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a  b  s  t  r  a  c  t

Electric  lighting  has  not  substantially  changed  in over 100  years.  From  incandescent  bulbs  to fluorescent
tubes,  the  efficiency  remains  low  and  control  mostly  involves  on/off  or dimming.  The  new  wave  of  solid
state  lighting  offers  the  possibility  of sensor-based  intensity  regulation,  color  control,  and  energy  effi-
ciency,  under  varying  needs  and  environmental  conditions.  This  paper  formulates  the lighting  control
problem  as an  optimization  problem  balancing  color  fidelity,  human  perception  and  comfort,  light  field
uniformity,  and  energy  efficiency.  The  optimization  problem  is  solved  based  on  the  light  propagation
eedback control
nergy efficiency
ntelligent buildings

model,  which  is  adaptively  updated  with  color  sensor  feedback  to account  for changing  ambient  lighting
conditions,  such  as daylighting.  We  demonstrate  the  proposed  approach  in  a  smart  space  testbed  under
a variety  of use  conditions.  The  testbed  is  instrumented  with  12 color  tunable  lights  and  12  light  sensors,
as  well  as  simulated  daylight.  The  results  show  substantial  improvement  in  terms  of  energy  usage  and
delivering  good  light  field  quality  in the  presence  of  varying  lighting  conditions.  Experimental  results

f  the
corroborate  the  efficacy  o

. Introduction

Lighting is a major source of energy consumption in the U.S.,
sing an estimated amount of more than 850 billion KWh  annually

n commercial sector, 16% of total electricity consumption of the
ountry in this sector [1]. For the residential sector, this number is
ore than 550 billion KWh, 9% of the total electricity consumption

f the country in this sector [1]. With the increasing importance
f energy to economy and national security, solid state lighting
SSL) (i.e., light emitting diodes (LEDs) technology) is heralded as
n important part of the solution as it offers energy efficiency and
ongevity. Indeed, the projected penetration of SSL into the light-
ng market would reduce energy usage by a whopping 49% [2]. SSL
lso possesses other attractive attributes including spectral tun-
bility and fast response, which enables its use as a programmable
evice. These unique advantages of SSL open up a new dimension of
ighting, called smart lighting, where lighting together with sensors
reates an intelligent networked control system to achieve new
evels of functionality, efficiency, and performance.

∗ Corresponding author. Tel.: +1 510 7106507.
E-mail addresses: afshas@rpi.edu (S. Afshari), mishrs2@rpi.edu,
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 proposed  algorithms.
© 2013  Elsevier  B.V.  All  rights  reserved.

With the surging interest in SSL, there has been a rapidly grow-
ing body of related literature. Most of these efforts concentrate
on novel material design, device packaging, and manufacturing.
More recently, system-level research has been increasing due to
the emphasis on overall systems-wide energy saving. Smart light-
ing control is typically posed as an optimization problem adjusting
the individual light intensity to minimize energy consumption sub-
ject to task requirements, varying ambient lighting conditions (e.g.,
daylighting), and occupant locations. Most of this work regulates
the intensity of white light to satisfy user needs while minimizing
energy usage. The lighting specification is established based on the
occupant locations and natural light distribution, which are mea-
sured by sensor networks consisting of light sensors and occupancy
sensors or from measured usage data [3–8].

The system description used for lighting control is typically the
light transport model [9], which relates light intensity of LEDs
(of specified spectra) to the color (RGB) output at locations of
interest. This model is static (i.e., no dynamics) and is used to deter-
mine light input to minimize some optimization objective, which
would depend on occupancy, energy consumption, and account
for the ambient light condition. Various optimization algorithms
have been used for solving the optimal lighting problem, includ-

ing linear programming [3,10], genetic algorithms [11,12], global
search algorithms [13], and artificial neural networks [8]. Color
tunable lights consisting of separately controlled multi-color LEDs
have also been used to improve the photometric characteristics
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14,4,13,15–17] and achieve desirable color temperature [18,19].
owever, several key challenges remain in realizing the promise of

mart lighting systems, including reliable and adaptive light field
stimation, assessment and interpretation of user requirements,
nd self-commissioning light fixtures.

As shown in the graphical abstract, the goal of this paper is
o present a system-theoretic approach to smart lighting control
f color-tunable lights under varying ambient lighting and room
sage conditions, while balancing occupant comfort and energy
onsumption. We  draw on color science to establish the basis for
odeling, identification, and optimization of smart lighting sys-

ems. To address the issue of changing room conditions, occupancy,
nd ambient light levels, we propose an adaptive control approach.
he efficacy of our approach is demonstrated on an experimental
estbed consisting of multiple color tunable light fixtures, simu-
ated daylighting, and color sensors.

Section 2 presents the mathematical definitions and concepts
sed in the formulation of lighting systems modeling and con-
rol problem. Section 3 poses the model identification, lighting
ontrol and adaptation problems as optimization problems. This
ection also suggests analytical solutions to these problems and dis-
usses the convergence properties of the solutions. In Section 4, the
xperimental results obtained from implementing these control
lgorithms on an actual testbed are presented. Finally, Section 5 dis-
usses the conclusions and future work while the appendix proves
ne of the statements made in Section 3.

. Problem formulation

The light field at a point in space is characterized by the plenoptic
unction, �(r, �, �), which is the radiance along the ray given by the
ocation of the point, r ∈ R

3, and solid angle of the incoming light
irection, � ∈ S2, for the wavelength, � ∈ � where � is the visible

ight range [390, 750] nm [20].
Consider a space with n light fixtures each containing multiple

djustable intensity channels (p channels) represented as a vector
i ∈ R

p, i = 1, . . .,  n. Hence, there are pn control variables. Assume
ach control variable ui(j) is normalized to [0, 1].

Each light fixture generates a light-field distribution throughout
he space. Let the unit (plenoptic) light field generated by fixture i be
i(r, �, �) ∈ R

p with the spectral dependence for each channel given
y the spectral characteristics of the corresponding LED. Denote the
mbient (uncontrolled) light field as  (r, �, �). Then the total light
eld is the linear combination of the two, based on the intensity

evels of each fixture:

(r, �, �) =
n∑
i=1

Si(r, �, �)Tui +  (r, �, �). (1)

ssume there are m locations of interest for the light output.
ecause human color perception is based on three color-sensitive
red-green-blue, or RGB) photoreceptors (cones), we will consider
j ∈ R

3, consisting of the RGB measurements, j = 1, . . .,  m. The com-
osite output vector is therefore a vector with 3m elements. Let

ight field weighting function for each sensor be Cj(r, �, �) ∈ R
3. The

utput at each location is therefore given by

j = 〈Cj, �〉 + vj (2)

here 〈 · , · 〉 denotes integration over the spatial, angular, and spec-
ral ranges of the light sensor, and vj is the sensor noise. For a

oint light sensor at rj, the r dependence in Cj is just ı(r − rj). The �
ependence corresponds to the angular sensitivity, typically gov-
rned by the sensor optics. The spectral dependence is based on the
pectral characteristics of the RGB sensor channels.
dings 68 (2014) 242–253 243

Substituting the light field (1) into the sensor equation (2), we
get

y = Pu + w + v (3)

where y ∈ R
3m is the output light measurement vector, u ∈ R

pn the
input light intensity control vector, P ∈ R

3m×pn is the light transport
matrix with the (j, i)th 3 × p submatrix given by 〈 Cj, ST

i
〉, w ∈ R

3m is
the ambient light with wj = 〈Cj,  〉, and v ∈ R

3m the measurement
noise vector.

We  pose the lighting control problem as the adjustment of
u to balance between the desired y, determined by occupants’
needs and comfort, and the power consumption by the lights. First,
input/output data is used to identify the light transport matrix.
A cost function consisting of a weighted sum of power consump-
tion and lighting quality is then constructed. A gradient projection
method that aims to minimize this cost is then employed to update
u based on the feedback of the output measurement y. In the pres-
ence of unknown external light disturbances and changing light
transport properties in the room, we  apply adaptive algorithms to
improve the robustness of the control scheme. The desired light-
ing yd depends on the location of occupants and spatial uniformity
requirement. A key issue is the determination of an appropriate
quality metric for color tunable lighting, for which human visual
perception and comfort must be considered.

For spatial uniformity, we draw from existing literature in for-
mation control [21] by considering the lights as an undirected
graph. Each light is connected to its neighboring lights by links
(neighbors may  be defined as all lights within certain distance). We
arbitrarily assign an orientation to the graph by designating one of
the two nodes of a link to be the positive end. Denote by L+

i
(L−
i

)
the set of links for which node i is the positive (negative) end. Let
the total number of links be �. Then the incidence matrix D ∈ R

n×�

of the graph is defined by

dik =

⎧⎪⎨
⎪⎩

+1 if k ∈ L+
i

−1 if k ∈ L−
i

0 otherwise.

(4)

We shall use this graph as the basis for addressing light uniformity.

3. Optimal lighting control

3.1. Model identification

Measured input–output data may  be used to identify the (static)
light transport matrix, P. The typical approach [22] is a linear
least squares fit to input–output data. Let U = [u1 u2 . . . uN] be a
sequence of light inputs and Y = [y1 y2 . . . yN] be the correspond-
ing measured outputs. In the absence of disturbance light, the
least squares estimate of P is simply P̂  = YU+ where U+ is the
Moore–Penrose pseudo-inverse of U. If the noise characteristics
vary between sensors, a weighting matrix may  be included in the
least squares problem. Usual caution for least squares identification
should always be exercised to ensure U is of full row rank and well
conditioned (typical approach is to use randomly generated u).

However, the output consists of RGB measurements and it is
well known that the Euclidean norm in the RGB space does not

reflect the color sensitivity of human perception [23]. To mimic
human perceptual uniformity, a common choice is the Lab color
representation as defined in [24] (see Appendix A) which is a
nonlinear transformation of the RGB space. We therefore pose
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he model identification problem as an optimization using the
uclidean norm in Lab-space

in
P

m∑
i=1

‖f (yi) − f (Piu)‖2 = min
P

∥∥f (y) − f (Pu)
∥∥2

(5)

here f : R
3 → R

3 is the mapping from RGB to Lab (with com-
onents denoted by fL, fa, fb, respectively), and Pi is the 3-row
ubmatrix of P that corresponds to yi. We  will use the notation f(y),

 ∈ R
3m to denote the vector consisting of [f (y1)T , . . .,  f (ym)T ]

T
with

i ∈ R
3, i = 1, . . .,  m.  This is a nonlinear optimization problem and

 closed form solution is not readily available as in the linear least
quares problem. Since f is an isomorphism between RGB and Lab
olor spaces (i.e., f′ is nonsingular (see Appendix A)), the optimiza-
ion remains convex. Hence, any gradient iteration will guarantee
onvergence.

.2. Lighting optimization problem

Given the light transport model (3), we pose the lighting con-
rol problem as an optimization of the input u to minimize a linear
ombination of three terms: a light quality metric, �Q, a power
onsumption metric, �E, and a spatial uniformity metric, �S.

Suppose a desired color and luminance is specified for each sen-
or, represented together as a vector ydes, we can simply use the
eighted Euclidean norm in the Lab space as the output light metric

Q =
m∑
i=1

(f (yi) − f (yides ))
T�−1

Q (f (yi) − f (yides )) (6)

here �Q is a positive definite (typically diagonal) weighting
atrix.
The power consumption metric characterizes the power con-

umed by the lighting fixtures as a function of the light intensity
ector, u. Assuming linear efficiency of the power converters used
n the LED driver circuit and taking into account the different LED
fficiencies, we choose �E as

E = �−1
E u =

pn∑
i=1

	−1
i
ui (7)

here 	 i is the efficiency of lighting control channel i.
The human eye is sensitive to spatial non-uniformity in both

uminance and chromaticity. To avoid large color variations
etween the lights due to an ill-conditioned P, we will penalize
he color difference between neighboring lights in the optimization
roblem. Define the lighting difference variable zk as

k =
n∑
i=1

dik(ui) =
{
ui − uj if k ∈ L+

i

uj − ui if k ∈ L−
i

(8)

here uj is the light that connects to ui via link k.
Following the approach in [21], partition the incidence matrix,

 from (4), in terms of column vectors:

 = [D1 . . . D�].

hen

k = (DTk ⊗ I)u.

tacking all the zk’s together as a column vector, we have

 = (DT ⊗ I)u. (9)
e choose the spatial uniformity metric as the Euclidean norm of
:

S = ‖z‖. (10)
Fig. 1. The Kruithof curve used in this work as a criterion to capture the human
comfort factor.

We  pose the overall optimization problem as choosing the light
input to minimize the weighted sum of the three metrics:

min
u∈U
J(u)

J(u) = ˛Q�Q (Pu, ydes) + ˛E�E(u) + ˛S�S(u).
(11)

Note we  ignore the ambient light w and sensor noise v for the opti-
mization problem. We  will address their effect on specific lighting
control strategies in the next section.

In addition to spatial color uniformity, there are numerous other
factors for the human comfort level affected by the lighting system
such as brightness level, color, glare, and flicker [25]. For white light,
i.e., restricting the chromaticity to be on the Planckian locus, the
range of “comfortable” lighting parameterized by luminance and
color temperature is captured by an empirical curve called Kruithof
curve [26]. For a given luminance, L, the Kruithof curve gives the
range of color temperature, denoted by Tk(L), that has been empir-
ically determined to be comfortable to average human occupants,
as shown in Fig. 1. In this case, we  consider the problem where the
user only specifies the luminance (e.g., via dimmer control) and the
desired color temperature is only restricted to be in the range given
by the Kruithof curve. Our approach is to first determine the desired
color temperature that minimizes power consumption given the
desired luminance at each output fL(yides ):

min
u
�E(u) such that

CCT(fa(yi), fb(yi)) ∈ Tk(fL(yides )), i = 1, . . .,  n

y = Pu + w.

(12)

where CCT denotes the color temperature function for a given color
parameterized by ab.  The resulting solution, (fa(y*), fb(y*)) is then
used together with fL(ydes) as the color setpoint for (11).

3.3. Lighting control

3.3.1. Model-based optimization
All three metrics in (11) are (locally) convex in u. The stationar-

ity condition for �Q, ∇u�Q = 0, is only satisfied at Pu = ydes, and the
Hessian ∇2

u�Q is positive definite at that point (based on f′ being
nonsingular, shown in Appendix A). A similar argument shows the

uniformity metric �S is also convex. The power consumption met-
ric �E is linear in u, and is therefore convex. The constraint set for u
is also convex. Therefore, any gradient update law may  be used to
ensure convergence to the optimum (which may not be unique). For
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Fig. 3. Schematic of distributed control and communication architecture used in
the lighting control testbed based on Robot Raconteur.

F
a

ig. 2. The layout of furniture, light sources and sensors in the lighting control
estbed.

implicity, we will use gradient update with projection for updating
he lighting control:

k+1 = PU[uk − K(˛LPT f ′T (yk)�
−1
Q (f (yk) − f (ydes)) + ˛E�

−1
E

+ ˛S(f ′Ta (uk)DD
T fa(uk) + f ′Tb (uk)DD

T fb(uk)))] (13)

here PU is the projection to ensure the lighting control is within
he allowed range. Note that w and v do not need to be known
xplicitly. As long as they are constants, the iterative algorithm will
onverge to an optimum value. If the sensor noise characteristics
s non-uniform, i.e., the noise covariance is not a scaled identity

atrix, it may  be incorporated into the gradient update [27].

.3.2. Model adaptation

In the gradient algorithm above, we have assumed that P and w

re constants. In case that P and w are uncertain or time varying,
uch as under changing occupancy and ambient light condition, we
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ig. 4. Convergence of different components of the measured lighting condition (solid line
nd  no weighting on energy, (b) no disturbance with weighting on energy, (c) with distur
may  estimate P and w through the standard least squares optimiza-
tion problem:

min
P,w

(y − (Pu + w))T
V (y − (Pu + w))

= min
�

(y − �a)T
V (y − �a),

where � = [uT ⊗ Im×m Im×m], a =
[

vec(P)

w

] (14)
where 
V is the sensor noise covariance.
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s) to their setpoints (dashed lines) for sensor #5. (a) No external light (disturbance)
bance and no weighting on energy, (d) with disturbance and weighting on energy.
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CCT = 4000 K as a typical comfortable lighting setpoint. As expected
the measurements converge to the setpoint in about 3 sec as shown
in Fig. 4(a). The desired chromaticity and generated chromatic-

F
d

There are numerous recursive algorithms to solve this problem
27]. We  choose the recursive least squares update in our imple-

entation:

âk+1 = âk + Kk(yk − �kâk)

Kk = Lk−1�
T
k
(�kLk−1�

T
k

+ ˇ
V )
−1

Lk = ˇ−1(I − Kk�k)Lk−1.

(15)

here  ̌ ∈ (0, 1) is the forgetting factor to allow tracking of time

arying P and w.
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4. Experimental results

4.1. Testbed description

We  have constructed a lighting control testbed to demonstrate
and validate lighting control schemes [28]. This testbed is a fur-
nished 8′ × 12′ × 8′ room with windows and an overhead backlight
unit to simulate a skylight. The room has twelve 7′′ round downlight
fixtures by Acuity [29]. Each light has individually controllable RGB
channels (with input range [0,1]). There are also twelve Seachanger
wireless color sensors by Ocean Optics providing RGB intensity
measurements [30]. A schematic floor plan layout of the testbed
with furniture, light sources and sensors is shown in Fig. 2. A tung-
sten filament projector lamp simulates sunlight coming in through
the window. The intensity of the ceiling backlighting is adjustable
(approximately 65–650 lux). The lights and sensors are connected
via a local area network to a server. This sensor/actuator network
is supported by an open source distributed communication and
control software system, Robot Raconteur,  developed at Rensse-
laer Polytechnic Institute, originally in support of robotics research
[31]. It allows a seamless integration of these devices and provides
ready interface to data analysis software such as MATLAB (in which
all control and analysis algorithms are implemented). The overall
control and communication architecture is shown in Fig. 3.

4.2. Optimization-based control

First consider just the color metric alone, ˛E = ˛S = 0,with the
identified light transport matrix P. We  use the method discussed
in 3.1 to obtain P (The average residual error on a verification set
of 300 samples is equal to 3.83%). For feedback control, we choose
ity are almost indistinguishable as shown in Fig. 6(a) and (b). The

x
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ontrol input is shown in Fig. 7(a). The power consumption is shown
n Fig. 8(a).

When the ˛E is changed from 0 to 0.04 (at t = 15 s), the power
onsumption is quickly reduced by 20% as shown in Fig. 8(b). This
s also reflected in the lower control effort as in Fig. 7(b). The

easured color moves slightly away from the desired setpoint as
hown in Fig. 4(b) and the overall brightness is decreased. For the
enerated light, u, the direction of the shift is determined by �E,
ere moving away from the green part of the diagram due to the
ower efficiency of the green LEDs. Further power reduction may
e achieved by increasing ˛E but at the expense of larger deviation
rom the color setpoint.
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ig. 8. Scaled power consumption (solid lines) for different experiments compared to thei
b)  no disturbance with weighting on energy, (c) with disturbance and no weighting on e
nce no weighting on energy, (b) no disturbance with weighting on energy, (c) with

We next consider the effect of ambient lighting by turning on
the backlight at the lowest intensity (65 lux). This unmodeled dis-
turbance light is mostly in the blue range as shown in Fig. 5. After
an initial transient, the controller quickly adjusts itself (reducing
the blue content as shown in Fig. 7(c), with chromaticity shown in
Fig. 6(d)) to maintain the color setpoint, shown in Fig. 4(c). The set-
point is not attained perfectly as in the disturbance-free case, as w
is not completely within the range of P and therefore cannot be fully
cancelled by the light input. Because the reduced demand on the

generated blue light, the overall power consumption is reduced by
20% as shown in Fig. 8(c) – with very little sacrifice of color fidelity,
in contrast to increasing ˛E. The controller essentially harvests the
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Fig. 9. Light intensity control input without uniformity cost. An amber filter is placed in front sensor #2 at t = 10 s.

Fig. 10. Light sensor measurements (solid lines) under lighting control without uniformity cost compared to the setpoints (dashed lines). An amber filter is placed in front
sensor  #2 at t = 10 s. The setpoints are different for different sensors because in this experiment, they were placed in different heights.
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Fig. 11. The chromaticities of control input of different ligh

mbient light to achieve the lighting objective by using less con-
rolled lighting. When both ambient light and power consumption
enalty are present, we see the most amount of power reduction,
y 40%, as shown in Fig. 8(d). The color performance is similar to
he power-penalized case.

.3. Effect of the uniformity metric

The graph formed by the lights in our testbed is a simple chain.
he difference variable z is therefore just the difference between

he inputs to adjacent lights. To show the effect of spatial unifor-

ity weight, ˛S, we consider the case where the desired output
orresponds to all lights with identical inputs of [0.4, 0.4, 0.6]T.

e then place an amber filter in front of sensors #2 at t = 10 s to

Fig. 12. Light intensity control input with uniformity cost. 
x

res (a) for no uniformity cost and (b) with uniformity cost.

introduce an error in P. We  first consider the case without the
uniformity weighting, i.e., ˛S = 0. Initially, all outputs converge to
the desired values and the input for each light converges to the
same value. When the disturbance is introduced at t = 10 s, the light
intensities in LEDs #1 and 2 saturate, trying their best to compen-
sate for the amber filter. As a result, there is large color variation for
lights 1 to 4, as shown in Fig. 9. The corresponding output measure-
ments are shown in Fig. 10, with sensor 2 showing large color error,
but the other sensors are close to the setpoint. The effect of lighting
control to compensate for the disturbance may  also be seen in the

chromaticity diagram in Fig. 11(a), particularly for lights in the
region near the sensor with the amber filter (lights 1–4). Though
the color measurements at the sensors are relatively close to their
setpoints, the large color variation between adjacent lights can

An amber filter is placed in front sensor #2 at t = 10 s.
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e uncomfortable to the occupants. When the uniformity cost is
ntroduced, neighboring lights now have closer colors, as shown in
erms of the normalized RGB values in Fig. 12 and chromaticity in
ig. 11(b). The chromaticities of the generated light from different
xtures cluster more closely together in this case, resulting in more

patial uniformity of colors of the light fixtures, in exchange for
oorer output light quality. This experiment shows 68% decrease

n the uniformity cost, in exchange for 32% increase in the quality
ost.
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4.4. Kruithof-based control

For white light illumination, only the neighborhood of the
Planckian locus, parameterized by color temperature, in chromatic-
ity is considered. For a specified luminance, the Kruithof curve [26]

provides the range of color temperatures comfortable to human
occupants. We determine the specific color temperature setpoint
in the range that minimizes power consumption. For our experi-
ment, we set the target luminance to 400 lux; the corresponding
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Fig. 15. Convergence of the illuminance level (solid lines) to its setpoint (dashed lines) in the two experiments: (a) without disturbance and (b) with disturbance.
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Fig. 13.
In the absence of ambient light disturbance, the most energy
fficient CCT is 3500 K, as shown in Fig. 14(c). This provides the
olor setpoint to the optimization-based controller. The power
onsumption and convergence of the luminance are shown in
igs. 14(a) and 15(a), respectively. Since there is no ambient light
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disturbance, the chromaticity of the generated light exactly corre-
sponds to the specified color temperature as shown in Fig. 16(a).

When a low level, 65 lux, of ceiling simulated skylight is present
(same as in the optimization-based control experiments), the most

energy efficient color temperature is now 4900 K as shown in
Fig. 14(d). This is due to the dependence of the optimal color tem-
perature on the spectral content of ambient disturbance light. In
our experiment, the ambient light has a strong blue component.
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he optimal setpoint takes advantage of the availability of the
lue content, resulting in a higher color temperature. The power
onsumption and convergence of the luminance are shown in
igs. 14(b) and 15(b), respectively, showing 20% power reduction
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.5. Feedback control with model adaptation

In many cases, the light transport model may  not be well-
dentified or may  change over time. In this section, we show that
ight transport model adaptation may  be critical to maintain sta-
ility of the closed loop lighting control. As an example, instead of
he identified light transport model, we use an erroneous model
specifically, P identified in (5) with sensor #2 covered) in the feed-
ack control law (13), with and without model adaptation. In the
onadaptive case, the modeling error causes the closed loop sys-
em to become unstable, as shown in Fig. 17. In the adaptive case,
he light propagation matrix P and the disturbance light input w are
pdated at each time instant, and the updated model is then used
or feedback control. The closed loop stability is restored as shown
n Fig. 18.

. Conclusion and future work

This paper presents a systematic approach to the modeling, opti-
ization, control, and adaptation in a color-tunable LED lighting

ontrol system. Through light sensor feedback, the control system
s able to achieve significant energy savings without substantially
acrificing lighting quality. The key conclusions from this research
re:

By appropriate choice of cost function based on color metrics,
the trade-off between quality of light and energy consumption
for LED lighting systems may  be achieved.
Disturbance light (daylight) may  be harvested to reduce power
consumption while maintaining light quality.
Human comfort factors can be included through empirical char-
acterizations such as the Kruithof curve.
Recursive update of the light transport matrix using input and
output data improves lighting control performance.
urrent research directions include distributed deployment and
ontrol to facilitate commissioning in existing or new infrastruc-
ure, and integration with other building control systems such as
eating, cooling, and air quality control.
Time−step

d lines) and (b) control input for sensor #2 for the case with model adaptation.

Acknowledgments

This work was supported primarily by the Engineering Research
Centers Program (ERC) of the National Science Foundation under
NSF Cooperative Agreement No. EEC-0812056, and in part by the
NSF-CHE 1230687 SEP Collaborative grant, HP Lab IRP Award, and
New York State Foundation for Science, Technology and Innova-
tion (NYSTAR) under contracts C080145 and C090145. The authors
gratefully acknowledge helpful discussion and assistance of Profes-
sors Arthur Sanderson and Robert Karlicek.

Appendix A. Nonsingularity of f

Definition: Let [R G B]T ∈ R
3 be the representation of a color in

RGB space, and [X, Y, Z]T be obtained through an invertible linear
transformation T on [R G B]T⎡
⎣XY
Z

⎤
⎦ =

⎡
⎣ 2.7688 1.7517 1.1301

1 4.5906 0.0601

0 0.0565 5.5942

⎤
⎦

⎡
⎣ RG
B

⎤
⎦ . (A.1)

The Lab representation of the color, Lab = [L, a, b]T, is then deter-
mined from the following nonlinear transformation

L = 116g
(
Y

Yn

)
− 16

a = 500
(
g
(
X

Xn

)
− g

(
Y

Yn

))
b = 200

(
g
(
Y

Yn

)
− g

(
Z

Zn

))
.

(A.2)

Xn, Yn and Zn are the XYZ tristimulus values of the reference white
point and the function g(t) is defined as below

g(t) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

t

1
3 if t >

(
6

29

)3

1
3

(
29
6

)2
t + 4

29
Otherwise.

(A.3)
g(t) can easily be shown to be continuous, once differentiable and
g′(t) /= 0 ∀ t.

Proposition: Let f : R
3 → R

3 be the mapping from RGB to Lab,
then, f ′ ∈ R

3×3 is always nonsingular.
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Proof: We  first show that f is always differentiable. f′ can be
ritten as

′ = T ×

⎡
⎢⎢⎢⎢⎢⎢⎣

0
116
Yn
g′

(
Y

Yn

)
0

500
Xn
g′

(
X

Xn

)
−500
Yn
g′

(
Y

Yn

)
0

0
200
Yn
g′

(
Y

Yn

)
−200
Zn
g′

(
Z

Zn

)

⎤
⎥⎥⎥⎥⎥⎥⎦

(A.4)

nd since g is continuous and once differentiable, f′ always exists.
lso, the determinant of f′ is

f ′| = 7.1178 × 107

XnYnZn
g′

(
X

Xn

)
g′

(
Y

Yn

)
g′

(
Z

Zn

)
(A.5)

hich is always nonzero. Therefore, f′ is nonsingular. �
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