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Abstract—Creating 3D content requires a lot of expert knowl-
edge and is often a very time consuming task. Procedural mod-
eling can simplify this process for several application domains.
However, creating procedural descriptions is still a complicated
task. Graph based visual programming languages can ease the
creation workflow; however, direct manipulation of procedural
3D content rather than of a visual program is desirable as it
resembles established techniques in 3D modeling. In this paper,
we present a dataflow language that features novel contributions
towards direct interactive manipulation of procedural 3D models:
We eliminate the need to manually program loops (via implicit
handling of nested repetitions), we introduce partial reevaluation
strategies for efficient execution, and we show the integration of
stateful external libraries (scene graphs) into the dataflow model
of the proposed language.

Keywords-procedural modeling, dataflow graphs, loops, term
graphs

I. INTRODUCTION

This is a revised and augmented version of “Implicit Nested
Repetition in Dataflow for Procedural Modeling”, which ap-
peared in the Proceedings of The Third International Confer-
ence on Computational Logics, Algebras, Programming, Tools,
and Benchmarking (COMPUTATION TOOLS 2012) [1].

Conventional 3D models consist of geometric information
only, whereas a procedural model is represented by the op-
erations used to create the geometry [2]. Complex man-made
shapes exhibit great regularities for a number of reasons, from
functionality over manufacturability to aesthetics and style. A
procedural representation is therefore commonly perceived as
most appropriate, but not so many 3D artists accept a code
editor as user interface for 3D modeling, and only few of them
are good programmers. Recently, dataflow graph based visual
programming languages for 3D modeling have emerged [3],
[4]. These languages facilitate a graphical editing paradigm,
thus allowing to create programs without writing code. How-
ever, such languages are not always easier to read than a
textual representation [5]. Therefore, the goal is a modeler
that allows direct manipulation of procedural content on the
concrete 3D model, without any knowledge of the underlying

representation (code), while retaining the expressiveness of
dataflow graph based methods.

In this paper, we present a term graph based language
for procedural modeling with features that facilitate direct
manipulation. First, we give an overview of related work in
Section II. Then, we give a summary of the requirements for
the language in Section III. Next, in Section IV the language is
formally defined, and a compilation technique to embed such
models in existing procedural modeling systems is described.
Section V describes how the language can be applied to
different modeling operations. Going beyond our previous
work in [1], Section VI describes a method for incrementally
reevaluating a procedural model expressed in our language in
response to user interaction. We conclude with a discussion
and some points of future research.

II. RELATED WORK

Procedural modeling is an umbrella term for procedural de-
scriptions in computer graphics. As a procedural description is
basically just a computer program, there are many possibilities
to express procedural content.

One category are general purpose programming languages
with geometric libraries, for example C++ with CGAL [6] or
the Generative Modeling Language (GML) [2] which utilizes
a language similar to Adobe’s PostScript [7]. Processing [8]
is an open source programming language based on Java with
a focus on computer programming within a visual context.

As many professional 3D modeling packages contain em-
bedded scripting languages, these can be used to express
procedural content. Some representatives are for example MEL
script for Autodesk Maya [9] or RhinoScript for Rhinoceros
[10].

Some domain specific languages have successfully been
applied to express procedural content. For example, based on
the work of Stiny et al. [11] who applied the concept of formal
grammars (string replacements) to the domain of 2D shapes,
Wonka et al. [12] introduced split grammars for automatic
generation of architecture. These concepts have further been

2013, © Copyright by authors, Published under agreement with IARIA - www.iaria.org



extended by Mueller et al. [13] into CGA Shape, which is
available as the commercial software package CityEngine [14]
that allows procedural generation of buildings up to whole
cities.

Visual Programming Languages (VPLs) allow to create
and edit programs using a visual editing metaphor. Many
VPLs are based on a dataflow paradigm [15]; the program is
represented by a graph consisting of nodes (which represent
operations) and wires along which streams of fokens are
passed. Some examples in the context of procedural modeling
are the procedural modeler Houdini [4] and the Grasshopper
plugin for Rhinoceros [10], which both feature visual editors
for dataflow graphs. Furthermore, the work of Patow et al. [16]
has shown that shape grammars can also be represented as
dataflow graphs. Such a representation also allows established
interaction metaphors to be accessible for procedural modeling
packages [17].

Term Graphs [18] arose as a development in the field of term
rewriting. While term graphs are intuitively similar to dataflow
graphs, there is no concept of a stream of tokens. Term graphs
are a generalization of terms and expressions which makes
explicit sharing of common subexpressions possible. Formally,
we base our work on the definitions given in [19] rather than
on any dataflow formalism.

III. LANGUAGE REQUIREMENTS

Dataflow languages have a number of properties that make
them very desirable for interactive procedural modeling. They
allow efficient partial reevaluation in order to interactively
respond to “localized” changes, they are expressive enough
to cover traditional domains of procedural modeling such
as compass-and-ruler constructions and split-grammars, and
they can be extended in various ways to support repeated
structures/repeated operations.

We are currently researching direct manipulation based user
interfaces for dataflow-based procedural modeling. This means
that the dataflow graph itself is not visible to the user; instead,
the user interacts with a concrete instance of the procedural
model, i.e., a 3D model generated from a concrete set of
parameter values. The basic usage paradigm is that the user
selects objects in this 3D view and applies operations to them;
these operations are added to the graph.

The goal of keeping the graph hidden during normal user
interaction leads to additional requirements for the language
that differ from traditional approaches.

A. Repetition

Loops should not be represented explicitly, i.e., loops
should not be represented by an object that needs to be visual-
ized so the user can interact with it directly. Operations should
be implicitly repeated when they are applied to collections of
objects.

It must be possible to deal with nested repetitions as
part of this implicit repetition behaviour. Existing dataflow-
based procedural modeling systems use a ‘“‘stream-of-tokens”
concept, i.e., a wire in the dataflow graph transports a linear
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stream of tokens that all get treated the same by subsequent
operations. Nested structures are not preserved in this model.

When directly interacting with a 3D model, we expect the
user to frequently zoom to details of the model. For example,
consider a model of a building facade that consists of several
stories, each of which contains several identical windows,
which in turn contain several separate window panes. A user
will zoom in to see a single window on their screen and
then proceed to edit that archetypal window, for example by
applying some operation to two neighbouring window panes
of that same window. All operations in the modeling user
interface should always behave consistently, independent of
whether the user is editing a model consisting of just a single
window, or one of many windows. In both cases, the system
needs to remember that a collection of window panes belongs
to a single window. Thus, flat token streams are not suited to
direct-manipulation procedural modeling.

B. Fuailures

There are many modeling operations that do not always suc-
ceed, e.g., intersection operations between geometric objects.
When applying volumetric split operations, a volume might
become empty, rendering (almost) all further operations on
that volume meaningless.

Often, these failures have only local effects on the model, so
aborting the evaluation of the entire model is excessive; rather,
we propagate errors only along the dependencies in the code
graph — if its sources could not be calculated, an edge is not
executed. In many cases, this is exactly the desired behaviour
and allows to easily express simple conditional behaviours
such as “if there is an intersection, construct this object at
the intersection point” or “if there is enough space available,
construct an object”.

C. Side Effects

Neither dataflow graphs nor term graphs are particularly
well-suited for dealing with side-effecting operations; also, to
simplify analysing the code for purposes of the GUI, we have
a strong motivation to forbid side effects.

However, it is a fundamental user expectation to be able to
have operations that create objects, and to be able to replace
or refine objects. Both Grasshopper and Houdini use side-
effect free operations and rely on the user to pick one or more
dataflow graph nodes whose results are to be used for the final
model; this solution is not applicable to a direct manipulation
procedural modeler because it would require interacting with
the graph rather than with a 3D model.

IV. THE LANGUAGE

Below, we will first define the term graphs that form the
basis of our language; we will then proceed to discuss our
treatment of side effects, repetition and failing operations.
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Fig. 1. A code graph (as presented by [19]) is a hypergraph that consists
of nodes that correspond to results and hyperedges that represent operations
(left). In this illustration the nodes are represented as ellipses. Hyperedges are
visualized as boxes; they can have any number of source and target nodes.
Hyperedges with no source nodes correspond to constants. This example
shows a code graph that carries out a simple construction: Two points define
a straight line; two lines yield an intersection point (right).

intersect

A. Code Graphs

The underlying data structure is a hypergraph consisting of
nodes, which correspond to (intermediate) values and graph-
ical objects, and hyperedges, which represent the operations
applied to those values as shown in Figure 1.

Note that we are following term graph terminology here,
which differs from the terminology traditionally used for
dataflow graphs. In a dataflow graph, nodes are labelled with
operations, and they are connected with edges or wires, which
transport values or tokens. In a term graph, hyperedges (i.e.,
edges that may connect more or fewer than two nodes) are
labelled with operations or literal constants, and values are
stored in nodes, which are labelled with a type.

We reuse the following definition from [19]:

Definition 1: A code graph over an edge label set ELab
and a set of types NType is defined as a tuple G =
(N, &, In, Out, src, trg, nType, eLab) that consists of:

e a set \V of nodes and a set £ of hyperedges (or edges),

o two node sequences In,Out : N* containing the input
nodes and output nodes of the code graph,

« two functions src,trg : £ — N* assigning each edge the
sequence of its source nodes and target nodes respec-

tively,

o a function nType : N' — NType assigning each node its
type, and

« afunction eLab : £ — ELab assigning each edge its edge
label. O

Furthermore, we require all code graphs in our system to
be acyclic and that every node occurs exactly once in either
the input list of the graph, or in exactly one target list of an
edge.

Definition 2: Edge labels are associated with an input type
sequence and an output type sequence by the functions
edgelnType and edgeOutType : ELab — NType™. ]

Definition 3: An edge e is considered type-correct if
edgelnType(eLab(e)) matches the type of the edge’s source
nodes, and edgeOutType(eLab(e)) matches the type of its
target nodes. A codegraph is type-correct if all edges are type-
correct. O
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B. Limited Side Effects

In Section III-C, we have noted the need to be able to
model creation and replacement operations. The scene is the
set of visible objects; we define it as a global mutable set of
object references. We only allow two kinds of side-effecting
operations: (a) adding a newly-created object to the scene, thus
making it visible; and (b) removing a given object reference
from the scene.

Replacement and refinement can be modeled by removing
an existing object and adding a new one. Object removal is
idempotent and only affects object visibility, not the actual
object. Object visibility cannot be observed by operations.
Therefore, no additional constraints on the order of execution
are introduced.

C. Implicit Repetition

When an operation is applied to a list rather than a single
value, it is implicitly repeated for all values in the list; if two or
more lists are given, the operation is automatically applied to
corresponding elements of the lists (cf. Figure 2). It is assumed
that the lists have been arranged properly.

We define our method of implicitly handling repetition by
defining a translation from codegraphs with implicitly-repeated
operations to codegraphs with explicit loops.

1) Explicit Loops:

Definition 4: A codegraph with explicit loops is a code-
graph where the set of possible edge labels ELab has been
extended to include loop-boxes. A loop-box edge label is a
tuple (LOOP, &/, f) where G’ is a code graph (the loop body)
with n inputs and f € {0,1}™ is a sequence of boolean flags,
such that at least one element of f is 1. The intention behind
the flags f is to indicate which inputs are lists that are iterated
over (f; = 1), and which inputs are non-varying values that
are used by the loop (f; = 0). The number of iterations
corresponds to the length of the shortest input list. The edge
input and output types of a loop are defined by wrapping the
input and output types of the loop body (referred to as ti; and
to; below) with List[- - -] as appropriate:

edgeOutType((LOOP, G, f)); := List[to;]

LiSt[tii] if fi =1
ti; otherwise

edgelnType ((LOOP, G, f)), := { O

2) Codegraphs with Implicit Repetition: To allow implicit
repetition, we relax the type-correctness requirement that edge
input/output types match the corresponding node types.

A codegraph with implicit repetition is translated to a code-
graph with explicit loops by repeatedly applying the following
translation; the original codegraph is considered type-correct
iff this algorithm yields a codegraph with explicit loops that
fulfills the type-correctness requirement.

Consider an edge e where the type-correctness condition is
violated. If any of the output nodes is not a list, or if any of the
mis-matching input nodes is not a list, abort; in this case, the
input codegraph is considered to be invalid. Replace the edge
e by a loop edge ¢’. The repetition flags f; for the new loop
edge are set to 1 for every input with a type mismatch, and
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Handling repetitions: The images show examples of simple procedural models ((b) and (d)) that create a list of line segments (blue) and their

respective code graphs ((a) and (c)). Points, lines and circles correspond to intermediate results (nodes) of the same color. makeCircle creates a circle out of
a point and a radius, pointsOnCircle creates a list of evenly distributed points on a circle and makeSegment creates a straight line segment between two
points. This operation can be implicitly repeated to create segments from a list of points (on a circle) to a single point ((b)), or between two lists of points
on circles ((d)) using makeSegment. Multiple graphical elements are represented by single nodes in the corresponding code graphs ((a) and (c)).

to 0 otherwise. The loop body G’ is a codegraph containing
just the edge e; the types of its input and output nodes are
chosen such that the edge ¢’ becomes type-correct within the
outer codegraph. The translation is then applied to the loop
body G'.

3) Fusing Loops: The result of the above translation is a
codegraph that contains separate (and possibly nested) loops
for each edge. This is undesirable for two reasons, namely
performance and code readability. Performance is relevant
whenever the operations used in the codegraph edges are
relatively cheap, such as, for example, compass and ruler
constructions, as opposed to boolean operations on 3D vol-
umes (constructive solid geometry, CSG). Code readability
is important because a procedural model might still need to
be modified after it has been exported from our system to a
traditional script-based system.

Consecutive loops, i.e., loops where the second loop iterates
over an output of the first, can be fused if both loops have
the same number of iterations and if the second loop does
not, either directly nor indirectly, depend on values from other
iterations of the first loop.

To determine which loops have the same number of it-
erations, we will annotate each occurrence of List in each
node type with a symbolic item count, represented by a set
of variable names. Each variable is an arbitrary name for an
integer that is unknown at compile time. A set denotes the
minimum of all the contained variables. Listy,}[t] means a
list of a items of type ¢, and Listy,;)[t] means a list of
min(a, b) items.

All List types that appear as outputs of non-loop edges
are annotated with a single unique variable name each. Every
loop edge is annotated with a symbolic iteration count that is
the minimum (represented by set union) of the symbolic item
counts of all the lists it iterates over. Annotations on nested
List types are propagated into and out of the loop bodies.
The resulting List types of a loop box are annotated with
a symbolic item count that is equal to the symbolic iteration
count of the loop.

Fig. 3. Two consecutive loops containing one operation each that gets
applied to every item of the list. Under certain conditions (see text) the loops
can be fused in order to simplify the graph.

Two consecutive loop edges e; and es can be fused when the
symbolic iteration counts of the loops are equal, the repetition
flag f; is set to 1 for all inputs of ey that are outputs of ey,
and ey is not reachable from any edge that is reachable from
e1, other than e; and e, themselves.

If all these conditions are fulfilled for a given pair of edges,
the edges can then be replaced by a single edge (cf. Figure
3); the fused loop body is the sequential concatenation of the
two individual loop bodies. The inputs for the fused edge are
the inputs of e; and all nodes that are inputs of e, but not
outputs of e;. The flags f; for the fused edge are equal to the
corresponding flags for inputs of e; and es. The outputs for
the fused edge are all nodes that are either outputs of e; or of
eo. This fusing operation is applied until no more edges can
be fused.

D. Handling Errors

The desired error-handling behaviour can be described by
regarding ERROR as a special value which is propagated
through the codegraph. If an operation fails, all its outputs are
set to ERROR; an operation is also considered to fail whenever
any of its inputs are ERROR.

In a naive translation, all arguments need to be explicitly
checked for every single operation. To arrive at a better
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Fig. 4. Left: two consecutive if-boxes used for handling potentially-failing
operations. The input (Opt[z] at the top) is already the result of a potentially-
failing operation. Note that in this example, operation A itself cannot fail
(result type is plain y), while operation B can (result type is Opt[z]). They
can be combined by nesting the second box inside the first (center). This often
exposes opportunities for eliminating redundant error checks (right).

translation, we use a similar method as for the loops above;
we first make the error checking explicit and then introduce a
rule for combining consecutive error-checks.

Definition 5: Opt[t] := t U {ERROR} for all types ¢, i.e.,
Opt[t] is a type that can take any value that type ¢ can, or
a special error token. Opt[t] is idempotent: Opt[Opt[t]] =
Opt[t]. Also note that Opt can nest with List — the types
Opt[List[t]] and List[Opt[t]] and Opt[List[Opt[t]]] are three
different types. (]

Definition 6: An if-box edge label is a tuple (IF,G’, f)
where G’ is a codegraph with n inputs and f € {0,1}" is
a sequence of boolean flags, such that at least one element of
f is 1. The edge input and output types of a loop are defined
by wrapping the input and output types of the loop body with
Opt|[- - -| as appropriate, analogously to the treatment of loop
boxes (cf. Definition 4). When an if-box is executed, all input
values for which f; = 1 are first checked for ERRORs; if
any of the input values is equal to ERROR, execution of the
box immediately finishes with a result value of ERROR for
each output. If none of the inputs are ERROR, the body G’ is
executed; its output values are the output values of the if-box.
O

Predefined operations that can fail will return optional
values (Opt|[- - -]). For every edge in the code graph, if-boxes
have to be inserted if necessary to make the codegraph type-
consistent.

Two consecutive if-box edges e; and ey can be fused when
the flag f; is set to 1 for at least one input es that is an output
of e, and ey is not reachable from any edge that is reachable
from ey, other than e; and e themselves.

Fusing of if-boxes happens by moving the edge ey into the
body of the if-box eq, yielding two nested if-boxes (cf. Figure
4). The inputs for the fused edge are the inputs of e; and
additionally all nodes that are inputs of e, but not outputs of
e1; the flags f; for the additional flags are all set to 0, which
means that the outer box does not need to check these inputs
against ERROR, because the inner box will do so if necessary.
For the nested if-box inside the fused edge, we next check
whether that box is still required; first, for every input whose
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Fig. 5. This gothic window construction was created in our test framework
using direct manipulation without any code or graph editing. The number of
repetitions is an input parameter of the model.

node type is not of the form Opt[t], the corresponding flag f; is
set to 0. If all flags are set to zero for the inner if-box, the box
is eliminated by replacing the edge with its body codegraph.

V. MODELING VOCABULARIES

In this section, we describe some common modeling opera-
tions and their realization within our framework. The examples
in this section have been created using direct manipulation on
a visible model only (without visualization of the underlying
code graph), the concrete user interface is, however, outside
the scope of this paper. Refer to [20] and [21] for accounts of
different applications of our system.

A. Compass & Ruler

Compass and ruler operations have long been used in
interactive procedural modeling [22]; these operations are well
suited to a side-effect free implementation, and usually return
only a single result per operation. Our addition of repetition
allows for new constructions (Figure 5).

B. Split Grammars

We can use a methodology similar to Patow et al. [16] to
map split grammars to code graphs (see Figure 6). A model is
described by a set of replacement rules. Successive application
of rules gradually refines the result (coarse to fine description).
Just as in CGA Shape [13] and the work of Thaller et al.
[23], a shape consists of a bounding volume called scope, a
individual local coordinate system, and geometry within the
scope. These shapes are partitioned into smaller volumes by
operations split and repeat (replacement as side-effect). The
split operation partitions the scope in a predefined number of
parts, whereas with the repeat operation the number of parts
is determined by the size of the scope at the time of rule
application.

A complex example of a facade that was realized through
our system is shown in Figure 7.
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Fig. 6. Split grammar example: A simple shape grammar with split and
repeat operations can be expressed using a textual description (a). This
structure can be mapped to a codegraph (b) and executed, which yields (c).
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Fig. 7. A complex fagade example realized with our system. These images
stem from parts of the Louvre that were reconstructed in the work of Zmugg
et al. [20]. Figure (a) shows the hierarchical split layout of the facade, which
led to the rendering (b).
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Fig. 8. Illustration of interconnected structures: The pillars of the bridges
are constructed using ray casting for obstacle detection; The pillars of the
larger bridge are constructed with respect to the position of the lower bridge.

C. Interconnected Structures

A drawback of (context-free) shape grammar systems is that
they lack mechanisms for connecting structures across differ-
ent parts of the top-down modeling hierarchy. The solution
proposed in [24] is to extend a text-based shape grammar
system by a feature called “containers”. The idea is to pass
mutable containers, currently implemented via nested arrays,
as parameters to shape grammar rules. During the evaluation
of the rules, objects which are potential attaching points can
be appended to these arrays as a side effect of the grammar
evaluation. These arrays can later be used to define structures
that connect elements from independent parts of the model
hierarchy. These connecting elements can follow different
connection patterns based on geometric queries, such as ray
casting (see Figure 8).

We can directly translate the idea of containers in [24] to
our system, with the only difference being that attaching points
have to be explicitly grouped in arrays. This does not cause
additional complexity; receiving a container as an input and
explicitly adding objects should take about the same “effort”
as explicitly grouping objects and returning a nested list as
an output. In the context of direct manipulation of procedural
models, however, our approach has two advantages, both of
which stem from the absence of side effects in our system:

« A list in our system has a concrete visual representation
— the user can click on it; by contrast, a mutable
container has different states throughout its lifetime, and
it is created as an empty container before objects are
added. As such it is a “virtual” object for which no
concrete 3D representation seems possible.

o Passing a mutable container enforces a linear execution
order; different operations that access the same container
must always be executed in the same order, or the mean-
ing will change, preventing efficient partial reevaluation
of the scene. This is not a problem in the context of [24],
which focuses on offline generation of geometry.

D. Scene Graphs

Many three-dimensional scenes have a hierarchical structure
where individual objects are placed relative to a parent object,
e.g., pieces of furniture are placed relative to the room that
they are located in, but the objects on a table are placed
relative to the table. The structure describing such relations
is referred to as a scene graph. When objects that occur more
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Fig. 9.
As the TV is placed in dependence of the table, changing the table’s position
will also move the TV accordingly. Furthermore, scene graphs are memory
efficient through instancing: the two chairs in this scene refer to the same
geometry with different transformations.

Scene graphs allow the representation of hierarchical dependencies;

than once in a scene are taken into account, the scene graph
is an acyclic graph instead of a tree. Each node in a scene
graph contains a transformation and, optionally, geometry. The
transformation that is applied to each piece of geometry —
defining its placement in the scene — is the product of all
transformations on the path from the root to the node (see
Figure 9). By gradually changing the transformations of nodes,
animated objects can be achieved easily.

To embed a scene graph in our system, we first need a
type Node to represent scene graph nodes; we will assume
that one instance of that type, the root of the scene graph,
will get passed to the code graph as an input. Child nodes
are created using operations that take the parent as an input;
in particular, there is an operation createNode that creates a
transformation node (without any visible geometry) and an op-
eration loadGeometry that creates a node with pre-generated
geometry loaded from a file. Finally, the toGlobal converts a
point from the local coordinate system of a scene graph node
to global coordinates; this operation allows creating structures
that connect objects that reside in different parts of the scene
graph.

Building on top of the createNode and toGlobal oper-
ations, we can also provide a createNodeAt operation that
places a child node at a point given in global coordinates
(instead of the usual parent-relative transformation).

The first question that has to be asked is whether this vocab-
ulary fulfills the requirements of our code graph formalism, in
particular the limitations on side effects. There are no object
removal or replacement operations; both createNode and
loadGeometry are intended as object creation functions, but
they actually modify the parent node’s set of children rather
than a global set of visible objects. This is, however, equivalent
to having one global set of objects, where each object can
contain a reference to its parent object. Storing individual sets
of child nodes at each node rather than a single global set can
thus be seen as a performance optimisation that is transparent
from the semantics point of view.

For real-world applications, the range of node-creating
operations needs to be extended, but the basic structure will
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Fig. 10.
placed at points distributed on a circle. On top of each pedestal, a museum
exhibit is placed. The input for the code graph that represents this procedural
model is a list of file paths to load the exhibits from.

A procedural scene graph: Scene graph nodes with pedestals are

loadGeometry

y
istfNode

Fig. 11. The code graph representing Figure 10. For simplicity, the operations
representing the pedestals have been left out.

remain the same. This is a straightforward mapping of a scene
graph to the code graph, which is important because it allows
the user interface to present standard scene graph semantics
to the user. The work of Zmugg et al. [21] describes this from
an application’s point of view.

Figure 10 shows a variant of a use case described in [21];
the corresponding code graph can be seen in Figure 11. The
inputs for this code graph are the number of museum exhibits
to be shown and a list of paths to files containing the 3D
models of the exhibits. The requested number of models is
loaded from the list and placed in scene graph nodes arranged
in a circle.

As the transformations could be represented explicitly as
values in the code graph, a code graph based system is
necessarily at least as powerful as a scene graph system.
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However, there are two reasons why it is desirable to use
existing scene graph systems (such as OpenSG [25]) as a
modeling vocabulary for a code graph based system:

e Scene graphs, with their hierarchical way of managing
object placement, provide a useful abstraction; dealing
with transformations as values in a code graph can be
hard to understand for the end user. A scene graph node,
on the other hand, ties the transformation to a concrete
object and can thus be represented in a more intuitive
way in a graphical user interface.

e Scene graph systems are available as ready-to-use li-
braries and already solve many problems related to effi-
cient rendering and animation. It is therefore desirable to
be able to use them from the procedural modeling system,
rather than having to re-implement their functionality.

VI. INCREMENTAL UPDATES

During interactive manipulation of a procedural object, it
is usually a single parameter that is being modified, for
example using a mouse dragging operation. This parameter
often only affects a small part of the model, so, for reasons of
performance, it is not desirable to reevaluate the entire model.
Instead, we want to perform the minimum amount of work
required, i.e., to only reevaluate those individual operations
that really depend on the changed input.

The straightforward method is thus to reevaluate all hyper-
edges that are below the changed value (i.e., that consume it
directly or indirectly). Reevaluating an operation entails first
undoing all side effects caused by that operation, before re-
executing the operations with updated parameters.

In the course of this section, we will first show why this
approach is not sufficient and then proceed to describe a
method that takes the discussed problems into account.

A. The Problem of Aggregate Values

Excessive recalculation can happen whenever an input of a
code graph edge is of an aggregate type, i.e., any type that
consists of several parts such that some of these parts might
stay unchanged. Lists are an obvious example of an aggregate
data type in our language; if a change in an input parameter
causes a change in one element of an intermediary result of
list type, we do not want to undo and recalculate all operations
that use the unchanged elements.

Individual modeling vocabularies can add further aggre-
gate data types which can also cause excessive recalculation;
changing the color of an object might, for example, only affect
the colors of objects that depend on it, but not their shape.
Recalculating the geometry of those objects might be a lot
more expensive than just updating their color.

In particular, this problem affects our use of scene graphs as
described in Section V-D. One of the main strengths of scene
graphs is that a scene graph can be efficiently animated by
changing the transformation on a node; this affects all children
of the node without requiring that subgraph to be changed. The
code graph representation of a scene graph, however, encodes
dependencies that do not actually exist. Each scene graph node
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| setTransformation |

createNode

(@ (b)

Fig. 12. With a simple representation of scene graphs, child nodes will
depend on the transformation (a); this can be avoided by having separate
createNode and setTransformation operations (b). This will avoid a reeval-
uation of createNode after changing the transformation.

depends on its transformation, and all children of a scene graph
node depend on the parent node.

Thus, when a naive method is used to evaluate the code-
graph, all children of a node are rebuilt from scratch when the
transformation of the parent is changed.

The “museum” example from Figures 10 and 11 constitutes
a further example. When the number of museum exhibits to be
displayed is changed, already-loaded objects should never be
re-loaded. Ideally, only new objects should be loaded, while
all objects that were previously visible should be re-used.

B. A Possible Alternate Interface to Scene Graphs

A possible way to solve this problem is to make the code
graph encode the dependencies more accurately. In particular,
this means using several separate operations to achieve the
work of createNode and related operations. In particular,
node creation needs to be separated from setting a node’s
transformation (Figure 12). A node’s children will thus depend
on the parent node’s existence, but not on its transformation.

This hypothetical setTransformation instruction introduces
some problems. It is obviously a side-effecting operation, and
it does not seem to fit any of the allowed side effects described
in Section IV-B. It can, however, be interpreted as an object
creation function that creates an invisible “transformation
object” that contains the transformation and a reference to
the scene graph node to be transformed. After code graph
evaluation is complete, the scene can be scanned for these
transformation objects and the transformations applied to the
scene graph nodes.

The toGlobal operation can not be supported directly by this
approach, as it would need to observe the set of transformation
objects that are part of the scene, which is not allowed
according to Section IV-B. Instead, the actual transformation
will need to be passed to it using an explicit connection in the
code graph.

This approach thus fulfills all the formal criteria, but it has
serious disadvantages for the user interface. Direct manipu-
lation of the setTransformation operation by itself is next
to impossible, as it does not have any result that can be
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visualized in a 3D GUIL The GUI layer will probably have
to present a simplified view of the situation to the user, where
the createNode and setTransformation operations are folded
back together.

Likewise, note that the loadGeometry operation used in
the example in Figure 11 is responsible for both loading a
model from a file and placing it in the scene. Separating a
loading operation from a placement operation would introduce
additional complexity at the user interface level, as the user
interface would need to have a visual representation of “loaded
but not displayed” models. It is thus highly desirable to have
a single operation for loading and placement.

It is therefore preferable by far to define a method to
efficiently handle incremental updates on codegraphs that
use the more straightforward representation of scene graphs
described earlier.

C. Incremental Update for Individual Operations

To define the semantics of incremental updates, we will
follow a bottom-up approach. We will start by defining updates
for individual hyperedges in a code graph, i.e., for individual
operations, before building up to entire code graphs.

Modeling operations are defined outside the code graph.
When basic term graph evaluation is used to evaluate code
graphs, each modeling operation can be implemented by a
simple function in the underlying language of the system.

To partially reevaluate a code graph, the side effects of the
affected operations have to be taken into account; in partic-
ular, old side effects have to be undone before an operation
can again be executed with new parameters. Therefore, for
each modeling operation op we require a modeling operation
library to provide at least the two implementation functions
evaluate,, and undo,,. The former performs the operation
(potentially causing side effects) and the latter reverses those
side effects.

evaluate,, (ing -+ iny)

—  (Sop, outy - - - oUtyy,)

undo,, Sop = ()

In addition to the modeling operation’s output values, the
evaluate,, function also returns a value that gets passed to
the next invocation of undo,,. The type S,, of this state
value depends on the operation. For operations without side
effects, the undo,, function does nothing and S,, contains no
information.

To allow reevaluations to be optimized by taking advantage
of previous evaluations and to allow partial updates of ag-
gregate values such as lists and scene graph nodes, modeling
operation libraries may also provide a update,, function.

The input and output values of the update,, function will
each be annotated with a tag. A tag is intended to specify if a
value has changed, and if so, in what way it has changed.
For many datatypes, it will be enough to track whether a
value has changed or not. For scene graph nodes, we need to
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distinguish between changes that only affect the transformation
and changes that should trigger a complete reevaluation of
subsequent operations.

We therefore define a parametric datatype Tag, i.e., for
each data type ¢, we define a datatype Tag][t]. The individual
Tag datatypes should be defined individually according to
the requirements for the datatype ¢. We require that every
Tag datatype has at least the two special values NEW and
UNCHANGED.

The update,, function is also supplied with the outputs of
the previous evaluation of the operation; its signature is thus
as follows:

update,,, (Sop, in1 - - - iy,
Tag[ini] - - - Tag[in,],
oldouty, - - - oldout,,)
— (Sup, outy - -+ oUtyy,
Tagloutq] - - - Tag[out,,])
If the update function is not defined, a default implementa-

tion is provided based on the evaluate and undo functions;
it can be seen in Listing 1.

Listing 1 Default update function for operations

function update,, (s, arg;...,, atag,...,, oldout...,,)
if all atag, are UNCHANGED then
return (s, oldouty...,,
UNCHANGED - - - UNCHANGED)

else
undo,, ()
(s', outy -+ outy,) < evaluateyy,(argy --- arg,,)
return (s’, outy...,,, NEW - - - NEW)

end if

end function

To solve the problem of transformations causing subsequent
scene graph nodes to be recreated, we need to define tags for
scene graph nodes that can describe the situation that only the
transformation has changed:

Tag[Node] := {NEW, UNCHANGED, TRANSFORMED }

For scene graph nodes that are TRANSFORMED, most update
operations will simply reuse their old outputs, but tag any
scene node outputs as TRANSFORMED as well; the toGlobal
operation, however, which actually depends on the transfor-
mation of the input, will calculate a new result and tag it as
NEW.

D. Incremental Update for Entire Code Graphs

We are now ready to define evaluateg, undog and update
on entire codegraphs.

For the purpose of this section, we assume G to be a code
graph without implicit repetition or error handling.

Definition 7: For each code graph G, we define evaluateg
to be the evaluation function on the entire code graph. Evalu-
ating a code graph entails calling the individual evaluate,,
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functions for each edge of GG in an arbitrary topologically
sorted order. The state value returned is a map associating
each edge of G with the state value returned by the evaluate,,
invocation for that edge. ]

Definition 8: The undo function undog on a code graph
G calls the individual undo,, for all the edges of G in
an unspecified order. Each individual undo,, is passed the
appropriate state value. ([

Definition 9: The function updates calls each update,,
function for each edge of GG in an arbitrary topologically sorted
order. Each individual update,, is passed the appropriate state
value from the input state, and the state value returned is again
a map associating each edge of G with the state value returned
by the update,,, invocation for that edge. (]

Updating of a code graph can be optimized under the
assumption that the individual update functions will return
UNCHANGED results when all their inputs are UNCHANGED. That
way, a complete traversal of the code graph can often be
avoided.

E. Incremental Update of Error Checks and Loops

We can handle implicit loops and error handling by first
using the translation given in Sections IV-C and I'V-D to trans-
late these features to explicit loop-boxes and if-boxes. We then
treat the (LOOP, G’, f) and (IF,G’, f) families of edge labels
as regular operations and define appropriate implementation
functions for them.

The Opt[t] types used for error handling are not aggregate
datatypes. We do not need any special tag values beyond those
defined for the underlying type ¢, so we define Tag[Opt[t]] :=
Tag][t] for all types ¢.

To handle update for an if-box, the state value will be either
the state for the contained graph, or the value ERROR, if the
graph was not evaluated because the error check failed. This
is used to decide whether the contents of the if box should be
evaluated, updated or undone, and whether any ERROR outputs
should be marked as NEW or as UNCHANGED.

The implementation of updatep o sy can be seen in
Listing 2; the implementations of evaluate(r /) and
undo(r, ¢ r) trivially forward to the corresponding functions
on the contained graph G’ and are therefore left out for brevity.

Dealing with repetition is more complicated, as List[t] is an
aggregate type. When individual items in a list are changed, we
want to reevaluate only the corresponding iterations of loops
that iterate over that list. The tag types Tag[List[t]] therefore
need to store individual tags for the list elements.

Definition 10: We define the tag for a list type to be either
NEW, UNCHANGED or a list of tags for the individual list
elements, or, more formally:

Tag[List[t]] := {NEW, UNCHANGED} U Tag]t]*

where * denotes the Kleene closure. ]

Note that this definition does not allow tracking movement
of elements within an array; the added complexity of such a
system does not seem worthwhile at this time. Permuting or
swapping list elements in response to a parameter change will
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Listing 2 The update function for if boxes
function update 1 ¢/ 1) (s, argy...p,» Oldouty...;s,)
if all atag; are UNCHANGED then
return (s, oldouty...,,,
UNCHANGED - - - UNCHANGED)

end if

if any arg; with f; =1 is ERROR then
if s is ERROR then
for all outputs do
(out;, otag;) < (ERROR, UNCHANGED)
end for
else
undog(s)
for all outputs do
(out;, otag;) < (ERROR, NEW)
end for
end if
s’ < ERROR
else
if s is ERROR then
(s', outy...;m) <+ evaluategs(arg,...,)
otagy...,, < NEW
else
(s', outy...m, otagy..,)
« updateq/ (s, arg;...,,, tagy...,)
end if
end if
return (s', outy, otag; - --
end function

out,,, otag,,)

therefore require all involved list elements to be marked as
changed.

The persistent state s for a loop box is a list of the persistent
states for the individual iterations. Thus, the update function
will calculate the number of iterations required and compare
it with the number of iterations done the previous time. States
that are still needed are updated using updates,. If fewer
iterations are needed, extra states are destroyed using undog:.
If the number of iterations has increased, new states are created
using evaluateg.

The update function for loop edges, updateggp v 5y, can
be seen in Listing 3. Extracting the proper arguments for
specific loop iterations happens as described in Section IV-C.
The definitions of evaluate(gpp ) and undoggp,c, sy are
straightforward and are left out for brevity.

This concludes the extensions to the language (cf. Sec-
tion IV). They cover the incremental updates of individual
operations up to incremental updates of whole code graphs,
as well as the handling of implicit loops and error checks in
this context.

VII. D1SCUSSION AND CONCLUSION

We have presented a formal framework for the representa-
tion of procedural models that is particularly suited for direct
manipulation of procedural 3D content.
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Listing 3 The update function for loop boxes
function update ggp i £)(S, a79y...pp, OldoUls...)
if all atag; are UNCHANGED then
return (s, oldouty...,,
UNCHANGED - - - UNCHANGED)

end if

Npew < min(lengths of relevant input arrays)
Nold < length of s
for i < 1, max(npew, Nolq) do
arg;...,, < extract arguments for iteration ¢
itag,..., < extract tags for iteration ¢
if i > n,y then
(s'[§], outy...;m[i]) + evaluateqs(iarg,...,)
otag,...,, 1] < NEW
else if ¢ > 1., then
undog(s[i])
else
(s'[Q], outy...m[i], otagy...,[i])
+ updateg(s[i], iarg,...,, itagy..,,)
end if
end for
return (s', outy...;,, otagy...,)
end function

The design space for the dataflow language is constrained
by three main considerations: simplicity, efficiency and inter-
activity.

Simplicity in this case means minimizing the number of
entities that do not have a natural visual representation in the
GUI. A three-dimensional shape can be represented directly
in the GUI; a repeated three-dimensional shape can also be
represented. A repetition operator, on the other hand, is an
abstract concept, not a three-dimensional object. By introduc-
ing implicit looping and error handling constructs (Section IV),
we have avoided this problem.

Next is efficiency. Even simple procedural models can, by
virtue of their procedural nature, generate relatively large
amounts of geometry data; efficiency is thus always a concern.
We have benchmarked the loop fusion and error handling
optimizations on three different models. The code graphs
are compiled to GML [2], a language syntactically similar
to PostScript. The measurement is based on the number of
executable statements, or tokens; this is independent of model
parameters (repetition counts) and of the implementation qual-
ity of basic operations. See Table I for the results of optimizing
loops (Opt A) and loops and error handling (Opt B).

TABLE I
OPTIMIZATION BENCHMARK: EFFECTS OF FUSING LOOPS (OPT A) AND
LOOPS & ERROR HANDLING (OPT B) ON MODEL SIZE.

Model Tokens | Opt A | Opt B
gothic ornament 1322 992 789
simple house 408 258 225
complex facade 69769 30846 | 24865

The third and final consideration was interactivity. Proce-
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dural models are not always evaluated from scratch; this is
especially the case in an interactive procedural editor, where
the user can adjust individual parameters of a model using
the mouse. For a procedural modeling system to perform
well in that situation, it needs to avoid doing unnecessary
recalculations. We have found that it is not enough to do this
at the level of individual objects, as the granularity of these
objects is dictated by the requirement of simplicity. An entity
perceived as a single object by the user might in fact consist
of several parts that can be updated individually. The method
we have described in Section VI addresses this by allowing
the implementations of the modeling operations to cooperate
in providing incremental update functionality.

Taken together, these individual aspects form a system
that constitutes a solid base for a direct manipulation based
graphical procedural modeler that can be used with different
modeling vocabularies depending on the concrete application.
Since the publication of our conference paper [1], we have
successfully used systems based on this framework for differ-
ent applications of procedural modeling [20], [21].

A. Future Work

Interactive performance could, in theory, be improved fur-
ther by taking advantage of the fact that during interactive
manipulation of a procedural model, the same parameters are
often changed repeatedly. Applying a form of constant folding
to the tag values described in Section VI might serve to
eliminate a lot of redundant checking. Parallel execution of
modeling operations would be very beneficial for large and
complex models, as well.

There are also many research opportunities for adapting
existing programming language concepts to our framework
and to the context of direct manipulation procedural modeling.
Defining modules or functions is a well-known technique,
but it is unknown how well they can be adapted to the spe-
cial requirements imposed by direct manipulation. Complex
procedural 3D models will necessarily suffer from the same
problems as complex software does in general; so at some
point it will be necessary to investigate methods of ’shape
refactoring’.
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Abstract—The effectiveness of compression algorithms is increas-
ing as the data subjected to compression contains patterns which
occur with a certain regularity. This basic idea is used to detect
the existence of regularities in various types of data ranging from
market basket data to undirected graphs. The results are quite
independent of the particular algorithms used for compression
and offer an indication of the potential of discovering patterns
in data before the actual mining process takes place.
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I. INTRODUCTION

Our goal is to show that compression can be used as a tool
to evaluate the potential of a data set of producing interesting
results in a data mining process. The basic idea that data that
contains patterns that occur with a certain regularity will be
compressed more efficiently compared to data that has no such
characteristics. Thus, a pre-processing phase of the mining
process should allow to decide whether a data set is worth
mining, or compare the interestingness of applying mining
algorithms to several data sets.

Since compression is generally inexpensive (and certainly
less expensive than mining algorithms), and compression
methods are well-studied and understood, pre-mining using
compression will help data mining analysts to focus their
efforts on mining resources that can provide a highest payout
without an exorbitant cost.

Compression has received lots of attention in the data min-
ing literature. As observed by Mannila [14], data compression
can be regarded as one of the fundamental approaches to data
mining [14], since the goal of the data mining is to “compress
data by finding some structure in it”.

The role of compression developing parameter-free data
mining algorithms in anomaly detection, classification and
clustering was examined in [8]. The size C'(z) of a compressed
file x is as an approximation of Kolmogorov complexity [4]
and allows the definition of a pseudo-distance between two
files z and y as

C(xy)
C(z) +C(y)’

where zy is the file obtained by concatenating = and y. Note
that this is not the common definition of a pseudo-distance
(see, for example [21]); instead, it is simply a numerical
evaluation of the similarity of the files  and y; its minimal
value is obviously equal to 0.5.

d(I, y) =

Further advances in this direction were developed in [9],
[10] and [23]. A Kolmogorov complexity-based dissimilarity
was successfully used to texture matching problems in [3]
which have a broad spectrum of applications in areas like
bioinformatics, natural languages. and music. Compression
algorithms are used in the actual mining process to handle
data mining explorations that return huge sets of results by
extracting those results that actually are representative of the
data set (see, for example [19], [22]).

Our goal in this paper is to show that compression can be
used for assessing the interestingness of applying an actual data
mining process. In other words, to evaluate the minability of
a data set using compression. We justify experimentally this
idea by evaluating data sets that have different characteristics
and sources.

In general, data mining is task-oriented and the mining
process entails seeking specific patterns. Thus, our assessment
of minability will not necessarily help identify patterns of
interest; instead, it will signal that such patterns may exist
and will invite to further exploration.

There are two broad classes of compression algorithms:
lossy compression, that reduces significantly data but does not
allow the full inverse transformation, from compressed data to
the original data, and lossless compression, that achieves data
reduction and can be completely reversed. We illustrate the
use of lossless compression in pre-mining data by focusing on
several distinct data mining processes: files with frequent pat-
terns, frequent item sets in market basket data, and exploring
similarity of graphs.

The LZW (Lempel-Ziv-Welch) algorithm was introduced in
1984 by T. Welch in [24] and is among the most popular com-
pression techniques. The algorithm does not need to check all
the data before starting the compression and the performance
is based on the number of the repetitions and the lengths of
the strings and the ratio of Os/1s or true/false at the bit level.
There are several versions of the LZW algorithm. Popular
programs (such as Winzip or the zip function of MATLAB) use
variations of the LZW compression. These algorithms work
both at the bit level and at the character level.

An important role in evaluating concentrations of values
in various probability distributions is played by the notion
of entropy, Namely, if p = (p1,...,pn) is a probability
distribution with p; < 0 and >_"" , p; = 1, the entropy of
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this distribution is
" 1
H(p) = quz log, o
i=1 v

It is well-known (see [6], [13]) that the maximum value of the
entropy is obtained when

1

=DPn = —
n

pr=p2=--

and this value is log, n. The minium value is 0 and this occurs
when there exists p; with p; = 1 and p; = 0 for j # 4,
1 < 7 < n. The entropy helps us to evaluate the diversity of the
values assumed by a random variable: the more concentrated
these values are the lower the entropy.

After examining compressibility of binary strings in Sec-
tion IT we explore several experimental settings that provide
strong empirical evidence of the correlation between compres-
sion ratio and the existence of hidden patterns in data. In
Section III we discuss the compressibility of sequences of sym-
bols produced by various generative mechanisms. Section IV is
dedicated to the compressibility of adjacency matrix for graphs
relative to the entropy of distribution of subgraphs. Finally, in
Section V, we examine the compressibility of files that contain
market basket data sets. This paper is an extension of our
contribution [1].

II. PATTERNS IN STRINGS AND COMPRESSION

An alphabet is a finite and non-empty set whose elements
are referred to as symbols. Let A* be the set of sequences on
the alphabet A. We refer to these sequences as words or strings.
The length of a string w is denoted by |w|. The null string on
A is denoted by X and we define AT as AT = A* — {\}. The
subsets of A* are referred to as languages over A.

If w € A* can be written as w = utv, where u,v € A* and
t € AT, we say that the pair (¢,m) is an occurrence of ¢ in
w, where m is the length of w.

The occurrences (x,m) and (y,p) are overlapping if p <
m + |z| and m < p + |y|. If this is the case, m < p and
p+|y| > m+|z| then there is a proper suffix of z that equals
a proper prefix of y. If = is a word such that the sets of its
proper prefixes and its proper suffixes are disjoint, there are
no overlapping occurrences of = in any word.

The number of occurrences of a string x in a string w is de-
noted by n,(w). Clearly, we have > {n,(w) | a € A} = |w|
for any symbol a € A. The prevalence of x in w is the number
fo(w) = %)‘\xl which gives the ratio of the characters
contained in the occurrences of ¢ relative to the total number
of characters in the string.

The result of applying a compression algorithm C' to a string
w € A* is denoted by C'(w) and the compression ratio is the
number o

CRe(w) = 1€,
|w]
We shall use the binary alphabet B = {0,1} and the
LZW algorithm, the compression algorithm of the package
java.util.zip, or the zip function of MATLAB.
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Figure 1. Baseline CR;z;p Behavior

We generated random strings of bits (Os and 1s) and
computed the compression ratio for strings with a variety of
symbol distributions. A string w that contains only Os (or only
1s) achieves a very good compression ratio of CR;z;p(w) =
0.012 for 100K bits and CR; zrp = 0.003 for S00K bits, where
jZIP denotes the compression algorithm from the package
java.util.zip. Figure 1 shows, as expected, that the worst
compression ratio is achieved when 0s and 1s occur with equal
frequencies.

For strings of small length (less than 10* bits) the compres-
sion ratio may exceed 1 because of the overhead introduced
by the algorithm. However, when the size of the random
string exceeds 10 bits this phenomenon disappears and the
compression ratio depends only on the prevalence of the bits
and is relatively independent on the size of the file. Thus, in
Figure 1, the curves that correspond to files of size 100K bits
and 500K bits overlap. We refer to the compression ratio of
a random string w that contains ng(w) zeros and n1(w) ones
as the baseline compression ratio for this distribution of bits.

We created a series of binary strings ¢, ,, which have a
minimum guaranteed number m of occurrences of patterns
t € {0,1}*, where 0 < m < 100. The compression baselines
for files containing the patterns 01, 001,0010, and 00010 are
shown in Table I.

TABLE 1. BASELINE COMPRESSION RATIO FOR FILES CONTAINING A
MINIMUM GUARANTEED NUMBER OF PATTERNS
Pattern | Proportion of 1s | Baseline
01 50% 1.007
001 33% 0.934
0010 25% 0.844
00010 20% 0.779

Specifically, we created 101 files o1, for the pattern 001,
each containing 100K bits and we generated similar series
for ¢ € {01,0010,00010}. In the case of the 001 pattern
the baseline is established at 0.934, and after the prevalence
exceeds 20% the compression ratio drops dramatically. Results
of the experiment for 001 are shown in Table II. In Figure 2
we show that similar results hold for all patterns mentioned
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TABLE II. PATTERN 001’ PREVALENCE VERSUS THE COMPRESSION
RATIO CRjZIP
Prevalence of | CRjzrp
001" pattern
0% 0.93
10% 0.97
20% 0.96
30% 0.92
40% 0.86
50% 0.80
60% 0.72
70% 0.62
80% 0.48
90% 0.31
95% 0.19
100% 0.01
1.4
1.2r
1E
g 0.8 O CRfor01
ﬁ X CR for 001
o CR for 0010
g- 0.6 CR for 00010/
o
0.4F
0.2 )
1

. . . .
0 0.2 0.4 0.6 0.8
Pattern prevalence

Figure 2. Dependency of Compression Ratio on Pattern Prevalence

above.

III. COMPRESSIBILITY OF LANGUAGES AND SEQUENCES

Sequences or sets of sequences of symbols are often sub-
jected to data mining processes and identifying those se-
quences that contain interesting patterns before the actual
mining process may be computationally significant.

We begin by examining the well-known sequence called the
Thue-Morse sequence [2] that has many applications rang-
ing from crystal physics [16], counter synchronization [25],
metrology [7], [11], and chess playing [15], as well as in game
theory, fractals and turtle graphics, chaotic dynamical systems,
etc.

This sequence contains patterns but not repetitions.

Definition 3.1: Let n € N be a natural number. The Thue-
Morse sequence s, = sgs1--- Sy 1s a word over the alphabet
{0,1} defined as:

1 if ¢ has an odd number of 1s
S = in its binary representation
0 otherwise,

for 0 <7< n. i
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TABLE III. THE COMPRESSION RATIO CR; z7p(S,k ) FOR

THUE-MORSE SEQUENCES

k | Iseqyk| | CRjizip(seqok)
5 32 34

8 256 4.625
10 1024 1.226
12 4096 0.328
14 16384 0.0932
15 32768 0.0542
16 65536 0.0322
17 131072 0.0208
18 262144 0.0151
19 524288 0.012
20 1048576 0.010
21 | 2097152 0.010
22 4194304 0.009

For example, we have
s16 = (0,1,1,0,1,0,0,1,1,0,0,1,0,1,1,0).

It is clear that if m,n € N and m < n, s,, is a prefix of s,,.
Thus, the successive Thue-Morse sequences define an infinite
sequence.

An equivalent method for defining the Thue-Morse sequence
is by starting with 0 and concatenating the complement of the
sequence obtained so far. This procedure yields 0, then 01,
0110, 01101001, and so on. It is known (see [18], for example)
that the Thue-Morse sequence is a cube-free sequence, that is,
the sequence does not contain substrings of the form www.

We generated the Thue-Morse sequences and stored this
sequence of Os and 1s at the bit level. By using the zip
compression utility from the java.util.zip package the
compression ratios shown in Table III were obtained.

For small values of k, the sequence is incompressible due
to the overhead produced by the compression process. As
Table III and Figure 3 show, for k big enough (2% > 2000)
the sequence becomes compressible and the compression ratio
reaches a low value (of less than 1%) for Thue-Morse se-
quences longer than 4,000,000 characters. Since the Thue-
Morse sequence S;x has equal number of Os and 1s for
any value of k£ and its compression ratio is well below the
baseline compression ratio established for sequences of bits
in Section II, we can conclude that even in the absence of
repetitions, compression can be used for the detections of
patterns.

In a series of experiments involving generative grammars we
examined the compressibility of language fragments generated
by these grammars. A generative grammar, or in short, a
grammar is defined as a 4-tuple G = (Ay, Ar, S, P), where
An and Ar are non-empty, finite and disjoint sets referred
to as the non-terminal and the terminal alphabet, respectively,
S € Ay is the initial symbol of the grammar G, and P is a
finite set of pairs of the form («, 3), where o € (Axy U A7) ™
and 8 € (Ay U Ap)*. A pair (o, ) € P is a production of
the grammar G. Productions are used for rewriting words over
AN U Ap. Namely, if 7,6 € (Ay U Ar)*, v = 7172, and
0 = 182 for some production («a, 5) € P, we write y ? d.

The reflexive and transitive closure of the binary relation 25

13

is denoted by :Z; ”. The language generated by G is the set
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Grammars are used as generative devices that produce
languages over their terminal alphabet. Chomsky’s hierarchy
(see [17] or [20]) defines four classes of grammars based on
the complexity of their productions. In turn, these classes of
grammars, define a strict hierarchy of classes of languages
Ly C Ly C L1 C Lo, where L3 is the class of regular
languages, Lo is the class of context-free languages, L1 is
the class of context-sensitive languages, and Lg is the class
of recursively enumerable languages. It is worth noting that
the classes £3 and Lo collapse on languages over one-symbol
alphabet. In other words, if L is a language over an one-symbol
alphabet, then L € Ly implies L € L.

We evaluate the compressibility of a language L over an
alphabet A by considering the increasing sequence of finite
languages S(L) = (Lo, L1,...,Ly,...), where L,, consists of
the first n words of L in lexicographic order, computing the
compression ratios CR;zrp(Ly,), and examining the depen-
dency of this ratio on n.

We examinine comparatively the compressibility of the
languages Ly = {ww | w € {0,1}*} (a context-sensitive
language) versus the compressibility of a similar language
Ly = {ww® | w € {0,1}*} (a context-free language)
which has a simpler structure. Here, the word wl is the
reversal of the word w and is defined as A® = X and
(ai, --a;, )P =a;, - a,.

The results shown in Figures 4 and 5 show that L, the less
complex language has a better (lower) compression ratio, and
therefore, higher compressibility.

Similar results are obtained when comparing the compress-
ibility of the context-sensitive languages Lz, and Lyyip,. over
the one-symbol alphabet {a} defined by

{a*" | ne N},
{a? | p is a prime number}.

Lea:p =
Lprime =

The reference [17] (see Chapter 1, section 2) contains specific
grammars developed for both languages. Namely, the grammar
for L,y has 6 productions, while the second grammar that
generates Ly,;me has 42 productions. As expected, experi-
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ments summarized in Figure 6 show that the L., is more
compressible than L,.;,. which has a rather complex gener-
ating process.

These results suggest that the compressibility of languages is
related to the complexity of the generative process that produce
them. This will be the object of further investigations.

IV. RANDOM INSERTION AND COMPRESSION

For a matrix M € {0,1}"*" denote by n;(M) the number
of entries of M that equal i, where i € {0,1}. Clearly, we
have ng(M) 4+ ny (M) = uv.

For a random variable V which ranges over the set of
matrices {0,1}"*? let 1;(V) be the random variable whose
values equal the number of entries of V that equal 7, where
ie{0,1}.

Let A € {0,1}P*9 be a 0/1 matrix and let

5. B, By --- By
“\pr P2 o pr )’
be a matrix-valued random variable where B; € R"™*%, p; > 0
for 1 < j <k, and Z?Zl pj =1
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Definition 4.1: The random variable A < BB obtained by
the insertion of B into A is given by

allB alnB

A ® B = : : c Rmrxns
amlB amnB

In other words, the entries of A < B are obtained by
substituting the block a;; B, with the probability p, for a,;
in A. Iﬁ

Note that this operation is a probabilistic generalization of
Kronecker’s product for if

(B
5 (1),
then A < B has as its unique value the Kronecker product

A® B.
The expected number of 1s in the insertion A < B is

k
E[n(A + B)] =n1(4) Y ni(B;)p;

j=1

When nq(B1) = -+ = ni(Bg) = n, we have E[v1(4A «

B)] = ni(A)n.
In the experiment that involves insertion, we used a matrix-
valued random variable such that ny(By) = --- = ny(By) =

n. Thus, the variability of the values of A < B is caused
by the variability of the matrices By, ..., By which can be
evaluated using the entropy of the distribution of B,

k
H(B) = —> pjlog, p;.
j=1

We expect to obtain a strong positive correlation between the
entropy of B and the degree of compression achieved on the
file that represents the matrix A < B, and the experiments
support this expectation.
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In a first series of experiments, we worked with a matrix
A € {0,1}196x106 and with a matrix-valued random variable

B' Bl B2 B3
“\p1 p2 p3)’

where B; € {0,1}3%3, and n1(B;) = n1(B2) = n1(B3) = 4.

Several probability distributions were considered, as shown
in Table IV. Values of A < B had 1062%32 = 101124 entries.

In Table IV, we had 39% 1s and the baseline compression
rate for a binary file with this ratio of 1s is 0.9775. We
also computed the correlation between the CR;z;p and the
Shannon entropy of the probability distribution and obtained
the value 0.98 for the insertion of a matrix-valued random
variable having three values.

In Table V, we did the same experiment but with 4 different
matrices of format 4 x 4. An even stronger correlation (0.99)
was observed between CR]‘ zrp and the Shannon entropy of
the probability distribution.

TABLE IV. INSERTION OF A THREE-VALUED RANDOM VARIABLE,
ENTROPY AND COMPRESSION RATIOS
Probability Compression | Entropy
distribution Ratio
P1 p2 P3
0 1 0 0.33 0
1 0 0 0.33 0
0 0 1 0.33 0
0.9 0.1 0 0.51 0.46
0.8 0 0.2 0.61 0.72
0 0.3 0.7 0.7 0.88
0.2 0.2 0.6 0.77 1.37
0.6 0.2 0.2 0.74 1.37
0.15 035 05 0.78 1.44
049 025 0.26 0.77 1.5
033 033 0.34 0.79 1.58
TABLE V. INSERTION OF A FOUR-VALUED RANDOM VARIABLE,
ENTROPY AND COMPRESSION RATIOS
Probability Compression | Entropy
distribution Ratio
P1 P2 P3 Pa
0 1 0 0 0.23 0
0.4 0 0.2 0.4 0.53 1.52
045 0.12 022 0.21 0.61 1.83
0.3 0.1 0.2 0.4 0.65 1.84
0.2 0.2 0.2 0.4 0.69 1.92
0.25 025 025 0.25 0.69 2

The relationship between the compression ratio CR;z;p
and the Shannon entropy of the probability distribution of
the inserted random variable is shown in Figure 7 for both
experiments.

This experiment reconfirms that data that contains patterns
can be better compressed than randomly generated files and
that the compressibility is less pronounced when the diversity
of these patterns increases.
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Next, we examine the compressibility of binary square
matrices and its relationship with the distribution of principal
submatrices. An m X m principal submatrix of a matrix
A € R™™ is the matrix A[I] defined by a non-empty m-
element subset I of the set {1,...,n} and is obtained by
selecting entries of A of the form a;;, where i,j € 1.
We mention that the principal submatrices of the adjacency
matrix of a graph correspond to the adjacency matrices of the
subgraphs of that graph. The patterns in a graph are captured
in the form of frequent isomorphic subgraphs.

A binary square matrix is compressed by first vectorizing
the matrix and then compressing the resulting binary sequence.
There is a strong correlation between the compression ratio of
the adjacency matrix of a graph and the frequencies of the
occurrences of isomorphic subgraphs of it. Specifically, the
lower the compression ratio is, the higher are the frequencies
of isomorphic subgraphs and hence the worthier is the graph
for being mined.

Let G,, be an undirected graph having {v1,...,v,} as its
set of nodes. The adjacency matrix of G, Ag, € {0,1}"*"
is defined as

(Ag,)ij = {

We denote with CRc(Ag,) the compression ratio of the
adjacency matrix of graph G,, obtained by applying the com-
pression algorithm C.

Let S = {i1,...,ix} be a subset of {1,...,n}. The
principal submatrix Ag, [S] is the adjacency matrix of the
subgraph of G,, which consists of the nodes with indices in
S along with those edges that connect these nodes. We denote

1 if there is an edge between v; and v; in G,
0 otherwise.

by P, (k) the collection of all subsets of {1,2,...,n} of size
k where 2 < k < n. We have [P, (k)| = (}).

Let (A’f, . 7A’Zk) be an enumeration of possible adjacency
matrices of graphs with k& nodes where ¢ = 2" We

define the finite probability distribution

nf(Sn) néfk(sn>>

PG k) = <|ﬂ>ﬂ<k>’“" NG
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where n¥(§,,) for 1 < i < ¢, is the number of subgraphs of
G, with adjacency matrix Af. The Shannon entropy of this
probability distribution is:

Nt (Sn)
P (k)]

If Hp(Sn,k) is low, there are to be fewer and larger sets
of isomorphic subgraphs of G,, of size k. In other words,
small values of H p(G,,, k) for various values of k suggest that
the graph §,, contains repeated patterns and is susceptible to
produce interesting results. Note that although two isomorphic
subgraphs do not necessarily have the same adjacency matrix,
the number Hp(G,,, k) is a good indicator of the diversity of
isomorphic subgraphs and hence of the frequency subgraph
patterns.

We evaluated the correlation between CR;zrp(Ag, ) and
Hp(Sn, k) for different values of k.

As expected, the compression ratio of the adjacency matrix
and the distribution entropy of graphs are roughly the same for
isomorphic graphs, so both numbers are characteristic for an
isomorphism type. If ¢ is a permutation of the vertices of G,,,
the adjacency matrix of the graph G¢ obtained by applying the
permutation is defined by As‘ﬁ is given by

Lr k
i (Gn
i=1

—1
Agi = P¢A9,LP¢ .

We compute the adjacency matrix Ags, the entropy
Hp(G2, k), and the compression ratio CRjzrp(Ags) for
several values of £ and permutations. "

Graphs with n = 60 nodes and various number of
edges ranging from 5 to 1765 were randomly generated.
For each generated graph, we randomly produced twenty
permutations of its set of nodes and computed H (G2, k) and
CRjZIP(A9$)~

Finally, for each graph we calculated the ratio of standard
deviation over average for the computed compression ratios,
followed by the same computation for distribution entropies.

The results of this experiment are shown in Figures 8 and 9
against the number of edges. As it can be seen, the deviation
over mean of the compression ratios for n = 60 does not
exceed the number 0.05. Also, the deviation over average of
the distribution entropies for various values of k£ do not exceed
0.006. In particular, the deviation of the distribution entropy
for the graphs of 100 to 1500 edges falls below 0.001, which
allows us to conclude that the deviations of both compression
ratio and distribution entropy with respect to isomorphisms are
negligible.

For each k € {3,4,5}, we generated randomly 560 graphs
having 60 vertices and sets of edges whose size were vary-
ing from 10 to 1760. Then, the numbers Hp(G,, k) and
CR,zrr(Ag,) were computed. Figure 10 captures the results
of the experiment. Each plot contains two curves. The first
curve represents the changes in average CR,zrp(Ag,) for
forty randomly generated graphs of equal number of edges.
The second curve represents the variation of the average
Hp(Gn, k) for the same forty graphs. The trends of these two
curves are very similar for different values of k.
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Table VI contains the correlation between CR;zrp(Ag,,)
and Hp(S,, k) calculated for the 560 randomly generated
graphs for each value of k.

TABLE VI CORRELATIONS BETWEEN CRzrp(Ag, ) AND

%P(Snz k)

Correlation
0.92073175
0.920952812
0.919256573

G | | =

V. FREQUENT ITEMS SETS AND COMPRESSION RATIO

A market basket data set consists of a multiset T of
transactions. Each transaction 7" is a subset of a set of items
I = {i1,...,in}. The multiplicity of a transaction 7" in the
multiset T is denoted by m/(T).

A transaction is described by its characteristic N-tuple ¢t =
(t1,...,tN), where

L _[1 e

¥~ 10 otherwise,
for 1 < k < N. The length of a transaction 7T is
IT| = ZkN=1 ti, while the average size of transactions is
£r|ring)
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The support of a set of items K of the data set T is the

number T eT | KCT)
supp(K) = FiE

The set of items K is s-frequent if supp(K) > s.

The study of market basket data sets is concerned with
the identification of association rules. A pair of item sets
(X,Y) is an association rule, denoted by X — Y. Its
support, supp(X — Y') equals supp(X) and its confidence
conf(X — Y) is defined as

XuUY
conf(X = Y) = %

Using the artificial transaction ARMiner generator described
in [5], we created a basket data set.
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Transactions are represented by sequences of bits
(t1,+-+,tn). The multiset T of M transactions was
represented as a binary string of length M N obtained by
concatenating the strings that represent transactions.

We generated files with 1000 transactions, with 100 items
available in the basket, adding up to 100K bits.

For data sets having the same number of items and trans-
actions, the efficiency of the compression increases when
the number of patterns is lower (causing more repetitions).
In an experiment with an average size of a frequent item
set equal to 10, the average size of a transaction equal to
15, and the number of frequent item sets varying in the
set {5, 10,20, 30,50, 75, 100, 200, 500, 1000}, the compres-
sion ratio had a significant variation ranging between 0.20
and 0.75, as shown in Table VII. The correlation between
the number of patterns and the compression ratio was 0.544.
Although the frequency of 1s and baseline compression ratio
were roughly constant (at 0.75), the number of patterns and
compression ratio were correlated.

TABLE VIIL NUMBER OF ASSOCIATION RULES AT 0.05 SUPPORT
LEVEL AND 0.9 CONFIDENCE

Number of | Frequency Baseline Compr. | Number of
Patterns of 1s compression ratio rules
5 16% 0.75 0.20 9,128,841
10 17% 0.73 0.34 4,539,650
20 17% 0.73 0.52 2,233,049
30 17% 0.76 0.58 106,378
50 19% 0.75 0.65 2,910,071
75 18% 0.75 0.67 289,987
100 18% 0.75 0.67 378,455
200 18% 0.75 0.70 163
500 18% 0.75 0.735 51
1000 18% 0.75 0.75 3

Further, there was a strong negative correlation (-0.92)
between the compression ratio and the number of association
rules indicating that market basket data sets that satisfy many
association rules are very compressible.

VI. CONCLUDING REMARKS

Compression ratio of a file can be computed fast and easy,
and in many cases offers a cheap way of predicting the exis-
tence of embedded patterns in data. Thus, it becomes possible
to obtain an approximative estimation of the usefulness of an
in-depth exploration of a data set using more sophisticated and
expensive algorithms.

The presence of patterns in strings leads to a high degree of
compression (that is, to low compression ratios). Thus, a low
compression ratio for a file indicates that the mining process
may produce interesting results. Compressibility however, does
not guarantee that a sequence contains repetitions. Strings that
are free of repetitions but contain patterns can display a high
degree of compressibility as shown by the well-known Thue-
Morse binary string.

The use of compression as a measure of minability is
illustrated on a variety of paradigms: graph data, market basket
data, etc. Compression has been applied in bioinformatics as
a tool for reducing the size of immense data sets that are
generated in the genomic studies. Furthermore, specialized
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algorithms were developed that mine data in compressed
form [12].

Our current work shows that identifying compressible areas
of human DNA by comparing the compressibility of certain
genomic regions is a useful tool for detecting areas where the
gene replication mechanisms are disturbed (a phenomenon that
occurs in certain genetically based diseases).
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Abstract— A new approach is proposed to the surveillance of
Security and Safety occurrences concerning mobile objects in
an airport environment, in particular to monitor aircrafts,
vehicles and staff at the manoeuvring area for all weather
conditions. A middleware platform receives localization infor-
mation from the different mobile objects in the airport and
merges that information through data fusion in the platform.
The system outputs are shown in a high-resolution Graphical-
User interface, providing a collaborative environment with the
relevant information to the airport stakeholders. The outputs
can be used by the stakeholders to take decisions on the best
way to improve security and safety and also on the optimiza-
tion of airport operational procedures in compliance with ex-
isting business rules. In this paper, the proposed system archi-
tecture follows an event-driven approach based on streams of
occurrences processed in real-time. Therefore, it is suited for
decision support. We will illustrate our approach by monitor-
ing events occurred in an airport environment.

Keywords-Mobility management; Situation awareness; Safety
and security business rules; Location based services.

. INTRODUCTION

In the airport environment, about 90% of critical events
relate to accidents and incidents during ground handling
services assisting parked aircrafts. The need for coordination
of multiple activities occurring simultaneously requires,
therefore, a continuous control of all ground movements, in
particular during taxi operations. However, the current lack
of context awareness and controllability is frequently identi-
fied as a causal factor for business rule infringements.

Without a solution capable of providing, in real-time, in-
formation related to the surveillance of operational occur-
rences, airport stakeholders (e.g., Airport Authority, Ground
Handlers, Airlines) have not a reliable view of the overall
situation to take well informed, in-time decisions [1] [2]. To
assist airport stakeholders in their daily decision-making
process we need an event-driven solution to combine data
from multiple sources, capable of identifying meaningful
events and responding to them as quickly as possible [3]. For

instance, automatic detection of events related to over-
speeding, safety infringements, unauthorized movements in
restricted access areas, or any other location-based occur-
rence related to airport resources, staff or passengers.

Such capabilities would provide airport stakeholders with
a new way to detect and analyse events in real-time, enabling
them to adjust control actions according to the severity level
of the observed event. However, to reach this level of opera-
tional intelligence and to avoid stakeholders to be drowned
in data and be left without actionable information, they need
to be assisted with data integration and fusion capability of
unrelated events, based on business rules and policies. In this
paper, the proposed system architecture follows an event-
driven approach based on streams of occurrences in an air-
port environment. In particular, we will reference the running
SECAIR project, whose platform will be deployed at Faro
airport, Portugal.

The SECAIR project [4], is an European R&D project
partially funded in the Eurostars program, brings a new ap-
proach to the surveillance of ground movements at the
manoeuvring areas in the airport. It combines different local-
ization technologies to detect and analyse movement patterns
inside the airport terminal and at the apron area. The project
relies on the development of an event observer system,
which is capable of automatically identifying events and
generating alarms in real-time. This means that a sliding
window of one second is used to continuously provide
streaming data to update the position of each surveyed ob-
ject. A middleware platform provides data fusion to deter-
mine the localization of objects, which is determined by
radio tracking techniques and video technology.

The middleware is part of a larger platform that, on the
whole, will manage events related to movement patterns or
hazardous situations. And because the project operates with
different localization technologies simultaneously, multiple
objects are surveyed, causing a very high volume of fine-
grained data, which must be processed to determine move-
ment patterns.

Current software architectures of decision support sys-
tems cannot deal efficiently with the processing of continu-
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ous event streams. Existing approaches focus on knowledge

processing, but do not explicitly target the problems associ-

ated to real-time event processing. [5].

To test the capabilities of the system, a set of business
scenarios addressing airport operational requirements were
defined in close collaboration with ANA-Aeroportos de
Portugal - the main Portuguese airport’s management com-
pany, based on the following needs:

e Traceability of vehicles and Ground Support Equipment
with automatic detection of unauthorised incursions into
restricted access areas;

Tracking and controlling of ground handling operations;
Surveillance of aircraft ground movements within the
apron area;

e Provision of context awareness about on-going opera-
tions at the apron area, triggering safety and security
alerts with different levels of severity;

e Support the decision making process by providing a
reliable view of the overall situation whenever a safety
or security event is reported,;

e Ensure that event notifications are sent to airport stake-
holders based on their roles/operational needs.

The paper is organized as follows: Section Il introduces
the process followed for the specification of the system re-
quirements. Section Ill presents the main software compo-
nents within the multi-tier architecture designed for the
SECAIR system. Section IV presents the system implemen-
tation. Section V describes the use case of the project togeth-
er with the operational scenarios defined for testing the sys-
tem. Section VI reports on related work. Finally, conclusions
are included in Section VII.

Il.  SYSTEM REQUIREMENTS SPECIFICATION PROCESS

An airport, which is usually classified as a critical infra-
structure, needs to encompass functionalities for an unam-
biguous surveillance of surface traffic caused by aircrafts and
vehicles, without reducing the safety level [6].

In the airport environment, to efficiently coordinate
ground movements caused by aircrafts, passengers and car-
go, decision makers must be able to respond to an increas-
ingly complex range of events. To reach such level of con-
tinuous data integration for decision-making, airport stake-
holders must have a graphical informational cockpit capable
of communicating large amounts of relevant information in
an intuitive way. This is a feature typically assigned to cor-
porate spatial dashboards.

Indeed, when combining human understanding with data
visualization techniques it is possible to track the situation
awareness and simultaneously get a well picture of the busi-
ness operational performance. This is particularly true when
the visualization of key performance indicators (KPI), de-
scribing how business is performing, are correlated with the
representation of on-going events as point features over a
cartographic layout. To cope with such goals, core opera-
tional requirements were specified in close collaboration
with airport stakeholders, enabling us to express the re-
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quirements in terms of features that the SECAIR system
should satisfy.

Within the SECAIR project the collaboration of airport
stakeholders during the requirements specification phase
followed the recommendations of the IEEE 42010 standard.
[7]. The standard states that a well-formed requirement is a
statement of the system functionality that must be met or
possessed by the system to solve stakeholder’s objectives,
and that is qualified by measurable conditions and bounded
by constraints. In such approach, user requirements also
generate a structured collection of information that embodies
the requirements of the system mapped to the stakeholders
concerns.

Figure 1 presents the schema of the system requirements
specification (SyRS) process adopted within the SECAIR
project for capturing safety and security requirements. The
approach provided a “black box” description of what the
system should do, in terms of the system’s interactions or
interfaces with its external environment. Therefore, the SyRS
was essentially used as a technique to discover and docu-
ment, through elicitation sessions with airport stakeholders,
the system capabilities and its required behaviour. Besides
distinguishing between requirements and their attributes
(conditions and constraints), the SyRS also helped identify-
ing, for each operational scenario, the corresponding busi-
ness indicators used to validate whether the results (i.e.,
movement path of a surveyed object) are within acceptable
thresholds.
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Fig. 1. System Requirements Specification process.

Afterwards, technical requirements, expressed as con-
straints placed on the SECAIR system, were analysed having
in view the technical limits of each underlying technology.
Besides these technical requirements, environmental influ-
ences affecting the system were also considered and classi-
fied into categories (e.g., political, standards and organiza-
tional policies). SECAIR conducted a research in each of
these categories to ensure that the system conforms to all
regulations that influence the airport sector.

The combination of all these artefacts was used to shape
the set of operational scenarios that hold a high potential to
demonstrate the benefits of the system developed under the
SECAIR project.
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For instance, in order to optimize gate to gate operations,
the important issue to be considered is related with aircraft
assisting tasks and the surveillance of ground movements in
order to manoeuvre safely and efficiently on the movement
area.

Concerning the objectives of SECAIR, in this paper, we
are just considering the apron area and the service roads in
the airport. The apron is a defined area intended to accom-
modate aircraft for purposes of loading and unloading pas-
sengers, mail and cargo, fuelling and parking. Its design
should take into account safety procedures for aircraft
manoeuvring, taking into account the specified clearances
and following the established procedures to enter, move
within and depart from apron areas.

By analyzing the activities and interactions that occur be-
tween aircraft and ground vehicles, we conclude that most of
them take place in the apron areas. It is a wide variety of
complex operations, including the handling of aviation fuel,
the movements of vehicles, aircrafts and airport staff with
different tasks to perform. They are all concentrated in a
restricted area and with a short turnaround time, increasing
the possibility of a potential conflict. Most of the time the
activities performed in the apron are of vital importance for
the safety of an aircraft during its subsequent flight.

Regarding the aircraft servicing mentioned above, we can
refer to the following aircraft servicing operations involving
ground vehicles and equipments:

e  Passenger, baggage and cargo loading/unloading;

o Galley service;

e  Fuelling service;

e  Provision of compressed air for engine starting;

e Aircraft maintenance;

e Insome cases, electric power and air conditioning.
As illustrated in Figure 2, there is a wide variety of ground
operations, which contribute exponentially to conflicts and
increase the risk of accidents/incidents in the apron area.
Figure 2 outlines some of the vehicles used to assist parked
aircrafts. The coordination of the movements of all those
vehicles, sometimes with aircrafts parked at adjacent stand
areas requires an effort to avoid delays and to comply with
safety procedures. Besides being a very constrained area, in
extreme situations (e.g., rush hours, bad meteorological
conditions) the risk of operational inefficiencies at the stand
area can compromise airport procedures, leading to a dys-
function of the airport and, eventually, compromising the
required level of safety. Such stressing situation tends to
increase the need to accurately monitor all ground move-
ments within different areas in the airport air side, namely
inside the stand area. However, without a system capable to
continuously and accurately track all ground movements
(i.e., vehicles, equipment and persons) inside restricted ac-
cess areas, infringements to safety rules might not be no-
ticed by apron controllers.

In the apron area, the most common type of incidents and
accidents fall into the following categories:

e Ground equipment driven into aircraft
e Unmanned equipment rolls into aircraft
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e Aircraft rolls forward/backward

e Towing vehicle strikes aircraft

e Aircraft contacts object/equipment.

Concerning the service roads, every effort should be
made to plan air side service roads so that they do not cross
runways and taxiways. Several solutions can be found to
minimize the possibility of conflicts between aircrafts and
vehicles/equipments, and one of them is considering road
tunnels avoiding the crossings at taxiways. However, in all
situations, vehicle drivers must comply with aerodrome
regulations and take due care and attention to avoid colli-
sions between vehicles and aircraft and other related hazards.

The SECAIR project addresses these concerns by moni-
toring all ground movements and by triggering alert messag-
es for each detected infringement. The localization of each
moving object is represented as point features, labelled with
a colour code to call the attention of the controller (at the
situation room) whenever a safety infringement is detected.

Starting air
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camo
oarer

Bk car
peid o Galley service truck

Lk (2nd position)

Balley service fruck

(1st position)
Blectric
power

Passenger
bridge Alr-conditianing

Fig. 2. The B-777 being serviced during a turnaround with the help of
ground systems and mobile equipment. Source: Boing 777 Airplane Charac-
teristics for Airport Planning.

Integrated airport operations planning, advanced surveil-
lance techniques, ground-based safety nets and new runway
management tools are amongst the improvements that will
allow the aircraft to be served more efficiently from gate to
gate. The SECAIR project will contribute to reduce ground
hazards that affect flight safety, reduce aircraft ground dam-
age, reduce personnel injuries and also, in the security do-
main, prevent acts of unlawful interference.

Ill.  SYSTEM ARCHITECTURE

An event-driven solution typically consists of event ob-
servers (i.e., localization technologies) and event consumers.
The SECAIR system operates by observing a set of events
that happen in the external environment. Because localiza-
tion technologies are continuously emitting data, they are
particularly suited for Complex Event Processing (CEP). As
outlined in Figure 3, an event starts at the Communication
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tier, with the sensing of a fact (e.g., safety occurrence) that is
converted into a data stream and sent to the Data Fusion
Algorithm (DFA) at the middleware of the Application tier.
To this end, any update to the position of each surveyed
object is provided as a single time streaming data.

Location-based data tend to be strongly correlated in both
time and space. For instance, position and speed data meas-
ured by one localization technology is highly correlated to
the data collected by another adjacent localization technolo-
gy. Similarly, readings observed at one time instant are high-
ly indicative of the readings observed at the next time in-
stant. This is particularly relevant because airport stakehold-
ers are not interested in individual readings in time or indi-
vidual devices in space, but rather in application-level con-
cepts of temporal and spatial granularities.

In this paper, we use the term spatio-temporal to desig-
nate data related to both time and space dimensions. Since
the project is closely related with location-based data, the
trigger to most events derives from the movement of the
observed objects. For each reported position, the system
might require access to additional data about the object in
order to analyse the event in conformity with the role of the
object or to consider changes in the object status, changes in
the object descriptive data or even changes in the spatial
context where the object is located. The complexity to sup-
port such in-time actions increases when the system has to
process data from multiple technologies while considering a
set of business rules to take appropriate actions.

A. Overview

The generic architecture of the SECAIR system is shown
in Figure 3. At the periphery of the system we have the
Event Observers and the Event Consumers. The former cor-
responds to the devices and localization technologies, where-
as the latter receives event notifications and presents them to
the end-users so that they can react accordingly.

The SECAIR system implements a client-server architec-
ture structured into three tiers (see Figure 4). The Communi-
cation tier operates with heterogeneous wireless localization
technologies (sensors), each one collecting data about the
location of the observed objects. Each device of the adopted
localization technologies is responsible to continuously gen-
erate location-based data streams; for some technologies the
period is less than one second. However, the sensor data is
too fine-grained and do not meet airport stakeholder con-
cerns as they are not interested in individual sensors data, but
in application-level concepts of spatio-temporal granularities.
Therefore, domain data events are required.

At the Application tier, the middleware is responsible to
integrate and process incoming data from the Communica-
tion tier, delivering event streams with reliable location data
to the Business Logic. This is performed based on a data
fusion process that computes positioning data to provide
accurate and reliable location data about the observed ob-
jects. Prior to the data fusion process, a set of location-based
data for the same object has to be integrated. But after the
data fusion process, a single computed position per object is
provided, expressing a pre-processed set of events.
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In order to be understood and processed, events need to
be integrated with the business context, generating domain
data events. Domain data events can be derived by mapping
raw sensor data to domain concepts. For instance, domain
data events correlate data of sensors located in one specific
road segment, and evaluate speed limit infringements caused
by a vehicle, or an alert caused by a tagged passenger for an
unauthorized entrance into a restricted access area.

At the Application tier, there is logic that operates by in-
terpreting a set of business rules to derive composite events
from the events that have occurred. This means that one of
the goals is to timely process generic data, not necessarily
event notifications, tied together by spatio-temporal relation-
ships, in order to perform a diagnosis based on existing busi-
ness rules and organization policies. Such composite events
are presented to decision-makers using the Client Applica-
tion at the Presentation tier and might characterize a situation
that is undesirable for the decision maker.

B. Communication Tier

The Communication tier ensures that the data observed
by each device is timely transmitted to the Application tier at
the server side. It is also aware about data communication
requirements, including the wireless network required to
cover the operational areas. The selected localization tech-
nologies acting as event observers are:

e The Stand-alone Global Navigation Satellite System
(GNSS), used together with a Wi-Fi communication de-
vice, to collect and transmit, every second, the coordi-
nates of the vehicle position;

e The Ultra Wide Band (UWB) system to provide immun-
ity to multipath propagation and precision range meas-
urement capability. The IEEE 802.15.4a UWB standard
implements precision location measurements when the
monitored objects are close to large metallic infrastruc-
tures;

e The Video Surveillance and Tracking System (VSTS)
consisting of multiple video cameras installed at prede-
fined locations to fully cover the target area. The video
data collected by each camera is processed by the VSTS
sub-system to detect, track and classify the foreground
objects within the area of interest;

e The Radio Frequency (RF) localization system consist-
ing of mobile devices and antenna units mounted in the
area of interest. It measures the position of a mobile de-
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vice attached to the observed object (e.g., passenger or

staff) in the area of interest.

There is no single technology, which can provide satis-
factory performance in all environments and scenarios;
therefore, various localization technologies have to collabo-
rate in order to deliver a flexible localization system, instead.
Sensor data fusion will combine sensor data from different
localization technologies to outperform any individual sys-
tems working alone.

C. Application Tier

At the server side, the Application tier is segmented into
three conceptual areas. The middleware area to hold the Data
Integration and Data Fusion, the Business Logic area holding
the software components responsible for the system opera-

tional intelligence and the system operational database man-
aged by Microsoft SQL Server 2008.

Middleware

The middleware is responsible to continuously provide a
calculated position of each observed object to the Business
Logic. The positions of the observed objects are continuous-
ly transmitted and are coherently integrated using data-fusion
techniques to address multipath effects reduction and im-
prove quality of location (QoL). This approach, besides re-
ducing installation costs, also contributes to increase location
accuracy, achieving a better coverage range with the same
amount of equipment. [8]
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Fig. 4. The architecture of the SECAIR system.

Business Logic
For each data stream triggered by the Middleware, a set
of actions are required to correlate additional data about the
observed object with existing business rules and metadata
about the spatial-context to determine domain events. This is
accomplished at the Business Logic by four core software
components. A short description of each software component

is presented next.
Business Rules, establishes the link between the
definition and the execution of all business rules within the
system, enabling organizational policies and the repeatable
decisions associated with those policies, such as restricted
area incursions, to be defined, deployed, monitored and
maintained centrally at the server side. When changes occur
at the business level, this service also assists in discovering

the set of existing rules that are influenced by those changes.
The Business Rules services interact with the operational
database to store incoming events with the right classifica-
tion.

e  Map Services, this component is responsible to
manage the spatial-context that characterizes the airport
environment where the observed objects operate. Within the
project scope, the airport layout is represented with a set of
overlapped layers in a standard format [9]. To efficiently
support the spatial database workload and the degree to
which spatial functions are required, a geographic infor-
mation system (GIS) engine was specifically designed. This
GIS engine copes with challenging requirements related to
scalability and real-time representation of multiple moving
objects and dynamic changes to the spatial context, without
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compromising the overall performance of the system. De-
pending on the nature of the detected event, the Alert Ser-
vices will interact with the GIS to generate an alarm to be
broadcast to each connected client application. A log record
of all events is stored for historical data analysis purpose.

e  Alert Services, for each business rule infringement
a proper alert is generated by mapping location-based in-
formation related to the observed object (event) with do-
main concepts. This means that the data for each observed
object has to be analysed to determine if a composite event
(e.g., severe safety infringement) occurred or if a business
metric needs to be updated. For each event being detected
by the system, a semantic meaningful alert message will be
triggered, with the corresponding relevance and severity
risk. A dendrogram with weighted nodes is used to structure
relationships between business indicators. Granular indica-
tors are at the bottom (leaf) level and derived indicators
(usually more aggregated) are at the nodes of the dendro-
gram. For instance, a business user can configure the system
to inform about how many stand areas incursions were per-
formed by a driver in a specific time period or day of the
week.

e  External System Connector, this software com-
ponent is responsible for handling the interoperability with
external systems, for instance, to collect data related with
flight schedules, resources and assigned tasks. With such
approach, location based data for each observed object can
be coherently correlated with metadata from external
sources, enabling the surveillance and track of events to be
performed according to business logic/rules [10]. The Ap-
plication tier, being responsible for implementing airport
business logic, seeks ground for the coexistence and balance
between the dual trends of the airport industry: increased
demand for air travel and strengthened aviation safety and
security [11].

Depending on the business rule being infringed, a specif-
ic event (alert message) is triggered to the end-users at the
Presentation tier. This is done by creating a subscription
offered as a public endpoint by the system. The Business
Logic sends the requested data, either as a stream of updates
(event-based queries) or as a chunk of current state data (in-
stant-queries). The first are triggered on a certain event, e.g.,
an object moving into a specific area. The Business Logic
can create an event subscription (“tell me about objects mov-
ing into a specific area”) to be notified on that event (“an
object moves into an area”) and perform specified actions
accordingly (“alert: object moved into restricted area”). This
kind of subscription may be triggered often, or never, de-
pending on how the event occurs. On the contrary, the result
of an instant-query is always returned immediately and is not
dependent on any event. This kind of query is useful to re-
trieve the current state of an object. For instance, “give me a
list of all objects, which are currently in a certain area” or
“tell me the current battery status of an object”.

The data structure used to define each object position is
presented by the class Position. The coordinates of the object
position are presented as a point feature dataset that is used
by the GIS engine to determine the location of each point
feature (i.e., object location) over the airport layout. The
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airport layout is represented by a set of overlapped thematic
map layers (also known as feature datasets, see Figure 5),
some of them are polygon features representing operational
areas with a predefined set of metadata to store specific busi-
ness rules (see Figure 6). All layers have a common metadata
structure; however, some polygon layers (e.g., Serviceroads,
Stand, Taxiways, etc.) also have specific metadata attributes
relevant for spatial context-semantic data analysis. These
metadata are used by the Business Logic to enforce the ap-
plication of predefined safety and business rules.

The GIS engine performs a topological point-in-polygon
overlay operation to determine which points (i.e., IDObj)
from the Position feature dataset are contained within the
polygons of the airport layout. For each intersected layer, the
Business Rule component interacts with GIS engine to check
if any of the specified business rules is infringed. For in-
stance, the Serviceroad layer includes attributes to specify
the speed limit, category and status of each roadway segment
within the airport, but the Stand layer just includes a status
attribute to identify if a specific stand is open (i.e., with no
parked aircraft), closed (i.e., with a parked aircraft) or deac-
tivated (e.g., in maintenance). When a point is inside a spe-
cific roadway segment polygon, that information is passed to
the Business Rules component to validate for operational
rule infringements.

The QoL attribute is used to determine the accuracy of
the reported position. This means that points reported with a
QoL value higher than 10 m are labelled in red to indicate
lack of accuracy in the IDObj position, QoL with values
between 7.5 m and 10 m are labelled in yellow to indicate
that the system is not able to assure the exact position of the
IDObj and QoL with a value lower than 7.5 m are labelled in
green to indicate that the IDObj position is accurate. The
field tests performed so far were able to achieve position
accuracy with a QoL between 0.5 m and 3 m.

A typical example of a safety rule infringement refers to
speed limit, e.g., an object of type “vehicle” circulating at 30
Km/h within a roadway segment with a speed limit metadata
of 25 Km/h will trigger a speed limit infringement alert mes-
sage. In the same way any vehicle moving inside an open
stand area will trigger a stand area incursion alert message.
The IDObj provided within the Position data structure is
used by the Business Rules to obtain more information about
the IDObj (e.g., to which airport operator it belongs or if it is
a priority object such as a “Follow-Me vehicle”). For each
new position reported by each object, every second, the
Business Rules might need to validate the IDObj business
data before triggering an alert message.

As presented in Figure 4, additional business data about
the IDODbj are provided by the External Systems component.
A data interoperability connection, established between the
SECAIR system and the existing airport systems, enables the
decision support capabilities of the SECAIR system to ac-
cess some operational data (e.g., flight data and resource
data) and correlate those data with the metadata from the
airport layers and the data from the monitored IDObj. This
computation is performed at the Business Logic in less than
one second for each position reported by the middleware for
each IDObj. In this way the SECAIR system is able to vali-
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date for infringements to some business rules defined by
each airport.

The system surveillance capabilities also includes colli-
sion avoidance to prevent, in real-time, ground damage to
aircraft, equipment and potential injury to staff, operating
within close proximity during ground handling operations.

To cope with such requirement (i.e., detection of the like-
lihood of collision trajectories), in the current version of the
SECAIR system each object is represented as a point feature
with a dynamic geofence around the object. For an aircraft,
this geofence is designated as a clearance level, represented
by a safety circle with a radius defined according to the spec-
ifications presented in ICAO Annex 14 [12] (i.e., wingspan
and length of the fuselage). As such it is sufficient to gener-
alize aircrafts to point locations instead of considering their
real dimension. For vehicles, the geofence is designated as a
protection area, corresponding to a rectangle at the front and
another at the rear of the vehicle. The length of these two
rectangles is determined by the vehicle category (e.g., Pas-
senger Bus, High-Loader, Catering, Refuelling vehicle, etc.).

When any of these safety buffers (i.e., geofences) inter-
sect, an alert for possible collisions between moving objects
or other infrastructures is automatically triggered. For in-
stance, when the vehicle protection area intersects the air-
craft clearance a warning is triggered to indicate the driver to
move to a safety distance. This functionality although in a
preliminary version has been successfully tested when ob-
jects interact, namely for vehicles at the proximity of moving
aircrafts or for interactions between Ground Service Equip-
ment (GSE). For aircrafts parked at the stand area, the clear-
ance level is not validated during ground handling opera-
tions. However, it will trigger a safety alert for any interac-
tion of a parked aircraft with a moving aircraft (i.e., intersec-
tion of two clearance levels).

Collision avoidance between vehicles revealed to be a
challenge difficult to accomplish because in most areas with-
in the airport it is physically possible for a vehicle to move
into any directions. Therefore, the specified protection area
corresponds to a safe distance at the front and rear of each
vehicle.

Operational Database (SECAIR Data)

For simplicity, the core data handled by the Business
Rules software component are represented in Figure 4 by a
single database. However, the physical implementation in-
cludes one relational database to store dynamic informational
entities such as vehicles, operators, flights and aircrafts, and
another to store the static airport cartographic layout, i.e.,
thematic map layers.

Both databases are managed by the Business Logic using
the Microsoft SQL Server 2008, a database management
system capable of dealing with business data and map fea-
tures, describing the airport layout, within the same database.

In the SECAIR system, all thematic layers use the World
Geodetic System 1984 (WGS84) as the spatial reference
system in conformity to the specifications of the A-SMGCS
manual [13] and comply with the ED-119 standard. The ED-
119 standard defines the physical dataset requirements to
develop the airport mapping. These include: geometry accu-
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racy requirements, feature rules and descriptive (metadata)
attributes. Since each layer is spatially referenced, they over-
lay one another and can be combined in a common map
display.

The resulting geo-database consists of vector and attrib-
ute features. The vector features represent geometric feature
instances that are classified as points, lines or polygons. As
outlined in figure 4, each observed occurrence reported by
the Middleware to the Business Logic is stored in the geo-
database as new point features. This means that a new record
with the object “Position” data structure is created within the
object Position layer for each new position being reported.

The critical operational areas within the airport must
have a polygon layer with specific metadata. Figure 5 pre-
sents an example of the type of metadata for the Stand layer
(AM_PARSTANDAREA) and the set of metadata for a
specific feature (i.e., stand named S14) within the Stand
layer. Examples of critical polygon layers with metadata to
validate safety infringements are: Runway area and Runway
thresholds, Taxiways, Apron, Stand, Service road and hold-
ing lines just to mention some. In the SECAIR project there
are fifteen critical polygon layers from a total of twenty nine
layers used to characterize the airport layout.

D. Presentation tier

At the Presentation tier, the surveillance capability of the
SECAIR system is presented to end-users in three different
ways.

The Map viewer corresponds to a graphical layout man-
aged by a GIS engine specifically designed to cope with two
main requirements, namely to be operated by non-skilled
airport stakeholders and to cope with airport stakeholder data
processing needs for each spatio-temporal event. The Map
Viewer represents the moving objects as colour coded point
features with a timestamp and a set of descriptive data about
the resources causing, for instance, a safety infringement;
this might include data about the aircraft, vehicle, driver,
flight data or layout of the area where the event occurred.
The Map Viewer GIS engine is responsible to compute and
represent in real-time (i.e., up to one second) the movements
of all observed objects, computing simultaneously dynamic
changes to the spatial context derived from daily airport
business activities. Additional metadata (e.g., speed, logged
driver, vehicle category) about each surveyed object are also
provided.

The user can interact with the features of each layer by
selecting, for instance, a specific stand and manually change
its status, or obtain information about flights and tasks as-
signed to a specific stand area. It is also possible to verify
which road segment is operational and check for traffic cir-
culation rules that apply to the selected road segment (e.g.,
speed limit for different visibility conditions and directions
of traffic flow) or analyse how many speed limit infringe-
ments occurred.

The Alert Viewer shows the corresponding textual de-
scription of alert messages in terms understandable by the
end-user. This means that for each moving object causing an
event, the Alert Viewer at each client application will present
the alert messages contextualized with business semantic and
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ordered by severity level. All alert messages have a start and
an end time, plus a set of additional descriptive data related
to each event.

The KPI Viewer presents, in a spatial dashboard, the val-
ues of key performance indicators describing how the busi-
ness is performing. The correlations between KPIs are
mapped in a dendrogram structure. Each node of the den-
dogram carries some information needed for graphical visu-
alisation of the data using size and colour coding.

IV. SYSTEM IMPLEMENTATION

A.  Communication protocol
We developed a protocol for communication between the
hardware devices and the middleware (see Table 1). This
protocol has the following characteristics:
e Independent of operating systems and hardware ar-
chitectures
o Small packet size
e Clearly defined operations, even in complex use
cases
o  Full coverage of value range
e Easy to implement in various languages (complete
implementation available in C# and C++).

Table 1. Communication protocol packet contents.

Bytes Description
2 Magic "LP" = 0x4C50
1 ProtocolVersion = 0x02
8 Timestamp
16 Source ID
16 Message type qualifier (ID)
4 DatalLength: Length of upcoming data
field
. Data Area: Actual data field with pay-
variable load

1) Timestamp
The timestamp is an unsigned 64 bit integer value storing
the time when the position of the device is measured with
nanosecond-precision.

2)Source ID
The source 1D identifies the sensor or data system that
originally created this message. Together with the
timestamp, this can be used to generate an UUID compatible
with RFC 4122.

3)Message type qualifier
The type qualifier is used to specify the type of content in
a message. Only if the qualifier is known to a system, the
message can be understood successfully. Messages with
unknown qualifier should be ignored.
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The message types include positional or environmental
information, device health checking, firmware updates and
several others.

B. Fusion of location data

Fusion of location data faces two main challenges. The
first is associating objects tracked by the radio based sensors
with those tracked by video technologies. The second is the
fusion of those associated objects regardless of the technolo-
gy it stems from.

To satisfy both requirements there are two interacting cy-
cles. One is of high frequency and predicts positions. The
other is of lower frequency and manages the association of
objects.

The engine featuring these cycles merges data of widely
varying quality into a single, continuous and seamless posi-
tion track. Since the association algorithm knows which
objects were tagged (e.g., staff), any observed objects with-
out association can be considered non collaborative and orig-
inating potential issues. The discussion of the data fusion
algorithm is outside the scope of this paper.

C. Control Service Implementation

Within the SECAIR project, control services are the
building blocks to implement the business logic, enabling
end-users to dynamically manage and interact with the target
environment, changing the status of the business context as
well as obtaining detailed information about moving objects
and receiving automatic alert notifications about any safety
infringements or incursions into restricted access areas. All
location data are delivered by the platform to the presenta-
tion tier following an event-driven approach. End-user appli-
cations can subscribe to different events.

Some control services need to integrate with existing air-
port systems. Within the scope of the field tests at Faro air-
port, the external airport system used for demonstration is the
Flight Information Data System (FIDS). The goal of such
integration was to receive airport operational data in order to
obtain, in real time, flight data.

We are assuming that location data corresponding to each
object is provided by the underlying system. The quality of
the data should be good and there should be no gaps (missing
data). However, the services should be able to cope even
with poor data.

Since we are working in a high security environment, de-
lays or even crashes are to be avoided or at least handled
properly. Logging relevant service-internal events and states
is one of the basic ways to provide a reliable system. This
can be extended by informing the system administrator on
any encountered problems like failing services, starving or
full buffers, network issues and configuration mistakes.

First of all, the very large system is broken down into
various small components, each handling only a specific
task. There is a basic differentiation between low level ser-
vices that work with “raw data” and high level services that
are based on those low level services.
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Low level services

e Location: Current and historic positions of tracked ob-
jects. Event on new positions.

e Entity: List of all tracked objects along with some
properties. Event on changed, added or removed ob-
jects.

e  Map: List of all available areas along with some proper-
ties. Event on changed, added or removed areas.

e  Storage: List of various data that are used and synchro-
nized globally. Event on changed, added or removed
data.

e Integration: A set of various separate services that are
used to integrate the system with existing infrastructure.
This includes, for instance, a service connecting to the
airport flight management system and providing its da-
ta. Another included service will use these data to dy-
namically update the configuration of the alert services,
in this case, allowing or disabling certain areas to be
passed through by certain kinds of vehicles depending
on whether or not an aircraft is moving through that ar-
ea.

High level services

o Alerting: alerts are stored as a list of critical events
along with some properties. Push notifications are trig-
gered on added or changed alerts. Alerts are created by
multiple separate services that use the above lower level
services to create or change alerts based on certain
business rules. For instance, by querying Location (po-
sition of an object), Entity (type of object), Map (areas)
and Storage (stores permission table), an object of not-
allowed type moving into a restricted area could create
an alert.

e  Multi-Tracking: based on the object position it is possi-
ble to activate in a new window the surveillance of the
movements of the selected object. This is useful when
there is a need to closely follow the movement pattern
of one specific object.

e Collision Avoidance: the system can act preventively
by determining if two objects (e.g., vehicle-vehicle or
vehicle-aircraft) have a collision trajectory. This service
is also relevant to assure clearance levels between air-
crafts and to alert when a vehicle is not within a safe
distance from moving aircrafts.

o Identify Resource: this service provides additional in-
formation about the selected object or map feature. In
the first case, providing business data collected from
the airport system, for instance, to describe the vehicle
characteristics, obtain information about the logged
driver or to correlate the current position of the vehicle
with assigned tasks or flight schedules.

e Path Analysis: this service is used to draw a line as the
object moves. The output enables the end-user to get a
visual perception about movement patterns, understand
patterns in specific time periods like rush hours or de-
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tect which vehicles are frequently out of predefined tra-
jectories.

These control services, in general, correspond to actions
performed by end-users individually; therefore, it is not fea-
sible to introduce an overhead computation by implementing
them at the server side. Some control services relate to busi-
ness logic and need, therefore, to get access to business rules
and business data to be able to actuate over predefined mo-
bile devices or objects within the airport. Concerning the
control service implementation let us describe the service
usage, scaling and redundancy, connections via WCF and
generic collection library.

1)Service usage

All services have to offer two basic things: a list of all da-
ta and notification of changes. Notification refers to the ser-
vice actively informing the client of events. For instance, the
location service will let all its clients know when a new posi-
tion arrives. An alerting service could provide notice of new
or changed infringements.

An event-based architecture is a pragmatic and reliable
way to ensure fast response times, meaning that any occur-
rences are shown immediately (less than one second) and, as
far as possible, dealt with automatically.

2)Scaling and redundancy

Unlike traditional monolithic systems, the services run as
independent components and, as a matter of principle, are
accessed via a network. In fact, it is no problem to run some
of the services in a different part of the world if that would
be advantageous.

One obvious advantage of this strategy is scaling. Since
services run in parallel, just adding a few more machines will
directly increase computation capability.

Also, losing a machine due to, for instance, network is-
sues or hard disk failure, does not pose a problem. Another
service will simply take over the work of the lost service for
the time being.

To enable this architecture, data must not be stored local-
ly on a machine. Instead, we are using distributed high per-
formance databases connected via gigabit Ethernet.

3) Connections via WCF

The Application Programming Interface (API) is accessi-
ble via Windows Communication Foundation (WCF), one of
the most common interchange formats. All connections are
encrypted. Similar to the web service model much in fashion
nowadays, instead of traditional large and complex interfac-
es, a simple and clean interface is used. However, in addition
to traditional web services, we make use of events to de-
crease network overhead and provide real time updates.

Service interfaces basically feature only two kinds of da-
ta: data lists and events. Noticeably, they do not offer con-
figuration to a client and are thus stateless. This is a feature
common to web services and means clients have to specify a
complete query at all times. The advantage is that the ser-
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vices do not need to keep track of their clients, simplifying
their code a lot and increasing performance generally.

The reasons for choosing WCF over competing technol-
ogies lie in its simplicity, reliability, interoperability and high
performance coupled with many years of knowledge of using
WCF “in the field”. Remarkably, WCF is flexible enough to
power both simple REST web services and complex state-
aware multi-interface services. WCF can handle connections
with clients written in different languages (e.g., Java) too, so
interoperability with other system, for instance Linux, is a
non-issue.

4)Generic connection library

Since all components use WCF, a generic library was es-
tablished. It allows easily setting up servers and clients for
any WCF service, no matter if a simplex or duplex connec-
tion is available. It also includes automatic endpoint creation
for TCP/IP, HTTP (port 80) and metadata exchange.

Connection to the server is always fault aware. Any fail-
ure will transparently be encapsulated and provided to the
client process, while avoiding any critical consequences.
This means that all client services need to be aware of the
fact that any connection may fail to work at any time, and
cache their requests and data accordingly.

D. Monitoring

For easier deployment, we make use of WS Discovery.
This allows services to publish themselves so that discovery-
enabled clients can find them without any configuration.
Since Discovery is a standard protocol, it is interoperable
with other clients, services and proxies..

A supervision program is used to watch and control the
state of all services. It ensures that all services are up and
running, possibly restarting those that fail. It also displays
the health state of the complete system to an administrator,
additionally informing of important issues (e.g., a service
failed permanently) by email or other means.

E. Graphical User Interface

The interaction between the software components at the
Graphical User Interface (GUI) and the Business Logic are
performed mainly through the lower level services to receive
domain events. Based on that information, the end-user has
the possibility to explore the information in more detail by
executing the high level services.

V. UseCASE

In order to validate the SECAIR system, a system proto-
type for a pilot test is being installed at the Airport of Faro.
For field tests, airport vehicles are provided and cameras
from the VSTS system are installed. The existing Wi-Fi
network is strengthened at specific operational areas in the
airport.

Some vehicles will be equipped with an onboard unit, a
touch screen display and a radiofrequency reader to automate
the driver authentication procedure. All personnel participat-
ing in the field tests will receive a radiofrequency card. The
association of the driver with the vehicle is performed auto-
matically each time the card is read by the radiofrequency
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reader installed in the vehicle. At least two client applica-
tions are deployed, one situation room to the Apron Control
Centre for airport operators and a second situation room to
support other airport stakeholders (e.g., Ground Handler).

Figure 5 outlines the airport air side areas selected for the
site tests. Three operational areas were considered: the pas-
senger terminal (Boarding Gates 01 and 02) for indoor test
scenarios, adjacent indoor-outdoor transition area (to demon-
strate ability to track targets moving from indoor to outdoor
and back) and the Apron area adjacent to stands 14 and 16
for outdoor test scenarios.

Indoor scenarios (see Table 2) include: zone intrusion
detection, target tracking and left behind luggage. Indoor-
outdoor transition areas include the surveillance of people at
the boarding gates for (dis)embarking procedures. Indoor
scenarios reflect operational procedures related mainly with
the observation of people and baggage in restricted access
areas within the passenger terminal:

e Traceability of a person at the boarding gate area;

e Localization capability of the SECAIR system in the
transition area from passenger terminal into restricted
access areas (outdoor);

e Location obtained by fusion of data obtained from the
following technologies: VSTS and RF.

Outdoor scenarios (see Table 2) cover an area defined
by 130x130m of the apron comprising Stands 14 and 16. The
outdoor scenarios reflect operational procedures related
mostly with the observation of vehicle movements and oper-
ational procedures related to parked aircraft assisting tasks:

e  Traceability of vehicle and driver at the Apron area;

e Automatic detection of drivers without driving permis-
sion / not logged;

e Location obtained by fusion of data obtained from the
following technologies: VSTS, GNSS and UWB.

As presented in Figure 5, after a successful login to the
SECAIR system, each connected client visualizes the current
status of the airport layout as a collection of overlapped
themes, each one representing a specific operational area
within the airport environment. These themes are managed
by the Map viewer, forming the background context over
which the observed objects are represented as point features.
All thematic layers were provided by the airport authority in
a standard format as shape files.

The selection of the “Maps” option at the sidebar, ena-
bles the end-user to dynamically access each feature within a
specific layer. For instance, to select a feature (e.g., Stand
14) from the AMD_PARKSTANDAREA layer, which is
one of the layers used to accurately represent the apron lay-
out, the user just has to select the corresponding polygon at
the Map viewer (or navigate to the corresponding layer at the
sidebar and select the feature he is interested in). As present-
ed in Figure 5, the apron folder is a logical folder used to
semantically group layers; therefore, it is possible to group
layers with different geometries (e.g., points, lines and poly-
gons) in the same folder.
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Some layers are used just to help end-users to get con-
textualized with the airport area they are visualizing. These
layers are not used by the Business Logic to compute domain
events. At this phase and during the field tests only five lay-
ers were used to compute domain events:

e AMD_TERMINAL, layer representing the passenger
terminal indoor areas,

e AMD _PARKSTANDAREA, layer representing the
geometry of all stand areas. Figure 6 presents a print
screen of the metadata defined for the layer and the
metadata defined for stand 14;

e AMD_ APRONELEMENT, layer representing the ge-
ometry of the Apron area;

e AMD_TWYELEMENT, layer representing the geome-
try of all taxiways;
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e AMD_ SERVICEROAD, layer representing the geome-
try of all roadways.

When a feature is selected, besides visualizing the feature
geometry at the Map viewer, the end-user can also access the
metadata defined for the selected feature. Metadata common
to all features are specified at the layer level, for instance, to
indicate which categories of vehicles are allowed to circu-
late. These metadata might be duplicated if there is a need to
include values for normal and low visibility operations.
Metadata specific to a feature are specified individually to
each feature within a layer, for instance, to cope with tempo-
rary changes to one feature or to cover business rules, which
apply only to a specific feature or set of features.

" SECAIR Graphical End-User Interface [DEMO]
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Fig. 5. Airport layout of the areas selected for the specified scenarios.

In SECAIR, most of the business rules related to airport
operational areas have a strong spatial dependency with the
metadata defined for polygon features, meaning that in a
certain instant the position of the observed object (represent-
ed as a point feature) can trigger multiple events. When the
GIS engine performs a topological point-in-polygon overlay
operation, the current point position of the object is analysed
against all intersected layers.

For each intersected layer, the Business Rule component
will check if any of the specified business rules is infringed.
Since the system operates with a collection of overlapped
themes, classified accordingly to their relevance, when moni-
toring for business rule infringements the algorithm orders

the resulting events according to their severity level. This
means that, at the Presentation tier, domain events occurring
in critical areas are visualized with a higher priority in rela-
tion to those occurring in less critical areas (e.g., a runway
incursion is more severe than a stand area incursion). When
multiple events are detected, the Map viewer only represents
the most severe event. The other events are listed at the Alert
viewer, enabling the end-user to have a good perception
about the sequence of events caused by a specific per-
son/vehicle.

The validation of spatio-temporal events gets even more
complicated because for each object movement the system
has to perform a set of topological point-in-polygon compu-
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tations to determine whether a given point in the plane lies
inside, outside, or on the boundary of each intersected poly-
gon features. If we consider that at each instance it is possi-
ble to have multiple objects and that a new position is trig-
gered, even when a vehicle is not moving, it starts to be very
demanding to comply with all the requirements.

For each event, the Business Logic uses the metadata
provided by each layer for location-awareness purposes and
formulation of the alert message to be visualized by the end-
user at the Presentation tier.

The design approach was to provide, in a single screen,
the user with all the data relevant for him to take informed
decisions. Therefore, the Map viewer corresponds to a spatial
dashboard where all observed objects are represented as
colour coded point features and the airport layout as the
background spatial context, which is used to semantically
transmit implicit information about the status of some opera-
tional areas.

For instance, an occupied stand is represented with a
green polygon, but if it is under maintenance, the same poly-
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gon is visualized in grey. In both cases, vehicles are allowed
to circulate inside the stand area. In the first situation, vehi-
cles are allowed to enter the stand area to assist a parked
aircraft and, in the latter, because the stand area is deactivat-
ed. But when a stand is operational with a parked aircraft, as
soon as the information about blocks-off is reported to the
SECAIR system, the operational status of the stand area
automatically changes to cleared, causing the colour of the
polygon to change to red to signal a restricted access area
where vehicles are not allowed to circulate or park.

Such visual clues transmit valuable insights to the end-
user at the control centre. To simplify the identification of
events, moving objects can be visualized with a colour coded
label to easily transmit which objects are causing infringe-
ments from those operating as expected, i.e., labelled with a
green colour. Once again, a colour code is used to differenti-
ate less severe (labelled in yellow) from severe events (la-
belled in red).

il —ipix]
' Details | Features Common Metadata | Status Mapping I SECAIR Mapping I "Details Metadata ISECNH Mapping |

Key | Value Key | Value

OBJECTID (different values) OBJECTID 1

Shape esr.PolygonN Shape esn.PolygonN

IDKEY (different values) IDKEY 1

FEATTYPE FEATTYPE

IDARPT LPFR IDARPT LPFR

IDSTD Alfa IDSTD Afa

IDAPRON Afa IDAPRON Afa

FCN PCN 85/R/BAWST PCN PCN 85/R/B/W/T

GSURFTYP Concrete Non Grooved GSURFTYP Concrete: Non Grooved

AREA (different values) AREA 3968.1537665166

PERIMETER (different values) PERIMETER 257.396796946419

JETWAY Available JETWAY Available

FUEL Desconhecido FUEL Desconhecido

TOWING Available TOWING Available

DOCKING Available DOCKING Available

GNDPOWER Available GNDPOWER Available

VACC 0.1 VACC 0.1

HACC 0.1 HACC 0.1

VRES 0.1 VRES 0.1

HRES 0.2 HRES 0.2

INTEGR 1E-05 INTEGR 1E-05

REVDATE 10/14/2009 12:00:00 AM REWDATE 10/14/2009 12:00:00 AM

SOURCE GEOMETRAL, Técnicas de Medigio e Informétic SOURCE GEOMETRAL, Técnicas de MedigBo e Informética

Shape_Length (different values) Shape_Length 0.00258487415865709

Shape_Area (different values) Shape_Area 4,01802524602813E-07

STATUS (different values) STATUS Closed

STAND (different values) STAND 14

SPEED_LIMIT 25 SPEED_LIMIT 25

4| | _,I INCURSION_ALERT Stand Incursion

INCURSION_IGNORE Follow-Me, Security Person, Temporary Worker
| | |

Fig. 6. Metadata assigned to the Layer level and metadata assigned to a specific feature within the layer.

All events are logged and represented at the Alert viewer
with information about the event (e.g., severity, type, opera-
tional area, instant, etc.). This feature is useful to support
decision makers in case there is a need to check for a specific
event reported during the end-user shift. The reported infor-
mation is automatically filtered based on the end-user pro-
file, meaning that the list of events reported in the Alert
viewer relate to resources from the airport stakeholder. Only

the airport authority (e.g., Safety Manager) has access to all
reported events.

The KPI viewer presents a set of predefined indicators
specified for each of the operational scenarios defined in
Table 2.
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Table 2. Operational scenarios specified for the field test.

Num. [ Scenario Name

Outdoor Safety (OSA)

OSA.01 Surveillance of vehicle movements within a stand area
OSA.02 Collision avoidance support service

OSA.03 Aircraft ground movement tracking

OSA.04 Obstruction of an operational stand area

Outdoor Security (OSE)

OSE.01 Detection of zone intrusion by unauthorized vehicle
OSE.02 Personnel tracking at the apron area

Indoor Safety (ISA)

ISA.01 | Working zone intrusion by unauthorized person
Indoor Security (ISE)

ISE.01 Left luggage detection

ISE.02 Indoor-outdoor personnel tracking

The description of each operational scenario follows a
template emphasizing relevant issues from the airport stake-
holders’ point of view. Besides a unique identifier with a
semantic meaning for each scenario, the template also covers
the following items:

o Name of the scenario, pointing out concerns from the
perspective of airport stakeholders;

e Classification of the scenario, addressing environmental
influences (indoor/outdoor) and type of events (Safe-
ty/Security);

e Technical constraints and a list of key indicators cap-
tured by the scenario to measure its impact or relevance;

e List of actions to be performed by each intervenient
actor to test the specified scenario;

o ldentification of the expected results for each scenario,
defining the behaviour of the SECAIR system.

The net outcome of the SECAIR system will be the crea-
tion of improved or new services to increase security and
safety of airport (or other critical infrastructures). In order to
deliver such services, the SECAIR system needs to interop-
erate with the existing airport system to acquire business
information relevant to properly manage domain events,
namely data related to:

e Flight schedules, to align the system actions with the
flight information scheduled for each stand, tasks allo-
cated to assist the aircraft and reflect any last minute
change to what was planned;

Tasks assigned to staff, including ground handlers ;
Staff, data relevant to support the system operational
intelligence, including data about the airport operator he
works to, role performed within the airport and specific
data related to their airport driving licence;

e List of all resources (e.g., vehicles and equipment) oper-
ating at the airside area;

e Access to information about the main characteristics of
the aircrafts operating at the airport.

VI. RELATEDWORK

The surveillance of surface movement events using
ground surveillance is challenging for several reasons. First,
because of the huge amount of demanding requirements that
have to be validated to protect passengers, staff and critical

International Journal on Advances in Software, vol 6 no 3 & 4, year 2013, http.//www.iariajournals.org/software/

infrastructure from serious security or safety infringements.
Second, the quantity and quality of available surveillance is
often poor. In an airport environment, unless the surveyed
objects are equipped with a transponder, surveillance is
based on surface movement radar (SMR) returns only. How-
ever, these solutions are extremely expensive to purchase
and operate, and are subject to masking and distortion in the
vicinity of airport buildings, terrain or plants [14].

The extensive deployment of satellite system and air-to-
ground data links results in the emergence of complementary
means and techniques. Among these, ADS-B (Automatic
Dependent Surveillance-Broadcast) and MLAT (Multilatera-
tion) techniques are the most representative [15]. However,
current radar based systems have many problems to track
surface targets, especially in very dense traffic areas, such as
the apron area. On the other hand, most aircrafts turn-off
their transponders after landing, compromising their identifi-
cation possibilities. This means that such systems will not
detect non-cooperative vehicles or aircrafts that are not
equipped with such a transponder. Therefore, there is a
strong demand for a new sensing technology, in particular
for smaller/medium airports. Such sensors include near-
range radar networks, Mode 3/A, S or VHF multilateration,
CCTV systems with video analytics [16], magnetic flux
sensors or D-GPS installed in vehicles [17]. Although none
of these sensors is individually able to meet all user require-
ments for airport surveillance, the fusion of the information
they give can lead to an acceptable solution.

The Airport Surface Detection Equipment, Model X
(ASDE-X) system [18], adopted in the United States, pro-
vides precise time-stamped position as required for its prima-
ry mission of improving situation awareness. ASDE-X sur-
veillance is based on plot-level fusion of multiple comple-
mentary sensors, providing air traffic controllers with highly
accurate, real-time position and identification information of
all aircraft and vehicles on the airport surface. The system
accepts and fuses primary SMR returns from objects on the
airport surface. Any available report from ADS-B or second-
ary surveillance radar is also considered in estimating and
reporting the fused track position. But the cost of this solu-
tion is high.

But, for the airport to function, it needs to have the right
mix of these independent systems, and these systems need to
cooperate with each other. At such level of interdependen-
cies the airport system pursues a common goal for a set of
stakeholders according to their concerns, which cannot be
achieved by these entities individually. This means that an
airport is a system-of-systems bounded by and understood
through the identification and analysis of existing systems,
the knowledge of operational procedures and regulations and
organizational issues influencing the system of interest. In
recent work [19], it is already possible to find algorithms
addressing the very stringent integrity requirements to sup-
port complex event processing (CEP).

The CEP paradigm arose as a solution for critical envi-
ronments, where there is a need to fuse a huge amount of
information in order to detect events of interest in the com-
pany workflow [20]. Several proposals to fusion this compa-
ny information have followed a CEP approach in many fields
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like financial transactions [21], business decisions [22] or
RFID-based services [23]. The CEP paradigm has been used
in the present work as the mechanism to orchestrate the con-
textual information inferred by other parts of the system.
This means a new approach to aggregate and fusion of situa-
tion-awareness information about the observed objects with-
in the organizational context in which they occur. Event-
driven organizations are expected to react quickly to changes
in their environment. Thus, their decision support systems
should be driven by the same transactional events that keep
the business operating. Such approach focuses on developing
on-board applications that allow a vehicle to infer its role in
a scene by taking as input, data from different sensors of the
vehicle and other external data sources [24]. Such sensing
can provide comprehensive information about the vehicle
context, extending the surveillance capabilities of the system
not only to perceive the situation context of a vehicle, but
also the whole context related to its role within the environ-
ment where it operates.

In the literature, it is possible to find research projects
(e.g., Airnet at www.airnet-project.com, 2004; ISMAEL at
www.ismael-project.net, 2006; EMMA at
www.dlr.de/emma, 2008; AAS at www.aas-project.eu,
2010, and LOCON at www.locon-eu.com, 2011), with dif-
ferent technologies that have been developed and successful-
ly tested for ground movement detection, providing actiona-
ble data with a high degree of certainty or as a cost-effective
solution.

Besides the identified technological related issues, the in-
teractions between system components and between humans
and software applications are also subject of interest within
the academic community, in particular research on discrete
event monitoring [25], [26]. These references consider safety
requirements as control structures that restrict system behav-
iour at meta-model level. They propose a framework for
interface control systems. In this framework, functional re-
quirements and safety requirements are separately formalized
as interface automata and controlling automata respectively.

According to their approach, requirements include two
subtypes: functional requirements and safety requirements,
which are requirements about the safe operation of the target
system. There are two common causes of the changes to
safety requirements. First, safety requirements may change at
design-time. Second, safety requirements may change post-
implementation. Some safety requirements are unknown
before the system is developed and used in real environment.
The requirement specification concerns that guided the de-
sign of SECAIR system in compliance with end-user func-
tional requirements is in line with the methodology adopted
in [27], to fill in the gap between the evolution of safety
requirements and traditional verification process.

A similar approach is also conducted in [28], the motiva-
tion for this work emerges from multi-agent systems as a
paradigm for developing complex, software intensive sys-
tems in real world scenarios. According to the multi-agent
paradigm, agents are able to interact and to reply to events
triggered by their environment. In this work, a detailed
presentation of the Ptolemy |1 tool is presented to support the
design and verification of resource constrained in embedded
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systems. The proposed solution allows the modelling of
functional and dependability requirements separately. The
functional model is described in terms of labelled interface
automata, an action-oriented approach that considers not
only the control flow, but also the information flow (in-
put/output actions). Safety and security constraints are speci-
fied using controlling automata. It also applies model check-
ing techniques in order to automatically generate a compliant
model that will satisfy the dependability requirements.

Within the SECAIR project, one of the technical re-
quirements is that all location—based technologies are coher-
ently integrated using advanced data-fusion techniques in
order to reduce installation costs and to address multipath
effects reduction. The project fusion techniques operating
with high-performance GNSS systems and improved radio
based tracking, combined with video based technology will
enable the accomplishment of an automatic and reliable pre-
diction of events related to safety infringements. This broad
level of integration extends the state-of-the-art for the sur-
veillance of airport surface traffic, enabling unique automat-
ed decision support capabilities, with new context aware
services that have not, thus far, been available.

Very concretely, the results of the SECAIR project might
contribute to some other initiatives and product develop-
ments [29] [30] [31] [32] [33].

VII. CONCLUSION

The SECAIR system improves context awareness and
controllability via the integration of localization technolo-
gies. By integrating multiple sensor technologies, the system
delivers a comprehensive picture of ground operations, in-
creasing the controller situational awareness and improving
the airport safety.

In the SECAIR, multiple occurrences can be combined
from different localization technologies to provide insight
into business operations, enabling in-time decision making.
Within the SECAIR project, one of the technical require-
ments is that all localization technologies are coherently
integrated using data-fusion techniques in order to reduce
installation costs and to address multipath effects reduction.
The main objective is to develop new context aware services
based on an innovative solution integrating high-
performance RF tracking combined with video recognition
technologies and mobility management in a middleware
platform.

SECAIR is designed as heterogeneous sensor data fusion
system architecture, covering the surveillance of non-
cooperative resources and functionalities for continuous
control of all ground movements within the apron area. A
special attention is given to the environment of the system, in
particular to information flowing from and to the system.
The properties of the system components, as well as the rela-
tionships between them, are core elements for the analysis
and design of the SECAIR architecture. The project takes
lessons learned from previous projects in relation to tech-
niques for multi-target, multi-sensor tracking, responding to
very important security and safety issues in airport environ-
ments. The software components of the SECAIR system are
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being tested and a field trial is planned to take place at Faro
airport during the last quarter of 2013, with a full evaluation
of the results to be done during the first half of 2014.
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Abstract— Improving the energy efficiency is one of the most
effective ways to increase supply security and reduce Green
House Gasses emissions. Furthermore, the increased cost of
energy has encouraged the development of new technologies
that allow the efficient use of them, such as monitoring the
final users energy demand; hence, it is possible to have a more
efficient consumption behavior without lowering the threshold
of comfort that consumers are used to. The Smart Home
Energy project makes a profitable use of these technologies by
allowing the final user to manage, control, plan and, in most
cases, reduce the electric bill. To facilitate the bidirectional
interaction between the customer and the devices integrated in
the smart home communication network it is necessary to
follow a holistic approach. This proposal aims to go a step
further by using the massive consumption datasets to predict
future energy behaviors, offering personalized
recommendations and developing a customized ‘“consumer
energy knowledge” for every home, through heavily processed
Machine Learning algorithms.

Keywords— Digital Home; Energy Efficiency; Smart
Metering; Cloud; Big Data Analytics

. INTRODUCTION

From a technical point of view, a home is an extremely
complex system with many uncertain variables, which can be
influenced by environmental conditions and human behavior.

In recent years, the appliances that are being incorporated
to the households are reaching higher and higher levels of
energy efficiency. However, these contributions are still not
enough in the current energy scenario, where external energy
dependence and indefinite rising prices question the
profitability of these devices compared to their useful life-
spam and their necessary initial investment.

In addition, these facts cause that energy saving measures
and common recommendations (energy-efficient light bulbs,
electrical appliances A++, awareness campaigns, etc.) are
increasingly ineffective in achieving a significant reduction
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of the energy costs, stating the need of more advanced
strategies.

Therefore, the inclusion of management and control
systems can represent an adequate line of action to increase
the energy efficiency at household level. It permits the
quantification of the home energy demand, recording the
consumption values and characterizing personalized profiles
of energy patterns. Based on this information, a set of
recommendations can be generated, which would modify the
consumer behavior and ultimately result in reducing the
electric bill. Other complementary visual tools can help also
to analyze the consumption and consequently to reduce it.

Due to the amount of data that these systems has to
handle is large and expected to keep growing in the future,
the architecture work presented at ICSEA 2012 [1] has been
revised and extended with the description of an operational
system, where the addition of new Big Data based
components is the key, in order to give the necessary support
to a massive set of Digital Homes.

The paper is organized as follows: in Section Il, the State
of the Art is described. The proposed solution is explained in
Section I1l. A brief extension of the work focusing on the
exploitation of the data obtained by the system is done in
Section IV. In the last section, conclusions are drawn and
future work is indicated.

Il.  STATE OF THE ART

The integration of various automation and control
technologies in the domestic environment is called “Digital
Home” [2]. This term is not only applied on the domestic
tasks performed by smart appliances, but also aims to cover
specific customer needs of personal assistance, education
and/or entertainment as well as security and surveillance.

One of the main objectives of a Digital Home is to design
an efficient Energy Management System (EMS). Therefore,
an appropriate starting point is to study the features and
functionality of Building Management Systems (BMS) [3]
such as tasks related to the Heating, Ventilation, and Air
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Conditioning control, a correct monitoring of lighting,
allowing a control of consumption and its associated costs.

In terms of architecture, BMS has a similar structure and
characteristics to those described on the mentioned home
environment: hardware components as sensors, computer
processing power, user interfaces (smartphones, PCs, tablets,
etc.) as well as means of transmission. However, neither
control of electrical appliances and service robots, nor the
integration of smart metering devices, are covered by BMS.

In the last decades, the integration of Distributed Energy
Generation Units (DEG) at the household level constitutes
the latest addition to the in-home EMS [4]. There are various
types of renewable technologies available to install at homes,
but solar and wind power energy sources are the most
popular ones. Due to unpredictable weather fluctuations, it is
challenging to incorporate this type of energy sources to the
home systems and elaborate accurate energy productions,
hence reliable prediction models are a main milestone to
make these installations profitable. Weather data needed to
make the consumption predictions are highly variable in a
worldwide approach, because of its different sources
(meteorological services and institutions), formats, and
protocols. Short time meteorological predictions also change
frequently, where an hourly interval is usual to get new
predictions for the next 72 hours, meaning that done
predictions also could be changing hourly.

After integrating these DEG Units, the more integrated
and synchronized the home energy systems are, the more
energy savings are achieved due to self-production
consumed energy. Additionally, these systems are also
acceptable to help energy operators to get easily equilibrium
between the energy demand and supply curve. Finally, due to
the decentralization of the energy system, the losses inherent
to its medium and long distance transportation will be
significantly reduced.

From a physical standpoint, the different elements that
compose the EMS, e.g.,, appliances, domotic control
elements or renewable energies, may interact with each
other, exchange heat and an influence in the in-doors
temperature and humidity, changing comfort conditions. For
that reason, the accurate quantification and statistical
analysis of all variables involved in the heat exchange
together with its possible interactions have to be made in
order to propose real energy-efficient alternatives within the
comfort conditions predefined by the user.

The domain of smart homes develops fast but still many
restrictions have to be faced: the high cost of certain systems,
storage and processing limitations, etc. Nevertheless, the
most important limitation to solve is the lack of true
interoperability between systems of different manufacturers,
which makes them to work independently. That could result
at the end in a duplication of the performed tasks. So, it is
essential to communicate those devices with each other in a
complementary way, i.e., sharing the services to study what
is happening around them and take decisions accordingly.
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The use of an open, extensible and modular protocol
would resolve that requirement. An open platform to be
considered is UniversAAL [5], supported by the European
Commission, which has taken promising steps by aiming to
design, develop, evaluate, standardize, and maintain a
common service platform for Ambient Assisted Living.

Covering a wider field, the standard DHCompliant
(DHC) [6] communication protocol at the application level
of TCP/IP stack offers a cost-effective solution regarding
other protocols, such as technological and brand
independence, savings in solution investment and control
and simultaneous management of service robots and smart
appliances.

Regarding the storage and processing of data, and in
contrast to other researches [7][8], all business logic will be
in the Cloud. Although it is usual to allow remote control,
the exploitation of the data is performed locally [9].
Commercial solutions, which are typically linked to a
specific product of smart metering, which allow local
monitoring of a home, do not allow relating information of
several houses to extract information collaboratively.

An energy consumption metering infrastructure generates
large amount of data per home and the quantity increases
proportionally with the number of houses sending data
simultaneously. It should also be taken into account the large
number of users requesting information. In an acceptable
time response, the system must be able to acquire, store and
process large amount of data, and scale horizontally. In the
gap between the very expensive solutions of specific
hardware supercomputers and enterprise servers, Big Data
techniques are the key for achieving that goal [10].

Moreover, it provides more capabilities to work with this
large amount of data. It should be mention the integration
with Machine Learning algorithms, generation of statistics,
capacity of mixing varied data such as internal data
(measurements) and external data (climatology, open data,
etc.). Although there are precedents of using machine
learning techniques to improve energy efficiency [11], to the
best of our knowledge, they are not been applied in a
collaborative way, i.e., using the data collected from all
houses that are part of a larger network, known as Smart
Grid.

I1l.  PROPOSED SOLUTION

The presented solution is framed within the Smart Home
Energy (SHE) project [12]. The architecture of the system
was designed following a necessary holistic approach that
takes into account all the elements involved in a smart
domestic environment, such as electrical  appliances,
lighting, people or external conditions, in order to model and
analyze all contributions and interactions.

As it is graphically shown in Figure 1, the main
components of the architecture, which will be explained in
the following subsections, can be grouped according their
physical situation:

2013, © Copyright by authors, Published under agreement with IARIA - www.iaria.org

262



International Journal on Advances in Software, vol 6 no 3 & 4, year 2013, http://www.iariajournals.org/software/

263
Cloud
Sensor
Network Recommender
System
- Smart Home | energy Smart I
Energy = wm mm - =P Meter P iﬂ
Adapter Data Connector SuperDoop
. Architecture
Energy
Management
System
Control
/ Devices
\compliam
Figure 1: Smart Home Energy architecture schema
e The wuser home environment, where all the These parts — the user home and the cloud environments
appliances and service robots are able to interoperate ~ — are going to be described in detail in the next subsections.
among them by means of the DHC communication

A. User Home Environment
protocol.

Specifically, Smart Metering devices and sensors are A Smart Meter is an intelligent measuring device capable
responsible of acquiring the energy-related home  ©Of measuring, in real time, the power consumption of the
information such as the power consumption, the  @ppliances connected to them [16]. In addition, the type of
luminosity or the temperature. Then, the software ~ Meters used in the project allows to turn them on and off
Smart Home Energy Adapter (SHE Adapter) obtains ~ remotely.

the energy data from the mentioned devices and
sends it to the cloud in a predefined rate.

e The cloud [13] infrastructure is based on SuperDoop
technology, developed by Ingenia [14]. It stores
large amount of data coming from each home. The
recommender system works on the data produced
from the monitored homes in order to generate
predictions and recommendations through Machine
Learning methods. Finally, the user can access by
Internet to the EMS interface, to manage and control

the operations. For instance, the appliances can be
remotely turned on and off Figure 2: Smart meters (a) EcoManager (Current Cost) and (b)

Plugwise
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For instance, the plug-based EcoManager by Current
Cost [17] and Plugwise [18][19] options shown in Figure 2
(a) and (b) are already integrated in SHE, although the
project aims to be independent of the hardware used for
obtaining the measures.

Other useful information to define the characteristics of
the environment (humidity, number of sunlight hours, rain,
wind, etc.) to improve energy efficiency, is collected from
the home through a sensor network of different types, such
as the ones detailed in Figure 3.

Figure 3: Carbon monoxide (CO), luminosity and temperature sensors

The devices integrating the Digital Home are
interconnected through DHC communication protocol. As
they come from different manufacturers, it is necessary the
implementation of a specific DHC Adapter for each one. A
DHC adapter must include the services that are set out
below:

e DHC-Security & Privacy service: prevention of
fraudulent use, control of the devices, and also, data
access by unauthorized agents.

o DHC-Groups service: coordination of collaborative
tasks done by different devices belonging to the
system.

e DHC-Localization service: Supplying information to
locate devices within the home and help them in
navigation.

o DHC-Intelligence service: The intelligence is given
to the system through the management of rules that
control the tasks and the Machine Learning
predictions and pattern recognition.

e DHC-Energy service: Incorporation of energy and
Smart Grid [20] concepts to the DHC protocol, by
means of allowing the user to know the energy
consumption data, analyzing the obtained
information to improve the energy efficiency of the
system and thereby generating savings. Those are
the main motivation of SHE project.

In order to clarify the performance role of the DHC-
Energy adapter, the main operations are described in detail
below.

e Establishment of the charging settings: The types of
charging modes (maximum consumption, cost per
kWh, etc.) are shown to the customer, which will
select the best rate. For instance, the possibility of
choosing when a device will have its loading period
depending on the tasks that have to be performed,

User
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time of the day and the tariffs to be applied. Figure 4
shows a sequence diagram describing the process.

GUI PublicServiceUtility

getinformationTariffs()
getTariffsinfo()
» i
listTariffinfo
selectTariff(tariff)
sendT ariff(tariff)

Figure 4: Sequence diagram: Obtain tariff information.

e Device status: It is also important to know the
preferences of the user, and compare it with the data
that shows the state of the device and the power
source (either renewable or normal electrical
supply). The process carried out can be seen in
Figure 5.

User GUI Device1 Device n

setPreferences()
getStateSourceEnergy()
>

‘data

getStateSourceEnergy() -

:data

‘listPreferencesStateSource

Figure 5: Sequence diagram: Device status

e Energy profiles: The system allows a set of possible
energy consumption configurations. When the user
does not need the device, the power consumption
should be zero (“Off” profile) or minimum in case of
awaiting orders (“Stand by” profile). In the
operation mode, some devices can be fixed to the
highest energy saving rate (“Low” profile) or to
lowest energy saving rate, which operates on a full
capacity (“High” profile). Some indispensable
devices can be set to an especial level without caring
the savings (“Emergency” profile).
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Moreover, if a device remains in an inactive state,
the device must reduce its energy profile to a lower
level. The way in which this operation is done is
shown in Figure 6.

User GUI Device
obtainListDevices()
JlistDevices
assignProfileToDevice(device.profile) >

Figure 6: Sequence diagram: Election of an energy profile

For achieving an optimal performance of the system, it is
necessary to process the large amount of data generated by
the different devices in a fast rate. Therefore, Web Service
for Devices (WS4D) technology [21] has been chosen. The
main driven behind this selection is that DPWS maintains the
philosophy of Service Oriented Architecture (SOA)
combined with the convenience of Web Services. This
solution means that a Digital Home can transmit the captured
information through the DHC adapter to the Cloud.

B. Cloud

It is necessary to store the information from the Digital
Home in a centralized way in order to have a database that
allows comparative and heuristics analysis. From the user’s
perspective, the stored information needs to be accessed
from any device, anywhere [22].

SHE project uses SuperDoop technology [23], which is a
Hadoop [24] and Storm [25] based Open Source Big Data
Stack integration, that scales horizontally to solve challenges
as acquisition, storage, searching, sharing, analysis and
visualization of large data sets on a tolerable response time-
frame. This can be used for general-purpose applications,
such as communications, banking, security, smart cities,
energy efficiency, emergencies, social networks and many
others areas.
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SuperDoop fits into Lambda Architecture concepts [26].
The designed architecture, which is schematized in Figure 7,
has the following main components:

e The energy measurement reception from the
environment can be made over different types of
networks (wired and wireless). Representational
State Transfer Application Programming Interface
(REST) API [27] is used for the communication
between the Digital Home nodes and the Cloud. It
defines an interface among the software components,
where an URL represents a resource whose content
can be accessed via HTTP protocol via. The use of
this technology brings some advantages as
portability between different languages, performance
and scalability.

e Acquisition Layer is an additional layer to solve the
acquisition of the data used by the Speed and Bath
layer, described below. This concept has been
implemented as a prototype in a flexible way for
SHE project using REST and JSON APIs, a
temporal storage or cache using MongoDB, and a
Redis based system for the speed data layer data
insertion.

e The Speed Layer was needed to provide a real time
monitoring and control services to users through a
Graphical User Interface. This layer needs to
aggregate the data, using typical functions as average
and summarization for each user, group of devices,
and time intervals, in a continuous computing close
real time. Finally, this layer provides the information
to the Service Layer to make it available to the
interface.

e The Batch Layer includes several components to
store and process the data, applying data mining and
Machine Learning algorithms to acquire a
customized knowledge pool for home energy
consumption. These algorithms can be executed
massively for each home or user, many times a day,
to learn and predict the consumption using a large
set of data for each execution.

e The Service Layer is the closest to the user, and
includes data publishing through a REST API for
both layers, the Batch Layer and the Speed Layer,
allowing the interface to query, receive and show the
data.
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Figure 7: SuperDoop Architecture applied to SHE project

The smart meter connector acts as a middleware between
the SHE Adapter, which is in execution in the user home and
the SuperDoop platform, in the cloud.

The stored information is used by the system to generate
specific recommendations, which will depend on its
environmental conditions. This is done through an expert
system that, based on its experience, uses rules to model the
system. It integrates a knowledge database of the
consumption data and a rule editor, which enables the
customer to test and simulate the rules. The rule execution is
done with an inference engine based on an execution of rules
and tree forward.

Going a step further, this element can also generate
collaborative recommendations based on actions performed
in homes belonging to a similar environment profile. For
making this, it would be necessary to define the way in
which the distance between two homes or two users is
calculated. Taking into account that the users can agree
(value 0) or not (value 1) with the completion of an action,
the most appropriate algorithms are Tanimoto [28]. The
distances between all the users are calculated and stored in a
matrix. When a recommendation is required to be given to

the user, the algorithm returns the actions that most similar
users have done, and that the user has not carried out yet.

It is also possible to extract consumption patterns and
thus allow making predictions to anticipate and adapt to
other cheaper options.

The user can access remotely and from different devices
to the Energy Management System. Through its interface,
the consumer is able to manage, control and plan the bill.
That is to say, the user has a Smart Billing. Furthermore, in
the user home page, the mentioned energy efficient
recommendations are offered associated with actions to carry
them out.

A complementary useful tool is the incorporation of
interactive and customizable graphs to show the information
to the user, who is able to manage the energy consumption
and consequently improve the energy efficiency.

As it is shown in Figure 8, the consumption insights
screen displays the consumption of each day, its distribution
in the different hourly periods, the accumulated per month
and the distributed consumption among the various days of
the week, within the filtering dates, inan interactive and
visual way.
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Figure 8: Interface of SIGE: Consumption Insights
Other historical information is presented in different parts The interface takes into account different aspects of

of the interface to analyze it and make comparisons. Visual usability, accessibility and, of course, the functional aspects
Mining tools are applied to help the user to understand where  of providing the user with the information that allows
power is consumed, where it is wasted, etc. In Figure. 9 the ~ monitoring and controlling the appliances presented in the
weekly user consumption is represented in a heatmap to Digital Home.

facilitate the discovering of a behavior pattern visually.
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IV. TEST RESULTS

After different attempts to match simulated energy
demand with multivariate regression models, the next step
was to prove implementation of Artificial Neural Network
(ANN) models as suggested in [29]. Several studies about
prediction of building energy consumption and temperature
forecaster [30][31][32] are based on ANNs and
demonstrating a high accuracy in predicting energy demand
and consumption in buildings. The main drawback is the
need of a learning process for identifying the particular
patterns, which define the system performance or behaviour.
In this case, a simple ANN (3 hidden layers, using a
symmetrical sigmoid as activation function) has been tested
with the back-propagation algorithm [33], using as input
parameters outside temperature, outside humidity ratio,
previous hourly energy demand, among others. The obtained
results have satisfied survey expectation since using short-
term ANN for energy demand prediction has shown an

average error of 3% during a complete year simulation what
constitutes insignificant deviation compared with typical
estimations that usually energy experts make in energy audits
(more than 20%). The comparison between the energy
demand (heating and cooling) of a small building simulated
by EnergyPlus ® and the ANN’s outputs is shown in Figure
10.

The test was performed with no seasonal discrimination,
which demonstrates that the results could actually be
reasonable to predict easily, without high accuracy, the
energy demand and thus, the energy consumption, in case of
we know the rated efficiency of domestic facilities.

Even, the mentioned accuracy has been achieved with
simple ANN composed by 5-neuron layers designed for
estimating the thermal energy demand of a house as output,
paving the way to design a robust energy forecaster. In order
to include the data in the forecaster, the value of input
parameters have to be established between 0 and 1
(dimensionless).
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For instance, in this study, the outside temperature T_,

humidity ratio ¢ and previous energy demand d, , have

been transformed according with following equations (1), (2)
and (3):

T *_ Tout_Tmin
out —
Tmax _Tmin (1)
«_ ¢
=7 2
¢ 100 (2
dk—l — dk—l dmln , ( )

dmax _dmin

Min and max subscripts are related to the minimum and
maximum historical temperature and potential demand
respectively. When ANN calculate the current energy

demand d, , the inverse transformation is easy to understand
according to (3). As mentioned above, ANNSs need a learning

process to modify the synaptic weights that allow the
network to integrate the performance of a complex system.
The current assessment did not consider the different
seasons, months, holidays, etc. in order to obtain greater
precision since another most sophisticated algorithm called
support vector machine (SVM) considers the identification
of behavior patterns, related to the likelihood of an event
occurs based on input parameters [34]. This mixture of
artificial intelligent and statistical approach, e.g., regression
models, confers a highly effectiveness in solving non-linear
problems, with reduced training data, as our current project,
what shows this model as the ideal candidate for energy
consumption prediction in buildings. In addition, due to the
robustness of this prediction method, potential perturbations,
which could appear by adapting the smart home system to
new buildings, will be mitigated as it is mentioned in [35].

V. CONCLUSION AND FUTURE WORK

The system described in this paper allows to determine
that an open stage of interaction between devices and the
Smart Grid can be set by providing more capabilities than
pure traditional energy efficiency (such as accounting and
reductions in consumption). It also permits the establishment
of a consumption profile for the different heterogeneous
appliances, which a customer has at home, as well as a
referral system in the Cloud associated with business
intelligence that allows reducing even more the energy
expenditure. All this is done in a distributed way but through
a single point where the user interacts. Decisions could be
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ineffective or even counterproductive if a holistic approach
would not have considered.

Cloud technology offers an elastic and resilient solution
without requiring a high-capacity storage infrastructure at
household level. It also facilitates the management and
maintenance of the integrity, security and availability of data.
In addition, this solution provides facilities for transparent
software updating, because most of the software is
centralized and non-distributed on each node.

Specifically, the application of SuperDoop to the
metering data allows doing both a batch and a continuous
real-time processing of the measurements, working with a
large set of data taken along the time from a large set of
homes and historical database. It facilitates the generation of
configurable and customizable reports, and
recommendations, among other functions and independent of
the measuring device.

The proposed solution applies ANNs and Machine
Learning algorithms using stored and real-time data, thus can
be used to acquire personalized consumption knowledge for
each home. At the beginning of the learning, real data is
temporally replaced with simulated datasets of homes and
historical weather data and climate zones, so as the system
does not have historical data yet. The prebuilt knowledge can
be applied to a classification algorithm, until the system have
enough real data, a real customized knowledge progressively
learns the real behavior and forgets the knowledge based on
simulated data. Thus, the system would acquire the ability of
predicting consumption for each home through the
customized home energy knowledge.

Summarizing, this technology has advantages over other
approaches, because it is open, distributed, and scalable.
Besides, it requires little or no configuration by the end user.
The use of Big Data techniques does not require initial
investment. This method and technology can also be used for
other stakeholder solutions that are beyond the scope of this
communication.
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Abstract—New aerial cameras and new advanced geo-
processing tools improve the generation of urban land cover
maps. Elevations can be derived from stereo pairs with high
density, positional accuracy, and efficiency. The combination
of multispectral high-resolution imagery and high-density
elevations enable a unique method for the automatic
generation of urban land cover maps. In the present paper,
imagery of a new medium-format aerial camera and advanced
geoprocessing software are applied to derive normalized
digital surface models and vegetation maps. These two
intermediate products then become input to a tree structured
classifier, which automatically derives land cover maps in 2D
or 3D. We investigate the thematic accuracy of the produced
land cover map by a class-wise stratified design and provide a
method for deriving necessary sample sizes. Corresponding
survey adjusted accuracy measures and their associated
confidence intervals are used to adequately reflect uncertainty
in the assessment based on the chosen sample size. Proof of
concept for the method is given for an urban area in
Switzerland. Here, the produced land cover map with six
classes (building, wall and carport, road and parking lot, hedge
and bush, grass) has an overall accuracy of 86% (95%
confidence interval: 83-88%) and a kappa coefficient of 0.82
(95% confidence interval: 0.78-0.85). The classification of
buildings is correct with 99% and of road and parking lot with
95%. To possibly improve the classification further,
classification tree learning based on recursive partitioning is
investigated. We conclude that the open source software “R”
provides all the tools needed for performing statistical prudent
classification and accuracy evaluations of urban land cover
maps.

Keywords-land cover map; classification; assessment;
thematic accuracy; multispectral camera; map revision

. INTRODUCTION

Land cover maps are an important product of the
mapping and GIS industry. The coverage of the landscape
with vegetation, soil or man-made constructions may be
automatically mapped and analysed. Images taken from an
airplane or a satellite are used to derive land cover maps
automatically. The intensity values of picture elements
(pixels) in different bands of multispectral images are used to
determine the different types of objects. It is difficult to
distinguish between objects on the ground and objects above
the ground, e.g., between buildings and parking lots or trees
and hedges. Land cover maps can be generated with a higher
thematic accuracy when information on elevations is

Michael Hohle

Department of Mathematics, Stockholm University
Stockholm, Sweden
Email: hoehle@math.su.se

included [1]. Today, advanced processing tools are able to
generate elevations of high accuracy and density from
imagery [2]. The generation of land cover maps and their
applications will benefit from these innovations.

Of special interest are built-up areas where small objects
have to be mapped and where changes over time frequently
occur. For such areas, land cover maps have to be produced
by means of high-resolution images. Their ground sampling
distance (GSD) is a few centimeters. The use of a new high-
resolution multispectral aerial camera will be a characteristic
of this contribution. In addition, the applied methodology
uses a new approach in mapping. The images are used for the
generation of a point cloud of high density and of regular
structure (grid). Besides the spatial coordinates of a geodetic
reference system and a map projection (e.g., easting,
northing, and elevation) the individual points may also have
attributes such as “height above ground” and “vegetation
index”. The land cover map is generated by a classification
procedure and the result is then visualized by simple plot
commands. In order to assess the thematic accuracy of the
land cover maps, one typically selects a sample of points in
the map, derives their true classes using manual procedures
and then extrapolates the accuracy results to the entire map
using statistical principles [3].

The outline of this paper is as follows: After the
introduction (Section 1) the state of the art in the generation
of land cover maps is discussed and our aims are formulated
(Section I1). The new generation of aerial cameras and
processing tools is presented in Sections Il and IV. Our
method for the generation of urban land cover maps is
explained in Section V. Special attention is given to the
accuracy assessment of these land cover maps (Section VI).
In Section VII our method is applied to a test area in
Switzerland. The obtained results on the test area are
evaluated in Sections VIII and IX. A conclusion on the work
carried out and suggestions for future work end the paper
(Section X).

Il.  LAND COVER MAPS AND THEIR APPLICATIONS

Land cover maps have a number of different classes
(categories), which are visualized in a two-dimensional (2D)
map by different colours. The standard methods classify the
images by means of training areas where the truth (reference)
is known from field work or manual interpretation of images.
The automatic classification of the images uses the intensity
values of image elements (pixels) in different bands of the
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images and applies various statistical methods. More
advanced methods form larger areas (objects) first and
classify them in a second step. This object-based
classification uses a number of attributes like shape, size, and
texture and generates land cover. The land cover map has to
be georeferenced. This means that the orientation of the
images and a digital terrain model (DTM) have to be known
in advance. The classification may use the original images or
orthoimages - in the first case the classification result has to
be rectified and orthogonalized. The derived land cover map
is assessed by a few independent check points or check
areas. The results are presented by means of an error
(confusion) matrix.

The usage of elevations as an attribute of objects has
been tried before. In [1], a solution for automatic generation
of land cover maps has been proposed and applied to a one
hectare large test area. Elevations, heights, and vegetation
indices have been derived from images only. True-colour
orthoimages and false-colour stereo pairs were used for the
determination of the reference. The overall accuracy of the
derived land cover map with four classes (building, road and
parking lot, tree and hedge) has been 79%. The use of stereo-
vision was the preferred approach in the assessment of the
thematic accuracy.

In [4], elevations were derived from laser scanning and
have been used together with aerial images and cadastre
maps for the generation of a land cover map. Ten urban and
seven agriculture classes have been determined for the city of
Valencia/Spain. The overall accuracy of the derived land
cover map was 85%. Reference [5] describes an object-
oriented classification where 81% of all residential buildings
are correctly determined for a test area located in Austin,
Texas/U.S.A. Attributes of objects are derived from laser
scanning, aerial images, and road maps.

Machine learning algorithms are applied for the urban
land cover classification in [6]. The classification can either
be based on pixels or object features. A combination of
pixels, object features (area, length, etc.), and layer values
(mean, standard deviation, etc.) has been suggested in
Reference [7].

A land cover map has many applications and can be used
for all types of planning. View shed analysis and studies of
propagation of noise or electromagnetic waves are
applications in engineering. An important application is the
revision of topographic data bases. This task requires a high
positional and thematic accuracy. In order to detect changes
and errors in topographic databases the generation of a land
cover map may be the first step in the revision process. The
superimposition of the land cover map with the topographic
database will indicate which objects of the topographic
database have to be added, deleted, or changed in size or
shape. Recent studies in revision of topographic databases
are carried out in [8] [9]. The exact actions depend on what
types of data have to be revised. There are topographic
databases in 2D, 2.5D, and 3D. Sometimes, the important
objects are updated only, e.g., buildings, roads, and trees.
Land cover maps are also used for studies in town
development. The changes in areas of buildings, traffic, and
vegetation over several years are studied in [10]. In that
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investigation, the land cover maps are derived from vector
maps and low-resolution satellite images. The applied
classification of the images uses intensity values of pixels
only.

Thus, our aims for this paper are:

1) Generation of urban land cover maps by applying decision
trees based on height and vegetation information derived
from a new type of aerial images. 2) Assessing the thematic
accuracy using overall and class specific accuracy measures.
3) To do so by a class-wise stratified sampling design of
reference points, which allows for precise estimation of per
class accuracy quantities. 4) To illustrate that all the
necessary computation can be done by “R” and its extension
packages.

In comparison to the investigation in [1] we now focus
here on the accuracy assessment as point estimates and
confidence intervals in the light of a class-stratified sampling
design. Furthermore, classification is now improved using
additional classes, and a comparison is made with machine
learning derived decision trees. Finally, all computations in
the proof-of-example section are now based on a larger test
area than previously.

I1l.  NEw DIGITAL AERIAL CAMERAS

With the development of new advanced digital aerial
cameras, the generation of land cover maps has new tools at
its disposal. There are different types and models of aerial
cameras. Three of the most advanced cameras will be
discussed in the following: the Hexagon/Intergraph DMCII
250, the Microsoft UltraCam Eagle, and the Hexagon/Leica
Geosystems RCD30 camera. Details of the cameras are
described in publications [11] [12] [13]. All three cameras
are frame cameras, which can produce images of high
resolution and high geometric quality. They are designed for
mapping tasks. The produced images have different features;
the major ones are listed in Table I.

There is a considerable difference in the format of the
output image. The RCD30 is a medium-format camera; the
other two cameras are considered as large-format cameras. A
larger format requires less flying time in order to cover an
area to be mapped assuming that the images of all cameras
have the same GSD. The necessary length of the flight is an
economic factor, and large-format cameras have an
advantage in projects covering large areas. All three cameras
can produce black & white, colour, and false-colour images
simultaneously. Newly designed lenses match the resolution
of the sensors and make high image quality possible. The

TABLE |. FEATURES OF THREE NEW DIGITAL AERIAL CAMERAS

Features UC | DMCII [ RCD30
Eagle| 250
pixel size [um] [ 5.2 5.6 6.0
focal length [mm]| 80 112 50, 80
image size (in flight direction) [pel] 113 080| 14656 | 6708
[mm]| 68.0 | 82.1 40.2
image size (across flight direction) [pel] [20010| 17216 | 8956
[mm]|104.1| 96.4 53.7
number of pixels per image [MP]| 262 252 60
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cameras are calibrated, and the obtained calibration data are
used to correct the images in geometry and radiometry.
Additional sensors for position (GNSS) and attitude can be
supplemented and will support accurate georeferencing of
the imagery. More details have to be mentioned on the
RCD30 camera because its images will be used in the
following examples. The colour images are produced from
one charge-coupled device (CCD) with Bayer filters. The
infra-red band is imaged by a second CCD of the same high
resolution (pixel size=6 pm x 6 pm). Image motion is
compensated mechanically in two axes. The output images
are corrected for distortion, light-fall off of the lens, and non-
uniformity for dark signals. Two different lenses can be used
without the need of re-calibration. In order to obtain images
with GSD=0.05 m, they have to be taken from 417 m above
ground with a 50 mm lens. One frame will cover 0.15 km? on
the ground. A gyro-stabilized mount can be used which will
prevent big tilts of the imagery.

V. NEW PROCESSING TOOLS

The generation of land cover maps from images requires
the use of specific software tools. They span from general
image processing to dedicated software for photogrammetry,
remote sensing, and geographic information systems (GIS).
The characteristic of our approach is the use of digital
elevation models, which are derived from high-resolution
images. The latest developments in this field may enhance
the performance of the previously suggested approach of the
generation of land cover maps [1]. One of the problems to
overcome is the large amount of data, which might make it
necessary to divide the work into smaller units. One 64-bit
computer with 8 GB RAM (as is at disposal in this
investigation) is not an optimal processor for this task. More
computer power is necessary to solve the task for large areas.
The many different software tools are expensive if they have
to be acquired from commercial software vendors. However,
an increasing amount of freeware and open source tools has
become available to conduct some of the tasks. Such tools
are preferred whenever possible. Specifically, we use the
open-source software environment “R” [14] for statistical
computing and visualization and, hence, one aim of the
present paper is to demonstrate its use in the generation and
assessment of land cover maps.

A. Programs for the generation of digital elevation
models

Digital elevation models can automatically be derived
from two or more images covering the same area on the
ground. Corresponding image parts are matched using the
intensity values of image elements (pixels). Spatial ground
coordinates are intersected by means of the corresponding
pixels in two or more georeferenced images. The resulting
point cloud can be transferred into a regular grid of points
representing a digital surface model (DSM). Such software
programs are pretty complex and their development requires
many man years. Professional programs are, therefore,
expensive. Many parameters have to be tuned by the user in
order to derive elevations of high accuracy and
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completeness, which in turn means that some expertise is
necessary in order to derive good results.

The problems to be overcome are the huge amount of
data and the mismatches due to the lack of contrast and
structure in the images. International tests reveal elevation
accuracies of RMSE,=4cm at large-scale images with
GSD=8 cm [15]. The density of the point cloud may be
extremely high, e.g., 156 points/m?at GSD=8 cm [16]. This
means that the derived DSM may have the resolution of the
images. The use of distributed processing and dedicated
hardware make a high performance in the calculations
possible. Reference [17] reports about a benchmark test
where 997 million points are derived from 1562 images
(filling 1.44 TB) in 2.5 hours or six seconds/image.

The DSM is an intermediate product only. For the
generation of land cover maps the heights of the objects
(buildings, trees, etc.) are required. This is accomplished by
filtering the DSM so that only elevations of the bare earth
(terrain) will remain. This process requires editing and
checking. From the remaining terrain points a grid of
elevations is interpolated, which represents a DTM. The
editing software is a complex software tool, which allows for
measuring, correcting, and visualizing of 3D data. The
difference between DSM and DTM is the normalized DSM
(nDSM), which is the required input of the classification
program. The nDSM is derived using a C++ program, which
performs the matching between the two point clouds by
using a linear search to identify the first neighbour within a
distance of 0.05 m. As a consequence, the search of
corresponding elevations in the two elevation models (DSM
and DTM) is quite time-consuming. Improvements could be
obtained by exploiting the spatial structure of the data in the
search.

B. Programs for the generation and assessment of urban
land cover maps

The generation of the land cover map and the assessment
of the results are developed using the statistical software
environment “R”, which is an open source environment for
statistical computing and graphics. The programming can be
both object-oriented and functional in style. Furthermore, a
large number of open source extension packages (created by
an active community) provide the newest methodological
functionality for many visualization and statistical tasks. For
example, the package “survey” [18] can be used for
computing accuracy measures in complex survey situations,
“rpart” [19] implements recursive partitioning for
classification trees, and “vrmlgen” enables the visualization
of land cover maps in 3D [20].

V. APPLIED METHOD FOR THE GENERATION OF LAND
COVER MAPS

The applied method uses the nDSM derived from images
and supplements it with additional attributes. The points of
the nDSM are arranged in a regular grid of high density. The
spacing between points has been selected as a multiple of the
image element (pixel) on the ground. The new unit is called a
cell in the 2D space or cube in the 3D space. The attributes to
be added characterize the object to be mapped. They are
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TABLE II. SPATIAL POINT CLOUD WITH ATTRIBUTES

Easting Northing Elevation nDSM NDVI
[m] [m] [m] [m]
537129.2 5228938.6 486.5 0.2 0.31
537129.2 5228938.7 488.5 2.3 0.28
537144.5 5228987.4 486.4 0.1 0.01
537128.0 5228938.3 490.8 4.2 0.07

derived from the images only. The first attribute is the
normalized height which is the height of objects above
ground (nDSM). The normalized difference vegetation
index (NDVI) is the second attribute, which characterizes
vegetation. Classes of objects are obtained by defining
thresholds for the nDSM and NDVI values. Table Il shows
an example of such a point cloud with its attributes. A
classification program will assign a class to each cell/cube
of the spatial point cloud. The classification scheme is
depicted in Figure 1. The chosen classes are ‘grass’, ‘road
and parking lot’, ‘tree and hedge’, and ‘building’. This
classified point cloud can then be plotted in 2D or 3D. This
simple classification may be improved by selecting more
steps in the thresholds and by using information which
characterizes a class.

VI. ASSESSMENT OF ACCURACY

The assessment of the accuracy of the generated land
cover map is an important task to ensure an appropriate
quality of the maps. It concerns the positional and the
thematic accuracy. The positional accuracy is checked within
the production of the land cover map. It is of great
importance that all data are in the same reference system and
that positional and thematic accuracies of the reference data
are superior to the classified data. The assessment of the
thematic accuracy is conducted by means of an error matrix.
This measure is widely accepted and described [3] [21]. The
employed accuracy measures based on the error matrices as

4 classes

N

Figure 1. Classification tree for a land cover map with four classes.
The abbreviations are: b="building’, t="tree and hedge’, r="road and
parking lot’, g="grass’.
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well as the design of the accuracy sample will be
summarized in the following sections.

A. Accuracy assessment and error matrix

The classified data are compared with reference data.
Assume the land cover map consists of a total of N units
(cells), which each is classified into one of k classes.
Selecting a cell at random let pi=P(class=i, ref=j), i=1,...,k,
and j=1,...,k, be the joint probability that the classifier claims
class i for this class while the reference says it is class j. Note
that the sum over these k-k probabilities will be 1. The
probabilities can be represented by a k-k matrix, where the
rows represent the classified data and the columns the
reference data. The probabilities in the diagonal of the matrix
denote the correctly classified sample units for each of the
classes; all probabilities outside the diagonal represent errors.

The sum of the probabilities in the diagonal is the so
called “overall accuracy”, i.e., it is the probability that a
randomly selected unit (cell) will be correctly classified:

k
oacc= Y p;.

i=1

(1)

Other accuracy measures are the so called class-wise
“producer’s accuracy” and “user’s accuracy” [3]. The
“producer’s accuracy for class j” is defined as

pace(j)= P(class= j|ref = j)= i =_Pi_ (5
p+j z pij
i=1
and the “user’s accuracy for class i” as
vacc(i)= P(ref = i| class=i)= Pi = _Pi @)

=
Pis Z pij
j=1

The estimation of these accuracy measures for a specific
thematic map depends on an estimation of the pi's from an
“accuracy” sample of size n from the population. Here, n is
typically much smaller than N. In the case where simple
random sampling with replacement is used to draw the
accuracy, the sample estimates are

ﬁij =Ny /n,

where nj; is the number of cells in the accuracy sample with
classifier class i and reference class j, and

k k

n= ZZnij

i=1 j=1
the total size of the accuracy sample. Typically, the entire
error matrix is then just represented by the nj; counts in the
sample. However, in more complex survey designs, the

probabilities have to be estimated according to the sampling
design. Hence, any error matrix representing an accuracy
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sample has to be accompanied by a statement of the selected
sample design in order to facilitate proper estimation.

To assess the thematic accuracy of the land cover map by
the above measures, one has to decide on an adequate design
and sample size of the accuracy sample. Since one of our
aims is to estimate user accuracy for each class up to a given
precision we use a stratified simple random (STSI) sampling,
selecting n. samples for each class by simple random
sampling (without replacement) and, hence, a total sample
size of n=k:n.. In the subsequent analyses of our stratified
accuracy sample it is, thus, important to take the stratification
into account, because classes might be over- or under-
sampled compared to their overall distribution in the map. In
this case (and ignoring any finite population correction), we
will use

ﬁij = (Ni / N)'(nij /ni+)

as estimates [27], where N; is the total number of units in the
population, which are of class i and

ok
M= 24"

is the number of units in the accuracy sample, which have
classifier class i. A particular strength of “R” is here the
availability of the package "survey" [18], which facilitates
the computation of such survey weighted accuracy measures
- even in complex survey situations. As an example, the
above stratified design is easily specified using the
svydesign function after which the accuracy measures can
be computed using the function svyciprop.

B. Reference data

The reference data should be independent, of high
accuracy, and reliable. The collection of the reference data
has to be carried out nearly at the same point of time as the
production of the land cover map, so that a change in the
landscape and vegetation will not have an effect on the
results of the assessment. The efforts for collecting reference
data have to be economically justified, i.e., they should be a
fraction of the costs for generating the land cover map.

It may be difficult to fulfil all of these requirements. The
land cover map is generated from a vegetation map (derived
from false-colour orthoimages based on a DTM) and a
normalized DSM. Both digital elevation models are
automatically derived from images in true colour. The
reference data may be derived by manual photointerpretation
using false-colour stereo pairs and manual measurements of
elevation differences. The orientation data of the images are
determined by some ground control (measured by means of
GNSS) and tie point measurements in the images. The
orientation data of the images are the same both for the
generation of the map and for the assessment.

C. Sample size determination and confidence intervals

Since per class user accuracy can be thought of as the
probability p for a correct classification in a binomial
experiment with x successes in n trials, one way to determine
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sample size is by specification of the desired width of the
resulting 95% confidence interval (ClI) for this proportion p.
We will use likelihood ratio test (LRT) based confidence
intervals for this proportion, because such intervals have
better coverage probabilities than the standard Wald intervals
often used in remote sensing [22]. Here, coverage probability
of a ClI refers to the proportion of times the CI will cover the
true value of p (when thinking of an infinite number of
hypothetical repetitions). The better coverage of LRT Cls is
especially pronounced if p is near zero or one, respectively,
or if the sample size is small. As an example, a 95% Wald ClI
in the situation where n=21 and p=0.85 will have an actual
coverage probability of just 84%, which is far away from the
nominal 95%, whereas a 95% LRT interval has a coverage
probability of 94%.

LRT intervals for the proportion p are constructed by
inversion of the LRT test for the hypothesis Ho: p=pg vs. Hy:
p#po [23]. That is, the lower and upper limit of a 95% LRT
Cl are found numerically as the boundary values of pq
solving the inequality

_2'In(An,x(po))§X§.95- Q)

Here, A,x(po) denotes the likelihood ratio between p, and the
maximum likelihood estimate p=x/n, i.e.,

_ pyd—py)"
Anx(p )_ AOX AO n—x !
SR Y ()

and »%.5(1)~3.841 denotes the 95% quantile of the »?
distribution with one degree of freedom. Implementation of
such LRT intervals can be found in the “R” package “binom”
[24]. Assuming a worst-case user accuracy of about 60% for
each class and a desired half-width of no more than w=10%,
one can sequentially increase the sample size n until the
confidence interval for p has a width smaller than 2-w when
using the observation x=0.6-n. The “R” package
“sampleSizeBinom” [25], which implements this procedure,
obtains a required sample size of n=91 per class. Hence, our
stratified accuracy sample when using 4 classes will totally
consist of 91-4=364 units. In order to compute the previously
described LRT confidence intervals also for the survey
weighted accuracy measures, we use the procedure suggested
by Rao and Scott [26], which is implemented as part of the
function svyciprop in the "survey" package.

D. Kappa analysis

A further measure of agreement between two raters, who
both classify a number of items into each of k categories, is
Cohen's x [21], which can be viewed as chance adjusted
agreement measure defined as follows:

k k
Z Pi = 2 Pis Pui
i=1 i=1 (5)
1- Pis P

K=

k
i=1
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Landis and Koch [27] characterize x-values between 0.41
and 0.60 as moderate, 0.61-0.80 as substantial, and 0.81-1
as almost perfect agreement between the classification and
the reference data. An estimate for x is found by replacing
Pii, Pi+» and p.; in (5) with the respective survey adjusted
estimates. If one, however, ignores the sampling design
underlying the numbers in the error matrix, and just uses the
raw survey-unadjusted estimates for the p’s, the obtained x
estimate will be biased. For example, if a particular poorly
classified class is over-sampled, the obtained x estimate
might be too low.

For a STSI design, formulae for computing « from the
resulting error matrix can be found in [28]. In [28], the
formulae are an instance of a more general technique for
calculating point estimates and variances for transformations
of survey weighted estimates (see, e.g., [29]).

To reflect uncertainty in the estimation of x it is also
prudent to specify a corresponding (1-«)-100% CI. Again,
[30] presents equations for computing the variance of the
estimate, which enables the computing of Wald Cls for the
stratified case. Note that the package “survey” contains the
function svykappa to directly compute the survey weighted
x estimate and associated Wald Cls based on the general
equations in [29] - this even works for more complex survey
designs. It has to be remarked that the use of x to assess
classifier performance in remote sensing is somewhat
debated [30], because x is directly linked to the overall
accuracy, but its scale is harder to interpret. Still, we report x
estimates here as a supplement measure to the overall
accuracy, since « just as the overall and user's accuracy is
particularly easy to calculate with “R” — even in the case of a
complex design of the accuracy sample. In summary, the
principle in the assessment of the thematic accuracy is
depicted in Figure 2.

As accuracy measures the survey weighted overall
accuracy and Cohens’s «, as well as the producer’s and
user’s accuracy for each class are selected. Each measure is
supported by a corresponding CI in order to quantify the
uncertainty in its estimation. Altogether, one of our points is
that a per-class stratified sampling approach for the
assessment of thematic accuracy is easily handled with “R”.
Such an approach provides reliable estimates for the

4 Land cover map >

\\ //
o { Sample size ‘
Y
/ /
/ £
/ Sample /
! /
£ /
1——4 Reference l
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measures

Figure 2. Principle of the applied assessment of the
thematic accuracy.
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accuracy of each class.

VII. PRACTICAL EXAMPLE

A practical investigation is conducted for a residential
area in Switzerland to evaluate the proposed approach. The
area consisting of buildings, car ports, roads, parking lots as
well as trees, hedges, and grassland is photographed from the
air. The size of the test area is about 1.6 hectares.

The first land cover map comprises the four classes
‘building’, ‘tree and hedge’, ‘grass’, ‘road and parking lot’
only. The steps in the generation of the land cover map are
depicted in Figure 3. True colour images are used to derive a
very dense 3D point cloud by means of matching
corresponding image parts. The point cloud is then
transformed into a gridded DSM using interpolation
techniques. Through a process of filtering, which removes
elevations above ground as well as blunders, a DTM is
generated. Then, the difference between the DSM and the
DTM, the nDSM, can be derived. The DTM is also used for
the production of a false colour orthoimage, which is further
processed to a NDVI map containing two classes
(vegetation, non-vegetation). NDVI and nDSM information
is used to produce a point cloud with two attributes (nDSM,
NDVI). The land cover map is produced by classification of
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Figure 3. Steps in the production of a land cover map [1]. Colour and
false-colour aerial images are used to derive accurate and dense height
data (nDSM), which are supplemented with vegetation data (NDVI).
Such an ‘intelligent” 3D point cloud is input to a classification
scheme, which generates the land cover map.
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the point cloud with attributes. In this contribution, various
methods of classification are investigated. The thematic
accuracy of the land cover map is assessed by several
accuracy measures including their uncertainty.

The classification program assigns a class to each cell.
The cells (cubes) are plotted in 2D (3D) using different
colours for the chosen classes. Some measures for quality
assurance are undertaken during the generation of the land
cover map in order to avoid errors and to obtain good results.
This involves checking the georeferencing of all input data,
their completeness, and the intermediate results. In the
following sections, details of the data used, the tools applied,
and the results of the assessment of thematic accuracy are
given.

A. Used data

The RCD30 imagery includes four bands (red, green, blue,
and near infrared) from which colour and false-colour
images can be composed. Each image is about 6.4 Megabyte
(Mb) in size. The images are taken with a GSD of about 5
cm. The radiometric resolution of each band is 8 bit or 256
intensity values. The images are geo-referenced and data of
the geometric calibration (camera constant, position of
principal point) are provided. False-colour images are used
to derive reference data using stereovision. Furthermore, a
map of building footprints is produced by means of
digitizing a stereo-pair of colour images.

B. Software tools

For the generation of the 3D point cloud the Match-T
program, version 5.4, of the Trimble/Inpho Company is used
[31]. Filtering of the data is applied using filters of the
professional program “DTMaster”, version 5.4, of the same
company. Manual editing may also be carried out by this
program. The orthoimages in false colours are produced by
Inpho’s ”OrthoMaster” program. The difference between the
two elevation models (nDSM) is calculated by a simple C++
program written for the purpose (cf. Section IV.A). The
generation of the land cover map is carried out in “R”. Input
is the nDSM and the NDVI map. The NDVI map is
generated by the open source software LEOWorks [32]. The
land cover map is visualized using “Quantum GIS” - an open
source Geographic Information System [33]. The assessment
of the land cover map uses the “DTMaster” program, which
enables dynamic positioning to derived sample data.

C. Results

The calculation of the DSM (with a spacing of 0.25 m)
yields a precision of 6z = 0.04 m. The absolute accuracy of
the DSM is roughly checked by means of a few points,
which had a maximum difference to the true values of 0.26
m. The binary NDVI map is generated by applying a
threshold of Typwi = 0.1. The threshold for separating low
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Figure 4. Result of classification in 2D. Legend: Red dots =
‘building’, brown dots = ‘road and parking lot’, bright green dots =
‘grass’, dark green dots = ‘tree and hedge’.

and tall vegetation and non-vegetated objects is selected with
Tapsm =1.0 m. The result of the classification using these two
inputs is depicted in Figure 4. The four classes are
represented by different colours and are well separated from
each other.

Figure 5 shows an extract of the land cover map in 3D.

Figure 5. Visualization of spatial land cover map in 3D.
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TABLE Il ERROR MATRIX OF THE DERIVED LAND
COVER MAP WITH FOUR CLASSES FOR THE STRATIFIED SAMPLE.
row
class \ reference b r t g total
building 2| 7 9 3 91
road & parking lot | 3 | 79 1 8 91
tree & hedge 8 2 64 17 91
grass 0 2 8 81 91
column total 83| 90 | 82 | 109 | 364

D. Assessment of the thematic accuracy

The overall number of classified cells in the test area
when using four classes was 255222 (b), 254890 (r), 155819
(t) and 241408 (g), which gives a distribution of 28%, 28%,
17%, and 27% of the total area. 364 DSM-cells are selected
based on the STSI design and are compared with the
reference as shown in the error matrix of Table Ill. The
resulting survey weighted overall accuracy of the
classification is 82% (95% CI: 78-86%).

The user’s accuracy of the four classes can be found in
Table 1V. The survey weighted « estimate is 0.76 (95% CI:
0.71-0.81). When only two classes (i.e., ‘vegetated’ and
‘non-vegetated’) are considered, the overall accuracy is 91%
(95% CI: 88-94%).

E. Refinement of the classification

The achieved results may be improved by selecting
another strategy and definition of thresholds for NDVI and
nDSM. Leaving the binary split of NDVI at 0.1, we refine
the subdivision of nDSM by using splits at both 1m and 3m.
Figure 6 shows the resulting six classes, i.e., the vegetated
classes ‘grass’, ‘hedge and bush’, and ‘tree’ and the non-
vegetated classes ‘road and parking lot’, ‘wall and car port’,
and ‘building’. According to the classifications, the
percentage of the classes of the total area are 27%, 9%, 8%,
and 28%, 4%, 24%, respectively.

TABLE IV. USER’S ACCURACY OF THE DERIVED LAND COVER
MAP WITH FOUR CLASSES
class accuracy 95% ClI
building 79% 70%-87%
road & parking lot 87% 79%-93%
tree & hedge 70% 60%-79%
grass 89% 81%-94%
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6 classes

Figure 6. Classification scheme for a land cover map with six classes.
The abbreviations are: b="building’, t="tree’, h="hedge and bush’,
w="wall and car port’, g="grass’.

The derived land cover map with six classes is depicted
in Figure 7; white areas indicate areas, which are not
classified. The error matrix obtained from using stratified
sampling is displayed in Table V. In this case, the overall
accuracy is 86% (95% CI: 83-88%). User’s accuracy for
each class is shown in Table VI and the survey weighted x
estimate is 0.82 (95% CI: 0.78-0.85). When only two classes
(‘vegetated’ and ‘non-vegetated”) are considered, the overall
accuracy is 95% (95% CI: 93-97%).

Figure 7. Land cover map with six classes. Legend: Red dots
‘building’, grey dots = ‘road and parking lot’, bright green dots
‘grass’, dark green dots = ‘tree’, dark yellow dots = ‘hedge and bush’,
brown dots = ‘wall and car ports’.
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TABLE V. ERROR MATRIX OF THE DERIVED LAND COVER MAP
WITH SIX CLASSES.
Class \ row
b h r t | w
Reference g total

building [ 90 | O 0 0 1 (0 91

hedge &

bush 0 |41 29 5 (16| O 91

grass 1 |11 ]| 75 4 0110 91

road &
parking 0 1 4 86 | 0 | O 91
lot
tree 3 2 8 1 761 1 91
wall& | o1 g 1 g |93 |2 |62] o2
car port
column o9 | 63 | 127 | 109 | 95 | 63 | 546
total

Another possible improvement is the use of more
advanced classification methods than the current
classification trees with manually derived rules for the tree
splitting. We, therefore, investigate the use of classification
and regression trees [34] with automatically derived splits
based on recursive partitioning and as implemented in the
“R” package “rpart” [19]. The classification of each cell is
based on the continuous measurement values of both nDSM
and NDVI.

In order to take the sampling design into account during
the classification we weight each cell i, i=1,...,n, in the
accuracy sample by its inverse inclusion probability, i.e., in
our case of stratified simple random sampling the weights
are Wi=Ncq/nes), where c(i) denotes the class of cell i. An
overall accuracy of this classification procedure is then
calculated by n-fold cross-validation, i.e., for each cell i in
the accuracy sample a classification tree is fitted using the
other (n-1) weighted cells as training set, then the obtained

TABLE VI. USER’S ACCURACY OF THE DERIVED LAND COVER
MAP WITH SIX CLASSES
class accuracy 95% CI
building 99% 95%-100%
hedge & bush 45% 35%-56%
grass 82% 74%-89%
road & parking lot 95% 88%-98%
tree 84% 75%-90%
wall & car port 68% 58%-77%
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tree is used to classify cell i. Overall accuracy in its survey
weighted form (as explained in Section VI.A) is then
computed from these predictions. Such fitting of
classification trees and accuracy measure computations can
conveniently be performed using the “R” package “ipred”
[35].

In the case of four classes and the accuracy sample of

n=364, the resulting overall accuracy of the automatically
fitted regression trees is 77% (95% CI: 72-81%) as compared
to 79% (95% CI: 74-83%) of the manual tree.
Note: The overall accuracy of the manual tree is slightly
different compared to the numbers presented in Section
VII.D, since the NDVI values are here calculated from an
image with a higher resolution (3300 pixel x 3200 pixel
instead of 802 pixel x 828 pixels of the NDVI-map derived
by the program “LEOWorks”).

In case of six classes with n=546, the overall accuracy is
81% (95% CI: 78-84%) as opposed the 82% (95% CI: 79-
85%) of the manual tree. Altogether, the two results show
that the gain in accuracy for our test area is not substantial
when using the automatic classification trees trained from the
accuracy sample. We, therefore, focus the presentation on
the more easily interpretable manual tree.

VIII.

The achieved overall survey weighted accuracy of the
land cover map with six classes is 86%. Regarding the
important user’s accuracy, the result for class ‘building’ is
correct with 99% and of class ‘road and parking lot” with
95%. This is a very good result because simultaneously the
survey adjusted producer’s accuracy for the two classes is
97% and 92%. The results for classes ‘grass’ and ‘tree’ are
also good with 82% and 84% (corresponding producer’s
accuracy of 82% and 76%). The derived survey weighted x
value is 0.82, which is better than the 0.76 at four classes.
Using six classes improves the overall accuracy.

Automatically fitted classification trees are a
computationally intensive supervised learning approach,
which use more flexible splits and thresholds to perform the
classification. However, these methods require a sufficiently
large training set to work well. In our test example, the tree
splitting rules are initially manually selected based on a-
priori contextual information (e.g., a house has a certain
height) and the resulting classification trees actually perform
comparable to the more sophisticated machine learning
approach, while being easier to interpret. One reason for this
is that contextual knowledge is not captured by the purely
data driven machine learning procedure - in case of small
accuracy samples this makes a difference. A way to improve
the automatic procedure will be to use a Bayesian framework
for the classification trees where contextual information
about splits is reflected as data augmented prior cases.
However, when training sets are larger or contextual prior
information less clear (e.g., in case of many diffuse classes or
many indirect input variables), the automatic classification
trees method and its refinements (e.g., classification tree
ensembles) may provide superior classification results.
However, our aim was not to fully explore the details of such
complex classification for our test area, but rather to show

DIsSCUSSION
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that normalized DSMs and NDVI maps provide important
additional information for land cover classification and that
training and subsequent accuracy assessments of the
classification can be refined using stratified sampling without
much extra software effort. Future work could focus on
adding extra cell-based attributes and on different machine
learning algorithms such as support vector machines [36].
The displacements of elevated objects in standard
orthoimages could be avoided by means of using true
orthoimages instead of standard orthoimages when
compiling the NDVI map. The use of true orthoimages
requires digital building models (DBMs), which are seldom
available because their production is very expensive.

IX. EVALUATION

In this paper, elevation data of high density have been
derived from aerial images. The applied high-resolution
multispectral images enable the generation of a vegetation
map and the generation of heights above ground. By means
of a combined use of height and vegetation data a land cover
map can be produced with a high degree of automation. Such
a map is the graphical output of a point cloud with two
attributes (height above ground and vegetation index).

Land cover maps with even more classes than the six
investigated in our work can be generated when a finer
partitioning of objects attributes is used or further attributes
characterizing objects are added. For example, more
intervals in the height above ground can differentiate various
types of vegetation. In addition, water areas can
automatically be extracted from the near-infrared band of the
multispectral imagery.

An important prerequisite for good results of land cover
maps is the quality of the applied imagery. Reference [1]
investigates images used in this work. It is concluded that the
images of the used camera have similar good results in the
point spread function as large-format aerial cameras. The use
of a medium-format digital camera (which is considerably
less expensive than a large-format camera) is also a novel
approach for the generation of land cover maps.
Furthermore, its low weight and dimension enable the
installation in helicopters and unmanned airborne vehicles.
The use of medium-format aerial cameras instead of large-
format cameras seems to be a general trend in the field of
mapping and GIS.

DTMs, DSMs, nDSMs, or 3D point clouds may already
exist for large areas. The generation of land cover maps may
use such elevation data of existing databases. However,
quality checks have to be carried out in order to determine
whether the data are fit for purpose. High density, high
positional accuracy, and completeness of the elevation data
are prerequisites of the presented approach.

X. CONCLUSION AND FUTURE WORK

New advanced aerial cameras and new processing
software make the automatic generation of urban land cover
maps more efficient. The additional use of elevations yields
better results in the classification. In this contribution, the
assessment of the thematic accuracy of a test area is carried
out by stereo observations of false-colour images for the
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derivation of reference values. The achieved good results at
the manual tree classification (86% overall accuracy) as well
as at the automated classification based on cross validation
(81% overall accuracy) are possible, because accurate and
dense elevation and vegetation data can be derived from the
high-resolution multispectral imagery. The selected approach
is, thereby, superior to classification from low-resolution
satellite data. The open source software “R” provides all the
tools needed for performing statistical prudent classification
and accuracy evaluation of land cover maps. The updating of
topographic data bases receives new possibilities to improve
existing procedures.

In summary, we suggest to try out the proposed method
on larger test areas — possibly also comprising of additional
urban structures — in order to gain more insights about the
scalability and robustness of the method.
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Abstract—Simulation can be used for analysis, prediction and
optimization of business processes. Nevertheless, process
models often differ from reality. Data mining techniques can
be used to improve these models based on observations of a
process and resource behavior from detailed event logs. More
accurate process models can be used not only for analysis and
optimization, but also for prediction and recommendation as
well. This paper analyses process models in a manufacturing
company and its historical performance data. Based on the
observation, a simulation model can be created and used for
analysis, prediction, planning and for dynamic optimization.
Focus of this paper is in different data mining problems that
cannot be solved easily by well-known approaches like
Regression Tree.

Keywords - business process simulation, business process

intelligence, data mining, process mining, prediction,
optimization, recommendation, association rules, genetic
algorithms.

l. INTRODUCTION

Classic simulation can be used for the analysis of
business processes. It is useful to test many variations of
processes, measure the effects and then choose the optimal
process settings. Thus, the process can be redesigned. It is
possible to change resource allocation and search for the
most optimal configuration with respect to context-based
requirements (price, effectiveness, customer satisfaction,
etc.). The current process configuration can be tested to
discover how many cases it can handle over periods of time.

These models can be built manually but this is time
consuming and error prone. The main disadvantage is that
this approach cannot be used for predictions of operational
decision, but only for strategic decisions if there exist some
dependency on case attributes (see later). The operational
decisions are important for internal logistics purposes. The
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casual models have some simplifications — for example
overall probabilities of routing and naive execution time of
the task. These parameters are set with respect to on long
observation of processes, so they can work in a long-term
simulation for strategic decisions. Nevertheless, operational
decisions require short-term simulation. These two
simulation approaches differ significantly. The short-term
simulation starts in the current state of the process with
allocated resources, cases in progress with known parameters
and with waiting cases to handle. Routing probabilities and
execution times can differ significantly for different case
variables, therefore, mining of deeper dependencies is
needed for better solution.

For example, let us assume a repair process. There are
two tasks — repair of a basic item and repair of an advanced
item, repair of a basic item is executed in 90% of cases and
repair of an advanced item only in 10% of cases. Execution
time for a basic item is about one hour and execution time
for an advanced item is about eight hours. If our current case
has attributes and these attributes lead to advanced repair
with 80% probability, classic approach using overall routing
probabilities is not precise enough to be used. And there is
one another problem — execution time of a task is also
influenced by case attributes — some case attributes may lead
to longer execution time. Resources have to be also taken
into account, e.g., some people work faster and some of them
slower.

Predictions, recommendations, and dynamic
optimizations could be accomplished by operational
simulation. The system can warn us that some cases will be
probably late, based on comparison with historic
performance data. Then, some different scenarios can be
simulated and evaluated. After that, the system can
recommend us actions and provide dynamic optimization of
current running cases — for example; assigning extra
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resources from a non-critical case to critical or use a different
sub-process — if we have a slower and cheaper or faster but
more expensive variation.

This paper analyses processes of a manufacturing
company. Simulation model is built using process mining
and it is used for predictions. Based on these predictions,
managers can change priorities (reallocation of resources) or
better plan their storage space, because working front is
known and, therefore, they can better predict manufacturing
time. Building of simulation model from discovered model is
beyond that paper, because analysis of data is also quite hard
problem because of many real issues that need to be solved —
that leads to some different problems. So this paper is mainly
about analysis of data and then, these results could be used
for the simulation and for other problems as well.

This work is an extension of our previous research in
process mining and simulation field [1]. Paper is organized
as follows. Section Il describes related papers. Section Il is
overview of whole idea with some topics as utilization in real
processes or problems with data preparation. Our real
manufactory is described in Section IV. Then, three different
approaches are described in Sections V, VI and VII. It is
because different types of real problems that are needed to
achieve our goal. Section V describes prediction using
standard classification (like regression trees). Section VI
solves the same problem but with variable feature vector
length. This type of problem could be solved by
classification methods, but many of them has problem with
variable vectors. So we chose Association Rules to solve
this. Both sections are based on existing methods with some
extensions to better fit our problem. These extensions are
described quite in general, not only for our company. Section
VII solves another type of common problems — unmeasured
processes. These are processes that are not fully measured
and we propose some solutions to deal with it. Also, some
further research is consulted. Section VIII is about analyzing
errors. Previous sections are about predicting execution
times, but errors are also important. Section 1X is our
summary of experience in real manufacture and about
problem with measurement, because it is costly. Last section
is conclusion. Experiments are provided in all of three main
sections (V, VI, VIl and partly VIII) for better intelligibility.

Il.  RELATED WORK

Data mining techniques can be used in Business Process
Management. The research area is referred to as Process
Mining [2][3][4][5][6]. It is focused on analysis of
information from event logs that were produced by business
processes. Process discovery (Figure 1) is one of the
methods and it is able to find a process model from an
unknown process using many sequence examples of tasks
and case parameters.

Except process model, also decision rules, social
networks [3][7][8] and simulation models [7][8][9][10]
could be discovered.

Resource behaviour is also a point of interest
[11][12][13]. Example of simulation model [7] is depicted in
Figure 2.
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Log Records:
ABDEFG, ACDDFEG, ACDFEG, ABDFEG, ACDDDEFG, ABDDEFG

Figure 1. Process discovery. It is possible to discover a process model from
the trace log.

It is possible to see routing probabilities and decision
rules (decision rules are used when case attributes are known
— that leads to better routing rules) and it is possible to see
time distribution of tasks.

Some other research on process prediction was published
in [8][14][15][16]. Wetzstein [15] used decision trees to
analyse process performance (see Figure 3). As it can be
seen, if the response time of a banking service is higher than
210, KPI (key performance indicator) is always violated. If
customer id is 1234, manager can observe process
bottlenecks and try to make banking service faster or find out
why the customer 1234 has problems.

Grigori [16][17] uses similar approach used not for
analysis but for predictions. Huge classifier is learned based
on case attributes, start time and end time of task execution.
Classifier can predict final execution time of a case based on
case parameters and time information from executed tasks.
Evaluation of that approach compared to our approach is
discussed in [10]. In addition, our work uses similar
approach as [15][16][17] but it combines it with process
mining.

120+-80 min

Receive item Check item Make
decision

Repair
advanced

Cancel

If (ItemType = Mouse) Decision = Repair Basic (90%)

If (ItemType = Notebook AND Damage = "Broken board") Decision =
Repair Advanced (35%)

If (ItemAge = 2 years) Decision = Cancel (100%)

Figure 2. Simulation model. Classic simulation model is enhanced by
decision rules. Decision rules can make our routing probabilities more
precise, because they depend on case attributes.

Finally, when we discover deeper dependencies between
routing rules and execution time of cases, we can use it for
simulation related to decision support [10].
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Figure 3. Process performance analysis (taken from [4]). Decision tree is
used to discover factors that lead to KPI violation. We can see that KPI is
violated when response time of a banking service is larger than 210.

Our previous work [1] is an extension of papers
[71[8][10] and it adds some important features, some of them
inspired by papers [15][16][17]. For example, execution time
of cases could be also predicted by a classifier such as
decision rules. This paper shows that our theory of [10] can
be applied in a real large manufactory company. It also adds
some additional theory in Section Il1.

I1l.  MORE PRECISE SIMULATION MODEL

As it is said in [10], there is a demand on building more
precise models than the one described by papers [7][8]. We
will describe steps needed to accomplish it.

A. Process Discovery

If a process is not known, it is possible to discover it
using process discovery techniques [4][6]. However, only
process discovery is not sufficient to build simulation model.
If an explicit model is not present, it is possible to discover
it, but the precision of the model will be lower than the
explicitly given by a real model. In some companies,
discovered model could be more precise than an official
model but it is because these companies do not have their
models well-structured in many cases. This is not the case
for manufacturing companies where prediction and usage of
short time simulation is considered to be better.
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B. Decision Mining

Decision mining is based on discovering routing rules in
OR split nodes. These rules could be also available but
sometimes they are not applicable. Let us assume that a
routing rule is based on one parameter, which is inserted into
the system just before the decision. Thus, our predictor will
know the next path only in the time of decision — this is a
useless prediction. In these situations, decision mining has to
be used. The topic of decision mining is described in [7],
[8][10]. Classifier is learned on training data where inputs
are case attributes and output is the next path in process. Our
work [10] describes another problem, which is missing
attributes or 100% precise attribute known in the time of
decision inserted by human (described earlier). If some
attributes are missing, classic classifiers will not work in a
proper way. If there is a 100% precise attribute then
classifier is based only on that attribute. Solution is the same
for both problems — it is necessary to build several classifiers
for several milestones of the process — from the start (only
subset of case attributes are known) to the end (all attributes
are known).

C. Execution Time of Tasks

Execution time of tasks is the most important issue in the
short-term simulation. Process model and routing rules are
important as well. However, in companies with predictable
business processes (especially manufacturing companies),
control flow and routing rules are used to be formalized and
nearly 100% precise.

Execution time of tasks will be described precisely in
Sections V, VI and VII where different approaches for
different problems will be introduced.

D. Usage of analysis and simulation

There are several ways to use our methods in practice.
We must realize that we must do two tasks. First task is the
analysis of historic data, which is the main focus of the
paper. Second task is to build the simulation model for
predictions based on previous data discovery. Second task is
not the main topic of this paper, but it is the main goal. Now,
we will describe utilization of both steps.

1) Prediction, Planning, Reccomendation

First usage is obvious and we described it in Section I. If
we know the task execution times (does not matter if it is the
result of data mining or manual measurement), we can better
plan our whole work, material flow, inventory, machine and
resource utilization. Using simulation, we can evaluate
multiple plans and choose the most suitable of them. Also,
we can monitor running process and check if some problem
is going to come in future. Of course, with some probability
— there must be multiple simulation runs.

There is other utilization in scenario testing. Managers
can make some change in the process (better machine) to test
what is the influence and cost of the change.

2) Analysis

Because the first step is about data mining, we can use
these discovered information for another use. If we know
what case attribute causes what time and variation, manager
could ask for most influential attribute combinations (low or
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high time and variation). Variation is also very important
because high variation suggest some production problems,
which is not good for planning. With these tools, managers
can focus on most problematic attribute combinations and try
to solve them.

Another usage is for worker performance [13]. There is a
problem with computation of worker performance, because it
is dependent on attributes. Paper [13] describes it in further
detail.

Error analysis is also an important part. Some attributes
have higher error probability. Errors are important not only
to predict execution time of tasks but also to predict routing
between tasks — faulty product could be sent to repair and
could not almost affect time of task where it occurred.
Analysis of error is important for execution time of
prediction and there is whole short section at the end of the
paper that describes it more deeply.

Last usage is about analysis of changes. Suppose
management of company bought new machine (or new
working method). Was it really an improvement and how
much? If we analyze both old and new task data, we can
discover differences between them. For example, new
machine could be overall better, but only for some attribute
combination.

Analysis of time and variations based on attributes could
be also good for advertising. Management could focus on
products that have good attribute combinations for
manufactory — in our door company, some doors are
produced fast, some more slowly. If there is a big
commercial on some more problematic doors, production
should be late and it could harm name of the company.

3) Simulation based on historic data

This type of simulation is not for prediction, but for
analysis. It is not the simulation as we know it, but only
replaying of historic log data. Using this, we could analyse
effect of changes on queues and much more interesting
features. But this type of analysis is beyond the scope of our

paper.
E. Problems in preprocessing step

Every data mining needs data cleaning and
preprocessing. This is the step most dependent on data type.
We should describe some problems we encounter in our
practice.

1) Analysing quality of data set

First step we must always do is to gain information about
data set reliability. We must analyse records with the same
attributes, if they are available — they may not, but almost
every data set contains some set of records with identical
attributes. Then, we must compute variance of those similar
records. For example, if there are twenty records with
attributes A, B, C, we have to compute their variance
execution times. If A, B, C = 250s, A, B, C =300s, A, B, C
= 350s, etc., then we have to compute variance from these
numbers. If the result variance of nearly all of types of record
set is not lower than the variance of whole data set (variance
of all record times), the data set is useless. It means there is
no dependency on attributes or some attributes are missing or
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there was some problem in measurement — last problem is
the most probable in our experience.
2) Low and High Values

Beware extreme values in data sets, it means different set
of scenarios. Extremely low values are probably errors that
were discovered and sent to repair. Extremely high values
are errors or poorly measured values. We must be careful,
because sometimes break can affect time dramatically —
suppose start of task was measured correctly, but then break
occurred and then work continued — total task time will not
be useful at all. So high values do not mean automatically
error, if we want to analyze errors (see later), we need
information about errors explicitly given in data. Another
possibility is schedule of breaks.

3) “Half Measurement”

Another problem, sometimes solvable, is the “half
measurement”. Sometimes, there is only information about
start or end of the process. Sure, we can deduct these times to
get real time. Deduct means that if product A enters into a
task and (for example) start time is measured, then product B
enters the machine and another start time is measured. Then,
if a task could contain only one product, we can compute
Time as Start(B) — Start(A). It is easy, but it may not work. If
we are deducting times (start or end), there must be quite
high utilization of task (low waiting for product processing —
pause). Every waiting could be considered as production
because we have no idea if there was waiting or our product
took more time to produce.

Fortunately, this problem could be sometimes solved, but
only in tasks with low variation based on attributes. Global
variation could be high, but there is a need that cases with
identical attributes must be produced with little variation. If
this is true, we could analyze different sets of records divided
by attributes (every set of record has its own attributes and
every records in set have the same attributes). The sets will
have some execution times and time of every set will be
ordered ascending. We will get something like this for some
set of records with the same attribute. For example, there are
twenty records for attributes A, B, C: 100s, 101s, 102s, etc.,
110s, 112s, etc. 140, etc..If we suppose low variations of
executions for the same attributes, first records are the real
execution time whereas others are probably affected by
waiting time.

Half measurement is not only burden that negatively
affects accuracy of prediction but it can be also advantage.
Measurement devices are also quite expensive so every
saving counts.

IV. MANUFACTURING COMPANY

The manufacturing company is specialized in door
production. Uniqueness of door is characterized by their
attributes (about twenty) and based on these attributes,
different operations are executed. Doors have different
material, size, weight, different corner and edge types,
different handle and glasses, etc. Every door has its ID and it
can be modeled as a case. Doors are mainly manufactured in
machines (tasks). Some machines work in parallel; some
machines are bound to several tasks, thus these machines
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must be treated as resources, because machine could be
down or working. People are working with machines or in
manual workplaces. Routing probabilities are 100%
accurate, because doors with specific attributes must be
manufactured only by a specific machine and with specific
settings.

Resources are quite predictable, because they work on
shifts and they are always available and planned several days
ahead. The only unknown parameter is execution time of
tasks that depends on case attributes — every case is modeled
as one door, so case attributes are door parameters. Door
parameters are known at the beginning of the process and are
constant, so there is no need to build several classifiers for
several periods of case execution [10]. Execution time also
depends on people work rate, work queue and error rate
(especially in manual workplaces), but this is issue beyond
the paper.

Context-based predicting the execution time of tasks can
help with several issues quite precisely. First, it is possible to
decrease storage spaces, because they could plan execution
order of cases in order to decrease waiting times. Our
prediction decreases variances of execution time and thus
logistics can have methods to plan storage spaces with better
results when there is a low variance. They will also know if
some doors will be probably late and for example they can
respond to that changing priorities, resource allocation, etc.
Another important issue is the analysis. Managers could
measure which door types take long time to be produced and
based on that, they can calculate their price more precisely.
For logistics, execution time is not as much important as
influence of variance of execution time. It is possible to
measure which door types (based on parameters) have high
variance. Process engineers can focus on those door types
and try to find out the cause of high variance, or produce
them only in situations (if it is possible to wait) when
variance is not such important issue.

A. Usage in Company

Because our manufacturing company has quite a lot
dependence on door attributes, it is important to discover
them to better plan production. Order of different doors for
production is also important, because some machines could
produce some door types faster, some more slowly and we
need to better balance the product flow.

V. PREDICTION OF TASKS EXECUTION TIME USING
CLASSIFICATION

The time deviation is sometimes high, but it can be
decreased by data mining techniques. Thus, it is useful to
examine data and find relationships between case parameters
and execution time for each task in the process. This can be
solved as a classification problem, where case parameters are
considered as input attributes and execution time is
considered as the target attribute.

A. Classification and Prediction Models

There are many kinds of classification models; every
model has its advantages and disadvantages based on
properties of data used for classification. Our problem is
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rather prediction than classification, but both issues are
related and many models support both of them. One common
definition is that prediction predicts future and classification
works as pattern recognition. Other definition is that
prediction works with numerical target attributes and
classification with categorical target attributes. Prediction
can be transformed to classification by transforming target
attribute from numerical to categorical, where categories are
intervals that covers whole domain.

In our case, we have 18 case attributes and one numerical
target attribute. All case attributes are categorical. Even
through there are also some of them numerical (width,
height), but they are standardized to only few distinct values,
so they can be considered as numerical or categorical
depending on requirements of classification or prediction
model. It is more difficult for prediction (even in our case)
that target attribute varies even for cases with the same
values of input attributes. This is typical for execution time,
because work is performed not only by machines, but also by
people and people do not often work in coherent speed.

High variability of door types is another problem. In our
manufacturing company, it is possible to make millions
kinds of doors, which causes problem in prediction, because
it is difficult to obtain enough examples for prediction.
Attributes can also contain high number of distinct values
which correspond with high variability of door type (this is a
problem for neural network classification).

In the next section, some prediction models will be
described and its applicability is discussed.

1) Neural Network

We have tested Neural Network approach, but results
have not been satisfactory. Neural Network was not able to
learn. It was caused by the high number of input neurons -
303. Every categorical column had to be transformed into
new columns. Every distinct value of that column created a
new column, which holds 1 or 0 value. For example, the
column corner has four distinct values — left, right, top, and
bottom. It creates four new columns that can acquire value 1
only once for a row (for the columns that belong to one
categorical column). That transformation was necessary,
because neural network can handle only numerical attributes.
Target attribute was divided into several intervals and every
interval was modeled as a single output neuron.

We think that network was not able to learn because of
high number of inputs compared to number of training
examples and mainly because of the output variability of
(even identical training examples had little different outputs).
Thus, we think network is not sufficient for our problem
because of high number of categorical attributes and
variability of the target attribute.

2) K-Nearest Neighbour (KNN)

The method is based on a simple idea of finding several
examples from training set closest to an input pattern. We
simply computed number of differences between training
example and input pattern. These differences (0 or 1, equals
or not equals) were weighted. Weight of each attribute was
computed by the same method described below by the
regression tree. Higher weight means that attribute has
higher influence on execution time and it is considered more
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important. Then twenty nearest examples were given and
mean, minimum, maximum and deviation of time was
computed (we measured only mean, but deviation is also
important in simulation and it is a good indicator of supposed
reliability of prediction).

Results (Figure 4) were quite satisfactory (there is only
subset of real workplaces). We have compared prediction to
a simple algorithm — prediction based on mean of all
execution times. The simplest predictor is the predictor that
assumes mean value for every example. Differences in table
are mean of all differences between real values and predicted
values for every tested example. We have run the test with
600 examples and we have compared them to a dataset that
contained approx. 10-20 thousands records for every
workplace. Rating was computed as a ratio between
difference computed by the algorithm and difference
computed by mean. Thus, the result 0.5 means that we have
decreased the variance of execution time of task by about
50%.

Figure 4 shows that some results are satisfactory, others
are worse. For example, ratio of workplace A seems to be
good, Workplace C is not as good as Workspace A.
Nevertheless, it is not the problem related to the method,
execution time does not rely only on attributes. It is for
example the case of workplaces C, which perform packaging
and that type of work is naturally quite independent of door
types. .Workplace A is a machine that does not depend on
resource skills, workplace B is a workplace with dependence
on resource skills and workplace C is a manual workplace
(packaging) that does not depend so much on door type, but
on resource performance

3) Regression Tree

Decision tree is a popular model. It is simple, readable by
human and quite fast. Precision has not been as satisfactory
as results given by the K-Nearest Neighbor classifier.
However, the classification speed is several hundred times
faster. Regression tree is a decision tree with numerical
target value. Nodes contain information about mean,
minimum, maximum and deviation of predicted value.
Learning algorithm is similar to decision tree, but selection
of split nodes differs. We have numerical target attribute,
therefore, algorithm can be as follows:

Input: A table, which contains a numerical target attribute.
Output: Decision powers of all attributes.
1. For each column C

2. For each distinct value v; of column C

3. Take all n target values t; of column grouped
by current distinct value and compute their
deviation o;.

4, Count the decision power of the column as:

DP(C) =1/ (Za;i/ n), i.e., mean of all deviations.
Algorithm 1: Regression Trees

This algorithm is similar to entropy computation, which
is computed for categorical target values. The deviation is
closed to entropy because lower deviation points to better
decision power. Computing of deviation can be also
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weighted by count of rows related to groups divided by
distinct values of column — distinct value with more rows
should be more important. We have tried both approaches,
but no significant precision difference was observed, even
maybe precision has been a bit lower. Algorithm described
above works similar to ID3 algorithm. C4.5 algorithm has
been also tried, however, no significant difference has been
found. Post-pruning was based on removing nodes with low
row count (every node corresponds to a subset of the whole
data set), because nodes with low row count are not
representative.

Regression Tree has had worse precision compared to K-
Nearest-Neighbor (about 1.2 — 1.3 times worse), but it has
had also several advantages. It is more readable to human
and it can be used to examine some properties of tasks — for
example, which combination of attributes affects execution
time positively or negatively or which combinations of
attributes have little ratio of prediction — that is represented
by deviation of target values corresponding to some node of
tree.

4) Regression Tree Forest

Regression Tree Forest is based on several Regression
Trees. Obvious example can be the Random Forest. The
Random Forest creates many decision trees (more than one
hundred) using classic (ID3 or C.45) algorithm with several
differences:

1. Every tree randomly selects subset of rows from a

training set (about 2/3).
2. Every tree randomly selects subset of attribute
columns (about 2/3).

3. Every tree is not pruned and full-grown.

4. Predictions are made by voting of all trees by

computing mean.

It is known that Random Forest is a very precise model
and it is still quite fast, because it is semantically similar to
K-Nearest-Neighbor algorithm. However, learning time is
quite long (it requires more than one hundred trees), we have
found it not suitable for real-time decision support. However,
we have tried some trade-of between Random Forest and
normal Decision Tree. We created several (about ten) trees
and enforced different first splitting column for every tree.
Enforced columns were ordered by their decision power.
Thus, first tree root node begins with the first (best) column;
second tree root node begins with second column, etc. In
addition, every tree randomly selects 70% of dataset and
70% decision attributes as it is used in Random Forest
algorithm. Trees were pruned (opposite to Random Forest,
which is not pruned) to about 10 rows in a node.

It should be stressed out that in normal Random Forest,
result is computed by mean of all tree results. We have
selected the best tree result by looking to the deviation of
tree node. Best prediction could be measured by deviation of
particular rows covered by a tree node. Node with lowest
deviation wins. This rule was necessary because mean of all
tree votes gave very unsatisfactory results — mainly because
we have had only low count of trees compared to Random
Forest.

Then, we designed another improvement — tree result
(mean and deviation) was not computed only by looking at
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the leaf node but also the parent node is taken into account.
We have computed mean by both nodes mean values
weighted by their deviation (if a child node had much better
result — low deviation — than parent, its result will have
bigger vote). That improvement has also been tested in a
single ordinary Regression Tree and it increased precision
too, but only slightly.
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Figure 4. Experiments. Four methods were used on three workplaces. Note
that a higher column means lower precision.

Our Tree Forest significantly improved accuracy of
classifier, the ratio was only about 1.05 times worse
compared to K-Nearest-Neighbor, however, it was the order
of magnitude faster than K-Nearest-Neighbor, usability of
which could be problematic in real time monitoring for all
tasks due to performance issues. Similar results can be
explained, because random forest works similar to K-
Nearest-Neighbor. It returns items that are close (by
attributes) to a predicted item, but it uses tree searching
instead of searching in the whole table.

B. Execution Time and Resources

There is a little problem with resources. The resource
information can be treated as a normal case attribute, because
it has impact on execution time of task, but there can be
some difficulties. For example, if we allow decision tree to
build tree using resource attribute, final leaf will contain only
records that were executed only by that resource. This could
cause problems because sometimes it is better to look for
more examples, even from another resource. However, if we
do not have such training examples and resource
performance does not differ too much from other resources,
it is useful to look also to another resource records and
consider them.

The second problem is related to dynamic changes. Even
if the process is the same (e.g., technological process),
workers performance changes over time. More experienced
workers may be faster, thus our algorithm should be
prepared for dealing with that kind of issues. We recommend
the following method, which slightly improved prediction in
our manufacturing company.

Suppose K-Nearest-Neighbour or Regression Tree (or
Forest) classifier. All that classifiers could be implemented
to return set of records rather than final prediction (mean and
deviation). The result (mean, deviation) could be
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implemented over those records, but with different weights.
First, records that belong to the resource, performance time
of which is now predicting, should have bigger weight (for
example two times higher) than other records. Second, these
records (of our resource) should be considered in the time
plan. Newest records should have also higher weights (for
example two times higher than the oldest). Why it is not
possible to take into account time plan also for other records
(other resources)? Because it is very difficult to know about
them enough information in order to take into account their
improvement and skills compared to our resource. This could
be issue to another paper.

C. Computing Variance

As we mentioned, low variance is important for good
process of planning and material flow. It is useful to know
variance of a task based on its attributes. Our tested method
returns the set of examples and then computes means from
them. It is not difficult to compute variance as well. But
there can be a problem with different methods that do not
return a set of examples, but only the final decision (not a
regression tree problem, because leaves contains mean and
also variance information even if algorithm is not built to
return set of examples). For example, it can be problem with
Neural Network, which is not built to return examples at all.

D. Test on Validation Data

Previous results were tested on training dataset. We have
done another test using test dataset (about 20% of whole
data) to prevent overfitting. Results were very similar to
previous tests; therefore, we did not include them here. It is
because methods like KNN and Regression Tree are quite
robust to overfitting. The second reason is related to data —
there is some variance even for records with the same
attributes. So overfitting is not an issue here.

E. Summary

We have tested three tasks: One machine with little
human interaction, second machine with manual work and
third packaging with little dependence on door type, but with
dependence on resource. As it was presented, Regression
tree is always less precise than other methods, while
Regression Tree Forest is as precise as K-Nearest-
Neighbour, because it is like the optimized K-Nearest-
Neighbour. Last method was the weighted Regression Tree
Forest. As it has been shown, weighting on workplace A did
not improve result at all, because machine works
independent on resources and time (it does not learn to work
faster). In Workplaces B and C, there was some
improvement. Workplace C had the worst results, because
packaging is not dependent on door type too much, but it is
dependent on resource — we can see that weighting slightly
improved performance.

VI. PREDICTION OF EXECUTION TIME OF TASKS USING
ASSOCIATION RULES

In some cases, there is a need to process non-relational
data because sometimes the sizes of various cases can be
different. Their main difference from classic relational data
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is the fact that various records can contain various counts of
values (case parameters). To predict execution time of a
process, it is suitable to use the association rule based
classification because data are similar to a transactional
database. For our task, we will consider each case as a
transaction.

A. Mining Association Rules

Association rules were first introduced by Agrawal et al.
[18]. Mining association rules was primarily designed for
usage in transactional data. Therefore, it is not any problem
with discovering association rules from this kind of data. A
lot of algorithms for mining association rules in transactional
data have been developed. The Apriori algorithm [19] is
probably the most famous of them because of its simplicity.
On the other hand, the FP-Growth algorithm [20] proved to
be much more efficient than the Apriori algorithm.

Association rules are most frequently used in market
domain, typically for market basket analysis, where
transactional databases are used. Here, the goal of mining
association rules is to find rules of a form A=B where A and
B are sets of items. If this association rule is found, it is
usually interpreted as: “If a transaction contains a set of
items A, it is likely to contain a set of items B”.

A formal description of the association rule mining
problem is specified as follows. Let | = {il, i2, ..., in} be a
set of items, which can be contained in a transaction. Let T =
{t1, t2, ..., tm} be a set of all transactions, where each
transaction ti = {iil, ii2, ..., iik} is a set of items, where each
item iij e | (for i e(1,m) and je(1,k)). If A is a set of items, a
transaction t contains A in case that A < t. Then, an
association rule is defined as an implication of the form
A=B, where A, B c | are sets of items, which are called
itemsets. These sets must be disjoint. An itemset that
contains k items will be called k-itemset.

Potential usefulness of a rule is usually expressed by
means of two measures — support and confidence. The rule
A=B has a support s, if s% of transactions contains both
itemsets A and B. It represents the probability of occurrence
of the rule in the database. This probability can be expressed
as

support (A=B) = P (ALB)

Confidence of the rule represents the strength of
implication in the rule. It is the conditional probability that a
transaction contains the set B provided that it contains the set
A. This is expressed as

confidence(A=B) = P(B|A) = P(ALB)/P(A)

For each association rules mining task, a value of
minimal required support and confidence must be specified.
If the condition of minimal support and confidence is
satisfied, the association rule is called a strong association
rule. A frequent set is an itemset satisfying user-defined
minimum support and strong rules are generated from

)

2
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frequent itemsets that satisfy also user-defined minimum
confidence.

B. Association Rule Based Classification

The model described above can be also adapted for
classification. The association rule based method was
originally designed for classification of text documents into a
set of predefined categories. Each text document is
represented as a transaction — a set of words (terms), which
occur together in the corresponding text document.
Generally, a transaction is defined as a set of items.
Therefore, the only required information is the occurrence of
the term in a document.

Association rule based classification method was first
introduced in [21]. The main advantage of it is that it
provides a human understandable classification model in a
form of association rules and good accuracy of classification.
The Apriori-based algorithm is used to generate association
rules.

The next method called CMAR [22] was based on a well-
known FP-growth method for mining association rules,
which is significantly faster than Apriori-based algorithms.

The method described in this paper is a modification of
association rule based classification method designed for text
classification. The original method described in [23] works
with text documents represented as transactions (set of terms,
which occur in the document). In the training phase,
association rules are discovered from these transactions for
each class separately by use of the Apriori algorithm.

For this classification method, we are focused only on a
special form of association rules, which is usable for
classification. The required form of a rule, which is a result
of the training phase, is the following:

termy A term, A ... A term, = Cat,

where the antecedent of a rule contains a set of terms,

which frequently occur together in documents that belong to

category (class) Cat, which is contained in the consequent of
an association rule.

We can see that the task of training phase of the
classification method is to obtain a set of association rules
for each category. This set of rules is forming the classifier.

While the set of categories is predefined and there is a set
of documents belonging to each category, we can obtain a set
of association rules separately for each category. For each
category, a set of frequent itemsets is found with use of
Apriori algorithm in a set of documents belonging to the
corresponding category. Each frequent itemset is then
associated with that category.

That is why the method is called ARC-BC (Association
Rule Classification — By Category). This property allows to
perform so-called multiple-class classification, because there
can exist rules with the same antecedent and different
category in the consequent. If it is necessary to assign only
one category for each document, we have to decide
according to the value of support or confidence of a rule. The
association rules with lower value of support/confidence are
omitted from the classifier.
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If the set of rules is generated, it very often contains very
high number of similar association rules. To reduce their
quantity, pruning techniques can be used. The task is to find
association rules that are more general and have higher
confidence.

If we have a suitable number of rules for each category,
we can use these rules to classify new objects (records,
documents, etc.). We have to obtain a set of terms
representing the new object. If there is an association rule
that contains the same set of terms, the corresponding
category is assigned to the object.

Usually, more than one association rule (for more than
one category) is found for a classified document. It is
necessary to set a dominance factor, which is counted as a
sum of association rules’ confidences. This allows getting a
most dominant category or k most dominant categories for a
document.

In [24], this method was adapted to use it for
classification of classical relational based data but the
experiments presented showed that it is not very accurate if
the table contains more quantitative attributes, which must be
discretized before association rules are going to be
discovered. In our process mining task, discretization of
input data is not required.

C. Usage in Process Mining

The main difference between our process mining task
and the process described above is the target attribute,
because we have to predict a numeric value of processing
time in our data mining task. The task must be transformed
into a classification task. The only possibility to do it is to
discretize the target attribute. Regarding the discretization,
we have to make two decisions — we have to choose the
discretization method and the size of intervals created from
the values of the target attribute. This choice depends
primarily on the end user’s requirements.

Sometimes there may be a need to make some post
processing steps after the training phase of the method
because the same frequent itemset can be obtained for
different categories by this classification method. There are
two possible post processing tasks resulting from this fact:

If the same frequent itemset is obtained for two adjacent
categories (intervals in the antecedent of a rule), these two
(or more) categories can be joined to form one association
rule.

If this appears for two or more intervals that are not
adjacent, we can omit the rule with lower value of support, if
it is significantly lower. If the difference between two
support values is not very high, we should keep all those
association rules in the result of the training phase.

Discussion about this solution and presentation of some
other interesting properties of this method will be contained
in the experimental part of this paper.

D. Experiments

We have made some experiments with a real dataset from
a door producer. The task was to predict time needed to
make a door from the set of input attributes, such as material,
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size, weight, etc. The dataset consists of 17 input attributes
and its size is 10000 records.

It was necessary to discretize the time attribute to apply
the association rule based classification - the attribute was
discretized into three categories (intervals), which represent
low, standard and high time needed to produce the door.

1) Classification Accuracy

Our dataset is a relational table and, therefore, it is
possible to compare association rule based classification with
other classification methods.

The value of classification accuracy is between 75% and
80%, depending on values of minimum support and
confidence thresholds given by the user. This value of
accuracy is comparable with other classification methods
such as naive Bayesian classifier, decision trees or support
vector machines. This leads us to a conclusion that our
method is suitable to predict time also in data with variable
number of attributes.

2) Examples of Association Rules

As the association rule based classifier provides a user
understandable model, it is also possible to analyze the
association rules for individual categories. Probably the most
interesting for the user will be the category, which represents
high produce time.

We can mention an example of association rule obtained
by our method: door_construction = typel A
edge_D=CHO001 = high_time.

This kind of association rule helps producer to plan his
production and to find the reason of delays during the
production process. We have obtained about 30 association
rules for the category representing “high production time”.
Similar count of association rules has been obtained also for
other categories.

It is also interesting to analyze association rules obtained
for more classification categories. This denotes for higher
dispersion of time value. This fact also means that attributes
contained in those rules have less influence on the time of
production. If these association rules are joint into one rule,
we have association rules of the form from the following
example: hardness = 1 A filling_type = DTA = high_time A
avg_time A low_time.

At the end, we can take only interesting associations
(only those with class high_time or low_time) and then
select all records that contain these attributes and compute
mean and variance for them. For example: type_1 A edge D
= CA003 = 230s + 100s.

VII.

Unmeasured processes are processes with known process
model, however, only the length of execution of the whole
process is known. This case can be related to many
companies, because measurement of every process step is
expensive. But even if we do not know the exact time for
every task, we are able to discover some of them if enough
data is available.

Unmeasured processes could be static or dynamic. Static
processes are processes that have always the same tasks in
their process model. For dynamic processes, the process
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model is built during the runtime based on attributes of a
process instance (case).

Analyzing hidden processes could be easily topic for
whole new paper, thus we will describe only situations
related to our manufactory company. But our experience
should be applicable for many other companies with the
similar problem.

We give theory only for dynamic processes because there
is one problem with static ones — if every process instance is
the same, we cannot compute what is inside the process,
because it is the changes what allow us to find something
valuable. On the other hand, static processes are more
predictable and they could be treated as atomic task.

A. Sequential Dynamic Processes

Sequential dynamic processes are processes with
sequential flow but every process instance contains different
tasks. One process instance could contain tasks A, B, F, H,
another one could contain C, E, I. We know duration of the
whole process instance and names of executed tasks (and
their order, if it is important). So our information can look as
follows:

213s,

ABFH
CE 170s,

N

etc.

Our objective is to assign average time duration to every
task in order to best fit the execution time of the whole
process. It is obvious that tota