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Abstract. Designing energy efficient street lighting got an emerging do-
main due to technological potential of LED light sources. To profit those
solutions however one has to use effective computational methods en-
abling low-energy-solution finding. In this article we focus particularly
on the problem of discovering and removing over-illuminated areas be-
ing the side-effect of using typical lighting design methods, especially in
the case of non-regular areas. We propose the approach which combines
hypergraph-based modeling of objects, the concept of slashed graphs and
heuristics addressing optimal lighting issue. The synergy of those three
parts creates practically usable methodology for time and energy efficient
outdoor lighting design.

Keywords: Slashed graphs · Street lighting · Agent systems · Bulk
computations

1 Introduction

The emergence of advanced, LED-based technologies on the outdoor lighting
market opened new perspectives on creating energy efficient and well suited
lighting infrastructures [18]. Two most important drivers staying behind are:
luminous flux dimming capability (which was rudimentarily present for high-
intensity discharge lamps, abbrev. HID) and possibility of shaping a photometric
solid of a fixture [6,9]. In particular, the former property is not reachable in other
technologies: dimming HID or metal halide lamps is not feasible in the full range
(i.e., 0-100%) and reduces the source’s lifetime. Besides that, the onset time
of typical light sources is significantly higher than for LEDs, and makes those
sources unsuitable for an adaptive street lighting.

A lot of commercial photometric software profiting of those properties are
available on the market. Their common feature however is ability of making
computations for a single scene only. Thus, if one aims at computing photome-
try for some region consisting of several blocks and including a couple of streets
then he needs to set up manually a sequence of separate scenes corresponding
to particular lighting situations. Another problem arising in this context is com-
puting photometry and optimizing street lighting configuration for non-typical
(contrary to straight, uniform street sections) road situations like cross roads,
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conflict areas and so on. The typical approach to photometric design results in
producing over-illuminated scenes and thus increased energy usage (see [2]).

Summarizing the issues mentioned above: there is no tool enabling time ef-
ficient and scalable photometric computing, especially for non-standard scenes.
To illustrate the problem of a time efficient solution finding in lighting design
tasks let us consider the trivial example of a row of ten LED lamps1, being de-
signed along some motor road. Since the considered installation is made from
scratch the following parameters may be varied to find the best solution:

1. fixture model/photometric solid (500 – variants),
2. fixture mounting angle (from 0◦ to 20◦ with step 1◦ – 21 variants),
3. pole height (from 6m to 12m with step 0.1m – 61 variants),
4. lamp spacing (from 20m to 40m with step 0.1m – 201 variants),
5. arm length (from 0m to 2m with step 0.1m – 21 variants),
6. dimming level (from 0% to 99% with step 1% – 100 variants).

The resultant total number of variants to be checked is N ≈ 2.7× 1011.
The computing time for a single variant takes about 0.1 s, so the total time of

the calculation (for all variants) takes over 14 years on a single 4-core processor.
What is worse, in real life cases we design photometric scenes containing thou-
sands of lamps (e.g., about 7,000 lamps in SOWA Project carried out in Cracow,
Poland). We suggest to solve the above problem twofold: by applying AI methods
to finding an optimal variants and by parallelization of computations.

In this paper the representation of slashed graphs [21] as a formal background
for this purpose is proposed. It offers a flexible and scalable formal framework for
scene modeling, allowing parallelizing and distributing the photometric compu-
tations. It enables defining a set of computational tasks ascribed to subsequent
lighting situations covering the entire considered area. The proposed method-
ology is based on a problem’s graph representation which is a broadly used in
various domains [15,17,14,7,8,11,19]. Such a graph model constitutes an envi-
ronment for a multi-agent system. Particular agents are ascribed to subtasks
performed in parallel and an agent’s knowledge is sewn in a graph structure
[16,12,13].

The key property of this methodology is processing a given area not "as is"
i.e., with some assigned set of luminaires but analyzing all lamps available in its
neighborhood, selecting those among them which influence a scene and, in the
sequel, dividing logically a scene into subareas having different levels of illumi-
nation. The objective is to equalize those levels, reducing power usage overhead
and stay aligned with mandatory lighting standards. Such an approach allows
for more accurate adjustment of lamp work parameters (dimming, photometric
solid) and thus minimizing the power consumption.

Although a single task (i.e., made on one scene) seems to be a low complexity
operation, from the perspective of an entire considered urban space however
we face the scalability related issue. To overcome this problem we use slashed

1 Computing time may be regarded as constant wrt the number of poles.
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graphs model introduced in [21] This formalism was introduce to support parallel
distributed computations.

The structure of the article is organized as follows. In the next section the
problem formulation will be introduced. Sections 3 and 4 contain formal basics
of used graph models: the short overview of the used hypergraph representa-
tion of complex solids and the slashed graphs model mentioned above. The way
of formulating a computational task is presented in Section 5 while an overall
computation process will be discussed in Section 6. The final conclusion may be
found in Section 7.

2 Problem Formulation

The main objective of the outdoor lighting design is preparing infrastructure
which fulfills mandatory standards ([3,4,10]) related to lamps performance. Those
norms are expressed quantitatively by threshold values of certain photometric
quantities which have to be ensured by a lighting system. Among those quanti-
ties are: average illuminance – Eavg, average luminance – Lavg, longitudinal and
overall uniformity – Ul and Uo respectively, threshold increment – TI, surround
ratio – SR and others. Values of those parameters for each a road must not cross
the established thresholds defined by a standard. The sample set of norms given
for street lighting is shown in Table 1.

Table 1. ME lighting classes according to DIN EN 13201-2

class Lavg [cd/m
2] Uo Ul TI [%] SR

[min. value] [min. value] [min. value] [max. value] [min. value]

ME1 2.0 0.4 0.7 10 0.5
ME2 1.5 0.4 0.7 10 0.5
ME3a 1.0 0.4 0.7 15 0.5
ME3b 1.0 0.4 0.6 15 0.5
ME3c 1.0 0.4 0.5 15 0.5
ME4a 0.75 0.4 0.6 15 0.5
ME4b 0.75 0.4 0.5 15 0.5
ME5 0.5 0.35 0.4 15 0.5
ME6 0.3 0.35 0.4 15 -

When designing lighting for a zone consisting of numerous streets and pedes-
trian routes one has to perform computations for multiple lighting situation (LS)
assigned to particular areas. Each LS is defined for a single area A which may
be either homogeneous in terms of geometric properties (number of lanes, width,
surface type) and street lamps locations (arrangement, spacing, setback, over-
hang) or non-regular e.g., for some types of road junctions (see Fig.1). Applying
the results reusing approach in the former case [22] may reduce significantly the
computing time. Another factor which has to be taken into account while con-
sidering an LS, is the presence of objects (buildings) dropping shadows on it.
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In those circumstances some luminaires may be excluded from computations as
not affecting a scene.

Figure 1 shows the trivial example of a scene: the cross road (area A1) with
three incoming streets (areas A2, A3, A4) and adjacent sidewalks. Luminaires are
marked with diamonds. Moreover, circles indicating light ranges are shown for
selected lamps2. A particular lighting situation, delimited with a dashed line,
consists of a relevant area and luminaires located on it. It should be stressed
that a given area may be affected by luminaires belonging to foreign LS’s, for
example lamps 2 and 3 standing on A2 influence illuminance on A1.

Fig. 1. The sample crossroad. The diamond marks denote luminaires and gray areas
- buildings. For the better readability the figure illustrates an impact of four lamps
only (numbered 1 . . . 4) and the lamps are denoted with indices only (instead of Fi). A
circle delimits a range of a single luminaire while colors are related to overlapping of
particular ranges: red – 3 lamps, orange – 2 lamps, yellow – single luminaire

The complete input for photometric computations performed for a given LS,
is a compound of road related data (Rd) and luminaires related data (Ld). The
latter ones include a set of fixtures which luminous flux affects a given area. This
set will be denoted as Aff(A) where A is an area underlying LS. For Figure 1
we have: Aff(A1) = {F1, F2, . . . F11}. The impact of other fixtures is neglectable
due to actual distances.

3 Graph Model of Urban Space

To enable the efficient analysis and modeling of large-scale or complex systems,
their description needs to be formalized. Such a formalization is required prior to
computer aided problem solving. In the paper [20] the 3D-compliant hypergraph
model of an urban space was introduced. Hypergraph formalism is broadly ac-
cepted and used in the 3D modeling [5,1,24]. In this model both buildings and
areas (e.g. streets, sidewalks, squares, lawns) are represented by hypergraphs3

2 Note that a circle is valid only for a photometric solid having radial symmetry. We
make here such a simplifying assumption for more clarity.

3 In the case of surfaces a given area is assigned with an infinitesimal height to obtain
3D object which, in the sequel, may be described by a hypergraph.
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with fixtures (luminaires) as their vertices (or more precisely, vertices of a certain
type).

Besides hypergraphs, we will also use the typical graph model (see Section 4)
as it will be obtained as a result of hypergraphs aggregation. The basics of the
hypergraph approach and its transition to the regular graphs presented below.

f1
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f4

f5

f3

f2
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f6

f5

f4

f1

Fig. 2. A hypergraph representa-
tion of a cuboid

Hypergraphs. Let T will be a polyhedron
consisting of n faces (f1, f2, . . . fn), k edges
(a1, a2, . . . ak) and m vertices (h1, h2, . . . hm).
Hypergraph HT representing the polyhe-
dron T is a tuple HT = (V,A,H), where
V = {f1, f2, . . . fn} is a set of hypergraph
nodes (representing physical faces), H =
{h1, h2, . . . hm} is a set of hypergraph hy-
peredges (representing physical vertices), and
HA = {a1, a2, . . . ak} is a set of hypergraph
edges (representing physical edges).

Figure 2 presents the hypergraph model of
a cuboid. For the case of two adhering poly-
hedrons, we introduce the additional, logical
type of edge (referred to as an external edge),
which denotes adherence of two faces.
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Fig. 3. A hypergraph model of adhering polyhedrons (left) and its aggregated form
(right)

In some cases, one requires general information about an overall object struc-
ture rather than its detailed properties. In such circumstances, it is sufficient
to get information about relations among particular components of a considered
scene. To accomplish that, we transform (collapse) hypergraphs to vertices using
aggregating transformation. Such an operation, also referred to as synthesis, is
described in [23]. All data describing how external edges (i.e. edges connecting
two adjacent solids) were attached to the collapsed hypergraph are stored as
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values of supplementary attributes of those edges. Thanks to that the inverse
operation, namely analysis, may be executed [23].

Figure 3 (left) presents a hypergraphmodel of five adhering cuboidal objects (ex-
ternal edges are represented as thick lines). Additionally, one of them has a point
object attached (which may represents fixture/luminaire). In Figure 3, the aggre-
gated form of this composite object is presented: hexagonal nodes (H1, . . . , H5)
correspond to collapsed hypergraphs.

4 Slashed Graphs

In this section a brief overview of a distributed graph representation will be pre-
sented. This model is crucial for parallel execution of photometric computations.

Definition 1. (L,A)-graph is a digraph G = (V,E), where V is nonempty,
finite set of indexed nodes, E ⊆ V ×(L×A)×V is a set of arcs and L, A denote
respectively a set of labels and attributes of edges. The family of (L,A)-graphs
will be denoted as G.

In the sequel we introduce the notion of slashed form of a graph, being fun-
damental for (L,A)-graph decomposition considered further.

Definition 2. Let G = (V,E) ∈ G. We define a set {Gi}i∈I of graphs in the
following manner: (i) Gi = (Vi, Ei) ∈ G and Vi = Ci ∪Di, Ci ∩ Di = ∅, where
Ci is a set of internal vertices and Di denotes a set of dummy nodes, (ii)
V =

⋃
iCi, where Ci∩Cj = ∅ for i �= j, (iii) ∀v ∈ Di ∃ !v′ ∈ Dj(i �= j) such that

v′ is a replica of a node v; ∀v ∈ Di : dG�
i
(v) = 14, (iv) ∀e ∈ Ei : e is incident to

at last one dummy node.
An edge incident to a dummy node will be referred to as a border edge. A

set of all border edges in a graph Gi will be denoted as Eb
i . On the other side

Ec
i = Ei − Eb

i is a set of internal edges of Gi.
Let us denote M = L × A then {Gi} defined above is a slashed form of G

(denoted as �G) iff following conditions are satisfied:

1. ∀Gc
i = (Ci, E

c
i ), ∃Hi ⊂ G : Hi

α� Gc
i and Hi, Hj are disjoint for i �= j (

α�
denotes isomorphism α between graphs).

2. There exists bijection f : M2 → M such that for (e, e′) ∈ Eb
i × Eb

j (i �= j),
where e = (xc,m, v) ∈ Ci × M × Di, e

′ = (v′,m′, yc) ∈ Dj × M × Cj and
v′ is a replica of a node v, there exists exactly one edge eij = (x,me, y) ∈
E such that xc = α(x), yc = α(y) and f(m,m′) = me. eij is referred to as
a slashed edge associated with dummy nodes v, v′.

3. ∀e = (x,m, y) ∈ E : (i) ∃ ! ec ∈ Ec
i for some i, such that ec = α(e) or (ii)

∃ ! (v, v′) ∈ Di × Dj for some i, j, such that e is a slashed edge associated
with dummy nodes v, v′.

Gi ∈ �G is referred to as a slashed component of a graph G.
4 For a given digraph G, G� denotes an underlying undirected graph.
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Having the formal definition of a graph’s slashed form we may introduce two
complementary mappings. Δ : G → G × G decomposes X ∈ G into slashed
components X1, X2 ∈ G and Ψ : G ×G → G merges two slashed components and
removes all relevant dummy nodes shared by both of them.

In Figure 4 the centralized and slashed form of a certain graph G are shown.
Internal nodes are denotes as circles (©), and dummy ones as squares (�).
Moreover the following indexing convention is applied (see Figure 4b).

– An index of an internal node has the form (i, k), where i is an unique identifier
of a slashed component Gi ∈ �G and k is an unique (in Gi) node index.

– A dummy node index has the form (−1, k)r, where k is a globally unam-
biguous identifier of a pair of dummy nodes and r is a reference of a slashed
component containing the complementary replica of a given dummy node.
Using reference r enables instant retrieving of a dummy node’s replica.

6
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1

4

(a)

(2, 5)

(1, 1)

(2, 3)

(2, 2)

(−1, 3)2

(−1, 1)2 (−1, 1)1

(1, 2)

(−1, 2)1(−1, 2)2

(2, 4)(−1, 3)1

(2, 1)

(b)

Fig. 4. (a) Graph G (b) �G representation

The above definition of a slashed representation may be too complicated for
practical use. For that reason two transformations, namely Split and Merge,
enabling migration between centralized and distributed graph model were intro-
duced in [21]. The complexity of both operations is O(|E|) which means that it
is linear wrt a number of dummy node pairs. The detailed discussion on their
complexity in a distributed environment may be found in the mentioned article.

5 Defining Computational Tasks

Before the algorithm of LS’s generation will be introduced let us define the
following auxiliary notation.

1. Vcom denotes a set of nodes corresponding to computational areas like streets
with sidewalks, cross sections, conflict areas and so on.

2. N(x ∈ Vagg) is a set of aggregated nodes (i.e., representing some hyper-
graphs) being the neighbors of x.

3. Lx for x ∈ Vagg is a set of nodes labeled by F (i.e., representing fixtures)
which are neighbors of x.

4. B(u, v) = {x : lab(x) = B ∧ x ∈ N(u) ∩ N(v)} for (u, v) ∈ Vagg × Vagg

denotes a set of vertices representing buildings (labeled with B) which are
adjacent to areas represented by u and v.
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5. B(u) =
⋃

v∈N(u) B(u, v) is a set of all buildings adjacent to area u and to
some area neighboring u.

Suppose that an area A represented by vA ∈ Vcom is given. To perform pho-
tometric computations on A one has to collect all luminaires affecting it i.e.,
Aff(A). To accomplish that a neighborhood N(vA) has to be determined by us-
ing some search algorithm, e.g., BFS. Next, the influence of buildings adjacent
to A on its illumination has to be investigated: for each v ∈ N(vA) we compute
a set L−

v = {x : lab(x) = F ∧B(vA) blocks the influence of F on A}. Finally we
get Aff(A) =

⋃
v∈N(vA)(Lv − L−

v ).
An important phase of computations leading to definition of an LS is related

to evaluating the expression B(vA) blocks the influence of F on A, present in
the definition of L−

v . This evaluation is accomplished by geometric analysis of
an overlapping of physical objects and photometric solids.

Next step is subdividing an LS’s underlying area, A, into segments on the
basis of illuminance levels on A. The example is demonstrated in Figure 5: the
lighting situation is bounded by the thin dashed line and segments obtained by
an area subdivision are separated by the thick dotted one. Each single luminaire
is associated with a circular range limit (filled with light yellow). Zones where
ranges overlap are colored with either yellow (overlapping of 2 ranges) or orange
(3 ranges). There may be distinguished three subareas of A, having different
average lighting levels (LL). Those subareas are denoted as A1 (moderate LL),
A2 (low LL), A3 (high LL).
Remark. Let us note that boundaries separating subareas are set in an arbi-
trary manner. In particular, to avoid too high granularity some lower limit for
a subarea’s size should be established.

The important property of the proposed approach is that lighting levels are
tuned separately (for A1, A2, A3) rather than for the entire area A. Thanks to
this over-illuminating and related energy costs may be avoided. Prior to that
Aff(Ai) sets have to be determined:

– Aff(A1) = {F4, F5, F6, F11}, A7 /∈ Aff(A1) because A1 is shaded by B1,
– Aff(A2) = {F1, F4, F6, F7},
– Aff(A3) = {F1, F2, F3, F4, F8, F9, F10}.
Note that complexity of determining Aff(Ai) is polynomial with respect to

both a number of luminaires and a number of streets incoming to A.
Finally we obtain:

LSi = {R(i)
d ,L

(i)
d }, where R

(i)
d = Ai,L

(i)
d = Aff(Ai).

Tuning of a luminaire relies on adjusting its luminous flux. This operation
does not change a radius of a range circle itself (or in the real-life cases – a
shape and size of a range area) because photometric solid may be alternated by
modifying a fixture’s optics only [6,9]. One can decrease however intensity (by
dimming) and thereby practically minimize an illuminated zone. Assuming that
A1 illuminance is compliant with a standard, fluxes from F1, F4 and F7 should
be increased while fixtures F2, F3, F10 have to be dimmed.
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Fig. 5. The sample crossroad. Bolded points denote lamps and gray strips - sidewalks.
Buildings are denoted with B1 . . . B6 and considered luminaires with F1 . . . F10. A circle
delimits a range of a single luminaire while colors are related to overlapping of particular
ranges: orange – 3 lamps overlapping, yellow – 2 lamps overlapping, light yellow – single
luminaire range

6 Computations

Computational tasks introduced in the previous section are preformed on all
aggregated nodes (see Fig.2) representing roads, sidewalks and other similar
areas. Additionally, nodes representing buildings and other massive objects may
be applicable during computations (see points 4 and 5 in Section 5). From the
global perspective computations are made on a normal graph (i.e., not on a
hypergraph) and they are node-oriented which means that almost all input data
are located in aggregated vertices. For that reason a natural environment for
their execution are slashed graphs introduced in Section 4.

From the local (aggregated node) perspective which covers blocks 3–5 in
Figure 6, task execution may be either centralized (for simple, homogeneous
lighting situations) or recursively distributed when a given area is partitioned
(Section 2). For the latter case a slashed graph representation is used again:
subsequent subareas are assigned with aggregated nodes hosting particular sub-
calculations.

Regarding the polynomial complexities of subsequent phases of computations,
the overall complexity is polynomial as well.
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1. TRANSFORMING SCENE TO 
HYPERGRAPH REPRESENTATION

2. AGGREGATING HYPERGRAPH

3. SETTING COMPUTATIONAL
TASKS

4. (RECURSIVE) MIGRATION TO 
SLASHED GRAPHS

5. (PARALLEL) 
LIGHTING OPTIMIZATION

Fig. 6. Subsequent phases of computations

7 Summary

Well designed lighting infrastructure based on LED lamps enables achieving im-
portant energy savings in outdoor lighting. The rapid technological development
in this field is not supported however by suitable tools capable of performing
bulk computations, required in large scale retrofit projects (e.g., in cities) cov-
ering a huge number of streets, squares and so on. In previous articles (e.g., see
[22]) the main effort was put into facilitating massive outdoor lighting optimiza-
tion made on typical regular road situations. In this paper we fill this gap by
introducing the enhancement to graph-based photometric computations, which
enables optimizing lighting parameters for non-standard areas (e.g. non-regular
crossroads). This goal is achieved by fine-grained analysis of a considered area
and finding a balance between energy efficiency and requirements imposed by
mandatory lighting standards.

The complexity of computations performed in the proposed methodology is
polynomial but their execution in a distributed environment of slashed graphs
reduces the computation time substantially. Computations performed in the
SOWA project (7,000 lamps with altered parameters: pole height, arm length,
fixture model, dimming) were completed in 6 hours.
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