1, twice during the day, participants completed a computer-based contrast 
sensitivity test that was scored for both speed and accuracy. Response times and accuracy scores were 
combined to form a composite visual performance score: total correct/total time (summed across three 
target sizes) for all trials in each of six contrast levels. Thus, time and contrast were two additional within-
subjects variables for the vision test analyses. The general analytic model was a 2 x 2 x 6 x 2 (Lighting 
Design X Reflectance X Contrast X Time) ANOVA, in which we examined main effects and interactions. 
 6.3.1.1 Overall contrast sensitivity.  
 The overall effect of target contrast on composite visual performance followed the same pattern as in 
Experiment 1, as seen in Figure 42 (compare to Figure 17 for Experiment 1). Performance increased as 
target contrast increased, but was lowest when the target was present but only faintly (gray level 1). We 
conducted an ANOVA for all the polynomials making up this curve; the results are shown in Table 98. As 
expected, and as in Experiment 1, the overall effect of contrast on composite visual performance was 
statistically significant, as were all of the polynomial components. All of the effects were very large, and 
are approximately of the same magnitude as for Experiment 1. The largest effect was the linear trend, and 
for further analyses of contrast level effects we focused on this effect alone, as we had done in 
Experiment 1. We further simplified the analyses by treating the gray-level values as being equally 
spaced. 
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Figure 42. Composite visual performance by target contrast level. 
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Table 98. Contrast effect on composite visual performance. 
     

 Wilks’ Λ F df η2  
partial 

Multivariate .053 334.14*** 5, 94 .69 
 Linear trend  1151.55*** 1, 98 .92 
 Quadratic trend  365.95*** 1, 98 .79 
 Cubic trend  52.19*** 1, 98 .35 
 Quartic trend  350.69*** 1, 98 .78 
 Quintic trend  154.41*** 1, 98 .61 
Note. ***p<.001. Lighting condition, reflectance, and time were controlled for in this 
analysis. Contrast is weighted by gray level value.  

 
 6.3.1.2 Base Case 2 vs Best Practice 2.  
 There was one statistically significant, small effect involving the contrast of Base Case 2 versus Best 
Practice 2. It was a four-way interaction effect of Base Case vs Best Practice X Reflectance X Contrast X 
Time (Figure 43 and Table 99). We probed this complex effect with post hoc tests (Table 100). From the 
results of Experiment 1, we know that the contrast effect should get stronger with practice, and 
performance should improve with practice (see Section 4.4.1.4); that is the reading of the Contrast x Time 
interaction in Experiment 1. Conditions that enhance those effects will lead to better performance at high 
contrasts. 
 Reading the graphs in Figure 43, it appears that for Best Practice 2-Light the Contrast X Time 
interaction effect was smaller than for Best Practice 2 - Dark (i.e., the difference in slope from AM-PM is 
bigger for Best Practice 2-Dark). For Base Case 2 the effect was reversed (the difference in slope from 
AM-PM is bigger for light partitions). Thus, it appears that for the timed vision task, there was a small 
benefit to having dark partitions with direct / indirect lighting, but light partitions when the lighting 
system used recessed prismatic luminaires. The mean differences and the percentage of variance 
explained, however, are very small. 
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Table 99. Base Case 2 vs Best Practice 2 by Reflectance by Contrast by Time interaction effect on timed 
vision test. 

      
  F df η2  

partial  

  5.02* 1, 98 .05  
  AM PM 
  M SD M SD 
Base Case 2 – Light  0 0.64 0.38 0.73 0.35 
 1 0.22 0.14 0.31 0.19 
 2 0.58 0.28 0.75 0.34 
 4 1.12 0.43 1.32 0.33 
 8 1.19 0.38 1.69 0.32 
 16 1.28 0.37 1.59 0.28 
Base Case 2 – Dark  0 0.62 0.33 0.76 0.39 
 1 0.20 0.16 0.23 0.15 
 2 0.42 0.24 0.57 0.32 
 4 1.01 0.43 1.13 0.43 
 8 1.28 0.39 1.61 0.44 
 16 1.36 0.41 1.51 0.35 
Best Practice 2 – Light 0 0.66 0.38 0.70 0.32 
 1 0.29 0.14 0.32 0.21 
 2 0.67 0.26 0.84 0.32 
 4 1.18 0.44 1.39 0.37 
 8 1.38 0.37 1.67 0.45 
 16 1.39 0.35 1.57 0.41 
Best Practice 2 – Dark 0 0.57 0.31 0.73 0.35 
 1 0.22 0.15 0.22 0.12 
 2 0.47 0.24 0.63 0.34 
 4 1.02 0.45 1.20 0.43 
 8 1.26 0.39 1.78 0.46 
 16 1.35 0.41 1.68 0.36 

Note. *p<=.05.  
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 Figure 43. Lighting Design X Reflectance X Contrast X Time interaction plot, with linear trend lines. 
Top:  Base Case 2 X Time X Contrast-linear. Bottom:  Best Practice 2 X Time X Contrast-linear. 
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Table 100. Post hoc tests for Lighting Design X Partition Reflectance by Time-L by Contrast-L 
interaction effect on timed vision test. 

 Slope F df η2  
partial 

Contrast - L for Base Case 2 - Light at AM  213.59*** 1. 26 .89 
Contrast - L for Base Case 2 - Dark at AM  150.52*** 1, 22 .87 
Contrast - L for Base Case 2 - Light at PM  312.00*** 1, 26 .92 
Contrast - L for Base Case 2 - Dark at PM  230.14*** 1, 22 .91 
Contrast - L for Best Practice 2 - Light at AM  164.25*** 1, 25 .87 
Contrast - L for Best Practice 2 - Dark at AM  172.95*** 1, 25 .87 
Contrast - L for Best Practice 2 - Light at PM  251.87*** 1, 25 .91 
Contrast - L for Best Practice 2 - Dark at PM  238.23*** 1, 15 .91 

Note. ** p<=.01. ***p<=.001. 
 
 6.3.1.3 Non-lighting effects.  
 There were three statistically significant effects that did not involve lighting variables – that is, these 
effects apply regardless of lighting condition. As in Experiment 1, there were large main effects of 
Contrast and Time, and a large interaction effect of Contrast X Time. These effects replicated the effects 
of Experiment 1 in both direction and size. Table 101 summarizes the statistics for these effects, and 
Figure 44 illustrates them graphically. 
 

Table 101. Contrast -Linear and Time effects on timed vision test. 
 Between-groups design F df η2  

partial    
Contrast X Time Interaction 52.93*** 1, 98 .35    
Contrast Main Effect 1043.45*** 1, 98 .91    
Time Main Effect 101.15*** 1, 98 .51    
 AM PM Contrast Effect 
Contrast (Grey Level) M SD M SD M SD 
0 0.62 0.35 0.73 0.35 0.68 0.35
1 0.23 0.15 0.27 0.18 0.25 0.16
2 0.54 0.27 0.70 0.34 0.62 0.32
4 1.08 0.44 1.27 0.40 1.18 0.43
8 1.28 0.38 1.69 0.42 1.48 0.45
16 1.34 0.38 1.59 0.35 1.47 0.39
Time Main Effect 0.85 0.53 1.04 0.62  
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Figure 44. Between-groups Contrast X Time interaction plot, with linear trend lines. 
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Note. Solid line links the average performance at each contrast level. Trend lines (dotted) show the linear effect of 
contrast = 0 through contrast = 16 in the morning and afternoon.  
 
6.3.2 Motivation 
 Motivation, as in Experiment 1, was measured using the Speed of Random Responding on the 
persistence task (see section 4.4.2 for a full description of this variable). The distribution of scores was 
very skewed, as expected from the Experiment 1 results. Over all times and lighting and reflectance 
conditions, the mean score was 620.97 (SD = 197.64), and the median was 729, indicating that half of the 
scores were the maximum value. These values are almost identical to the descriptive statistics for 
Experiment 1.  
 A 2 x 2 x 3 (Lighting Design X Reflectance X Time) ANOVA was conducted. There were no 
statistically significant effects. The absence of effects involving lighting design and reflectance was not 
surprising, given that in Experiment 1 the only effects involved comparisons in which one group had 
some form of control over the lighting. However, the Time-Quadratic main effect seen in the between-
groups design in Experiment 1 did not replicate. In Experiment 2, persistence scores were consistent from 
one session to another. 
 
6.3.3 Vigilance 
 Vigilance was measured in the same way as it had been in Experiment 1, with two dependent 
measures:  the hit rate on the conveyor belt task at intermediate speeds, and the speed of responding to an 
envelope prompt. Both measures occurred in three sessions, making the analysis a 2 x 2 x 3 Lighting 
Design X Reflectance X Time MANOVA. There were no statistically significant effects involving 
lighting design or reflectance. This was not surprising, given that the only such effects in Experiment 1 
involved conditions with individual control. 
 There were two statistically significant multivariate effects of Time, the linear and the quadratic 
trend. Both were associated with statistically significant effects on the Envelope Speed variable, as had 
been the case in Experiment 1. Table 102 summarizes these effects, which are quite large. The size of the 
quadratic effect is the same as its Experiment 1 counterpart; the linear effect is larger. Overall, there was a 
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drop in the speed of responding to the envelope prompt, but there is evidence of recovery at the end of the 
day following a post-prandial dip. This pattern is the same as it was in Experiment 1. 
 

Table 102. Time effects on vigilance. 
 Wilks’ Λ F df η2  

partial  
Time – Linear Multivariate .76 12.77*** 2, 79 .12
 Hit Rate 0.05 1, 80 .00  
 Envelope Speed 25.21*** 1, 80 .24  

Time-Quadratic Multivariate .54 33.52 2, 79 .23
 Hit Rate 1.87 1, 80 .02  
 Envelope Speed 59.79*** 1, 80 .43  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Envelope Speed 0.41 0.13 0.28 0.11 0.33 0.14
Note. **p<=.01. ***p<=.001.  Group descriptive statistics are provided only for the statistically-
significant univariate tests. For multivariate tests, the η2  

partial indicator of effect size is the average of all 
the univariate values. It is the proportion of variance explained, with a range from 0 – 1.  

 
6.3.4 Typing 
 Recall that there was one dependent variable for the transcription typing task: correct characters per 
second. In addition to the lighting design and time variables (three sessions), there were three print sizes 
(8, 12, and 16 point) for the source text. Thus, the statistical model was a 2 x 2 x 3 x 3 Lighting Design X 
Reflectance X Print Size X Time ANOVA.  
 6.3.4.1 Base Case 2 vs Best Practice 2.  
 There were two, separate, statistically significant interactions involving the comparison between 
Base Case 2 and Best Practice 2, one involving partition reflectance and the other involving time. Table 
103 summarizes the interaction of Base Case 2 vs Best Practice 2 by Reflectance, and Figure 45 illustrates 
it. Post hoc tests are included in Table 103. The effect sizes are small to medium. The post hoc tests 
revealed that for Base Case 2, there was no difference between performance with light and dark 
partitions; whereas, for Best Practice 2, performance was better with light partitions than dark ones. 
Interestingly, with light partitions, performance was better under Best Practice 2, but there was no 
difference between the lighting conditions when the partitions were dark. 
 

Table 103. Base Case 2 vs Best Practice 2 by Reflectance interaction effect on typing. 
      

 F df η2  
partial   

 7.79** 1, 97 .07   
 Light Partitions Dark Partitions Reflectance post hoc tests 
 M SD M SD  
Base Case 2 2.72 1.17 3.29 1.26 F(1, 47) = 2.87 

Best Practice 2 3.36 1.24 2.67 0.98 F(1, 50) = 5.23*, 
η2  

partial = .09 
Lighting Design 
post hoc tests 

F(1, 51) = 3.98*, 
η2  

partial = .07 
F(1, 46) = 3.88 

 
 

Note. *p<=.05. **p<=.01. ***p<=.001 
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Figure 45. Base Case 2 vs Best Practice 2 by Reflectance interaction effect on typing. 
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 The other statistically significant interaction was the Base Case 2 vs Best Practice 2 X Time-
Quadratic interaction, summarized in Table 104 and Figure 46. The post hoc tests revealed that there was 
no quadratic effect for Base Case 2, but there was a large quadratic effect for Best Practice 2. The two 
groups ended up at the same place, and indeed did not show statistically significant between-groups 
differences at any session. One interpretation of this pattern might be that learning took place faster for 
Best Practice 2; they appear to have reached a plateau at Session 3 that the others did not reach until 
Session 4.  
 

Table 104. Base Case 2 vs Best Practice 2 by Time-Quadratic interaction effect on typing. 
        

 F df η2  
partial     

 4.58* 1, 97 .05     
 Session 2 Session 3 Session 4 Time-Q post hoc tests 
 M SD M SD M SD  
Base Case 2 2.82 1.22 3.00 1.23 3.10 1.27 F(1, 48) = 2.74 
Best Practice 2 

2.86 1.12 3.09 1.17 3.10 1.21
F(1, 51) = 18.09***, 

η2  
partial = .26 

Lighting Design 
post hoc tests F(1, 99) = 0.03 F(1, 99) = 0.16 F(1, 99) = 0.00  
Note. *p<=.05. **p<=.01. ***p<=.001 
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Figure 46. Base Case 2 vs Best Practice 2 by Time-Quadratic interaction effect on typing. 
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 6.3.4.2 Reflectance effects.  
 There were also two statistically significant interactions involving Reflectance X Print Size-Linear X 
Time (both Time-Linear and Time-Quadratic). These are summarized in Table 105 and illustrated in 
Figure 47. The Reflectance X Print Size-Linear X Time - Linear interaction is medium-sized; the 
Reflectance X Print Size -Linear X Time - Quadratic effect is small.  
 Tables 106 and 107 summarize the post hoc tests conducted for these interactions. For Light 
partitions, the linear effect of Print Size was statistically significant at all three times and became larger as 
the day went on; however, for Dark partitions there was no linear effect of Print Size in Session 4, 
although there had been large ones in Sessions 2 and 3. Turning the data around, for Light partitions there 
was no linear effect of Time for 8 point source text, whereas there were large linear effects of Time for 12 
point and 16 point source text. For Dark partitions, there were linear effects of Time for all three print 
sizes, with larger effect sizes for smaller print. From Figure 47, we see that the performance of people 
with Light partitions with 8 point font at session 4 was lower than we might expect (there is no continued 
increase from session 3 to session 4), whereas for Dark partitions the odd point out is the mean for 16 
point source text at session 4. This accounts for the significant quadratic trends for these two lines, seen in 
table 107. 
 This is a puzzling pair of interactions, for which we have only a speculative interpretation. Perhaps, 
when the visual task was demanding (as it was for the 8 point source text), and when fatigue was 
developing at the end of a day’s work, light partitions behind the white paper did not provide sufficient 
contrast to focus attention on the visual task. Conversely, perhaps when the contrast was greater, as 
between the dark partitions and the light paper, it created a distraction that was evident when the task was 
less demanding. This would argue for a balance to be struck between surrounds that are very low or very 
high in contrast to the visual task (which is usually very light). 
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Table 105. Partition Reflectance by Print Size by Time interaction effect on typing performance. 
       

   F df η2  
partial  

Reflectance X Print Size-L X Time - Linear 8.56** 1, 97 .08  
Reflectance X Print Size -L X Time - Quadratic 4.52* 1, 97 .04  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
Light – 8 point 2.80 1.14 3.02 1.28 2.90 1.18
Light – 12 point 2.90 1.28 3.08 1.24 3.21 1.28
Light – 16 point 2.92 1.24 3.17 1.25 3.29 1.36
Dark – 8 point 2.71 1.12 2.86 1.10 3.05 1.33
Dark – 12 point 2.79 1.10 3.01 1.18 3.05 1.18
Dark– 16 point 2.92 1.16 3.12 1.12 3.09 1.11
Note. **p<=.01.  
 
Table 106. Post hoc tests for Partition Reflectance by Print Size-L by Time-L interaction effect on typing. 

 F df η2  
partial 

Light Print Size – L at Session 2 3.91* 1, 52 .07 
Light Print Size – L at Session 3 4.81* 1, 52 .08 
Light Print Size – L at Session 4 21.81*** 1, 52 .30 
Dark Print Size – L at Session 2 15.63*** 1, 47 .25 
Dark Print Size – L at Session 3 22.74*** 1, 47 .33 
Dark Print Size – L at Session 4 0.19 1, 47  
Light Time – L at 8 point 1.86 1, 52  
Light Time – L at 12 point 21.13*** 1, 52 .29 
Light Time – L at 16 point 27.50*** 1, 52 .35 
Dark Time – L at 8 point 21.50*** 1, 47 .31 
Dark Time – L at 12 point 10.55** 1, 47 .18 
Dark Time – L at 16 point 5.51* 1, 47 .10 

Note. ** p<=.01. ***p<=.001. 
 

Table 107. Post hoc tests for Partition Reflectance by Print Size-L by Time-Q interaction effect on typing. 
 F df η2  

partial 

Light Time – Q at 8 point 7.60** 1, 52 .13 
Light Time – Q at 12 point 0.41 1, 52  
Light Time – Q at 16 point 1.54 1, 52  
Dark Time – Q at 8 point 0.09 1, 47  
Dark Time – Q at 12 point 3.27 1, 47  
Dark Time – Q at 16 point 7.68** 1, 47 .14 

Note. ** p<=.01. ***p<=.001. 
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Figure 47. Two views of the Reflectance X Print Size x Time interaction effects on typing. 
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Note. Top panel shows the interaction effect plotted against Print Size. Bottom panel shows the same data 
reorganized to display against session.  
 
 6.3.4.3 Non-lighting effects.  
 There were three statistically significant main effects that did not involve lighting: Time-Linear and 
Time-Quadratic, and Print Size-Linear. These were similar to their counterparts in Experiment 1. Both 
effects of Time were larger than they were in Experiment 1. The effect of Print Size was almost exactly 
the same size.  Experiment 2 did not show the Print Size-Quadratic X Time-Quadratic effect that had been 
seen in Experiment 1. 
 The effects are summarized in Table 108. Typing performance increased over the day, but faster 
between Sessions 2 and 3 than between 3 and 4. Typing performance was better for larger print sizes. 
These effects were expected, based on existing knowledge of learning and visibility.  
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Table 108. Time and Print Size effects on typing. 

  F df η2  
partial  

Print Size – L Main 
Effect 

 49.80*** 1, 97 .34  

Time – L Main Effect  79.69*** 1, 97 .45  
Time – Q Main Effect  18.59*** 1, 97 .16  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
Main Effect 2.84 1.17 3.05 1.19 3.10 1.24 
 8 pt 12 pt 16 pt 
 M SD M SD M SD 
Main Effect 2.89 1.19 3.01 1.21 3.08 1.21 

Note. *p<=.05. **p<=.01. ***p<=.001. Descriptive statistics are provided for statistically significant effects only. 
 
6.3.5 Cognitive Judgments 
 6.3.5.1 Paper-based articles.  
 We calculated average scores for the ratings of articles read prior to the group discussion task: how 
easy it was to read (-3 to +3), how interesting the participant found it (-3 to +3), how relevant it might be 
to the (fictitious) magazine in which it was ostensibly intended to appear (-3 to +3), and how likely it 
would be that the group would choose that article to be the lead in the magazine (0-100 % probability). 
Internal consistency reliability for these scales ranged from was just acceptable to good: For Interest, 
Cronbach’s alpha = .57; for Relevance, α = .62; for Ease, α = .72; for Probability, α = .66.  
 We tested the hypothesis that lighting conditions might alter the judgments. The model was a 2 x 2 
(Lighting Design X Reflectance) MANOVA with the four judgments as dependent variables. There were 
no statistically significant differences in these cognitive judgments for either analysis. 
 6.3.5.2 Computer-based articles.  
 These dependent variables were derived from the categorizing and summarizing tasks. The averages 
of articles judged in the first six trials in each session were used to create scores for the interest in reading 
the whole article based on a summary (0-100); the judgment that the summary includes the important 
facts in the article; the judgment that the summary is grammatically correct; and, the judgment that the 
summary is well-written (the latter three all on scales from 0 – 4). Internal consistency reliability ranged 
from poor (Cronbach’s α < .50) to good (Cronbach’s α > .70) (for Interest, session 2 α = .74; session 3, α 
= .66, session 4, α = .54; for Important Facts, session 2 α = .70; session 3, α = .49, session 4, α = .57; for 
Grammatically Correct, session 2 α = .66; session 3, α = .71, session 4, α = .64; for Well-written, session 
2 α = .67; session 3, α = .57, session 4, α = .56).  
 These four judgments were entered in a 2 x 2 x 3 (Lighting Design X Reflectance X Session) 
MANOVA. There were no statistically significant differences involving lighting design or reflectance. 
 There were both Time-Linear and Time-Quadratic effects on cognitive judgments. These are 
summarized in Table 109 and illustrated in Figure 48. They mirrored the effects seen in Experiment 1 in 
both direction and size. Interest in the articles declined over the day, but the biggest drop was between 
sessions 2 and 3. Ratings concerning how factual and well-written were the summaries tended to increase 
slightly over the day, but, as importantly, they showed a quadratic shape, dropping in session 3 right after 
lunch and then rebounding in session 4. The rating of the summaries' grammar had no linear effect, only 
the quadratic shape. 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 139 

Table 109. Time effects on cognitive judgments. 
 Between-groups 
design 

Wilks’ Λ F df η2  
partial  

 Linear:  Multivariate .74 9.01 4, 100 .09  
 Interest  21.43*** 1, 103 .17  
 Factual  10.68*** 1, 103 .09  
 Grammar  0.45 1, 103 .00  
 Well-written  9.60** 1, 103 .09  
Quadratic:  
Multivariate 

.73 9.45*** 4, 100 .10  

 Interest  5.30* 1, 103 .05  
 Factual  35.60*** 1, 103 .26  
 Grammar  5.72* 1, 103 .05  
 Well-written  5.26* 1, 103 .05  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Interest 57.77 17.74 50.88 17.60 50.52 14.98
 Factual 2.35 0.66 2.20 0.53 2.55 0.51
 Grammar 2.50 0.55 2.41 0.58 2.53 0.51
 Well-written 2.30 0.60 2.29 0.52 2.46 0.48

Note. *p<=.05. **p<=.01. ***p<=.001.  
 

Figure 48. Time Effects on cognitive judgments. 
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6.3.6 Cognitive Performance 
 6.3.6.1 Speed and accuracy.  
 There were four dependent measures associated with cognitive tasks: an accuracy score for the 
assignment of summaries to content categories (# correct per session, squared to improve the shape of the 
distribution), two speed measures from the categorization task: the time taken to do the categorization, 
and the time required to make the four judgments reported above, and the time taken on the 
Summarization task. Average scores for these dependent variables were calculated for the first six trials in 
each of three sessions. The statistical model was thus a 2 x 2 x 3 (Lighting Design X Reflectance X 
Session) MANOVA. There was a lighting effect and several non-lighting effects. 
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 6.3.6.1.1 Base Case 2 vs Best Practice 2.  
 The statistically significant lighting effect was an interaction of Base Case 2 vs Best Practice 2 X 
Reflectance X Time-Quadratic. The multivariate effect was small (see Table 110), and was associated 
with a significant univariate effect on categorization accuracy. This interaction effect is illustrated in 
Figure 49. Post hoc tests were conducted, and are reported in Table 111.  
 In general, categorization accuracy increased over time, but for the Best Practice 2 - Dark condition 
there was a marked quadratic effect. Performance in this group dropped from Session 2 to Session 3, and 
then rebounded in Session 4. Moreover, the post hoc tests revealed that in Session 2, the Best Practice 2 - 
Dark condition did significantly better than the Base Case 2 - Dark, but the reverse was true in Session 3. 
By Session 4, all groups performed equally well. Only the Best Practice 2 - Dark condition showed a 
post-prandial dip in categorization accuracy.  

 
Table 110. Lighting Design x Reflectance x Time-Quadratic interaction effect on cognitive performance. 

       
 Wilks’ Λ F df η2  

partial   
Multivariate .91 2.58* 4, 100 .03   
 Categorization Time  2.81 1, 103 .03   
 Categorization Accuracy  7.91** 1, 103 .07   
 Judgment Time  1.61 1, 103 .02   
 Summarization Time  0.57 1, 103 .01   
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
Base Case 2 – Light 17.79 7.29 22.69 7.96 33.41 5.38
Base Case 2 – Dark 16.22 6.52 24.74 7.58 31.30 6.26
Best Practice 2 – Light 19.90 7.50 24.21 9.03 32.97 5.00
Best Practice 2 - Dark 20.62 7.52 19.65 8.04 33.96 5.12
Note. *p<=.05. **p<=.01. 
 

Figure 49. Lighting Design by Reflectance by Time-Quadratic effect on Categorization Accuracy. 
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Table 111. Post hoc tests for Lighting Design by Reflectance by Time effect on Categorization Accuracy 
 F df η2  

partial 

Base Case 2 – Light – Time-quadratic 3.34 1, 28  
Base Case 2 – Dark – Time-quadratic 0.43 1, 22  
Best Practice 2 – Light – Time-quadratic 1.56 1, 28  
Best Practice 2 – Dark – Time-quadratic 22.32*** 1, 25 .47 
Base Case 2 – Light vs Best Practice 2 – Light - Session 2 1.17 1, 56  
Base Case 2 – Light vs Best Practice 2 – Dark - Session 2 2.00 1, 53  
Base Case 2 – Dark vs Best Practice 2 – Light – Session 2 3.46 1, 50  
Base Case 2 – Dark vs Best Practice 2 – Dark – Session 2 4.72* 1, 47 .09 
Base Case 2 – Light vs Base Case 2 – Dark - Session 2 0.66 1, 50  
Best Practice 2 – Light vs Best Practice 2 – Dark - Session 2 0.13 1, 53  
Base Case 2 – Light vs Best Practice 2 – Light - Session 3 0.46 1, 56  
Base Case 2 – Light vs Best Practice 2 – Dark - Session 3 1.98 1, 53  
Base Case 2 – Dark vs Best Practice 2 – Light – Session 3 0.05 1, 50  
Base Case 2 – Dark vs Best Practice 2 – Dark – Session 3 5.15* 1, 47 .10 
Base Case 2 – Light vs Base Case 2 – Dark - Session 3 0.89 1, 50  
Best Practice 2 – Light vs Best Practice 2 – Dark - Session 3 3.86 1, 53  
Base Case 2 – Light vs Best Practice 2 – Light - Session 4 0.11 1, 56  
Base Case 2 – Light vs Best Practice 2 – Dark - Session 4 0.15 1, 53  
Base Case 2 – Dark vs Best Practice 2 – Light – Session 4 1.13 1, 50  
Base Case 2 – Dark vs Best Practice 2 – Dark – Session 4 2.67 1, 47  
Base Case 2 – Light vs Base Case 2 – Dark - Session 4 1.71 1, 50  
Best Practice 2 – Light vs Best Practice 2 – Dark - Session 4 0.53 1, 53  

Note. * p<=.05. ** p<=.01. ***p<=.001. 
 
 6.3.6.1.2 Non-lighting effects.  
 The non-lighting effects on cognitive performance were the same in Experiment 2 as they had been 
in Experiment 1 (see Section 4.4.6.1.2, Figure 34, top panel). The Time-Linear effect was statistically 
significant and large for all four dependent measures (Table 112 and Figure 50). Participants became 
more accurate at categorizing and faster on all measures, as the day wore on. Two outcomes also showed 
Time-Quadratic effects consistent with a post-prandial dip. Categorization accuracy increased less from 
Session 2 to Session 3 than it did from Session 3 to Session 4, and there was a similar, although smaller, 
interruption in the change in the time it took to do the categorization.  
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Table 112. Time effects on cognitive performance. 
 Wilks’ Λ F df η2  

partial  

 Linear:  Multivariate .18 113.41*** 4, 100 .51  
 Cat. Time  99.04*** 1, 103 .49  
 Cat. Acc.  335.29*** 1, 103 .77  
 Judge Time  108.98*** 1, 103 .51  
 Summ. Time  34.98*** 1, 103 .25  
Quadratic:  
Multivariate 

.80 6.44*** 4, 100 .04  

 Cat. Time  7.05** 1, 103 .06  
 Cat. Acc.  12.71*** 1, 103 .11  
 Judge Time  0.00 1, 103 .00  
 Summ. Time  0.80 1, 103 .00  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Cat. Time 21.41 9.68 19.96 8.63 15.69 7.81
 Cat. Acc. 18.71 7.34 22.80 8.32 32.97 5.43
 Judge Time 90.99 35.53 80.27 31.12 68.87 28.14
 Summ. Time 47.99 24.10 42.37 20.04 37.43 17.99

 
Figure 50. Time Effects on cognitive performance. 
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 6.3.6.2 Work structure.  
 Recall that most of the tasks occurred in sets of several trials, and that for three tasks we collected 
data on the length of time between trials. This was the period of time during which the introductory 
screen for the new trial appeared on the computer. For the typing and conveyor belt tasks this time 
amounted to a rest break, as there was no work to be done. For the summarizing task, the time combined a 
brief rest and the time required to read the article to be summarized in the new trial. In all three cases the 
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measurement was in seconds, and average scores were calculated for each session (across three trials in 
each session for typing, four for conveyor, and six for summaries). These were transformed to log values 
to improve the shapes of the distributions. For Experiment 2 the statistical model was a 2 x 2 x 3 
(Lighting Design X Reflectance X Session) MANOVA with the three break durations as dependent 
variables. There were no lighting or reflectance effects on these outcomes in Experiment 2. 
 The only statistically significant effect on work structure was a Time-Linear effect. The significant 
multivariate effect was accompanied by univariate effects on all three dependent measures. The break 
times declined from Session 2 through Session 4 in all cases (Table 113). The effects were large for the 
Typing and Summaries breaks, and medium-sized for the Conveyor Belt breaks. In general this replicated 
the non-lighting effects seen in Experiment 1, although the Conveyor Belt size was smaller (see Section 
4.4.6.2.3). 
 

Table 113. Time-Linear effects on log(average break duration). 
 Wilks’ Λ F df η2  

partial  

 Linear:  Multivariate .52 31.76*** 3, 101 .23  
 Typing  55.14*** 1, 103 .35  
 Conveyor  9.45** 1, 103 .08  
 Summaries  35.16*** 1, 103 .25  
 Session 2 Session 3 Session 4 
 M SD M SD M SD 
 Typing 1.24 0.22 1.19 0.35 1.05 0.23
 Conveyor 0.60 0.30 0.52 0.34 0.47 0.40
 Summaries 1.75 0.31 1.69 0.44 1.52 0.50

Note. ***p<=.001.  
 
6.3.7 Summary: Performance 
 The results for the various performance measures may be summarized thus: 
 
• Visibility, practice, and fatigue effects were found as expected. With few exceptions, the non-

lighting effects in Experiment 2 replicated those of Experiment 1. The effect of target contrast on 
composite visual performance conformed to our knowledge of the visual system, as did the effect of 
print size on transcription typing performance. Performance improvements over the day were seen, as 
expected for the tasks involving novel features, including the speed and accuracy of the categorization 
task, the typing task, and the composite visual performance measure. As in Experiment 1, some of 
these linear effects were tempered over time as various processes interacted, adding a quadratic shape 
to the time effects. 

 
• Indirect systems interact with partition reflectance. Several statistically significant effects were 

found involving interactions of lighting design and partition reflectance, but their interpretation is 
challenging. The four-way interaction effect on the timed vision test was very difficult to interpret, 
but appeared to suggest that dark partitions are more desirable with Best Practice 2 that light 
partitions, whereas light partitions are more desirable with Base Case 2 than dark. Conversely, 
however, the two-way interaction effect on typing performance, showed a fairly clear benefit for Best 
Practice 2 with light partitions, rather than dark. The interaction effect with time on the categorization 
accuracy further suggested that the Best Practice 2 with dark partitions could create undesirable 
conditions at least some of the time. 

 
 Overall, the results for the performance measures are consistent with the published literature and 
with Experiment 1. In Experiment 1, the results showed few statistically significant comparisons between 
Base Case and Best Practice for measures of performance, and when there were, their interpretation was 
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ambiguous (see section 4.4.7). Looking to the scientific literature, there are few simple main effects of 
lighting distribution on performance measures of this kind (Veitch, 2001). For example, Veitch and 
Newsham (1998a) found no effects of lighting distribution on typing performance that involved direct / 
indirect or indirect-only systems; nor did Eklund, et al. (2000). However, the present experiments had 
more statistical power because of their larger sample size, and also differed from the others in including 
the partition reflectance variable, which allowed interactions to be revealed.  
 
6.4 Social Behavior 
6.4.1 Liking 
 The scores on the five-question scale of liking for their fellow participants were averaged to provide 
one score, on a scale of –3 through +3, which showed acceptable internal consistency reliability (α = .71). 
The overall mean was 1.28 (SD = 0.75), indicating that participants in general felt somewhat positively 
towards their fellow employees. 
 Data from this scale score was analyzed in a 2 x 2 (Lighting Design by Reflectance) ANOVA. There 
were no statistically significant effects; liking for other group members was unrelated to lighting or 
partition reflectance conditions. 
 
6.4.2 Conflict Resolution 
 Recall that the conflict resolution task provided two types of scores, five ratings and five rankings. 
The ratings were the average (over five scenarios) likelihood that an individual would resolve conflicts 
using competition, collaboration, compromise, avoidance, or accommodation strategies, on a scale from –
3 through +3, where higher scores indicated greater likelihood of using that strategy. The rankings were 
the average rank assigned to each of the five strategies over the various scenarios. Table 114 summarizes 
the characteristics of these two sets of variables. For some of the scales, internal consistency reliability is 
acceptable, but for others it is unacceptably low. Overall, this task requires further development and 
refinement as a measure of these tendencies. 
 

Table 114. Conflict resolution scale characteristics for Experiment 2 
 Cronbach’s alpha M SD 
Ratings    
 Competition .54 0.28 0.94 
 Accommodation .28 0.32 0.72 
 Avoidance .43 -1.17 0.81 
 Collaboration .66 1.14 0.91 
 Compromise .49 1.65 0.69 
Rankings    
 Competition .36 3.45 0.61 
 Accommodation -.23 3.09 0.45 
 Avoidance .45 4.28 0.59 
 Collaboration .50 2.28 0.63 
 Compromise .37 1.87 0.52 

Note. Each scale is the average score for that concept rated on 5 conflict scenarios. Ratings 
indicate the absolute likelihood that the individual will use that strategy to resolve conflict, and are 
on a scale from –3 through +3. Rankings indicate the relative likelihood of using that strategy in 
relation to the others, and are on a scale from 1 through 5. 

 
 The ratings and the rankings were analyzed in separate MANOVA models (e.g., either 5 ratings or 5 
rankings were the dependent variables), in each case a 2 x 2 (Lighting Design by Reflectance) 
MANOVA. There were no statistically significant effects in these analyses.  
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6.4.3 Willingness to Volunteer 
 The scores on two questions related to the participants’ willingness to volunteer were standardized 
and then averaged to form an overall score. One question concerned the number of unpaid hours (0 
through 10) that the individual would be willing to put in at home to complete questionnaires as part of 
other research. The other question concerned their willingness to return for a second session if requested 
(a probability, 0 through 100). As one would expect for a standardized variable, the mean was 0.00 and 
the standard deviation was 0.88 (i.e., close to 1). This single score was analyzed in a 2 x 2 (Lighting 
Design by Reflectance) ANOVA. There was no effect of lighting design or partition reflectance on 
willingness to volunteer. 
 
6.4.4 Summary: Social Behavior 
 Based on other environmental psychology research, we had predicted that social behaviors would 
show differences associated with positive affect (e.g., Baron, Rea, & Daniels, 1992). People in a state of 
positive affect should rate other people more positively, resolve conflicts with more collaborative or 
compromising strategies, and be more willing to volunteer. As in Experiment 1, these lighting and 
partition reflectance conditions did not exert sufficient influence on positive affect to lead to the expected 
effects on social behavior. 
 
6.5 Linked Mechanisms Tests 
6.5.1 Analytic Strategy 
 We repeated exactly the set of linked mechanisms tests that we had conducted for Experiment 1. 
This is an independent replication of the tests because the participants in Experiment 2 were different 
people from those who had taken part in Experiment 1. The best comparison of these results is the 
between-groups analyses in Experiment 1, with its larger, independent sample. 
 To recap the method, we tested each link using non-randomly formed groups in an analysis of 
variance approach. For each antecedent variable we formed two groups based on a split around the 
median (50th percentile) value for this sample. We determined that the distribution of people into the 
above- and below-median groups was independent of lighting condition, using chi-squared tests of 
independence. The median split groups were equally distributed across lighting conditions. This is not 
surprising, given the results reported above. We then tested the effect of being in the high or low group, 
on the outcomes linked to the consequent variable at that link. The original linked mechanisms map, 
showing the links that we tested, is shown in Figures 1 and 37.  
 
6.5.2 Appraisal Path 
 6.5.2.1 Median-split groups.  
 Table 115 shows the values used to create the median split groups for the tests along this path, and 
the resulting group sizes and descriptive statistics for the split groups. Many of the groups had almost the 
same median value as in Experiment 1, although some were different (compare to Table 65). Two 
variables in particular were difficult to split because of their skewed distributions. Motivation (Speed of 
Random Responding) and Environmental Competence both resulted in two groups with very different 
group sizes, that no adjustment to the split value could alter.  
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Table 115. Median split groups for appraisal path analyses. 
Variable  Low Group High Group 
 Set Split N M SD N M SD 
Appraisal (Lighting Quality)       
 EX2 3.00<  or >= 3.00 48 1.99 0.63 59 3.37 0.38 
Preference (Attractiveness)*       
 EX2 46.33<  or => 46.33 53 34.68 10.07 54 58.56 9.43 
Mood (Pleasure)       
 EX2 4.33<  or => 4.33 45 3.16 0.80 53 5.46 0.97 
Mood (Arousal)       
 EX2 3.33<  or => 3.33 46 2.38 0.72 53 4.29 0.78 
Mood (Dominance)       
 EX2 4.08<= or => 4.08 53 3.64 0.44 53 4.80 0.81 
Motivation (Spd. Random Resp.) **       
 EX2 <= 729 or = 729 35 337.38 207.08 79 729 0 
Environmental Competence       
 EX2 6.00<=  or => 6.00 33 4.88 0.69 74 6.50 0.56 

Note. * Attractiveness was chosen as the only Preference variable for this analysis because it was the strongest of the 
four components; in the principal components analysis it explained the largest percentage of variance, and its scale 
scores showed high internal consistency reliability. ** The maximum possible value for this variable was 729. 
 
 6.5.2.2 Appraisal  Preference link.  
 The first link to be tested was between Appraisal and Preference, with its four dependent variables. 
There was a statistically significant multivariate test and significant univariate test for Attractiveness and 
Visibility. People who rated the lighting quality as higher also rated the room as more attractive and more 
visible. These effects had also appeared in Experiment 1, although in that case the between-groups data 
showed statistically significant relationships between appraisal and all four measures of preference. The 
effect sizes for the two effects that replicated were different; for Experiment 2, the effect on 
Attractiveness was smaller than in Experiment 1, but the effect for Visibility was large (compare to Table 
66). 
 

Table 116. Test of Appraisal  Preference link. 
Link EX2 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Appraisal  
Preference  

0.80 6.34*** 4, 102 .06 

 Attractiveness  8.73** 1, 105 .08 
 Comfort  1.54 1, 105 .01 
 Visibility  18.01*** 1, 105 .15 
 Spaciousness  0.91 1, 105 .01 
 Low High 
 M SD M SD 
 Attractiveness 42.01 14.93 50.57 14.86 
 Visibility 56.27 10.64 65.17 10.91 

Note. ***p<=.001. **p<=.01. *p<=.05. 
 
 6.5.2.3 Preference  Mood link.  
 We focused, as before, on the Attractiveness component of Preference scores and examined the 
effect on three mood scales of being high or low on this variable. The results are summarized in Table 
117. Only the Pleasure scale showed a statistically significant univariate relationship under the significant 
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multivariate effect. People who rated the room as more attractive rated their own mood as more pleasant. 
This effect was smaller than the corresponding effect in Experiment 1 (see Table 67). In Experiment 1, all 
three mood subscales showed statistically significant relationships. The difference could be the result of 
the smaller sample size in Experiment 2, but there is also evidence that the Experiment 2 participants had 
an unusual mood response (see section 6.2.3). 
 

Table 117. Test of Preference  Mood link. 
Link EX2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  

partial 
Preference  Mood 0.91 3.21* 3. 93 .04 
 Pleasure  8.64** 1, 95 .08 
 Arousal   2.29 1, 95 .02 
 Dominance   0.41 1, 95 .00 
 Low High 
 M SD M SD 
 Pleasure 3.96 1.38 4.79 1.39 

Note. ***p<=.001. **p<=.01. *p<=.05. 
 
 6.5.2.4 Mood  Health and Well-being link.  
 As in Experiment 1, we tested the median splits on each mood subscale in turn, as antecendents of 
measures of health (physical and visual comfort) and well-being (satisfaction and task difficulty).  
 Regarding health (Table 118), for Pleasure the results mirrored Experiment 1 and were 
approximately the same size (see Table 68 for comparison). Both visual and physical comfort scores were 
better (lower) for people scoring higher on Pleasure. For Arousal, there was no multivariate significance 
but we note that there was a statistically significant univariate test for physical comfort (as there had been 
in Experiment 1). For Dominance there were no statistically significant tests. Thus, we replicated nearly 
exactly the Pleasure link but did not see the same patterns for Arousal or Dominance as we had in 
Experiment 1.  
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 Table 118. Tests of Mood  Health link.  
Link EX2 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Mood (Pleasure)  
Health  

0.81 10.88*** 2, 95 .13 

 Visual Comfort  7.72** 1, 96 .07 
 Physical Comfort   21.98*** 1, 96 .19 
 Low High 
 M SD M SD 
 Visual Comfort 5.62 5.49 3.09 3.42 
 Physical Comfort  5.27 4.77 1.94 1.82 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Mood (Arousal)  
Health  

.95 2.68 2, 96  

 Visual Comfort  1.00 1, 97  
 Physical Comfort   5.07* 1, 97  
 Low High 
 M SD M SD 
 Physical Comfort  4.44 4.45 2.72 3.10 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Mood (Dominance)  
Health  

.99 0.62 2, 103  

Note. ***p<=.001. **p<=.01. *p<=.05. 
 
 Table 119 summarizes the tests of the link between mood and satisfaction. The multivariate link of 
Pleasure to Satisfaction was associated with a statistically significant test on Performance Satisfaction. 
People who were in the high-Pleasure group reported higher satisfaction with their performance during 
the day. This effect replicated the result in Experiment 1, but in Experiment 1 there were also significant 
tests for the other two satisfaction measures that did not replicate here (compare to Table 69). In neither 
Experiment 1 nor Experiment 2 were there Arousal or Dominance links to Satisfaction. 
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Table 119. Tests of Mood  Satisfaction link. 
Link EX2 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Mood (Pleasure)  
Satisfaction 

.92 2.80* 3, 92 .02 

 Environ. Satis.  1.77 1, 94 .00 
 Perform. Satis.  7.20** 1, 94 .07 
 Self-Rated Prod.  0.03 1, 94 .00 
 Low High 
 M SD M SD 
 Perform. Satis. 2.73 0.59 3.05 0.58 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Mood (Arousal)  
Satisfaction 

.98 0.58 3, 92  

Mood (Dominance)  
Satisfaction 

.97 1.01 3, 99  

Note. ***p<=.001. **p<=.01. *p<=.05. 
 
 The final set of tests for the health and well-being outcomes concerned ratings of task difficulty, 
shown in Table 120. Here, as in Experiment 1, there were no relationships between mood and task 
difficulty (compare to Table 70).  
 

Table 120. Tests of Mood  Task Difficulty link. 
Link EX2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F Df η2  
partial 

Mood (Pleasure)  
Task Difficulty 

.91 1.33 7, 88  

Mood (Arousal)  
Task Difficulty 

.91 1.26 7, 89  

Mood (Dominance)  
Task Difficulty  

.90 1,59 7, 96  

 
 6.5.2.5 Mood  Motivation link.  
 The tests of the link between mood and motivation are shown in Table 121. There was a significant 
link between Arousal and motivation, but in a counterintuitive direction: People in the high-arousal group 
scored lower on motivation. This was not what we had predicted, but might be explained as a function of 
the high task demands; more complex or difficult tasks might be expected to suffer under very high 
arousal (Landy, 1985). This outcome is different to the Experiment 1 result for this test, in which high-
dominance individuals were lower in motivation (cf., Table 71), but arousal did not predict motivation. 
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Table 121. Tests of Mood  Motivation link. 
Link EX2 
 Dependent 
 Variable 

F df η2  
partial 

Mood (Pleasure)  
Motivation  

0.12 1, 96  

Mood (Arousal)  
Motivation  

7.38** 1, 97 .07 

 Low High 
 M SD M SD 
 Motivation 687.73 133.60 584.19 226.52 
Mood (Dominance)  
Motivation 

.07 1, 104  

Note.  *p<=.05. 
 
 6.5.2.6 Competence  Motivation link.  
 We had also predicted that environmental competence would relate to motivation, and tested this 
link, with results shown in Table 122. As in Experiment 1, the link did not hold (cf., Table 72). This is 
probably related to the high scores for environmental competence and the resulting imbalance in group 
sizes after the median split. 
 

Table 122. Test of Environmental Competence  Motivation link. 
Link EX2 
 Dependent 
 Variable 

F df η2  
partial 

Environmental 
Competence  
Motivation  

0.82 1, 105  

 
 6.5.2.7 Motivation  Performance link.  
 We tested the effect of motivation on the various performance scores, as we had done in Experiment 
1. There was one statistically significant multivariate test, for vigilance, and it was accompanied by a 
statistically significant test for hit rate (Table 123). This effect replicated the results of Experiment 1 (see 
Table 73): People higher in motivation scored higher hit rates (were more vigilant). Other relationships 
that had been seen in Experiment 1, weak links between motivation and cognitive performance and 
cognitive judgments, did not replicate.  
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Table 123. Tests of Motivation  Performance link. 
Link EX2 
 Dependent  Variable Wilks’ Λ F df η2  

partial 
Motivation  Performance 
(Attention) 

.72 16.95*** 2, 85 .14 

 Hit Rate  32.47*** 1, 86 .27 
 Envelope Speed  0.58 1, 86 .01 
 Low High 
 M SD M SD 
 Hit Rate 12.30 21.81 34.28 13.90 
Link EX2 
 Dependent  Variable Wilks’ Λ F df η2  

partial 
Motivation  Performance 
(Typing) 

.97 1.14 3, 97  

Motivation  Performance 
(Cognitive) 

.98 0.56 4, 102  

Motivation  Performance 
(Cognitive Judgments) 

.99 0.23 4, 102  

Motivation  Performance 
(Break Durations) 

0.97 1.15 3, 103  

Note. ***p<=.001. **p<=.01. *p<=.05. 
 
 6.5.2.8 Summary: appraisal path.  
 Overall, the links in the appraisal path held up in the Experiment 2 sample. People who appraised the 
lighting as being of higher quality rated the room as more attractive and visibility higher (in terms of its 
distinctness, clarity, and brightness; see Section 4.3.2 and Table 20). Those who rated the room as more 
attractive reported higher pleasure. Those who reported higher pleasure reported greater satisfaction with 
their performance. Those tests that did not replicate in Experiment 2 were generally the tests with the 
smallest effect sizes in Experiment 1. Given the larger sample size in Experiment 1, which gave greater 
statistical power, failing to replicate the small effects with a smaller sample size in Experiment 2 is not 
surprising. 
 
6.5.3 Vision Path 
 6.5.3.1 Median split groups.  
 As for the appraisal path variables, we formed median-split groups for the antecedent variables 
involved in this path. Their characteristics are found in Table 124. 
 

Table 124. Median split groups for vision path analyses. 
Variable  Low Group High Group 
 Set Split N M SD N M SD 
Visual Comfort        
 EX2 3.00< or => 3.00 45 0.98 0.89 62 6.92 5.48 
Visual Capability (Composite visual 
performance at contrast = 16) 

       

 EX2 1.59< or => 1.59 51 1.31 0.24 51 1.87 0.18 
 
 6.5.3.2 Appraisal  Visual Comfort link.  
 We used the Appraisal split (see above) to test whether appraisals of the lighting were associated 
with visual comfort directly, in addition to the indirect linkage we tested above. Table 125 shows the 
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result of this test. Indeed, those who rated the lighting as being of higher quality had better visual comfort. 
The effect size is medium-large. This replicates the finding in Experiment 1 (see Table 75). 
 

Table 125. Test of Appraisal  Visual Comfort link. 
Link EX2 
 Dependent 
 Variable 

F df η2  
partial 

Appraisal  visual 
comfort 

19.20*** 1, 105 .16 

 Low High 
 M SD M SD 
 Visual Comfort 6.65 6.55 2.61 2.43 

Note. ***p<=.001. *p<=.05. 
 
 6.5.3.3 Visual Comfort  Visual Capability link.  
 We tested this link using MANOVA, in which composite visual performance scores at each contrast 
level on the timed vision test were the six dependent variables (Table 126). As in Experiment 1, there was 
no relationship between visual comfort and visual capability (compare to Table 76). The likely 
explanation is that the lighting conditions in both experiments did not create any extreme visual 
discomfort, and were not bad enough to adversely affect visual capability.  
 

Table 126. Test of Visual Comfort  Visual Capability link. 
Link EX2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial 

Visual comfort  
visual capability 

.94 1.01 6,95  

 
 6.5.3.4 Visual Capability  Competence link.  
 We tested the effects of visual capability on competence using MANOVA, for there were 
measurements of task competence and environmental competence. Once again, the link between visual 
capability and competence was not statistically significant (Table 127, compare to Table 77).  
 
 Table 127. Test of Visual Capability  Competence link.  

Link EX2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial 

Visual capability  
competence 

.99 0.23 2, 98  

 
 6.5.3.5 Visual Capability  Task Performance link.  
 We tested the effects of visual capability on each type of task performance in turn, as we had done 
above. In general the results were the same as in Experiment 1 (see Table 128, compare to Table 78). 
There was a significant relationship between visual capability and vigilance; in Experiment 2 this was 
associated with a significant effect on envelope speed only, although in Experiment 1 both dependent 
variables were involved. In both experiments, visual capability was associated with typing performance 
on all three print sizes. People high on visual capability did better on the typing tasks, with roughly 
similar effect sizes as in Experiment 1. The tests that did not reach multivariate significance in 
Experiment 2 had also failed in Experiment 1.  
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Table 128. Tests of Visual Capability  Performance link. 
Link EX2 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Visual capability  
Performance 
(Attention) 

.89 5.35** 2, 85 .06 

 Hit Rate  1.16 1, 86 .01 
 Envelope Speed  9.71** 1, 86 .10 
 Low High 
 M SD M SD 
 Envelope Speed 0.28 0.15 0.37 0.12 
Link EX2 
 Dependent 
 Variable 

Wilks’ Λ F Df η2  
partial 

Visual capability  
Performance (Typing) 

.88 4.56** 3, 97 .09 

 8 point  8.37** 1, 99 .08 
 12 point  12.66*** 1. 99 .11 
 16 point  7.22** 1, 99 .07 
 Low High 
 M SD M SD 
 8 point 2.62 1.21 3.31 1.21 
 12 point 2.72 1.10 3.54 1.23 
 16 point 2.87 1.24 3.51 1.18 
Link EX2 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Visual capability  
Performance 
(Cognitive) 

.96 1.08 4, 97  

Link EX2 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Visual capability  
Performance 
(Cognitive Judgments) 

0.98 0.45 4, 97  

Link EX2 
 Dependent 
 Variable 

Wilks’ Λ F df η2  
partial 

Visual capability  
Performance (Break 
Durations) 

.93 2.50 3, 98  

Note. ***p<=.001. **p<=.01. *p<=.05. 
 
 6.5.3.6 Summary: vision path.  
 In Experiment 2 as in Experiment 1, this path received partial support. Lighting appraisals predicted 
visual comfort, but visual comfort (at least at the levels achieved here) did not related to visual capability, 
as assessed with composite visual performance on the timed vision test. Visual capability was not related 
to competence. Visual capability did relate to task performance on the tasks where such relationships 
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were to be expected, the vigilance and typing tasks. This clarifies questions that remained following the 
Experiment 1 tests with the repeated measures sample. 
 
6.5.4 Exploratory Tests 
 In addition to the planned tests of the linked mechanisms map, we considered several additional 
questions; again we repeated exactly the tests that had been conducted for Experiment 1. Only tests with 
statistically significant results are reported here.  
 
 6.5.4.1 Motivation  Health and Well-being?  
 In Experiment 1, none of these tests were statistically significant, but in Experiment 2 a link was 
found between motivation and satisfaction. People who were higher in motivation, oddly, were lower in 
environmental satisfaction (Table 129). This was a small-medium effect. It is in the opposite direction to 
the prediction, and is a puzzle. There were no statistically significant links between motivation and health, 
or motivation and task difficulty ratings. 
 
 Table 129. Tests of Motivation  Satisfaction link. 

Link EX2 
 Dependent  Variable Wilks’ Λ F df η2  

partial 
Motivation  Satisfaction .84 6.35*** 3, 100 .04 
 Environ. Satis.  7.23** 1, 102 .07 
 Perform. Satis.  3.63 1, 102 .03 
 Self-Rated Prod.  0.82 1, 102 .01 
 Low High 
 M SD M SD 
 Environ. Satis. 3.03 0.44 2.65 0.72 

 
 6.5.4.2 Satisfaction  Task Performance?  
 We formed new median split groups on the satisfaction variables to test whether or not satisfaction 
was related to performance (Table 130). Again, we caution that the design of this experiment means that 
these measurements break the temporal chain of causality, and emphasize that the tests are exploratory, 
for the purposes of stimulating new research. 
 

Table 130. Median split groups for satisfaction analyses. 
Variable  Low Group High Group 
 Set Split N M SD N M SD 
Environmental Satisfaction        
 EX2 3.00<=  or > 3.00 50 2.25 0.55 57 3.23 0.36 
Performance Satisfaction        
 EX2 3.00<  or => 3.00 52 2.38 0.48 53 3.33 0.37 
Self-Rated Productivity        
 EX2 0.00<=  or > 0.00 61 -0.66 0.91 45 1.98 1.03 
 
 Only the statistically significant tests are reported in Table 131. In general the results differ from 
Experiment 1. Environmental satisfaction showed a statistically significant relationship to cognitive 
judgments, with ratings of the summaries both for “Grammar” and “Well-written” being higher for people 
high in environmental satisfaction. The corresponding effect in Experiment 1 had a smaller size and only 
operated on “Well-written” (compare to Table 80). Environmental Satisfaction was related to cognitive 
performance in Experiment 2, although it had not been in Experiment 1 (see Table 80). In Experiment 2, 
people high in environmental satisfaction took longer to categorize summaries and longer to create 
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summaries from whole articles. There were no significant tests involving the median-split groups on self-
rated productivity, although there had been in Experiment 1. 
 
 Table 131. Tests of Satisfaction  Task Performance link.  

Link EX2 
 Dependent  Variable Wilks’ 

Λ 
F df η2  

partial 

Environmental Satisfaction  Performance 
(Cognitive Judgments) 

.89 3.02 4, 102 .02 

 Interest  0.05 1, 105 .00 
 Factual  0.43 1, 105 .00 
 Grammar  6.61** 1. 105 .06 
 Well-written  10.89*** 1, 105 .09 
 Low High 
 M SD M SD 
 Grammar 2.40 0.54 2.65 0.45 
 Well-written 2.30 0.41 2.59 0.49 
Link EX2 
 Dependent  Variable Wilks’ 

Λ 
F df η2  

partial 

Environmental Satisfaction  Performance 
(Cognitive) 

.88 3,37** 4, 102 .03 

 Cat. Time  4.24* 1, 105 .04 
 Cat. Acc.  0.65 1, 105 .01 
 Judge Time  0.45 1, 105 .00 
 Summ. Time  6.52** 1, 105 .06 
 Low High 
 M SD M SD 
 Cat. Time 14.06 5.47 17.13 9.21 
 Summ. Time 32.81 17.81 41.49 17.30 

Note. ***p<=.001. **p<=.01. *p<=.05. 
 
 6.5.4.3 Performance  Satisfaction?  
 Conversely, we examined whether people in high-performance groups were more satisfied than 
others. The median split groups for these analyses are reported in Table 132. We selected the same 
variables for these analyses as we had used in Experiment 1. 
 

Table 132. Median split groups for performance analyses. 
Variable  Low Group High Group 
 Set Split N M SD N M SD 
Typing (8 pt)        
 EX2 2.97<=  or > 2.97 50 1.93 0.63 51 3.99 0.78 
Summary Breaks        
 EX2 1.70<=  or > 1.70 53 1.18 0.52 54 1.85 0.11 
Interest in Article        
 EX2 50.00<=  or > 50.00 56 39.81 10.19 51 62.27 9.61 
 
 There was only one statistically significant relationship in these tests. People who were better typists 
rated the typing task as easier (Table 133). This effect replicated the one seen in Experiment 1 (cf., Table 
82).  
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 Table 133. Tests of Task Performance  Satisfaction link.  
Link EX2 
 Dependent 
 Variable 

Wilks’ 
Λ 

F df η2  
partial 

Performance (Typing) 
 Task Difficulty 

.86 2.21* 7, 91 .02 

 Typing  5.62* 1, 97 .05 
 Categorizing  0.90 1, 97 .01 
 Evaluating summ.  1.62 1, 97 .02 
 Extracting summ.  3.63 1, 97 .04 
 Questionnaires  0.29 1, 97 .0 
 Vision tests  0.79 1, 97 .01 
 All tasks  0.23 1, 97 .00 
 Low High 
 M SD M SD 
 Typing 1.49 1.23 0.86 1.00 

 
  
 6.5.4.4 Mood affects Social Behavior?  
 We approached this question with two analyses, the first examining pleasure as a predictor and the 
second involving environmental satisfaction. The dependent variables were: liking for other group 
members, willingness to volunteer, and the two types of responses to the conflict resolution task (ratings 
and rankings).  
 Pleasure did not relate to any of the social behavior outcomes, nor did environmental satisfaction. 
Small effects that had been observed in the between-groups sample in Experiment 1 did not replicate. 
This might be because of the lower statistical power with the smaller sample in Experiment 2.  
 
6.5.5 Summary: Linked Mechanisms Tests 
 In general the results of the Experiment 2 linked mechanisms tests are encouraging. Despite a much 
smaller sample, and different experimental conditions, most of the links in the linked mechanisms map 
replicated the results for the between-groups sample in Experiment 1. This gives added confidence that 
the appraisal path and the vision path are meaningful explanations for the effects of lighting on people in 
offices. The ambiguous results for the exploratory tests are unsurprising, given that the experiment was 
not designed for these tests and the sample was much smaller. These are matters for future research to 
consider, and are discussed in the General Discussion. 

 
7. General Discussion 

 
7.1 The Modified Linked Mechanisms Map 
 Having discussed the plethora of results obtained in the two experiments, it is now desirable to 
undertake a synthesis of the data so as to reveal the "big picture." A convenient place to start is with the 
linked mechanisms map shown in Figure 1 (and 37). This map was based on the mechanisms by which 
changes in surface brightness and having personal control of lighting were expected to improve task 
performance and enhance feelings of health and well-being. The procedures used and the dependent 
variables measured in Experiment 1 were selected so as to test all the links in the map.  
 The results of Experiment 1 and the statistical tests of each link in the linked mechanisms map 
(described in Section 4.7 above) allow the map to be modified to reflect what has been found. This is 
done by eliminating all the links where no statistically significant relationship was found. Figure 51 
shows the modified linked mechanisms map resulting from Experiment 1 (top panel). Experiment 2 was 
designed to further test the effects of surface brightness and lighting conditions on task performance and 
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feelings of health and well-being. Figure 51 (bottom panel) shows the modified linked mechanisms map 
derived from the results of Experiment 2 (based on the results reported in section 6.5).  
 The similarity between the linked mechanisms maps obtained from two experiments using different 
lighting systems and different individuals is notable and supports the validity of the relationships 
contained in the maps. The obvious difference between the linked mechanisms maps from the two 
experiments is the presence of the effects of having individual control in Experiment 1 and their absence 
in Experiment 2.  This is to be expected because two of the lighting systems used in Experiment 1 
provided the participants with individual control of their lighting while neither lighting condition used in 
Experiment 2 provided individual control. Competence appears in gray in both maps, with no links to 
other concepts, because although it appeared in the original model no statistically significant links to it 
were observed in either experiment. 
 

Figure 51. The modified linked mechanisms maps.   
Top panel: Experiment 1. Bottom panel:  Experiment 2. 
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 There are five features of the modified linked mechanisms maps that deserve discussion. They are: 
 

1. The path from lighting conditions through visual capability to task performance is present in both 
experiments. This means that lighting conditions and task conditions that improve the visibility of the task 
lead to better task performance. This is hardly news but its presence is essential to the credibility of the 
modified linked mechanisms map. It is also useful in that it extends a path largely derived from laboratory 
studies using abstract stimuli (Rea and Ouellette, 1991; Weston, 1945) to a much more realistic setting 
and tasks.  
 2. The path from luminous conditions through appraisal, preference, and mood to health and well-
being is present in both experiments. This means that people who are more satisfied with their lighting 
consider the space to be more attractive, are happier, and are more comfortable and more satisfied with 
their environment and their work. Various pieces of this path have been demonstrated before but this is 
the first time the complete path from lighting conditions to feelings of health and well-being has been 
demonstrated. 
 3. The linked mechanisms map for Experiment 1 shows that having personal control of the lighting 
in the form of dimming has a direct link to feelings of health and well-being, in that people with dimming 
control reported higher ratings of lighting quality, overall environmental satisfaction, and self-rated 
productivity. Presumably this direct link occurs because having personal control in the form of dimming 
allows the individual the potential to adjust the lighting to match his/her preferences. That these 
preferences can vary widely between individuals for the same tasks is evident from Figure 36, which 
shows the illuminances chosen by the people with dimming control. That these preferences are not closely 
linked to specific tasks is shown by the fact that the individuals with dimming control tended to adjust the 
illuminance once at the beginning of the day and not every time they change tasks.  
 4. The linked mechanisms map for Experiment 1 also shows that there is a link between having 
personal control and task performance operating through motivation, in that people with dimming control 
showed more sustained motivation and improved performance on a measure of attention. Again , this 
presumably occurs because having personal control in the form of dimming gives the individual the 
potential to adjust the lighting to match his/her preferences, which acts as a motivator.  
 5. What is absent from both modified linked mechanisms maps is also important. The most notable 
absence is any cross-links between the vision path that connects luminous conditions through visual 
capability to task performance, and the appraisal path that connects luminous conditions to feelings of 
health and well-being through appraisal, preference, and mood. Such cross-links are widely believed to 
exist, operating either through visual discomfort, which affects both the vision path and the appraisal path, 
or between mood and task performance via motivation (Boyce and Rea, 2001; Cropanzano and Wright, 
2001). 
 This study offers no support for these links. The failure to find a link through visual discomfort may 
be easily explained by the fact that the levels of discomfort experienced by the participants in both 
experiments were slight, certainly not enough to cause a change in visual capability. If lighting conditions 
that caused severe visual discomfort had been used, it is likely that such a link would have been found. 
However, such lighting installations are unrealistic because, in practice, such lighting installations would 
lead to occupant complaints and therefore would not be common lighting practice. 
 The failure to find a link between mood and task performance is more difficult to explain. There is 
no doubt that mood is associated with behavior relevant to work (Isen and Baron,1991) and that aspects of 
the physical environment can affect mood (e.g., Baron, 1990b; McCloughan et al., 1999) but whether the 
generally comfortable lighting conditions examined in this study would be enough to produce changes in 
mood sufficient to change motivation over one day's work is open to question. Again, if much more 
uncomfortable conditions had been used, a link between mood and task performance through motivation 
might have been found. An alternative explanation is that the measure of motivation used was 
insufficiently sensitive to detect small changes. A more sensitive measure of motivation might have 
revealed such a link.  
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 Although the repeatability of the linked mechanisms maps across two experiments suggests that the 
basic structure is sound, it should not be thought that the maps are incapable of refinement. Some 
exploratory tests of relationships between satisfaction with the environment and task performance show 
statistically significant links, but the relationships did not appear stable from Experiment 1 to Experiment 
2, and some were in the opposite direction to what one would have predicted. It is interesting that the 
people who are more satisfied with the environment are also those who appear to be more thoughtful in 
making cognitive judgments (taking longer), and rate the reading material more highly. These 
relationships deserve further investigation; these two experiments were not designed to resolve questions 
about the cross-linkages between performance and satisfaction. 
 
7.2 The Importance of the Lighting Conditions for Office Work 
 This study was undertaken to determine to what extent different levels of lighting quality, as judged 
by the Light Right consortium, affect task performance of office workers and their health and well-being. 
That lighting conditions can have such effects is shown by the existence of the vision path and the 
appraisal path in both revised linked mechanisms maps. The question that will be considered here is 
whether the lighting conditions compared in these experiments influence lighting appraisal or vision 
sufficiently to change the final outcomes at the end of the linked mechanisms for people working in real 
offices.  
 In Experiment 1, three "Best Practice" office lighting design conditions were compared with a base-
case lighting condition representative of modern office lighting practice, a regular array of parabolic-
louvered luminaires. All of the "Best Practice conditions used direct / indirect luminaires, and two of 
them provided a degree of individual control. In Experiment 2 two fixed lighting installations were 
compared, one being another common form of office lighting (Base Case 2), i.e., recessed prismatic 
luminaires in a regular array; the other being the same Best Practice installation used in Experiment 1 but 
set to a lower illuminance (Best Practice 2). In both experiments, the comparison was done in terms of 
office workers' task performance and feelings of health and well-being, over a complete working day. The 
office workers who experienced the lighting conditions were temporary office workers, with no expert 
knowledge of lighting. Different participants provided data in each experiment. The tasks examined were 
representative of those done in a modern office, but with an emphasis on knowledge-based tasks. 
 The statistical analyses of the data collected revealed both good news and bad. The good news is that 
the lighting designs are discriminated in terms of comfort and in comparison to other office lighting 
installations with which the participants were familiar. For example, in Experiment 1, the Base Case 
parabolic lighting was considered comfortable by 71 percent of the participants who experienced it but 
the Dimming Control lighting was considered comfortable by 91 percent of those who experienced it. In 
Experiment 2, the Base Case 2 prismatic lighting was considered comfortable by 69 percent of those who 
experienced it. Further, the Best Practice installations were considered comfortable by 85 percent of 
subjects in Experiment 1 and 81 percent in Experiment 2, the slight decline probably being associated 
with the lower illuminance used in Experiment 2.  
 The bad news is that there were no statistically significant simple main effects of lighting conditions 
on the performance of any of the tasks in either experiment. This implies that there is no consistent and 
clear advantage to one or other of the lighting conditions as regards task performance. There were some 
statistically significant effects of lighting conditions but these were all interactions involving some 
combination of time, cubicle reflectance, and task visual difficulty, as well as lighting conditions. The 
interaction effects suggested that there might be small benefits to a direct / indirect lighting system, 
depending on the illuminance level, the partition reflectance, and the task. At the illuminance levels said 
to be typical of current practice (Best Practice 2), the best outcomes for the Best Practice 2 lighting 
mostly (but not always) occurred for people in cubicles with light-colored partitions. At the higher 
illuminance levels of the Best Practice in Experiment 1, whether the interaction showed better 
performance for Base Case or Best Practice depended on the partition reflectance and the task.  

Interactions in Experiment 1 also suggested some advantage of having personal control of the 
lighting for task performance over time. More importantly, these interaction effects suggest that the 
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availability of control can offset declining performance over the working day; that is, it might be a means 
of inoculation against fatigue. 
 The lack of a simple, clear, and consistent effect of lighting conditions on task performance cannot 
be explained by a lack of sensitivity in the design of the tasks. The expected effects of changing visibility 
on task performance were found in both experiments, e.g., decreasing typing speed with smaller print 
sizes in the typing task. Similarly, the expected changes in task performance over time due to practice and 
fatigue were found, e.g., the change over time of the cognitive tasks.  
 What all this implies is that although the participants did perceive and appreciate the differences 
between the lighting conditions, this perception made very little difference to their performance of the 
tasks. One plausible explanation for this pattern of results is that the performance of the tasks is 
essentially governed by the stimuli the tasks provide to the visual system and the luminous conditions in 
the immediate surrounding area, while the appraisal of the lighting is influenced by a wider range of 
considerations, among them certainly being the ability to see the details necessary to do the task, but also 
the appearance of the office as a whole, and the appearance of the fixtures.  
 
7.3 Patterns of Use of Lighting Control 

Another feature of the data collected in Experiment 1 is the possibility of looking at the ways in 
which the desk light in the Best Practice with Switching Control condition and the dimming system in the 
Dimming Control condition were used. Before considering the results it is worth pointing out that the 
switching and dimming systems allow the participants to achieve rather different ranges of illuminances. 
The switched desk lamp could only add light to the illuminance provided by the ambient Best Practice 
lighting, giving a minimum illuminance on the desk of 400 lx and a maximum of 1131 lx. By adjusting 
the light output of two of the lamps in the luminaire centered over each cubicle, the dimming system 
allowed the ambient illuminance to be reduced as well as increased thereby giving a minimum 
illuminance on the desk of 251 lx and a maximum of 1176 lx. Although these two systems allowed 
somewhat different ranges of illuminance they were both used in a similar way. 

For both systems, a clear majority of participants switched or dimmed the lighting once at the 
beginning of the day and then left the control alone. This is a similar pattern of behavior to that found in 
other studies of lighting control use (Crisp, 1978; Maniccia et al. 1999; Moore et al., 2002). Another 
interesting observation for lighting practice is the illuminance chosen. For the dimming control, Figure 36 
shows the distribution of horizontal illuminances on the desk selected by those who had the dimming 
control. Two features of this figure are notable. The first is the wide range of illuminances selected, 
ranging from the 200 lx to 1100 lx. Such wide ranges have been found previously in laboratory 
experiments in which people were able to adjust the illuminance to their preference (Boyce et al., 2000; 
Veitch & Newsham, 2000b). The second is the shape of the distribution, which is strongly skewed with a 
peak close to the lowest illuminance possible. On average these participants preferred illuminances 
considerably below those currently recommended and used for much office lighting.  

Figure 36 also shows the distribution of horizontal illuminances selected by the participants with 
switching control. Again there is a wide range of illuminances selected but the most frequently selected 
horizontal illuminances were in the range 660 lx to 1000 lx. These illuminances are higher than those 
currently recommended and used for much office lighting. Provided that the illuminance is sufficient to 
allow easy task performance, then the illuminance preference is partially determined by the characteristics 
of the device used to adjust the illuminance.  
 
7.4 Implications for Lighting Practice 
 The findings of this study carry a number of implications for lighting practice. The first is quite 
simply that current office lighting practice is acceptable to many people. The Base Case 1 installation, 
consisting of a regular array of parabolic luminaires, and the Base Case 2 installation, consisting of the 
same regular array of recessed prismatic luminaires, were assessed as comfortable by 70 percent and 69 
percent of the people who experienced them, respectively. Further, the performance of all the visual and 
cognitive tasks showed no difference between Base Case lighting and the fixed Best Practice lighting 
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(fixed direct / indirect lighting) in either experiment. However, ventilation engineers have set 80% 
comfortable as the target for choosing thermal conditions (ASHRAE, 1992); should we accept 70% as the 
target for comfort with lighting? 
 If it is desirable to increase the percentage of people who assess the lighting as comfortable, these 
experiments provide evidence that it should be possible to do so, by going to the direct / indirect lighting 
without personal control, or even better, with individual dimming control.  In Experiment 1, 85 percent of 
those who experienced the Best Practice lighting considered it comfortable and 53 percent said it was 
better than the lighting in similar workplaces in other buildings. Similarly, 91 percent who experienced 
the Dimming Control condition considered it comfortable and 50 percent considered it better than the 
lighting in similar workplaces in other buildings. The advantage for direct / indirect lighting was not so 
marked in Experiment 2, 81 percent of those who experienced it considered it comfortable but only 27 
percent considered it better than the lighting of similar workplaces.   
 It is important to appreciate that there were features of the Best Practice 1 and 2 and Dimming 
Control lighting that might limit the implications of these results. In both experiments, the Best Practice 
lighting consisted of regular lines of suspended direct / indirect luminaires but in Experiment 1 the mean 
illuminance on the desk was similar to that provided by the Base Case 1 recessed parabolic lighting. 
whereas, in Experiment 2 the mean illuminance was about 27 % lower. It is common practice when using 
direct / indirect systems to provide about a 20 percent lower illuminance than when using direct lighting. 
The slight reduction in the percentage of subjects considering the Best Practice 2 lighting comfortable in 
Experiment 2 is probably associated with this reduction in illuminance, causing discomfort for people 
whose preference is for higher illuminances.  

As for the Dimming Control lighting used in Experiment 1, the obvious feature of this direct / 
indirect lighting that differentiates it from other forms of office lighting is indeed the facility for the 
occupant of a cubicle to adjust the illuminance on the whole desk over a large range. The important words 
here are "cubicle", "whole desk", and "large range." The change in illuminance is provided by altering the 
light output of the downward component of a direct / indirect luminaire suspended over the center of the 
cubicle. This means that adjusting the light output of the luminaire alters the illuminance at all points in 
the cubicle, with very little effect on the illuminances in adjacent cubicles. Similar perceptions of comfort 
and better quality are unlikely to have occurred had the changes in illuminance been confined to a small 
area of the desk or had those changes affected adjacent cubicles in a disturbing way. As for the "large 
range", the point is that the control can be used to both increase and decrease the illuminance on the desk 
from the illuminance that is usually provided in a fixed office lighting installation. One doubts that the 
same high level of comfort and perception of better quality would have been found had the control been 
limited to reducing the illuminance to less than the illuminance provided for a fixed office lighting 
installation, particularly if there had also been no attempt to keep the perimeter walls bright using separate 
wall-washing (cf., Newsham, Marchand, & Veitch, in press). 
 Another way to consider the implications of these results to lighting practice is to consider the extent 
to which they agree with or require modification of the published guidelines for office lighting. The most 
widely used guidelines for office lighting in North America are given in the IESNA/ANSI American 
National Standard for Office Lighting RP-1-1993 (IESNA, 1993). This publication states that both direct 
lighting, as used in the Base Case lighting, or direct / indirect lighting, as used in the Best Practice 
lighting, can provide good office lighting, but suggests that the latter is more likely to produce excellent 
lighting than the former. This supports the finding that the Base Case lighting is perceived as reasonable 
and that the Best Practice lighting is perceived as better. There is no discussion of the role of individual 
dimming in the Recommended Practice, probably because the provision of this facility is still rare. One 
aspect of office lighting that is given little attention in the Recommended Practice is illuminance 
uniformity. This will need to change if installations similar to that used in the Dimming Control lighting 
become more widely used. Such installations will inevitably produce very non-uniform patterns of 
illuminance across the office, although within the cubicle the distribution is relatively uniform. This is to 
be expected, but some guidance setting limits on the range of illuminances that can be achieved would be 
useful, as would some limits on the interaction between adjacent cubicles. 
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 Another aspect of these results with rather more wide ranging implications than the choice of 
lighting system is the finding that giving people personal dimming control leads to the selection by the 
majority of lower illuminances than those currently recommended for offices. In fact, the illuminances 
selected represent about a 20 to 40 percent energy saving. This might be taken to imply that the 
recommended illuminances for offices should be reduced to a much lower value. A word of warning is 
necessary about such an approach. The problem with this approach is evident in the distribution of 
illuminances selected (Figure 36). Although the peak of the distribution is in the range 200 to 400 lx, 
there is a long tail extending up to much higher illuminances than those currently recommended. People 
who like such high illuminances are unlikely to be appreciative of illuminances in the 200 to 400 lx range. 
A better approach might be to provide the Dimming Control through some form of task lighting, while 
lowering the level of ambient lighting. However, as stated earlier, task lighting that does not illuminate 
the whole desk might not be acceptable.  
 
7.5 The Way Ahead 
 Finally, it is necessary to consider if, where, and how the study of the effects of lighting quality on 
the performance of office work should continue. Previous experiments have attempted to uncover effects 
of lighting design on performance and satisfaction in laboratory settings with varying degrees of realism 
(e.g., Boyce et al., 2000; Veitch & Newsham, 1998a). This experiment has extended this work to a very 
realistic, field simulation setting. Having done so, and found few simple effects of lighting design, the 
first thing to say is that there is little point in trying to repeat this experiment unless a deliberate effort is 
made to improve the ability to detect small effect sizes by dramatically increasing the number of 
participants. Of course, whether spending more and more resources to detect smaller and smaller effects 
is worthwhile is a question that needs to be carefully considered by all involved, particularly when there 
are alternative approaches. Specifically, there are two diverging paths for study that can be recommended.   
 One path would be to conduct targeted, rigorous laboratory experiments to examined elements in the 
linked mechanism map. Laboratory studies should be used for this purpose because these can be 
undertaken with much more control. One important theoretical question that could be answered by such 
laboratory studies would be to test whether the missing links between the vision path and the appraisal 
path would appear if clearly uncomfortable conditions were to be included for comparison. There would 
also be the possibility of using populations of subjects chosen for their sensitivity to lighting conditions 
and for developing a better measure of motivation. These actions would tend to increase the sensitivity of 
the experiment and hence would provide a rigorous test of the revised linked mechanisms map. 

To continue the study of the effects of lighting quality on task performance for offices, it is 
recommended that effort be moved into the field. This would have three advantages. The first is that the 
results would have a high level of realism. Lighting is only part of the work context, and any simulation 
experiment can only simulate part of that context. Effects involving visibility occur regardless of context, 
but mood and motivation effects are context-dependent. Studying these latter effects requires real people 
in real organizations.  

The second advantage of field investigation is that it would allow the accumulation of results over an 
extended period of time. This is of value because it may be that lighting conditions which can be ignored 
for one day become important when one is exposed to them for many days and months. Conversely, it 
may be that lighting conditions that are seen as better on first acquaintance become the norm over many 
months and so reduce in impact. Given the results of this experiment, it would be interesting to determine 
whether working under well-designed lighting (particularly with some degree of individual control) could 
offset the ill effects of high job demands. It would be next to impossible to simulate such conditions in a 
laboratory setting, but they occur naturally in organizations.  

The third advantage of field research into lighting effects on people at work is that it allows for the 
possibility of measuring the effects of lighting conditions on aspects of performance and behavior at an 
organizational level rather than an individual level. This study has focused on the performance of 
individuals and has made no attempt to measure such variables as absenteeism, recruitment, and staff 
retention that are important at an organizational level. However, the results of the exploratory tests of the 



Lighting Quality and Office Work 

Final Report   PNNL RFP # 404141 / RPI # A11106 / NRC # B3214.1    Page 163 

relationships between environmental satisfaction, motivation, and performance suggest that 
measurements at an organizational level would be valuable.    

 Although we know of no targeted research into lighting's effect on organizational productivity, 
there are other investigations that suggest that physical environmental conditions influence important 
organizational outcomes. Several investigations have found that satisfaction with the physical 
environment predicts job satisfaction and/or organizational commitment (Carlopio, 1996; Veitch, Farley, 
& Newsham, 2002; Wells, 2000). It is logical to expect that any design choice, including lighting, that 
can improve environmental satisfaction should also lead to beneficial outcomes on these variables. 
Carefully-designed field investigations, over long periods and with large samples, could provide the 
evidence that many have long sought, that lighting quality contributes to organizational productivity. 
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