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Light emitting diode (LED)-based systems are considered to be the future of
lighting. We consider the problem of energy-efficient illumination control of such
systems. Energy-efficient system design is based on two aspects: localised
information on occupancy and optimisation of dimming levels of the LEDs.
Specifically, we are interested in minimising the power consumption of an LED
system, subject to providing uniform illumination at a pre-specified level around
occupied zones, by determining the dimming levels of the LEDs. We show that
this optimisation problem can be solved by linear programming and use the
simplex algorithm to determine the dimming levels. The efficacy of our proposed
system is evaluated in an office scenario by comparing it with a system that
renders uniform illumination across the whole space.
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Constraint vector of the linear program
Illuminance contrast

Maximum illuminance contrast in R
Dimming vector

Number of dimming levels
Illuminance of the i-th LED

Total illuminance

Vector of illuminance contribution per
LED at u-th location in U

Vector of illuminance contribution per
LED at v-th location in V

Distance from ceiling to workspace plane
Number of occupants

Length of room

Address for correspondence: Ashish Pandharipande, High
Tech Campus, HTC 34-1.41, 5656 AE, Eindhoven, The
Netherlands.

E-mail: ashish.p@philips.com

© The Chartered Institution of Building Services Engineers 2010

max

NS

min

<3

[lluminance level

Target illuminance level in R,
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Coefficient matrix of the linear program
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Number of LEDs along the length of the
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Number of LEDs across the width of the
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Ry Region surrounding the occupant

R, Feasible region for optimisation

s Vector of slack variables of the linear
program

U Discrete set of coordinate pairs in R, and
in Ry

U Number of coordinate pairs in U

1% Discrete set of coordinate pairs outside Ry
and in Ry

Vv Number of coordinate pairs in V

w Width of room

X x-coordinate

¥ y-coordinate

Al Separation amongst evaluation points

along the length of the room

Separation amongst evaluation points

across the width of the room

A Separation amongst LEDs on a uniformly
spaced grid

Ax Separation amongst LEDs along the
length of the room

Ay Separation amongst LEDs across the
width of the room

Q Area of region R,

d Semiangle of the light beam at half power

NI

Notation: Given 2 coordinates (x;, y;) and
(x5, y»), the distance between them, or
the 2-norm of the difference between the
coordinates is given by ||(x2, y2)— (x1, ¥l =

\/(xz —x1)° 4+ (y2— »)%. For a real value
x, its absolute value will be written as |x|
and its floor by | x]. For two positive numbers
a and b, the remainder of division of a by b is
given by the modulo operation, written as
a mod b.

1. Introduction

Light emitting diodes (LEDs) are set to
become the next generation source of energy
efficient illumination. They offer longer life
times, dynamic light effects and greater design
flexibility. Flexibility in tuning LEDs in par-
ticular means that the design of LED-based

Lighting Res. Technol. 2010; 0: 1-18

systems offers greater potential for energy
savings."

We consider the problem of illumination
control of an LED-based lighting system.
Illumination achieved by an LED system
depends on the illumination radiation pattern
and the dimming level of the individual
LEDs. A Lambertian function®* is commonly
used to model the broad beam illumination
pattern of an LED. The dimming level thus
provides the degree of freedom to control
illumination patterns realised by an LED
system. The LED system is considered in a
typical workplace setting of an office room
with one or more occupants. We consider two
instruments of energy-efficient system design
in our framework. One aspect is that illumi-
nation is rendered at a higher level (at an
illumination level required as per workspace
norms) only in occupied regions. Occupancy
may be determined by a presence detection
sensor capable of determining localised occu-
pancy information, that is the location of
different occupants can be obtained.
Alternatively, occupants may be equipped
with a controller that conveys their location.
The second aspect of energy-efficient design
lies in the determination of dimming levels of
the LEDs so as to minimise the total power
consumption of the LED system. This opti-
misation is done under the constraint of
achieving uniform illumination at a pre-
specified level in occupied regions and a
minimal illumination level elsewhere.

Different aspects of LED system design
have been considered in past literature. The
problem of illumination rendering has been
treated by Yang et al’ and Moreno.’
Linnartz et al.” presented the idea of modu-
lating LED illumination pulses using code
division multiplexing as a way to facilitate
determining individual illumination contribu-
tions at a receiver. Solutions based on fre-
quency division multiplexing as a means to
determine (and control) individual LED dim-
ming levels have been treated by Yang et al.®’
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A framework for the design of lighting
systems based on daylight control and
occupancy information was developed by
Singhvi er al.'® The approach used there
considered the maximisation of occupant
utility functions taking energy efficiency into
consideration. Further, in solving for the
illumination levels, the light sources were
assumed to have narrow beams. As such,
both the optimisation problem and the solu-
tion methodology considered there differ
from our work.

The paper is structured as follows: in
Section 2 we describe the LED lighting
system and also present LED illumination
models. The design of energy-efficient illumi-
nation control is formulated as an inequality
constrained optimisation problem in Section
3. We analyse this optimisation problem as a
linear program in Section 4. A simplex
algorithm is employed to obtain the LED
dimming levels. Under this illumination con-
trol algorithm, the performance of the LED
system is evaluated in Section 5 using
LUXEON LED models. Finally, conclusions
are drawn in Section 6.

2. System description

We consider a lighting system with LEDs on a
uniformly spaced grid in a room of length /
and width w. Let N, and N, be the number of
LEDs distributed along the length and width

respectively of the room ceiling with
separation
w
AX =—,
Ny
[
Ay =—.
N,

For convenience, a coordinate system is
assumed with the origin at the centre of the
ceiling. The location of the i-th LED is given

LED lighting systems 3

by the coordinate pair (x;, ;) where

Ny—1
x,-:(oz— ’2 )Ax,

o= (i—1)mod N,

N, —1

All the measurements of illuminance are
taken at a plane parallel to the ceiling located
at a distance &, measured perpendicular from
the LEDs’ plane. This distance represents a
normal height for a working place, for exam-
ple a desk. As such, there are two planes (as
depicted in Figure 1) — one in which the LEDs
are placed and the other is the workspace
plane. We will not introduce a z-coordinate to
distinguish the two planes for clarity of
exposition since the difference will be clear
from the context.

We assume that the location of an occu-
pant is determined either by a presence
detection sensor or by a user-equipped con-
troller. It is desired to achieve uniform
illumination at a prescribed level surrounding

Workspace

plane

Figure 1 lllumination of an LED lighting system

Lighting Res. Technol. 2010; 0: 1-18
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the occupant locations. In unoccupied areas,
it is desired to have a minimal illumination
level. Both levels are chosen so as to meet
required illumination norms. In practice,
uniform illumination means that variations
in the illumination level must be below a
certain threshold. The distortion in illumina-
tion pattern at location (x, y) with respect to a
target illuminance level L is characterised
by the illuminance contrast, as given by
Weber’s law,!

C(EG. s h). L) = =227

()

where E(x, y; h) is the illuminance at point
(x, y) and distance A.

3. Problem formulation

We now mathematically formalise the illumi-
nation control problem.

Denote by d, the N, N,x1 dimming
vector, given by

d e [dl, ceey dN'\,NJ.]a

where 0 <d;<1 is the dimming level of the
i-th LED. d;=0 means that the LED is
dimmed off while d;=1 represents that the
LED is at its maximum illumination.

Given J known locations (x;, y;) of occu-
pants, it is desired to have a uniform illumi-
nation level, L., in regions around the
occupant locations. Denote this whole region
by R,:

R() :{(xay) : ||(xay) - (xjay])||2 = ro,
j:l,...,J} 2)
and its area by Q. The constant ry may be
chosen as per workspace norms and occupant

comfort. Thus at any point in R,, we have the
contrast between the total illumination and

Lighting Res. Technol. 2010; 0: 1-18

Lnax to be lower than a prescribed contrast
C,,. Furthermore, the mean illumination level
over Ry is desired to be L;,,,. Outside region
R,, it is desired that the illumination level be
at least L.

We seek to minimise the total power
consumed by the lighting system under the
illumination constraints in the occupied and
unoccupied regions. Formally, we want to
determine the optimum dimming vector d* to
solve

NN,
d* = argmdin Z Pi(d;) s.t.
i=1

|C(ET(X9 y; d; h)7 Lmax)| S Cf/17

V(x,y) € R,
Er(x,y,d; h) > Ly,
V(x, )¢ R, 3)
1
— Er(x,y,d; h)oxdy = Lmax
Q Jieper,
0<di<1, i=1,...,NiN,.

Here, P/(d;) is the average power consumption
of the i-th LED at dimming level d;. EA(x, y,
d; h) is the total illuminance at point (x, y) and
distance /4 resulting when using dimming
vector d.

Some comments are in order regarding the
optimisation problem in (3). Note that in the
region outside R,, we only require an illumi-
nation level of at least L,;,, which is different
from the requirement of uniform illumination
of L.y inside R,. This is due to the practical
reason that it is not possible to achieve
uniform illumination in this region owing to
edge effects (e.g. on the boundaries outside R,
and near the walls). Further, we shall assume
a feasible solution exists for problem (3). That
is, the LED system is designed in the first
place such that illumination control can be
done as per (3).
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3.1 Power consumption

The illumination intensity of an LED is
typically controlled using pulse width modu-
lation (PWM).12 The dimming level d; is in
fact the duty cycle of the PWM waveform.
Hence, the average power consumed by the
i-th LED over one waveform cycle is

Pi(d;) = diPon + (1 — dj) Posr “4)

where P,, and P, are the power consump-
tions while the LED is on and off, respec-
tively. In practice, Por=0. Hence

Pi(d;) = diPop.

Then, the total power, Pz, consumed by
the lighting system is the summation of the
average power of each LED:

NN,
PT = Z diPon~ (5)
i=1

Thus, minimising the total power con-
sumption is equivalent to minimising the
sum of the dimming levels of the LEDs,

N.N, N.N,
arg m}n Z Pi(d;) = arg m}n Z di.  (6)
i=1 i=1

3.2 Illumination pattern model

A widely used model for the illumination
pattern of an LED is the generalised
Lambertian function.>* The illuminance, in
the workspace plane, at location (x, y)
and a distance & for a single LED located at

(X i) 1s

Ei(x,y; h)

v 12775
:A[1+“(X’y) h2(xl,y,)||2] )

LED lighting systems 5

with

A=—--——"
2mh?

where A, is the luminous flux of the light
and m is the Lambertian mode (m>0).
This mode is related to the semiangle
of the light beam at half power, ®;, deter-
mined by ’

In(2)

The overall illumination at position (x, )
is then equal to the combined contribution
of every LED. Thus, with the i-th LED
at dimming level d; and the illumination
pattern in (7), the total illuminance is
written as

ET(X:)/, da h)

NN,
= d;E{(x,y; h)
1

=

i

m+3

NN, NS
=4y a4l BB )
i=1

Note that the above model neglects reflec-
tions of light occurring in the room.
In practice, these contributions need to be
accounted for in the overall illumination. This
can be done by incorporating a reflection
model for a given room'® or by actually
measuring light intensities using appropriate
Sensors.

Lighting Res. Technol. 2010; 0: 1-18
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Now, using (6) and (8), our original prob-
lem (3) can be rewritten as

N.N,
d* = argm‘}n Z d; s.t.
i=1

NN,
| Zi#l ’ diEi(xay; h) — Lmax|
< LynaxCui; V(x, y) €R,

le_ile_r d,-E,-(x, ) h) = Lmin,

V(x,»)¢ R, )
1
Y di[_ / Ei(x, y; h)axay}
Q2 (x.y)ER,
- Lmax
0<di<1, i=1,...,NN,.

3.3 Illumination uniformity

The feasibility of obtaining a uniform
illumination pattern depends on the beam-
width of the LEDs and the amount of overlap
of their patterns, that is the separation
amongst LEDs.

There is a trade-off between these two
parameters. When the LEDs are on a uniform
grid, with an illumination pattern as defined
by (7), the maximum separation between two
consecutive LEDs (A=Ax=Ay) that
ensures a uniform illumination is given by
the approximation'*

1.2125
A= 335

for Ny>4 and N, >4 and m>30. This gives
us an upper threshold for the maximum
separation amongst LEDs to ensure that a
uniform illumination is feasible.

(10)

Lighting Res. Technol. 2010; 0: 1-18

4. Algorithm for illumination control

Note that the objective function as well as the
constraints of the optimisation problem in (9)
are linear in {d;}.

To write (9) in the standard form of a linear
optimisation problem,'> we first discretise the
constraints. To do this, we divide the work-
space plane into a uniform spaced grid with
N, and N,, number of points along the length
and width of the room, respectively.
The separation between points is given by

w

Aw =—,
[

Al =—.
N;

The k-th location is given by the coordinate
pair (xg, yi) where

N, —1
Xk =\V— B AW:

y = (k —1)mod N,,

N, —1
= — Al
Yk (C 3 ) ,

k=1
SN

k=1,2,...,NyN,.

for

Let R,be the region within which the target
illumination levels are feasible. Outside this
region (in practice, this corresponds to points
near the walls of the office) those levels are
not achievable owing to edge effects and thus
the constraints at these points are not
considered.
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Furthermore, let us define two discrete sets
of coordinate pairs ¢ and V given by

U = {(xk, yi) - (xk, yx) € R, and
(Xe.v6) € Rpy k=1,...,N,N;},

V = {(xx. yi) : (X, i) ¢ R, and
(Xe.y6) € Rpy  k=1,...,N,N;}.

(11)

Let U and V' be the number of coordinate
pairs in the sets U and V, respectively. The
u-th or v-th coordinate pair (x, y) in i/ or V is
denoted by U, or V,, respectively.

Rewriting the constraints in (9) and eval-
uating the constraints in their respective sets,
we obtain

NN,
Z diEi(uu; h) < LnaxCu + Lmax,
i=1
u=1,...,U;
NiN,
- diEi(uu; h) < LmaxCii — Lmax,
i=1
u=1,...,U;
N.N,

— Z diEi(Vy; /’l) =< _Lmina
i=1

I
v=1,...,V;
N\’N\'

U
Z di |:le Ei(uu; h)j| = Lpax.
j u=1

i=1

(12)

Using (12), the optimisation problem of (9)
can be written in matrix form as

* : T
d _argmt}nleerld s.t.

Md<b
n'd = Liax
0<d =<1,

i=1,...,N.N,

LED lighting systems 7

where 1y, is the vector [1, 1,..., 1]7 of size
N x 1 and

M, by W
M = M2 5 b = b2 s n—= l_] fu
]‘43 b3 u=1
with
£ —g!
My=|: |, M=-MM = :
1 —g7
and

f =EiUys h), ..., Exn, Uy W],

u=1,...,U;
g, =[Ei(Vyi h),....Exn,(Vis D],
v=1,...,V;

b = (LmaxCIh + Lmax)lle;
b, = (Lmaxcrh - Lmax)lle;
b3 — _Lmianxl-

We now use slack variables'® to transform
the inequality constraints Md < b into equal-
ity constraints. Let the QU + V) x 1 vector of
slack variables s be written as

'5S2U+V]T
g=1,...,2U+ V.

s = [s1,52,..

54 =0,

Hence, (13) can be posed as

* : T
d _argm‘}nleNyde s.t.

Md+s=b
an:Lmax

. (14)
0<di<1, i=1,...,NiN,
520, g=1,....2U+ V.

Lighting Res. Technol. 2010; 0: 1-18
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Now our problem is in the standard form
of a linear optimisation problem with an
additional upper bound for the variables {d;}.
For such g)roblems, there are known efficient
methods'® such as the simplex algorithm for
obtaining an exact solution.

The solution of (14) obtained from the
simplex algorithm results in continuous
values for d; lying between 0 and 1. As a
final step, we discretise the resulting vector d*.
Assuming D levels for dimming an LED,
we proceed to map each element of d* to the
nearest dimming level (multiple of %). It is
clear that this final step introduces an error in
the solution which is inversely proportional to
the number of levels D (see also the following
section). For a high resolution level D, this
error is negligible.

4.1 Computational complexity

In practice, the simplex method converges
in less than 3Q iterations,!” where Q is
the number of constraints (here, Q=
N, N, +2U+V+1). In comparison, a full
search method with a resolution of D levels
for dimming the LEDs requires DV itera-
tions. Hence, a full search algorithm is not
feasible to use even when the number of
LEDs is moderately large.

5. Numerical example

We consider a typical indoor office scenario,
with the parameters shown in Table 1. The
illumination lighting parameters comply with
the recommendations of the European
Committee for Standardization.'®

The parameters from the Luxeon Rebel,?
which produces a Lambertian radiation pat-
tern with @, =60°, are chosen for testing.
These values are listed in Table 2. A single
LED provides approximately 14.31x in the
axis direction. Hence, the radiation pattern of
the i-th LED over the workspace plane is

Lighting Res. Technol. 2010; 0: 1-18

Table 1 Indoor lighting parameters

Parameter

I (m) 4
w (m) 6
h (m) 2
Linax (Ix)
Lmin (1x)
ro (m) 1

Table 2 LED parameters

Parameter Value

i (degrees) 60
Lambertian mode (m) 1
Luminous flux (Ag) (Im) 180
Maximum illuminance (A) per LED (Ix) 14.3
Power consumed (P,,,) per LED (W) 2.24

given by

E(x, y; h)
14 3[ NG y) =

(xf,yl-)né]‘z s

4

Additionally, a second narrower beam-
width of 10.5° is tested. Most commercial
lenses offer different beamwidths, from
around 5° to 40°, with different gains in
illuminance."” Very narrow beams are
excluded due to the fact that in those cases
the best choice of dimming levels is the trivial
solution of turning on the LEDs in the
surrounding of the occupant to achieve uni-
form illumination and dimming off the others
to maintain the minimum level L,;,. The
maximum illuminance per LED using a lens
with angle CI>1 =10.5° is 1801x (lambertian
mode, m= 41) The illumination pattern with
<I>% = 10.5° is given by

{0 (x, i by

I1(x, »)

-22
— (o yll3
4

= 180[1 +
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180

160}
140}
120}
100}
80}
60}
40}
20}

llluminance (Ix)

-3

X-axis (m)

Figure 2 llluminance pattern for different beamwidths

Table 3 Error in contrast for different bit

resolutions

Bit resolution Error (%)
4 4.254
5 1.241
6 0.361
7 0.343
8 0.099
9 0.098
10 0.017
1" 0.017
12 0.008

The corresponding patterns for ®; of 10.5
and 60° are shown in Figure 2. ’

For dimming the LED, a resolution of
8 bits is chosen. This allows D =256 different
levels of illumination per LED. Furthermore,
the error introduced in the calculated contrast
is low. The error in the resulting contrast
within R, for different bit resolutions is
shown in Table 3. This error is calculated
with an occupant located at the centre of the
room and @, = 60°.

The separation of the LEDs is chosen in a
way that makes it possible to render a
uniform illumination distribution across the
plane. Thus, using (10), the maximum sepa-
ration (A=Ax=Ay) for each case is

LED lighting systems 9

Table 4 Additional
lighting system

parameters of LED

Parameter Value
Ax=Aw (m) 0.3
Ay=Al(m) 0.3
Ny=N,, 20
N,=N, 13

calculated. For values for ®; of 10.5° and
60°, we obtain a maximum separation A of
0.3598 m and 1.287 m, respectively.

Finally, the separation is chosen as
A =0.3 m. That means

6

N, =—=20,
T 03
4

N, =—=~13
7703

which in total represents 260 LEDs distrib-
uted over a uniform grid on the ceiling. The
constraints are evaluated at the same coordi-
nate pairs (x, y) of the LEDs. These param-
eters are summarised in Table 4.

5.1 Performance comparison

We compare our proposed system and
method (labelled, SM-2) with a system that
renders uniform illumination at L,,,, across
the whole room (labelled, SM-1"). The metric
for comparison is the power consumed cal-
culated from (5), while additionally consider-
ing the contrasts achieved.

We shall consider two values for the
contrast threshold, C,,. One value is a tighter
choice of C,;,=0.05 so as to provide a higher
uniformity in illumination. The other is
C,,=0.3 which is as per the recommended
limit."®

We first consider a single occupant located
at the centre of the office room, with

'"The dimming levels are optimised under SM-1 for minimum
power consumption subject to a maximum contrast Cy, and
mean illumination level L, over Ry

Lighting Res. Technol. 2010; 0: 1-18

Downloaded from Irt.sagepub.com at Bibliotheek TU Delft on October 19, 2010


http://lrt.sagepub.com/

10 D Caicedo et al.

C;,=0.05. Performance results comparing
SM-1 and SM-2 for this scenario are shown
in Table 5. In Figure 3, we depict the feasible
region Ry for different values of &, under
SM-2. The obtained illumination patterns for
cach @, are plotted in Figures 4 and 5,
respectlvely As indicated in Table 5, in both
cases, the contrast is kept below the threshold
of 0.05. With SM-2, we observe power
savings higher than 33% in comparison to
SM-1.

Additionally, with s = 60°, the dimming
levels for an occupant located at the centre of
the office room for SM-2 and SM-1 are

Table 5 Performance comparison of SM-1 and SM-2
(Ct»,=0.05)

plotted in Figures 6 and 7, respectively.
We observe close to the borders a larger
number of LEDs at a high dimming level with
SM-1 than with SM-2.

Next, with s = 60°, we consider the per-
formance of SM 2 with varying locations of
the occupant. Due to symmetry, results are
shown corresponding to locations where x > 0
and y>0.

The illumination uniformity obtained
within R, and power savings are shown in
Figures 8 and 9, respectively for different
locations of an occupant. As can be seen,
the uniformity is maintained below 0.05 and
the total power saving is more than 30%. The
lowest power saving is obtained close to
the corners of the room because fewer LEDs
are contributing to the illumination at those

0.3. The illumination

®, (degrees) 10.5 60 locations. Thus, more LEDs need to be at
Maximum contrast (SM-1) 0.05 0.05 higher illumination levels to illuminate the
Maximum contrast (SM-2) 0.05 0.05 OCCl{pant WprkSpaCG-
Power (SM-1) (W) 277.63 331.86 Finally, in Table 6, a performance com-
Power (SM-2) (W) 184.80 20552 . - ) P
Reduction in Power (%) 33.43 aso7  parison of SM-1 and SM-2 is shown for
different @, with Cj,=
T T T I T ===t __ | T T
15/ - PR ".\~~\ \
1 /" \\\ N
05F / -
E ' \
g OF ll : i
© 1 1
I>~. 1} !
-05F “ l' -
\\ II
-1r \\ " T
-15 Teel
\I 1 L=~ T 1 peo--7-""" 1 |/
25 -2 15 -1 -05 0 0.5 1 1.5 2 2.5
Xx-axis (m)
105 ----- 60°

Figure 3 Region R;for different angles <I>% and C;,=0.05
Lighting Res. Technol. 2010; 0: 1-18
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patterns, dimming levels and power savings
are depicted in Figures 10-15. A looser value
of 0.3 for C,, (i.e. lower uniformity) implies
that some locations will have illumination

LED lighting systems 11
levels as low as 0.7 L..«. For SM-1, those
locations are principally at the borders of Ry
whereas for SM-2 these are at the borders of
R, (see Figures 10 and 11, and cf. Figures 4
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Table 6 Performance comparison of SM-1 and SM-2 (C;,=0.3)

! (degrees) 10.5 60
Maximum contrast (SM-1) 0.3 0.3
Maximum contrast (SM-2) 0.3 0.08
Power (SM-1) (W) 254.71 237.98
Power (SM-2) (W) 182.85 202.21
Reduction in Power (%) 28.21 15.03
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and 5). It is noteworthy to mention that the
power saving with C,,=0.3 is less than that
with C,;,=0.05 (Figures 9 and 15). This can
be understood by looking at the optimised
dimming levels under SM-1 and SM-2 for
C;;,=0.05 and C,,=0.3 (refer to Figures 6, 7,
12 and 13). Under SM-1 with C,;=0.05, a
larger number of LEDs are at maximum
power when compared with that of C,,=0.3
(as shown in Figures 7 and 13, respectively).
However, under SM-2 the dimming levels for
C,,=0.05 and C,;,=0.3 are quite comparable
(as shown in Figures 6 and 12).

6. Conclusions

We formulated the design of occupancy-based
uniform illumination control of LED lighting
systems as a constrained optimisation prob-
lem. This problem can be solved using linear
programming methods, and a simplex algo-
rithm was used to obtain an optimal solution.
We then compared the energy efficiency of
such an LED system (SM-2) with an LED
system that renders uniform illumination
across the entire space (SM-1). For single
occupancy configurations, we showed that
substantial savings are achieved with the
proposed design.

References

1 Boyce PR, Veitch JA, Newsham GR, Jones CC,
Heerwagen J, Myer M, Hunter CM. Occupant
use of switching and dimming controls in
offices. Lighting Research and Technology 2006;
38: 358-376.

2 Loe DL. Energy efficiency in lighting - consid-
erations and possibilities. Lighting Research and
Technology 2009; 41: 209-218.

3 Lumileds. LUXEON LED radiation patterns:
Light distribution patterns. Retrieved 20
November 2009, from http://www.lumileds.-
com/technology/radiationpatterns.cfm.

10

11

12

LED lighting systems 17

Moreno I, Sun C. Modeling the radiation
pattern of LEDs. Optics Express 2008; 16:
1808—1819.

Yang H, Bergmans JWM, Schenk TCW,
Linnartz JMG, Rietman R. Uniform illumi-
nation rendering using an array of LEDs: A
signal processing perspective. I[EEE
Transactions on Signal Processing 2009; 57:
1044-1057.

Moreno I. Creating a desired lighting pattern
with an LED array. SPIE, Paper 705811, 2008.
Linnartz JMG, Feri L, Yang H, Colak SB,
Schenk TCW. Code division-based sensing on
illumination contributions in solid-state light-
ing systems. IEEE Transactions on Signal
Processing 2009; 57: 3984-3998.

Yang H, Bergmans JWM, Schenk TCW.
Illumination sensing in LED lighting systems
based on frequency-division multiplexing.
IEEE Transactions on Signal Processing 2009;
57: 4269-4281.

Yang H, Schenk TCW, Bergmans JWM,
Pandharipande A. Parameter estimation of
multiple pulse trains for illumination sensing:
IEEE International Conference on Acoustics,
Speech and Signal Processing, Dallas, USA,
March 2010.

Singhvi V, Krause A, Guestrin C, Garret Jr
JH, Matthews HS. Intelligent light control
using sensor networks. Proceedings of the 3rd
International Conference on Embedded
Networked Sensor Systems, San Diego,
California, USA, 2005: 218-229.

Boyce PR. Human Factors in Lighting.

2nd Edition. New York: Taylor and Francis,
2003.

Gu Y, Narendran N, Dong T, Wu H. Spectral
and luminous efficacy change of high-power
LEDs under different dimming methods:
International Conference on Solid State
Lighting, SPIE, San Diego, California, USA,
Vol. 6337, 633701, 2006.

Otte R, de Jong LP, van Roermund AHM.
Low-power Wireless Infrared Communications.
Dordrecht: Kluwer Academic Publishers,
1999.

Moreno I, Avendano-Alejo M, Tzonchev RI.
Designing light-emitting diode arrays for uni-
form near-field irradiance. Applied Optics
20006; 45: 2265-2272.

Lighting Res. Technol. 2010; 0: 1-18

Downloaded from Irt.sagepub.com at Bibliotheek TU Delft on October 19, 2010


http://lrt.sagepub.com/

18 D Caicedo et al.

15 Boyd S, Vandenberghe L. Convex 18 EN 12464-1:2002. Light and Lighting. Lighting
Optimization, Cambridge. Cambridge of Work Places. Part 1: Indoor Work Places.
University Press, 2004. Brussels: European Committee for

16 Dantzig GB. Linear Programming and Standardization, 2002.

Extensions, 1st printing. Princeton, NJ: 19 Faren Srl. FHS lens series. Retrieved 9
Princeton University Press, 1963. November 2009, from http://www.fraensrl.
17 Luenberger DG, Ye Y. Linear and Nonlinear com/images/Fraen_FLP_Rebel datasheet.pdf

Programming, 3rd Edition. New York:
Springer, 2008.

Lighting Res. Technol. 2010; 0: 1-18

Downloaded from Irt.sagepub.com at Bibliotheek TU Delft on October 19, 2010


http://lrt.sagepub.com/

