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Abstract: Achieving illumination and energy consumption targets is essential in indoor lighting
design. The provision of localized illumination to occupants and the utilization of natural light
and light-emitting diode (LED) luminaires can help meet both objectives. This paper presents
several distributed optimal illumination control schemes that provide localized illuminance to
occupants. The lighting system consists of multiple LED-based luminaires, each governed by an
individual local controller. The illuminance requirements and energy costs for the lighting system
are expressed as a linear programming problem that is solved in a distributed manner, using only
local communication amongst the controllers. State-of-the-art accelerated first-order methods
are applied to parallelize the optimization among multiple controllers. Practical aspects such as
convergence rate, computational complexity and communication requirements are investigated

via simulations.
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1. INTRODUCTION

Providing sufficient illuminance while reducing energy
costs are primary objectives in the design and control
of indoor lighting for commercial and office buildings. In
particular, the use of occupancy information and the inte-
gration of natural and artificial light are effective strategies
for serving both requirements (Roisin et al., 2008). Illu-
mination control schemes use occupancy information in
several ways. In the simplest case, luminaires are switched
on if an occupant is present (Guo et al., 2010). In large
rooms, such strategies may not be as energy-efficient as
more advanced schemes that provide localized illuminance
to occupants (Singhvi et al., 2005; Pandharipande and
Caicedo, 2010). In such control schemes, luminaires in an
occupant’s vicinity provide the desired illuminance, and
other luminaires are switched off or dimmed. The use of
occupancy and illuminance sensors enables localized illu-
minance control to adequately meet both illuminance and
energy requirements. Moreover, these schemes are well-
suited for lighting systems that use light-emitting diode
(LED) luminaires. Compared to traditional technologies
such as incandescent light bulbs and fluorescent lights,
LEDs have longer life times, are more energy-efficient, and
offer greater design and control flexibility (Tsao et al.,
2010).

In indoor environments with multiple luminaires, local-
ized illuminance control schemes require suitable coordina-
tion mechanisms to obtain luminaire dimming levels that
achieve the desired illuminance and energy levels. In cen-
tralized coordination, sensor measurements are gathered
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by, and luminaire dimming levels are issued from a central
controller (Pandharipande and Caicedo, 2010). Modular
LED-based luminaires with integrated micro-controllers,
sensors and communication capabilities can help overcome
the need for global connectivity in centralized illumination
coordination. This results in a distributed control archi-
tecture, where luminaires determine their dimming levels
locally without the intervention of a central controller.
As indoor lighting solutions transition towards modular
LED-based luminaires, there is a need for fast and simple
distributed coordination mechanisms.

In this paper, the centralized coordination mechanism for
LED-based office lighting systems developed in (Pandhari-
pande and Caicedo, 2010) is extended to a distributed
setting. The lighting system consists of multiple ceiling-
mounted LED luminaires, equipped with micro-controllers
and communication devices, and with integrated illumi-
nance and occupancy sensors. A target illumination pat-
tern, consisting of illuminance specifications for each re-
gion, is imposed via linear constraints on the luminaire
dimming levels. Each controller is responsible for provid-
ing the desired illuminance levels in a certain part of
the workspace plane and has control over the dimming
levels of a subset of the LED luminaires. Since adjacent
luminaires affect the illuminance in each other’s areas,
they use local communication and iterative algorithms to
coordinate their dimming levels such that local illuminance
requirements are met and overall energy consumption is
minimized. Minimization of energy consumption is speci-
fied as a linear cost on luminaire dimming, thus yielding a
linear program that can be solved in a distributed manner.
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Several methods for distributed convex optimization are
applicable to the above setting. These include subgradient
methods (Bertsekas and Tsitsiklis, 1997), constrained con-
sensus (Nedic et al., 2010), accelerated first-order methods
(Necoara and Suykens, 2008; Dinh et al., 2013), interior-
point methods (Necoara and Suykens, 2009). In addition,
there are distributed variants of the simplex method for
linear programming problems (Biirger et al., 2011). These
algorithms differ greatly in terms of convergence rate,
computational complexity, and communication. Recently,
distributed illumination coordination schemes for LED-
based office lighting systems were developed in (Wang
et al., 2012; Caicedo and Pandharipande, 2013). In both
works, the optimal illumination control problem is for-
mulated as a linear program, and a feasible solution is
obtained with communication restricted to neighboring
controllers only. In (Wang et al., 2012), heuristic methods
based on the simplex algorithm are proposed. In (Caicedo
and Pandharipande, 2013), a constrained consensus ap-
proach is used. Sufficient conditions are provided under
which this method converges to a feasible solution, and a
bound on sub-optimality is obtained. Heuristic approaches
for distributed illumination coordination via stochastic hill
climbing were studied, e.g., in (Miki et al., 2007).

In this paper, recent results on accelerated first-order
methods from (Necoara and Suykens, 2008; Dinh et al.,
2013) are leveraged to obtain optimal distributed illumina-
tion coordination algorithms. Unlike most of the above al-
ternatives, their application to the considered LED-based
lighting system yields simple iterative schemes that are ob-
tained by solving the underlying subproblems analytically.

2. OPTIMAL ILLUMINATION CONTROL
2.1 Preliminaries

Let R, Ry, and Z denote the field of real numbers, the
set of non-negative reals, and the set of integer numbers,
respectively. The notation Ry, .,] and Z, ,] denotes the
sets {k € R : ¢ < k < ¢}, for ¢1,e0 € R, and
{k € Z : ¢35 <k < ¢y}, for c3,cqy € Z, respectively.
The vector space R™ is endowed with inner product
(z,y) = x Ty for z,y € R™ and Euclidean norm ||z| =
v {z,z). For a matrix A € R™*" the operator norm
is given by [|A|l = max),=1 |Az|, and AT denotes
the transpose. For sets A and B, A\ B = {a : a €
A,a ¢ B} denotes the set difference, and |.A| denotes the
cardinality of A. For a set {Mi}iEZ[l,N]’ M, € R™i*7i the
notation COI({Mi}ieZ[LN]) and col(My,--- , My), denotes
the matrix (M, -+, My)T. The notation 0 and 1 is used
for vectors, whose dimension will be clear from the context,
with all entries equal to zero and one, respectively. A
function f : R™ — R is convex if for all z,y € R™ and
a € 0,1],
flaz+ (1 - a)y) < af(@) + (1 - a)f(y),

and strongly conver, with convexity parameter ¢ > 0, if
for all z,y € R™ and a € [0, 1],

flaw+(1-a)y) < af(2)+(1-a) f(y)~ goa(-a)]z — yl*

It is concave if —f is convex. A set X C R™ is convex if
each point on the line segment connecting any two points

in X is alsoin X, i.e., for all z,y € X and « € [0, 1], az +
(1—a)y € X. A proz-function ¢x : R™ — R, of a closed
convex set X C R" is a function which is continuous on
X and strongly convex with convexity parameter oy. The
proz-center x¥ := arg mingcx ¢x () satisfies ¢ (2°) = 0.
A continuously differentiable function f has L-Lipschitz
continuous gradient with respect to the norm | - || if,
Va,y € R, [Vf(z) = Vf(y)l < Llz —y||. The scalar
L € Ry is called the Lipschitz constant of V f.

Definition 1: Suppose f : R® — R is convex and V f
is L-Lipschitz continuous on a convex set X C R™. The
gradient mapping of f at x € X is given by:

. o, Ly 2
G(w) = argmin { (V[(2),2) + S [|& — 2|}
2.2 LED Lighting System

The considered lighting system consists of LED luminaires
located at fixed points of an office ceiling. The luminaire
dimming levels are controlled individually by adjusting
the duty cycles of the respective pulse-width modulated
driving waveforms. The workspace plane, denoted by W C
R2?, is a horizontal plane parallel to the ceiling and at a
fixed perpendicular distance from it. The i-th occupant is
located at p; € W, for i € Zp := Zpy n,), where np is the
total number of occupants in the room. The i-th occupied
region is described by a circle of radius ro centered at p;,
ie, Ry :=={weW: |w—pil <ro},i € Zo. The total
occupied region is given by the union of the individual
occupied regions, i.e., Rp = Uiezo Rg. The remaining
part of the workspace plane constitutes the non-occupied
region, i.e., Ry := W\Ro. The target illumination pattern
consists of illuminance specifications for these regions. The
realization of this pattern is facilitated by characterizing
illuminance intensities at a finite number of evaluation
points in W. Let P C W denote the set of evaluation
points, with np elements, and x € Rl'X ] denote the vector

[0,1
of luminaire dimming levels, where n; is the number of
luminaires. Define index sets Zp := Z[ ) and Iy =

Zpy .- Furthermore, let ¥ € R’” denote the vector whose
i-th entry is the illuminance due to natural light at the i-th
evaluation point. The illuminance &; : Rﬁfl] x R — Ry
at the i-th evaluation point is given by

5i(xa q)) = <E7z>+\ljh ieIP7 (1)
where the j-th entry of I; € R'}* represents the contribu-
tion of the j-th luminaire to the illuminance at the i-th
evaluation point, for (¢,j) € Zp x Zr. The target illumi-
nation pattern consists of the following illuminance spec-
ifications: (i) uniform illumination of intensity L; € Ry
across each occupied region RY,, i € Zp; (ii) illumination
intensity above L,, € Ry in Ry. Illumination unifor-
mity is measured in terms of the illuminance contrast
(Boyce, 2003), which describes the deviation of intensity
with respect to the target illuminance L;. Specifically, the
illuminance contrast C; : Ry x Ry — Ry at the i-th
evaluation point is defined as follows:

i — L

Ci(&i, Ly) = %,
[luminance uniformity for the i-th occupied region R,
1 € Zp, is achieved by bounding the illuminance contrast
at each evaluation point in R, and requiring the average

1€ 1Ip. (2)
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illuminance across evaluation points in RY, to equal L.
Let Vi C P, i € Zo, denote the set of evaluation points,
with ny, elements, for the i-th occupied region Ry, and
U C P denote the set of evaluation points, with ngy
elements, for the non-occupied region Ry . Define index
sets IVi = Z[ani], 1 € Io, Iy = Z[l,nU]7 and Zy =
Z11,ny, Where ny is the number of elements in the set
V= UzeI V;. The target illumination pattern can then
be descrlbed as follows:

- Z Ei(x, W) =L, ieTp, (3a)

JGIV
L<&(x, W) <L, ieV, (3b)
Ei(x, W) > L, iel, (3¢)

where L = Lt(l — Cth L = Lt( + Cth) and Cth € R+
is the upper bound on the illuminance contrast.

2.8 Problem Formulation

The objective of the optimal illumination control scheme
is to realize the target illumination pattern in (3) with
minimum power consumption of the LED luminaires. The
average power consumption of the LED luminaires over
an integer number of waveform cycles is given by P(z) :=
(Pon, ) 4+ (Pogr, 1 — x), where the i-th entries of P,, € R}*
and P,g € R!* denote the power consumption of the i-th
luminaire, ¢ € Zy,, in the on and off states, respectively.
Under the assumption that Pyg = 0 and P, := ponl, the
power consumption of the lighting system is given by

P(z) = pon (1, ) . (4)
In this case, minimizing P is equivalent to minimizing the
sum of luminaire dimming levels. Note that the target illu-
mination pattern in (3) is described by linear constraints
in the variable = € R[o L Defining appropriate matrices

A € RI*" and B € R™0*™L and vectors a € R? and
b € R", where q := 2ny + ny, the optimal dimming
vector can be described as the solution of the following
linear programming problem:

¥ = argmin o(x) := (1,1), (5a)
st Az <a, (5b)
Bx =Db, (5¢)

Next, the decision variables and constraints are divided
amongst N controllers such that there is no overlap
between the variables and constraints of any two con-
trollers. The following discussion makes this assignment
more precise. Divide the workspace plane W into N non-
overlapping regions W;, i € Zc := Zp nj, such that
W = UieIc W;. The inequality constraints corresponding
to points w € W, i € Z¢, are assigned to the i-th
controller. The location of the j-th occupant is used to
determine the assignment of the corresponding equality
constraint. More precisely, the j-th equality constraint is
assigned to the i-th controller, where p; € W, (i,7) € Zo %
To- Re-arranging the rows and columns of the matrices A
and B, and the entries of the vectors a and b, the linear
constraints in (5b)-(5¢) can be expressed as follows:

ZAijl‘j <a; 1€ Ic,
J
ZBijIj = bi, xS Ic,
J
where A;; € R%*" (respectively, B;; € Rli*™) denote
the contribution of the luminaires assigned to the j-th

controller to the inequality (equality) constraints assigned
to the i-th controller.

(6a)

(6b)

The optimal illumination control problem (5) differs from
the ones formulated in (Pandharipande and Caicedo, 2010;
Caicedo and Pandharipande, 2013) in two main aspects.
Firstly, in (5), an equality constraint is defined for eval-
uation points in each of the sets U?, for i € Zp. These
constraints are, in general, coupled across a subset of the
decision variables. In (Pandharipande and Caicedo, 2010),
a single equality constraint is defined for all evaluation
points in the set U = Ujez,U". This constraint can, in
some situations, be coupled across the dimming vectors
of all controllers. Secondly, (5) defines illuminance re-
quirements for a grid of points in the workspace plane.
A finer resolution leads to better illumination rendering
but increases the number of illuminance constraints. In
(Caicedo and Pandharipande, 2013), illuminance require-
ments are instead specified at luminaire-integrated illumi-
nance sensors (one sensor per luminaire) which measure
average illuminance values in their respective fields of view.
After careful calibration of the illuminance sensors, this
approach is used to formulate an optimal illumination con-
trol problem where the number of illuminance constraints
is equal to the number of illuminance sensors.

3. DISTRIBUTED OPTIMAL ILLUMINATION
CONTROL

This section presents several algorithms for solving (5) in
a distributed manner over a network of inter-connected
controllers. The algorithms are obtained by applying the
distributed optimization methods proposed in (Necoara
and Suykens, 2008; Dinh et al., 2013) for separable convex
optimization. Sections 3.1 and 3.2 present the algorithms,
and Section 3.3 describes their distributed implementation
with local communication between controllers. In what
follows, (5) is referred to as the primal problem, and x
as the primal variable. Furthermore, it is assumed that (5)
is feasible and its optimal value is given by f* := i(z*).
The constraints (5b)-(5¢) are relaxed by introducing the
dual wvariable y = col(A\,u) € R™, where A and pu
are Lagrange multipliers associated with the inequality
and equality constraints in (5b)-(5¢c), respectively. The
Lagrange function £y : R™ x R™ — R is defined as
Lo(x,y) == o(x) + (y, Cx — ¢), where C := col(A, B) and
¢ := col(a,b). The corresponding dual function is defined
as:

do(y) := min Lo(z, y). (7)

The dual problem associated with (5),
d* = d 8
mex o(y), (8)

where Y = {y = col(\,u) € R™ : X > 0}, satisfies

= f* (Bertsekas, 1999, Prop. 5.2.2). The following
functions play an important role in the methods used in
this section:
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dg, (y) == min{Lo(z,y) + f1ox ()}, (92)
Joo () = max{Lo(z,y) — P2y (y)}, (9b)

where 81 > 0, B2 > 0, and ¢y and ¢y are prox-functions,
with convexity parameters ox and oy, for the sets &
and Y, respectively. Let x(y; 81) and y(z; 82) denote the
optimal solutions for the problems in (9), i.e.,

x(y; f1) = arg gg;(l{ﬁo(x, y) + Brox(x)}, (10a)
y(x; B) := arg r;leag{ﬂo(w, y) — Bady(y)}- (10b)

In accordance with (Nesterov, 2005, Thm. 1), Vdg, (y) =
Cz(y; B1) — ¢ is Lg,-Lipschitz continuous with Lipschitz

lci®
B

constant Lg, = *5-. The gradient mapping of dg, is

defined as:
L

63 0) = gmag { (Vi (0).) - 513~ ol }. (1)

Likewise, Vfg,(x) =

continuous with Lipschitz constant Lg, =

1 + CTy(z;B2) is Lg,-Lipschitz

lc|?
P The

gradient mapping of fgs, is defined as:

H(x; B2) —&rgmln{(Vfgz( ), >+L2ﬁ2 ||:fc—x||2} (12)

The following prox-functions are used:

1 2 1 2
b= glle =2, oyl)=gly 1P, (13)
where 20 := %1, Yy :=0,0xr =0y =1, and
n
Dy = I:?ea§¢x(x) = ?L (14)

For the primal-dual pair (z,y) € X x Y, the primal gap
Yo(x) — f* is bounded as follows (Necoara and Suykens,
2008, Lemma 3.3):

[y II[Cz = || < Wo(x) = f* < o(x) = do(y),
where y* denotes an optimal solution of the dual problem
(8), and the vector [Cz—c]|T := col(max{0, Az—a}, Bx—b)
is the residual, with the maximum being taken component-
wise. The terms tg(xz) — do(x) and |[[Cx — ]| are
referred to as the primal-dual gap and the feasibility gap,
respectively. The parameters 5; > 0 and S > 0 bound
the primal-dual and feasibility gaps for the primal-dual
pair (z,y) € X x ). In particular, suppose the following
condition holds for some (z,y) € X x Y and (1, 82 > 0:

fﬁz (1‘) < dBl (y) (15)
Then, from (Dinh et al., 2013, Lemma 3), it follows that:

Yo(x) — do(y) < P1Pa, (16a)

HWwd+s&QWW+Hw| 26,

+ (I)X> (16Db)
Ba

The condition (15) is referred to as the excessive gap
condition.

3.1 Prozximal Center Algorithm

The function dg, forms a smooth approximation of the
dual function dy (Necoara and Suykens, 2008, Thm. 3.1).
In particular,

dg, (y) — B1®x < do(y) <ds, (y), ye.

The proximal center algorithm (Necoara and Suykens,

2008) solves the following optimization problem:
ds. (1), 17
e s, (1) ()

€

to a desired accuracy € > 0 where 8 = Fyr

Algorithm 1: Choose ¢ > 0 and set f; := 3. For
k € Z, perform the following steps:

(1) Compute #* from (10) as #* := z(y*; B1).
(2) Compute §* as follows:

k I I
gk 1= arg max { Z —g ! <Vdﬁ1( )a y>—a’;ld>y(y)}_
1=0

yey
(3) Compute z* as follows:

k. 2

M»

. N+

k+1)(k +2) l:O( )i

(4) Compute g* from (11) as gj = G(y*; B1).
(5) Update ¥+ := 2=g* + FELgk. [ |

For the primal-dual pair (z* ) € X x ) generated
after k iterations of Algonthm 1, the primal-dual and
feasibility gaps are bounded as in ( 6) with g1 = 3, and

Bo = % (Necoara and Suykens, 2008, Thm. 3.7).

3.2 FExcessive Gap Algorithms

Excessive gap algorithms (Dinh et al., 2013) generate
primal-dual pairs (z%,7%) € X x Y, for k € Z,, which
satisfy the excessive gap condition (15). This section
presents three variants.

Algorithm 2: (Primal Fxcessive Gap Algorithm) Set
70 := 0.5 and Y = 39 := ||C||. Compute z° and §° from
(10) and (12) as follows:

70 =y BY), z°:=H(2"489).
For k € Z. , perform the following steps:

(1) Update S5 := (1 — 73,) 8%, 5! := (1 — 73,) 5%, and
Th+1 = %33

(2) Compute Z from (10) as & := z(g"
T kaqu(lka) k,

(3) Compute § from (10) as
yk+1 = Ty + (1 - Tk)g

(4) Compute zF*! from (12) as z*

: BY%) and update
= y(&; B’H‘l) and update

=H(# 5. |

For the primal-dual pair (Z¥, 7*) € X x ) generated after
k iterations of Algorithm 2, the primal-dual and feasibility

gaps are bounded as in (16) with 8; = 2 = % (Dinh
et al., 2013, Thm. 2).

Algorithm 3: (Primal-Dual Excessive Gap Algorithm)

Set 79 := 0.5(v/5 — 1) and ) = B9 := ||C|. Compute
7% and 7° from (10) and (11) as follows:
2= a(y’ B), §° = G(y%8).
For k € Z,, perform the following steps:
(1) If k is even
(a) Compute # from (10) as & := z(g*; ) and

B

update I := 7, % + (1 — 7)T
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(b) Compute 7 from (10) as § := y(&; B5) and update
gt =g+ (L - )y
(c) Compute z¥*! from (12) as zF ! := H(&; BY).
(d) Update 8} as gi*! = (1 — )61
(2) If

Compute § from (10) as § := y(z%;3%) and
update § := 7,7 + (1 — 73)7".

Compute 7 from (10) as 7 := z(g; 3F) and update
=i+ (1 - 1)zt

(c) Compute 7*** from (11) as "+ := G(g; BF).
(d) Update 8% as 5! := (1 —7;,)p5.

(3) Update 7y, as Tpq1 1= Z[\/7F +4 — 71]. m

)
)
)
k is odd
)
)

For the primal-dual pair (z¥,7*) € X x ) generated
after k iterations of Algorithm 3, the primal-dual and

feasibility gaps are bounded as in (16) with §; = %

and fo = f“)HC” (Dinh et al., 2013, Thm. 3).

Algorithm 4: (Dual Ezcessive Gap Algorithm) Choose
2

€ > 0 and set B1 = 5, B9 = %, and 79 := 0.99.

Compute z° and 7° from (10) and (11) as follows:

=y’ 8), 7 =G B).
For k € Z,., perform the following steps:

(1) Compute § from (10) as § := y(z*; B%) and update
g =g+ (1 —7)g".

(2) Compute & from (10) as Z := z(y; 81) and update

=i+ (1 - Tk)sik.
(3) Compute g*+! from (11) as g**! := G(9; B1)-
(4) Update B% as 511 := (1 — 7,)B5.
(5) Update 7% as 711 := %"[ T,f +4— Tk]. [ |

For the primal-dual pair (z%,7*) € X x ) generated
after k iterations of Algorithm 4, the primal-dual and
feasibility gaps are bounded as in (16) with £, =

‘PX
2|cl? *
and By = %Hy/&l"u where [[y5, [| € Y is an optimal
solution of (1

7) (Dinh et al., 2011, Thm. 4).

3.3 Distributed implementation

This section describes the distributed implementation of
Algorithms 1-4 for the networked LED-based lighting sys-
tem described in Section 2. This implementation exploits
the structure of the constraint matrix C' := col(A4, B) in
(5b)-(5¢). In accordance with the structure outlined in (6),
the dual variable y is partitioned as y = col(y1, -+ ,yn),
where y; € R™ is associated with the constraints assigned
to the i-th controller, ¢ € Zs. It is assumed that the
i-th controller stores the matrices C; € R™i*" and
Cji € R j e Ny :={j € Io : j # 4,Cj # 0}.
In each iteration, the considered algorithms need to solve
different combinations of the subproblems described in
(10), (11) and (12). If the prox-functions ¢r and ¢y are
chosen as in (13), these sub-problems can be parallelized
and solved analytically. Note that the subproblem in Step
2 of Algorithm 1 is similar to that in (10b), and thus, will
not be considered separately.

First, consider subproblem (10a). Given y € Y, the
parameter 81 > 0 and the prox-function ¢ as in (13),
the solution of this optimization problem is:

2(y: B1) = min { max {O,xo _ %(1 + CTy)}, 1}, (18)

where the minimum and maximum are taken component-
wise. Let the optimizer in (18) be denoted by Z and
partitioned according to Z = col(Zy,--+ ,Zn). Then, the
vectors Z;, ¢ € Zy, can be computed in parallel by
exploiting the structure of the matrix C, while relying on
inter-controller communication. To determine Z;, the i-th
controller needs to form the following vector:

> i Cie
FEIUN;

Hence, the i-th controller needs to obtain the dual vari-
ables y; from the j-th controller, j € N. Likewise, the
i-th controller needs to transmit its dual variables y; to
the j-th controller, j € M, :={j € ¢ : j # 1,C;; # 0}.
Thus, the i-th controller needs to perform the following
steps:

(1) Transmit y; € R™ to j € M,.
(2) Receive y; € R™ from j € N,
(3) Compute s; := ., ijCji.
Next, consider the subproblem (10b). Given z € X, the

parameter 5 > 0 and the prox-function ¢y as in (13), the
solution of this optimization problem is:

y(x; Ba) = é[Cm - c]Jr

Let the optimizer in (19) be denoted by ¢ and partitioned
according to g = col(g1, - -+ ,yn). To determine g;, the i-th
controller needs to form the following vector:
Z C’ijxj.
JEM;
Hence, the i-th controller needs to obtain the vector Cy;x;
from the j-th controller, j € M,;. Likewise, the i-th
controller needs to transmit the vector Cj;x; to the j-

th controller, 5 € N;. Thus, the i-th controller needs to
perform the following steps:

(19)

(1) Qompute Tj =
jeN;

(2) Receive r;; € R™ from j € M;.

(3) Compute r; := Cyz; + ZjeMi Tij-

sir; and transmit r; € R™ to

Lastly, consider the subproblems (11) and (12). Given
(z,y) € XxY and the parameters 1, 82 > 0, the solutions
of these subproblems are:

1 +
G(350) = |+ 7—(Catsf) ~ )|

H(z; B2) = min { max {O,x -

(14 CTywa) 1.

The parallelization of these sub-problems and the corre-
sponding controller steps are similar to those for the sub-
problems (10). Tables 1 and 2 summarize the coordination
requirements and number of communication rounds, per
iteration, for Algorithms 1-4.

4. SIMULATION RESULTS

The distributed optimal illumination control algorithms
are tested on the office, shown in Fig. 1, which is designed
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Table 1. Coordination requirements, per itera-
tion, for the i-th controller

Compute Data in Data out
xi(y; B1) Zje/\/,- m; m;| M|
yi(w; B2) m; | M| Dien, M

Table 2. Communication rounds per iteration

Compute Alg.1 Alg.2 Alg.3 Alg. 4
x(y; B1) 1 1 1 1
y(z; B2) 0 1 1 1
G(y; B1) 2 0 Oorl 1
H(z; B2) 0 1 lor0 0

Fig. 1. Office modeled in DIALux
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Fig. 2. Natural light distribution and occupancy pattern

in the simulation environment DIALux (v. 4.9.0.2), a simu-
lation tool that is commonly used by lighting professionals
and architects.! The room is 24 m long, 12 m wide, 3 m
high, and contains 32 workstations. The workspace plane
is located 0.75 m above the floor. A window (length 22
m, height 1.2 m, and located 0.75 m above the floor) is
placed on one side of the office. LED-based luminaires of
type BPS5602 are placed on the ceiling and arranged in
a grid with 12 rows, 24 columns and separation 1 m. The
workspace plane is discretized and a grid of evaluation
points is obtained. The grid contains 47 points along the
width of the room and 95 points along its length. The 4465
evaluation points are placed 0.25 m apart.

The distribution of natural light and the occupancy pat-
tern, shown in Fig. 2, are assumed to be constant. Illumi-
nance intensities are relatively high close to the window,
which is located along the upper edge of the figure. Circles
of radii 1 m, centered at the occupant locations, represent
individual occupied regions. Each occupied region contains
approximately 50 evaluation points, and up to 77 LED
luminaires contribute to the average illuminance in an oc-
cupied region. The target illumination pattern parameters
are L; = 600 lux, L,, = 300 lux and Cy;, = 0.3. Sparsity
is induced in the optimal illumination control problem (5)
by ignoring luminaire illuminance contributions below a
threshold of 4 lux. The so-obtained optimization problem

I For details, see www.dial.de/DIAL /en/dialux/.
2 For details, see www.ecat.lighting.philips.com/.
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Fig. 3. Evolution of primal cost function ()
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Fig. 5. llluminance after 1000 iterations of Algorithm 4

contains 5657 inequality constraints and 27 equality con-
straints. The matrix norm ||C/|| = 6.82 x 103.

Algs. 1-4 are used to solve the optimal illumination control
problem (5). The prox-functions ¢x and ¢y are chosen
as in (13), and the accuracy parameter ¢ = 1 in Algs. 1
and 4. The 288 luminaires are divided equally amongst 18
controllers. This assignment of luminaires leads to a com-
munication graph in which a controller needs to coordinate
only with its immediate neighbors. Figs. 3 and 4 show
the primal cost function and the feasibility gap for each
algorithm, respectively. The dual excessive gap method
(Alg. 4) is the quickest, in terms of number of iterations, to
approach optimality. The proximal center algorithm (Alg.
1) requires less iterations than the primal and primal-dual
excessive gap algorithms (Algs. 2 and 3) to approach opti-
mality, but requires more iterations to approach feasibility.
For this problem instance, the dual excessive gap method
obtains an approximate solution in 1000 iterations. Fig.
5 shows the lux distribution after 1000 iterations of Alg.
4. Although not included in Figs. 3 and 4, the results for
Algorithm 4 with initial step-size 7o = 0.5(v/5 — 1) yielded
curves that were almost identical to those obtained for
Algorithm 1. All calculations are performed on a 2.53 GHz
workstation with 3.0 GB RAM. The total computational
times for 5000 iterations of Algorithms 1-4 are 19.4, 27.0,
27.5 and 36.6 seconds, respectively. These are determined
using the tic-toc function in MATLAB.

In each algorithm, most of the computational effort is
needed for matrix-vector multiplications. In Section 3.3,
sparsity and communication were exploited to distribute
the computations amongst the controllers. The structure
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Table 3. Different luminaire assignments and
their communication requirements.

LEDs per controller  Total links Max. links  Max. mult.

1 7227 7 1673

4 623 25 5583

9 206 18 10518
16 50 9 14716
36 18 6 31239
144 1 1 115536
288 - - 228109

of the matrices A and B in (5b)-(5¢) defines the communi-
cation requirements, such as the number of communication
links for each controller, the maximum number of links
across the controllers, and the total number of links in
the network. These aspects are considered for luminaires
arranged in square blocks containing 1, 2, 3, 4, 6 and 12
luminaires in each row/column. Table 3 summarizes the
communication requirements for different arrangements.
The last column lists the maximum number of multipli-
cations required for a single matrix-vector multiplication.
Table 3 shows that as more LED luminaires are assigned
to a controller, the computational effort per controller
increases but the communication requirements ease. For
instance, the total communication links quadruple when
the number of LED luminaires per controller is decreased
from 16 to 9. In this case, the maximum number of links
required by a controller double. With 16 LED luminaires
assigned per controller, the resulting communication graph
requires neighbor-neighbor communication only. For each
assignment of LED luminaires, the performance of Algs.
1-4 in terms of number of iterations is the same as that
shown in Figs. 3-4.

5. CONCLUSION

This paper investigated distributed illumination coor-
dination schemes for LED-based lighting systems that
provide localized illuminance to occupants. The central-
ized optimization-based approach developed in (Pandhari-
pande and Caicedo, 2010) was extended to a distributed
setting. Several state-of-the-art non-centralized optimiza-
tion algorithms were applied to the resulting optimization
problem. For the considered lighting problem, the dual
excessive gap method (Alg. 4) outperformed the proximal
center, primal excessive gap and primal-dual excessive gap
algorithms (Algs. 1-3). The problem formulation assumes
knowledge of the occupancy pattern in the workspace
plane and the illuminance contributions of natural and
artificial light. Algorithm performance was evaluated using
numerical simulations.

REFERENCES

Bertsekas, D. (1999). Nonlinear Programming: Second
Edition. Athena Scientific.

Bertsekas, D. and Tsitsiklis, J. (1997).
Distributed Computation: Numerical Methods.
mont, MA: Athena Scientific.

Boyce, P. (2003). Human Factors in Lighting, 2nd ed. Boca
Raton, FL: CRC.

Biirger, M., Notarstefano, G., Allgéwer, F., and Bullo, F.
(2011). A distributed simplex algorithm and the multi-
agent assignment problem. 2639-2644. San Francisco,
CA, USA.

Parallel and
Bel-

Caicedo, D. and Pandharipande, A. (2013). Distributed
illumination control with local sensing and actuation
in networked control systems. IEEE Sensors Journal,
13(3), 1092-1104.

Dinh, Q., Savorgnan, C., and Diehl, M. (2011).
Combining lagrangian decomposition and excessive gap
smoothing technique for solving large-scale separable
convex optimization problems. Computational
Optimization and Applications. Available at
http://arxiv.org/pdf/1105.5427v2.pdf; last accessed:
08/11/2013.

Dinh, Q., Savorgnan, C., and Diehl, M. (2013). Combining
lagrangian decomposition and excessive gap smoothing
technique for solving large-scale separable convex opti-
mization problems. Computational Optimization and
Applications, 55(1), 75-111.

Guo, X., Tiller, D., Henze, G., and Waters, C. (2010).
The performance of occupancy-based lighting control
systems: A review. Lighting Research and Technology,
42, 415-431.

Miki, M., Amamiya, A., and Hiroyasu, T. (2007). Dis-
tributed optimal control of lighting based on stochastic
hill climbing method with variable neighborhood. In
IEEE International Conference on Systems, Man and
Cybernetics, 1676-80. Montreal, Quebec.

Necoara, I. and Suykens, J. (2008). Application of a
smoothing technique to decomposition in convex opti-
mization. IEEE Transactions on Automatic Control,
53(11), 2674-2679.

Necoara, I. and Suykens, J. (2009). Interior-point la-
grangian decomposition method for separable convex
optimization. Journal of Optimization Theory and
Applications, 143(3), 567-588.

Nedic, A., Ozdaglar, A., and Parrilo, P. (2010). Con-
strained consensus and optimization in multi-agent net-
works. IEEE Transactions on Automatic Control, 55(4),
922-938.

Nesterov, Y. (2005). Smooth minimization of non-smooth
functions. Mathematical Programming (A), 103(1),
127-152.

Pandharipande, A. and Caicedo, D. (2010). Daylight
integrated illumination control of LED systems based
on enhanced presence sensing. Energy and Buildings,
43(4), 944-950.

Roisin, B., Bodart, M., and Deneyer, A. D’Herdt, P.
(2008). Lighting energy savings in offices using different
control systems and their real consumption. Energy and
Buildings, 40, 514-523.

Singhvi, V., Krause, A., Guestrin, C., Garrett Jr., J., and
Matthews, H. (2005). Intelligent light control using
sensor networks. In 3rd International Conference on
Embedded Networked Sensor Systems, 218-229.

Tsao, J., Coltrin, M., Crawford, M., and Simmons, J.
(2010). Solid-state lighting: An integrated human fac-
tors, technology and economic perspective. Proceedings
of the IEEE, 98(7), 1162-1179.

Wang, H., Pandharipande, A., Caicedo, D., and Bosch, P.
(2012). Distributed lighting control of locally intelligent
luminaire systems. In IEEE International Conference
on Systems, Man, and Cybernetics, 3167-3172. Seoul.

11356



