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ABSTRACT

For the design of modern office environments,
lighting is a central aspect. With regard to current
practice, uniform illumination is most often applied
in interiors. In this paper, however, further aspects
of a more individual approach are investigated, that
deliberately violate the usual demands for uniformi-
ty by explicitly considering task-related, emotional
and psychological effects of lighting. For this pur-
pose, two independent experiments were conduct-
ed in an office mock-up setting exploring the impact
of spatially variable, non-uniform light distribu-
tions on the users’ illumination preferences for the
accomplishment of a given task. In the first exper-
iment, three predefined illumination settings were
rated by a group of naive observers. Although the
respective light distributions differed in their spa-
tial characteristics, no significant differences were
found in the rating scores. In addition, these vari-
ations showed no significant effect on the users’
preferred position of task performance. In the sec-
ond experiment, though, a clearly significant effect
could be reported such that, once the users were
granted control over the illumination settings, an
explicit demand for locally increased illuminance
levels at the position of task performance was ob-
served. Furthermore, high rating scores of perceived
lighting adequacy indicate the users’ general satis-
faction with the degree of visual assistance provid-
ed by such a task-related illumination.

Keywords: office lighting, task-related light dis-
tributions, user preference, visual comfort, room
perception

1. INTRODUCTION

Regarding human factors and ergonomics,
achieving a sufficient level of lighting quality is an
essential requirement for the design of modern of-
fice environments, which, as supported by the litera-
ture, can contribute to a sustainable increase in envi-
ronmental satisfaction and individual performance
[1-3]. In this context, task visibility, colour appear-
ance, visual comfort, object modelling, and room
appearance have been identified to be the most rel-
evant quality measures for functional office lighting
[4]. Being composed of all these rather subjective
aspects, lighting quality in general is determined by
the degree of compliance of the visual conditions
with the task-related, emotional, and physiological
needs of the office workers, i.¢e., the more supportive
the lit environment is experienced by the individual
for the accomplishment of a given task, the higher
the respective lighting quality ratings.

This cognitively and emotionally provoked feel-
ing of visual support created by the lighting condi-
tion is influenced by various external and user-spe-
cific factors, see reference [5] for an extensive
overview. From a lighting engineering point of
view, only three of these factors are related to the
lighting system itself and can therefore explicitly be
manipulated in order to dynamically adapt the per-
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ceived lighting condition to the user’s task-depen-
dent needs:

— Light intensity, which is closely related to the
perceptual attributes of perceived brightness [6,7]
and visual clarity [8-10];

— Spectral power distribution, which determines
the white point chromaticity [11] and correlated co-
lour temperature (CCT) [12, 13] of the room illumi-
nation as well as the objects’ perceived colour ap-
pearance [14,15];

— Spatial light distribution [16-23], which ba-
sically summarizes the resulting luminance pattern
of all room surfaces given by the luminous intensity
distributions of the luminaires.

In recent years, luminaires and lighting solutions
have emerged on the market that, besides show-
ing a certain customizability and intelligence re-
garding their proper adjustment to the desired val-
ues of light intensity and spectral composition, also
allow for user-controlled directional variations of
their luminous intensity distributions. Along with
these sophisticated systems comes a new dimension
of complexity and freedom in dynamic lighting de-
sign. In the past, studies investigating the effect of
variations in spatial light distribution on room per-
ception, comfort, preference, health, well-being, or
cognitive performance of office workers either fo-
cussed on experiments that systematically altered
the proportion of the direct and indirect components
of suspended luminaires [17,20,21] or examined the
potential benefits related to the installation of addi-
tional static luminaires, such as sconces, wall wash-
ers, uplighters, or spotlights, intended to provide a
variable and more appealing room luminance pat-
tern [16,18,19,22,23].

None of these studies, however, included such
highly-integrated luminaires that allow for a dy-
namic, usage-specific and task-related optimization
of their individual luminous intensity distributions
with regard to the user’s needs. In two independent
experiments, this work therefore investigates how
directional variations in the spatial light distribution
defining the luminance pattern on the working plane
may affect office workers in the completion of a cer-
tain task while the remaining room luminance pat-
tern is kept fixed.

As a future application example, one can think
of a single lighting installation that is capable of
providing both a task-specific desk illumination
temporally increasing local illuminance levels for
the individual office worker whenever needed (e.g.,

during writing and reading exercises) and a gener-
ally preferred ambient illumination with a percep-
tually optimal luminance distribution on the walls
and the ceiling as well as a favoured direct/indi-
rect lighting ratio (further research is still necessary
to define these “optimal” conditions, see e.g. Sulli-
van and Donn [24] for review). The flexibility of-
fered by such smart, multi-directional, highly-in-
tegrated lighting systems and luminaires may also
allow for more sophisticated dimming strategies
in the context of occupancy-based lighting control
in shared or even open-plan offices to increase en-
ergy savings without degrading users’ comfort and
well-being.

The current paper is organized as follows. In
Sec. 2, the conceptual designs and test protocols as
used in the current work are discussed for both ex-
periments. The corresponding data analysis includ-
ing a discussion of its implications is then provided
in Sec. 3. A summary of the study’s main results and
findings is eventually given in Sec. 4.

2. EXPERIMENTAL METHOD AND TEST
PROCEDURE

Two independent experiments have been con-
ducted under laboratory conditions using two differ-
ent office mock-ups to explore the users’ preference
for task-related spatial light settings. Variable lu-
minance distributions provided by highly-integrat-
ed test luminaires enabled the creation of locally in-
creased illuminance levels on the working plane at
otherwise fixed room illumination conditions. De-
tails on the conceptual design for both experiments,
the test procedure and the study participants will be
given in the following.

2.1. Experiment I

For the first experiment, a climate-controlled,
white-painted model room of 2.40 m x 3.10 m x
2.55 m was equipped with a single white office desk
0of 1.20 m x 0.60 m x 0.76 m. In order to create the
impression of an ordinary visual display unit (VDU)
workstation, a computer monitor, mouse, and key-
board, some stacked books, a filled pencil cup, and
a small green indoor plant were placed on top of it.
The dropped ceiling was kept in white showing the
same reflectance as the walls of approximately 0.8.
The greyish matt linoleum with an average reflec-
tance factor of 0.4 covered the floor. Blinds were
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Fig. 1. Image representations of the model room and setup of the first experiment:
(a) Approximate view from the observers’ perspective when assessing the different lighting situations the objects placed
on top of the office desk create the impression of a VDU workstation and a corresponding working atmosphere;

(b) Test luminaire suspended from the ceiling and aligned to the centre of the office desk and its individual LED segments,
both in up- and downlight, can be controlled independently, wherein blue spots temporarily affixed to the surface of the
office desk mark the measurement grid for the characterization of the different lighting situations
and were removed before starting the actual study;

(c) Camera system used for detecting the position of task performance of the individual subject — the system is installed
and adjusted in such a way that it captures the complete surface of the office desk without perceptually interfering with
the room luminance pattern or the subjects’ view

used to prevent any natural daylight from entering.
The computer monitor served solely as a prop and
was therefore kept in an off state all the time. The
main source of illumination was provided by a mul-
tidirectional test luminaire, a Luke Roberts Model
F [25], which was aligned to the centre of the office
desk and suspended at a distance of 70 cm from the
ceiling. For a better visualization, Fig. 1 represents
a selection of images depicting the experimental
room with some further details on the setup.

For conducting the experiments, both up- and
downlight of the test luminaire were adjusted
to 4000 K at a maximum CRI value. In order to cre-
ate an appealing overall room appearance that is
largely independent of the variable downlight set-
tings, the up light was energised to maximum light
output providing a decently indirect ambient illu-
mination. The peripheral room appearance was ad-
ditionally determined by the emission of four re-
cessed 4000 K fluorescent tube luminaires, which
were installed into the ceiling behind the observer
and dimmed in such a way that an approximately
equal illuminance (~80 Ix) and brightness percep-
tion could be achieved on all four walls.

Based on this initial lighting condition, three dif-
ferent illumination settings of the test luminaire’s
downlight were defined:

— Homogeneous (reference) illumination of the
office desk;

— Illumination spot on the left;

— Illumination spot on the right.

The characterization of the various lighting situ-
ations was performed based on a well-defined mea-
surement grid (see Fig. 1(b); the distance between
two measurement points was 20 cm, while 10 cm
were chosen for the distance between the most out-
er points and the desk edges) by using two cali-
brated Gigahertz-Optik HCT-99D photometers and
a calibrated Gigahertz-Optik X1; optometer with
four measurement heads. To prevent that one situa-
tion is preferred over another just because of differ-
ent overall illuminance levels on the office desk the
emitted downlight intensities for the three lighting
conditions were adjusted accordingly. The goal was
to reduce the measured average illuminance differ-
ences to an absolute minimum. Trial and error even-
tually yielded an optimal constellation of settings
showing a mean average value of (305+3) Ix for the
three lighting conditions. The corresponding uni-
formities were subsequently calculated according
to DIN EN12464—1 using the formula

U, =Eml (M

where E,,;, denotes the minimum and E the aver-
age measured illuminance values. While for the ref-
erence a uniformity of 0.79 could be obtained, it
was significantly reduced for the two different spot-
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Fig. 2. Visualization of the luminance distributions of the three different lighting situations optimized for the first experi-
ment (the general room appearance is largely independent of the variable downlight settings, variations are only observed
on the office desk due to locally increased illuminance values); the following settings were defined: (a) Homogeneous
(reference) illumination, (b) Illumination spot on the left, and (c) Illumination spot on the right (in each case, an approxi-
mately equal average illuminance was ensured to be measured on the office desk)

light situations, showing values of 0.52 (spot on the
right) and 0.53 (spot on the left), respectively. For
the sake of completeness, Fig. 2 depicts the corre-
sponding luminance distributions as captured by a
TechnoTeam LMK 5-1 colour.

A within-subjects study design was chosen for
the first experiment with illumination condition as
the independent variable. The question to be consid-
ered in this context is whether the local illuminance
variations, that were limited to the office desk only,
were experienced by the study participants and,
if so, whether these variations were considered as
bothering. For this purpose, the test protocol shown
in Fig. 3 was applied. On arrival at the institute,
participants were guided to a white-painted ante-
room (also climate-controlled) of 3.00 m x 3.10 m x
2.55 m, which was equipped with four of the same
recessed 4000 K fluorescent tube luminaires as in-
stalled in the adjacent model office providing ho-

video recording

NASA TLX
questionnaire

C-test
number 1

mogeneous illumination. A single white office desk
of 1.60 m x 0.80 m x 0.78 m was positioned in the
middle of the room. Floor and ceiling were of the
same kind as in the model office. Again, natural
daylight was blocked from entering by using suit-
able blinds. The horizontal illuminance measured
on the desk’s surface was also set to 305 Ix. During
the subsequent 5 min of adaptation, each partici-
pant was asked to complete a short questionnaire
assessing age, gender, and handedness and to rate
their subjective sleepiness level on the Karolinska
Sleepiness Scale [26] (KSS). Next, they were hand-
ed over a first standardized C-Test [27] to be com-
pleted under one of the three different experimen-
tal conditions while being seated at the office desk
in the model room. According to their preference,
participants could choose between versions in Ger-
man or English language. Once having received the
C-Test sheet, they were requested to enter the mod-
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tings shown in Fig. 2
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Fig. 4. Experimental setup used for the second experiment for directional lighting, locally increasing the illuminance level
on the office desk, was realized by a custom-made test luminaire enabling the adjustment of its luminous intensity distribu-
tion (ambient illumination was provided by a soft-light LED panel, which was hidden behind the suspended test luminaire
and pointed towards the white opposing wall defining the luminance distribution in the observers’ peripheral field of
view): (a) with the help of an Xbox 360 controller, participants were able to adjust the local dimming of the illumination of
the office desk according to their preference for task performance; (b) reference condition
of homogeneous desk illumination
Note to Fig. 4: The task sheet’s location on the table was predetermined for each participant by randomly selecting one of
the two shown fixed positioning options.

el office on their own. Sitting down at the desk, par-
ticipants were asked to immediately start with the
test. The test sheet’s position on the working plane
was continuously recorded using the camera system
shown in Fig. 1(c).

After having finished the C-Test, which took ap-
proximately 5 min on average, the video recording
stopped and two further questionnaires had to be
completed. One of which was the NASA Task Load
Index [28] (NASA-TLX) questionnaire that assess-
es the participants’ perceived workload during the
C-Test exercise, the other an adapted version of
the multidimensional questionnaire developed by
the Expert Forum Indoor Lighting [29] (EFI) of the
German Lighting Society to qualitatively evaluate
how an indoor lighting situation is perceived and
experienced by the user. Regarding the latter, only
those questions that addressed one of the following
aspects were adopted from the original EFI ques-
tionnaire: — Room and brightness perception;

— Uniformity of the light distribution;

— Potential glare;

— Opverall satisfaction with the lighting situation.

After the completion of all tests and question-
naires of the first round, the participants were asked
to leave the model office and go back to the ante-
room, where they were tested for colour deficiency
using the Ishihara Test for Colour Deficiency [30]
and the Standard Pseudoisochromatic Plates Part II
for Acquired Colour Vision Defects by Ichikawa et
al [31]. In the meantime, the lighting situation in the
model office was changed to the next setting. Thus,
the reason for testing for colour deficiency was

twofold such that normal colour vision had to be
ensured for all participants to exclude potentially
confounding effects and the change of the lighting
situation could occur without being noticed.

The test procedure of the first round was also
repeated for the second and third with the differ-
ence that at the end of the second round a Farn-
sworth-Munsell D-15 Colour Vision Test [32] was
used to check for colour deficiency, while the third
round concluded with a second KSS assessment
marking the end of the first experiment. To prevent
any bias in the assessment of the different lighting
situations, the individual settings were presented
to each participant in a randomized order.

2.2. Experiment I1

The second experiment was conducted in the an-
teroom of the first one. The fluorescent tubes were
replaced by a custom-made test luminaire consist-
ing of two Eurolite LED PIX-12 HCL light bars that
were joined together alongside each other using a
specifically designed frame construction. A single
light bar was exactly 1.00 m of length and contained
12 individually addressable, equidistant multi-chan-
nel LED spots, each of which comprised a total
number of six different channels (red, green, blue,
amber, cool-white, and violet). In order to conceal
the individual LED spots from the observer and
to create a somewhat smoother overall light distri-
bution, a satin PMMA light diffuser plate was used
to cover both light bars.
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The test luminaire was subsequently suspended
from the ceiling and aligned to the centre of the of-
fice desk. It was fixed to a truss hidden behind the
ceiling tiles. The distance between the office desk
working plane and the light emitting surface of the
luminaire was 1.40 m. Despite the use of a light dif-
fuser plate, interfering colour fringing due to the
multi-channel nature of the individual LED spots
could be perceived at this distance when driving
different channels at the same time. Thus, for con-
ducting the experiments, the LED control was lim-
ited to adjusting the amount of light emitted by the
cold-white channel only, showing a CRI value of 87
at 5600 K. Similar to the test conditions of Experi-
ment I, an additional light source of the same CCT,
in this case a soft-light LED panel of 64.5 cm x 30
cm (ARRI SkyPanel S60-C) mounted next to the
test luminaire, was used to supplement the local il-
lumination of the office desk by some ambient il-
lumination to create a more spacious and appeal-
ing general room appearance. This was obtained by
pointing the panel’s light emitting surface towards
the white opposing wall defining the luminance dis-
tribution in the participants’ peripheral field of view.
Fig. 4 illustrates the general setup and the corre-
sponding luminance distribution for the case that all
LED spots of the test luminaire were driven at 35 %
of their maximum PWM value.

In total, 16 different illumination settings were
defined. In addition to the reference condition of ho-
mogeneous desk illumination shown in Fig. 4 (b),
directional lighting, locally increasing the illumi-
nance level on the office desk, was provided by se-
quentially turning pairs of LED spots on and off as
depicted in Fig. 4 (a). In this way, it was possible
for the user to smoothly shift a perceivable illumi-
nation spot from the left side of the desk to the right
side by using the upper shoulder buttons of a teth-
ered Xbox 360 controller. In each case, the amount
of light emitted by the test luminaire was adjust-
ed such that an average illuminance of 650 Ix was
achieved for all illumination settings. This high-
er-than-standard level was chosen to harmonize the
brightness perception between the office desk sur-
face and the opposing wall for an appealing over-
all room appearance. [lluminance uniformity de-
termined for the working plane was of the order of
0.74 for the homogenous reference and 0.53 for the
directional lighting settings. Characterization was
again performed using the same measurement grid

and calibrated photometers as adopted for the first
experiment’s setup.

A between-subjects study design on categori-
cal data was chosen for the second experiment. The
corresponding test protocol is depicted in Fig. 5.
On arrival at the institute, participants were guid-
ed to the model office. They were seated at the of-
fice desk with the illumination being set to the ref-
erence condition. Before starting with the actual
experiment, an initial adaptation of 5 min was re-
quired. During this adaptation process, participants
were screened for colour deficiency and invited
to complete the same personal data questionnaire
as adopted for the first experiment. Afterwards,
a short introduction was given explaining the test
protocol and the use of the controller to adjust the
luminous intensity distribution of the test lumi-
naire. After a short training phase, in which partic-
ipants could switch through all 16 lighting condi-
tions to experience how the local illuminance spot
can be shifted and adjusted to different positions
and how this influenced their visual perception in
relation to the homogeneous reference, the actual
experiment started.

In two consecutive walkthroughs, participants
were asked to adjust the local dimming of the (di-
rectional) illumination of the working plane accord-
ing to their needs and preferences to solve a given
pen-and-paper-based problem. Here, the assigned
task was to detect and visualize small, inconspic-
uous differences between two almost identical im-
ages printed on a single sheet of paper. The posi-
tion of the sheet and, therefore, the location of the
task performance were predetermined for each indi-
vidual participant by randomly selecting one of two
different fixed positioning options, one situated on
the left and the other on the right hand side of the
table, see Fig. 4 (a) and (b). Participants were ex-
plicitly instructed to keep the sheet in place and not
to move it around. Instead, they should adjust the
lighting condition for a subjectively perceived op-
timal visual support to accomplish the given task
at this fixed, predetermined position. Once satisfied
with their adjustment, the participants confirmed
their impression of adequacy of the current light set-
ting by pushing the “A” button twice, which imme-
diately initiated an acoustic prompt to start with the
task processing. In total, they were given three min-
utes to find as many differences as possible in the
image content.
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Fig. 5. Test protocol adopted for the second experiment (in two consecutive walkthroughs of adjustment and refinement,
participants were asked to adapt the local dimming of the illumination of the office desk to their needs and preferences
to experience an optimal visual support for solving the given pen-and-paper-based problem; at the end of each walk-
through, participants should additionally rate the perceived lighting quality of their respective illumination settings)

After these three minutes of task processing, the
participants were instructed to put the task sheet
aside to their left on a separate small side table and
replace it with the EFI questionnaire for a qualita-
tive assessment of the current lighting situation. The
completed questionnaire should also be put on the
side table, marking the end of the first experimental
walkthrough. For the second walkthrough, the par-
ticipants received a fresh task sheet with new image
content that should be placed at exactly the same
position as the first one. In contrast to the first walk-
through, where the starting point was always the ho-
mogeneous reference, the second walkthrough built
upon the participants’ previous adjustment. This al-
lowed for an additional refinement in case that the
participants on second thought and with the impres-
sion gained during the first round of task processing
were not a hundred percent satisfied with the current
lighting condition. Apart from that, the test protocol
of the second walkthrough was identical to those of
the first one.

2.3. Study Participants

For both experiments, volunteers were recruited
through email notices, electronic and convention-
al postings, and word-of-mouth. They were paid
for their participation and only excluded from the
study, if they suffered from a known colour vision
deficiency or failed any of the colour vision tests
performed as part of the respective test protocols.
In addition, subjects that had been participating in
the first experiment were not considered for taking

part in the second. Before being invited to the labo-
ratory, each participant had to sign a declaration of
consent approved by the university’s ethical review
committee. All experiments as well as the data col-
lection and storage were conducted in accordance
with national and international ethical standards.

3. RESULTS AND DISCUSSION

In the following, regression analysis will be ap-
plied to interpret the data collected during the con-
duct of the first and second experiment. The corre-
sponding results will be reported and discussed in
sections 3.1 and 3.2 respectively.

3.1. Results of the First Experiment

In total, 30 student volunteers, 19 males and 11
females, completed the first experiment. Three of
these subjects were left-handed, the rest right-hand-
ed. Their mean + standard deviation age was 22.8 +
2.6 years.

Participants were not informed about the true
purpose of the study. Instead, they were invit-
ed to take a part in an investigation on the per-
ceived workload as a function of air quality through
room-climate regulation. For this reason, the NA-
SA-TLX was included in the test protocol only as
a dummy measure and will therefore be exclud-
ed from the data analysis. In addition, the subjects’
performance on the C-Tests was not of interest for
the analysis (in particular since these kind of tests
are not suited for assessing work productivity relat-
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Fig. 6. Relative position frequency of the test sheets’ centre coordinates (only x coordinate is of interest) obtained by pool-
ing the video-extracted data of all participants for the three different lighting situations (lower pixel values indicate a ten-
dency to the left, higher pixel values to the right; the results for the homogeneous reference condition (red) are compared

to the results of both directional test conditions, i.e desk illumination with spot
on the left (green) and on the right (blue), respectively).
Note to Fig. 6: The camera’s field of view and, therefore, the corresponding pixel matrix including its origin, does not
align with the desk edges, however, since we are only interested in relative differences between the different test conditions
and with the camera being held in fixed position, further calibration of the camera system is not required for data analysis

ed to lighting as they are intended to measure lan-
guage skills only). Yet, they were used to provide a
well-defined task to be completed under the differ-
ent lighting conditions. A corner detection method
based on the Harris-Stephens algorithm [33] applied
to the video recording data was implemented to de-
termine the subjects’ preferred working position as
given by the test sheet’s centre coordinates in rela-
tion to the coordinates of the office desk. For each
lighting situation, it was counted frame-by-frame
how often the test sheet remained in a certain posi-
tion. Due to the variable time needed by each par-
ticipant to complete the C-Test and a constant frame
rate of video recording, normalisation was required
to pool the data of different observers. Thus, for
each participant and lighting situation, the relative
position frequency distribution, defined as the num-
ber of frames that the test sheet remained in a cer-
tain position divided by the corresponding overall
number of frames, was calculated.

Fig. 6 depicts the resulting frequency distribu-
tions of the three different test conditions as ob-
tained by pooling the data of all participants. Since
the luminance pattern on the office desk varied only
along the x-axis (Fig. 2), effects on the participants’

preferred working position caused by the differ-
ent lighting conditions are expected to be observed
along this direction so that the data analysis can be
simplified accordingly. Based on the relative posi-
tion frequencies extracted from video recording, a
weighted average pixel position was subsequent-
ly calculated for each participant and lighting con-
dition. Fig. 7 summarizes the corresponding results
illustrating potential interactions between lighting
condition and gender as well as between lighting
condition and handedness.

A linear mixed-effects model (LMM) approach
was applied for statistical analysis, where “partic-
ipant” was entered as a random factor and “light-
ing condition”, “handedness” and “gender” were
entered as fixed factors. The analysis revealed
no significant main effect of the lighting condi-
tion, y’ (2) =333, p=0.189, on the partici-
pants’ weighted average pixel position of their pre-
ferred working location on the office desk. There
was no noteworthy difference in the pixel posi-
tions between left- and right-hander, y*(1)=2.50
, p=0.114, and between female and male partic-
ipants, 7°(1)=0.28, p=0.595. None of the inter-
action terms was found to be significant. Thus, the
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weighted average pixel position across the different
lighting conditions was the same for left- and right-
hander, ¥°(2)=0.13, p=0.937, as well as for
men and women, x*(2)=0.75, p=0.688. In ad-
dition, the average pixel position of left- and right-
hander did not differ, independent of their gender,
2°(1)=0.50, p=0.478.

Regarding the assessment of the user-perceived
lighting quality, the participants’ EFI rating scores
did not significantly differ between the three dif-
ferent lighting situations for any of the considered
items. Again, no significant effects of handedness or
gender were found. Thus, it can be concluded that,
despite introducing a certain amount of inhomoge-
neity, both directional lighting conditions are rated
of at least equally good quality in terms of room and
brightness perception, light distribution, glare, and
user satisfaction compared to the homogeneously
illuminated reference, independent of handedness
and gender.

On a closer inspection, directional lighting on
average shows even slightly better scores on some
of the EFI (sub-) scales than the reference. The
room for example was perceived 0.3 points more
beautiful, 0.2 points less confined, 0.13 points more
interesting, and 0.25 points more activating than
in the reference condition. The same holds true for
the participants’ ratings of their overall satisfaction
with the current lighting situation. On average, they
were 0.4 points more satisfied with the direction-
al desk illumination. In addition, they showed an
increased satisfaction with the general room light-

ing conditions of 0.23 points for both non-uniform
lighting situations when compared to the homoge-
neous reference.

Regarding the participants’ subjective brightness
perception, the rating scores for assessing the work-
place, the walls, and the total room appearance were
approximately the same across the different lighting
conditions. In all cases, the average score differenc-
es of the participants’ corresponding mean ratings
between the two directional and the reference illu-
mination were smaller than 0.1 points and, thus, are
negligible. Moreover, there was also an equal de-
mand for slightly larger brightness levels for both
the workplace and the walls. For the room appear-
ance, on the other hand, somewhat larger deviations
are observed. Here, participants demanded a stron-
ger increase in brightness for the homogeneous ref-
erence than for the two directional lighting condi-
tions with an average deviation of 0.25 points on the
respective rating scale.

Workplace and room luminance pattern are both
experienced to be more uniform for the reference
condition than for any of the two different direction-
al light settings. On average, workplace and room
are rated 0.47 and 0.22 points more uniform when
being homogeneously illuminated. In both cases,
however, the difference in the participants’ demand
for more uniformity was negligibly small between
the different lighting situations. In addition, the de-
flection in either extreme direction on the respec-
tive rating scales (i.e., significantly more vs. signifi-
cantly less uniform) was only little pronounced for
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Fig. 8. Number of subjects preferring a certain illumination setting for the case that the task sheet was either placed on the
left (plot on the left) or on the right hand side (plot on the right) of the table
Note to the Fig. 8: As illustrated in Fig. 4, participants were able to switch through the different lighting conditions,
smoothly shifting the illumination spot on the office desk from its far-left (“LL04”) to its far-right (“L16”) position and vice
versa: two intermediate conditions, “refR” and “refL”, were additionally created to guarantee a smooth transition between
the homogeneous reference condition (“ref”) and the more directional light settings of conditions L04 to L16 and a signifi-
cant association between the task sheet’s position on the table and the participants’ preferred illumination setting for task
performance could be confirmed.

all three illumination settings. This basically indi-
cates that, compared to the reference condition, the
participants on average did not feel disturbed by the
amount of inhomogeneity introduced in both test
conditions.

Moreover, no glare was experienced as por-
tended by the corresponding, relatively high rat-
ing scores. In addition, the participants’ KSS rat-
ings were always <5 and did not significantly differ
between the beginning and the end of the test pe-
riod. This confirms that they all showed a reason-
ably good level of alertness while taking part in the
experiment and that the time of testing was short
enough to prevent any fatigue from potentially con-
founding the reported results.

3.2. Results of the Second Experiment

In the second experiment, data of 34 new stu-
dent volunteers, 28 males and 6 females who were
not involved in the first experiment were collect-
ed. Seven of these subjects were left-handed, 27
right-handed. Their mean + standard deviation age
was 25.6 £ 6.8 years. For the analysis, we are pri-
marily interested in the participants’ preferred il-
lumination settings and corresponding EFI ratings
at the end of the second walkthrough’s refinement
step, so that only these data will be considered in
the following. Again, the given task was only in-

tended to provide a well-defined framework for as-
sessing task-related user preferences in lighting.
Due to its non-standardized, non-validated nature,
it is not suited to measure work productivity or
to draw any valid conclusions on the subjects’ per-
formance level. Corresponding data were therefore
excluded from the analysis.

Fig. 8 can then be interpreted as the participants’
corresponding preference distribution. It illustrates
how often a certain test condition was selected over
the others for the accomplishment of the given task.
As can be seen, depending on whether the task sheet
was positioned on the left or on the right hand side
of the table, participants tended to adjust the test lu-
minaire accordingly. Applying a two-tailed Fisher’s
exact test of independence [34] thus reveals a sig-
nificant association between the task sheet’s posi-
tion on the table and the participants’ illumination
preference (p =0.0012). This result confirms the
initially formulated hypothesis that, for a perceptu-
ally optimal visual support, a directional light situ-
ation providing locally increased illuminance lev-
els at the position of task performance is preferred
over a homogeneous reference condition — at least
in case of pen-and-paper-based work. Again, no sig-
nificant differences were found with regard to hand-
edness or gender. Thus, in accordance with the re-
sults of the first experiment, participants do not
really seem to bother about perceptual inhomoge-
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neities that much as long as a general feeling of us-
age- / task-specific visual assistance is provoked by
the illumination conditions.

This conclusion is further supported when look-
ing at the corresponding EFI ratings. Independent
of whether the task sheet was located on the left or
on the right hand side of the table, the participants’
average satisfaction scores after the second walk-
through for both the illumination of the office desk
and the general room lighting conditions were 5.45
and 5.33 respectively, which is actually quite good
considering that the homogeneous reference of the
first experiment on average was rated more than 0.5
points lower on both scales. Again, no glare was
perceived and the working plane, the walls, and
the room were judged to appear sufficiently bright.
What should further be emphasized is that the par-
ticipants’ ratings of the second experiment clearly
confirmed the adequacy of a directionally adjusted
illumination to support the task fulfilment. This con-
clusion is based on the scores collected for a new,
dedicated item additionally added to the EFI ques-
tionnaire: Participants were explicitly asked to rate
their feeling of visual support during task perfor-
mance. The corresponding mean rating after ad-
justing the lighting conditions was 5.79 for both
task sheet positions, indicating that the participants’
were generally satisfied with the task-related illumi-
nation conditions.

4. SUMMARY AND OUTLOOK

In this work, two independent experiments were
conducted under laboratory conditions using two
different office mock-up settings to explore the im-
pact of spatially variable, non-uniform light distri-
butions on the users’ illumination preferences for
the accomplishment of a given pen-and-paper-based
task. In both experiments, the general room lumi-
nance pattern was kept fixed, while changes in il-
lumination were applied to the working plane only.
In each case, this was achieved by a combination
of standard luminaires defining the ambient condi-
tions and a single, highly-integrated luminaire for
the desk illumination with enabled dynamic control
of its luminous intensity distribution.

In the first experiment testing naive observers,
a randomized, within-subjects study design was
chosen on three predefined light settings — a ho-
mogeneous reference and two test conditions with
an illumination spot on either the left or the right

hand side of the office desk. The goal of this exper-
iment was to qualitatively investigate whether local
illuminance variations were experienced by poten-
tial office workers during task performance. From
the data analysis, no significant differences were
found in the respective EFI rating scores of light-
ing quality. In addition, no significant main effect
of lighting condition could be reported with regard
to the observers’ preferred working location on the
office desk. Thus, up to a certain amount of inho-
mogeneity on the working plane, whose threshold
still need to be defined on a future occasion, naive
observers do not seem to be bothered in their task
fulfillment by subtle changes of the desk’s local
illumination.

In the second experiment, participants were ex-
plicitly granted control over the illumination’s spa-
tial adjustment on the working plane. In this case, a
clearly significant effect was observed such that an
additional demand for locally increased illuminance
levels at the position of task performance could be
reported. In addition, the participants’ average EFI
satisfaction scores after adjustment as well as their
corresponding illumination adequacy ratings were
quite good, which indicates that a task-related illu-
mination can be beneficial with regard to increas-
ing visual comfort by actively supporting the task
fulfilment.

So far, we limited our investigations to simpli-
fying but well-defined pen-and-paper-based tasks
performed under controlled laboratory conditions
only. With regard to the practical application of the
reported results, it would thus be of interest to ex-
tend the current study to more realistic, less con-
strained computer-based office tasks. This brings
up the question in what manner the luminance dis-
tribution of the computer monitor will interact with
the local desk illumination. One could hypothesize
that also in this case office workers might prefer a
local dimming strategy over the homogeneous il-
lumination reference layout, e.g., by providing an
increased illuminance level on the keyboard and
mouse but a decreased level in the area of the com-
puter monitor. Upcoming studies investigating the
benefits of highly-integrated, multidirectional lumi-
naires in the context of task-related, user-preferred
lighting are therefore required and should be con-
ducted in real office environments for an increased
practical utility. In addition, future work may fur-
ther focus on the link between task-optimized light-
ing conditions and a potential increase in office

125



Light & Engineering

Vol. 29, No. 1

workers’ productivity. For this purpose, though, re-
liable and validated measures for work productivity
and/or individual performance improvements must
be incorporated accordingly.

Task-related dimming strategies geared to the
specific needs of an individual office worker are ex-
pected to become more and more important. Be-
sides offering the possibility of increasing the users’
visual comfort and well-being in the office environ-
ment, as suggested by the results discussed in this
paper, they can also help fulfil energy savings re-
quirements, primarily by expanding the concepts of
occupancy-based lighting control by a more task-re-
lated approach. Due to the increasing flexibility of
modern, highly-integrated lighting systems regard-
ing the directions of light emission and LED con-
trol, a single lighting installation consisting of a
relatively small number of this kind of luminaires
may be sufficient for providing both a generally
preferred ambient illumination of the office envi-
ronment and a task-specific desk illumination tem-
porally increasing local illuminance levels whenev-
er needed by the individual office worker. Thus, no
additional desk lamps or free-standing luminaires
would be required anymore for achieving an in-
creased visual comfort, reducing installation and
maintenance costs. In addition, the potential use of
artificial intelligence for automatically recognizing
the users’ needs and adapting the lighting conditions
accordingly is also something of huge benefit that
should be addressed in the future. The goal must be
to ease system control as far as possible and, despite
its complexity, ensure sustained user acceptance by
preventing the user from feeling overwhelmed by a
too large number of adjustment options.
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