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Abstract.

This paper applies the Tree-Attribute-Matrix (TAM) modelling method to a simplified
model of an urban light-rail transportation system. The resulting model is a conceptual
model that is beneficial for understanding, management and coordination of the system
on a high level, in particular when different (interdisciplinary) stakeholders are involved.
The paper briefly explains basic terms and terminology of railway systems as well as of
the TAM modelling approach. It displays a simplified rail network and how it is trans-
lated into a TAM model. The resulting model contains the key physical and logical com-
ponents of the system. In particular, the matrix depiction between line routes and the
platforms they connect is found suitable for gaining oversight and identifying points of
high complexity. In this case, there are five platforms that are serviced more by line
routes than the other platforms and can be considered bottlenecks for service operation.
The TAM model is considered less well suited when it comes to a complete description
of realistic timetables and rail network plans, which require more detail (such as turn-
outs and track sections) as well as more quantity of data in the model (e. g. the number
of trips made per day).

The conceptual TAM model discussed could be generalized to include other urban sub-
systems and their interactions, such as critical infrastructure systems. In that case, such
a model would provide a common ground regarding understanding and terminology
between different stakeholders, highlight points of strong interactions and allow to dis-
cuss the impacts of failures within the system on a high level.

Introduction

Urban system components (including water and electri-
cal power supply grids, sewage and draining systems,
street and transit networks) with their inter-dependencies
constitute a system of high complexity. That “system of
systems” forms the base of urban life; its functionality
and reliability are essential for the well-being of the ur-
ban population.

Urban system components have long been subject to
modelling, simulation, and optimization. One recurring
challenge in modelling urban system components, espe-
cially when many domain experts and stakeholders from
different professions are involved, is the generation of
structured knowledge as a base for the system model it-
self [6]. All the domain experts bring their individual un-
derstanding of the system components and their crucial
elements and behavior, with their respective points of

view strongly dependent on their own professional back-
grounds.

Such a modelling project can benefit from the appli-
cation of a structured method to collect information on
the organization, characteristics, and inter-dependencies
of urban system components. The Tree-Attribute-Matrix
(TAM) modelling method [1][4] aims at supporting the
assessment of the structure specifically of systems that
are designed, managed and controlled by humans. Using
TAM, these systems are represented as a collection of in-
terconnected tree and matrix structures annotated with at-
tributes. TAM is usually applied to facilitate a better un-
derstanding of administrative and business systems, and
is utilized as a starting point to reduce their organiza-
tional complexity. TAM has been developed in the
course of a number of business analysis projects, and is
being routinely used as a tool for the analysis and im-
provement of administration and production processes,
as well as in IT infrastructure and change management
projects. TAM specifically focuses on transparency and
simplicity of the structural modelling process, its purpose
is to create a more understandable representation of the
whole system and its complexities.

This paper examines the applicability of the TAM ap-
proach to model urban system components. As a first ex-
periment, TAM is applied to assess the structure, compo-
nents, and internal depencendies of a public transit sys-
tem. Following on to this introduction to motivation,
aims, and scope, the paper goes on to share some back-
ground on urban transit systems as well as the TAM mod-
elling method (Section 1). To show the applicability of
TAM in the context of urban system components, it then
describes an exemplary model of an idealized transit sys-
tem (Section 0). The paper closes with a short summary
of the lessons learned and an outlook on further research
(Section 3).
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1 Background

1.1 Urban Transit Systems

Urban transit networks can be considered as a combi-
nation of physical and logical components. The physical
network consists of tangible entities, e.g. stations, tracks
and rail cars, whereas the logical network is comprised of
concepts and plans, e.g. lines, trips or timetables. Figure
1 shows an extract of an example demonstrator network.

At the beginning of each turn, which is constituted by
a number of concatenated trips, and is the planned move-
ment of a vehicle through the network on a specific oper-
ational day, a tram leaves the maintenance and storage
depot where it was stored over night. It then travels to the
first platform of its first trip, where the passenger ex-
change takes place. Platforms are usually unidirectional
and always part of a station, which combines adjacent
platforms under a common name.

Fig. 1: A demonstrator light-rail network of four lines with eight routes (Source: [2]).

After executing the passenger exchange the vehicle
travels to the next platform of the trip. The order of plat-
forms to be visited is defined by the line route. Different
line routes can be combined under a common name, thus
constituting a line. For example Cologne's light-rail
Line 1 (from Junkersdorf to Bensberg and back) actually
consists of 27 line routes, 15 of which are eastbound and
12 are westbound. The type of rail cars used defines the
maneuvering capabilities and hence the characteristics of
it traversing the network. Table 1 depicts some important
characteristics for two different light-rail car types in use
in Cologne's tram network. As of 2020, Cologne operates
a rail car fleet of 382 cars [9].
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Characteristics K4000 K5000
Length of car 29.2 m 29.3 m
Weight of car 350t 37.8t
Maximum velocity 80 kph 80 kph
Acceleration 1.3 m/s? 1.2 m/s?
Normal brake ability 1.4 m/s? 1.2 m/s?
Emergency brake ability 3.0m/s? 2.73 m/s?

Table 1: Characteristics oft wo light-rail car types (Sources: [7][8])

The tracks between two locations of the network are
usually unidirectional, but bidirectional tracks also exist.
Some tracks may have speed limitations due to their en-
vironment, e.g. inner-city tracks may have a speed limit
because of traffic regulations.

While the vehicle travels from one platform to anoth-
er it may have to traverse track switches. These are loca-
tions where tracks meet; they can be differentiated be-
tween dividing and joining track switches. Like platforms
and tracks, track switches are usually unidirectional. All
but one of the tracks sharing one side of the track switch
must form a curve, which leads to speed limitations that
are usually lower than the speed limits on tracks. The ac-
cess to track switches (as well as to platforms and track
sections) is usually controlled by traffic lights.

At the end of the operational day, the vehicle travels
once again to a maintenance and storage depot. The spa-
tial and chronological order of the vehicles in use on a
specific operational day is constituted by the timetable,
i.e. the timetable assigns each tram a turn and each turn a
set of line routes with starting times. The timetable de-
fines the services as experienced by the prospective cus-
tomers when they use the transit system.

1.2 Tree-Attribute-Matrix Models

The TAM method develops a representation of the
structure of any examined real-world system, be it a pub-
lic administration, a technical system, a business, or any
other form of engineered organization. Usually, the
model is created for a specific point of view of the person
who is tasked to manage and oversee the whole system.
Alternatively, it can serve as a common ground for mul-
tiple stakeholders who manage different parts of the sys-
tem. Therefore, the depth of the model depends on the
observers.



TAM models in a nutshell. A TAM model is essentially an in-
formation tree (think of a mind map) with nodes storing
pieces of information, typically names, values or expres-
sions. Nodes can be assigned one or more user-defined
types - any concept desired to be stored in a variable can
be defined as a type. They are a necessary tool to distin-
guish the meaning of nodes and to handle (filtered) sub-
sets within the model. The nodes on the first level to-
gether with their corresponding sub-trees are called as-
pects or trees. They are meant to describe the components
of the underlying system using hierarchical decomposi-
tion. Nodes within different trees can be linked to each
other, representing interactions between real-life system
components. These links are graphically represented as a
matrix. For a more detailed description of TAM and its
application in the complexity assessment in business and
other organizations see [4].

Trees and Attributes. The first step in the formal modeling
process is to identify the components of the system under
consideration and model them as trees. The hierarchical
lines connecting nodes to sub-nodes are usually under-
stood as “contains”, “has property” or “depends on”, but
the semantics are up to the user. For example, one would
construct a tree containing all relevant classes of rail cars
according to Table 1. The resulting tree is displayed in
Fig. 2, where the classes have their own type “Rail car
class” and their properties have the type “attributes”. In
general, an attribute is a node which carries additional in-
formation, but is in itself not an object that interacts with
other parts of the system.

Fig. 2: A tree containing classes of rail cars with attributes.
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Matrices. With the trees and types in place, the next piece
of information to model are interactions and dependen-
cies. This is done by defining matrices between any two
trees. For example, the user might add the actual rail cars
within an operator’s fleet to the model as a separate tree.
They would in turn be mapped to the corresponding rail
car classes to represent which type of car they are. The
result is displayed as a matrix (Fig. 3).

Fig. 3: A matrix representing rail cars and their corresponding classes.

In this case, this (somewhat trivial) matrix represents a
one-to-one mapping between two trees. In general, ma-
trices can represent any n-to-m mappings. The layout of
trees (T) and matrices (M) within a model are visualised
via so-called TM diagrams (Fig. 4). Each matrix is named
according to the semantics that they represent, in this case
“rail cars are of class”, which also codes the direction of
the connection made between the two trees. This depic-
tion highlights the similarity to a knowledge graph [5]
with trees respresenting nouns and matrices representing
verbs.

Fig. 4: A TM diagram showing trees as triangles and matrices as squares.



Fig. 5: A light-rail network based on [2] with renamed stations and platforms.

2 Modelling Urban Transit Systems Using TAM

In this chapter, the key components of the urban
transit system shown in Fig. 1 are modelled using the
TAM method. The key components include:

Platforms
Stations
Line routes
Lines

For an easier naming convention, Fig. 1 is translated
into Fig. 5. which is used in the following.

2.1  Physical components of the network

The rail network under consideration is composed of
40 platforms. It has 19 stations, each consisting of two or
three platforms, e.g. within walking distance of each
other. To translate this statement into a TAM model,
three components are required:

e atree containing platforms
e atree containing stations
e amatrix connecting the two

Now, placing all 40 platforms into a tree with a flat
hierarchy would be the simplest tree design. However,
more structure can improve human understanding. In our
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example, the longest track line (blue) consists of two par-
allel tracks with 10 platforms on each side, labelled Ax
(eastbound) and Ay (westbound). Similarly, there are 7
platforms along the green tracks labelled Bx (south-
bound) and 8 platforms labelled By (northbound). There
are two platforms on each of the red tracks with labels Cx
and Cy. In addition, completing the circle line there is
only one platform Dx, along the black tracks. Using this
naming scheme we can model a tree with six first-level
nodes as in Fig. 6. Depending on the information within
a tree, the order of the nodes can be deemed relevant or
not. In this case, the order is relevant, as it corresponds to
the order of platforms along the track.

Fig. 6: A tree containing platforms, showing the first-level nodes and some platforms on
level two. The A and B platforms are collapsed for clarity.



The nodes Ax, Ay have the highest number of plat-
forms (10), while Dx has only one. Thus, the aspect com-
plexity of the platform tree is 10, following the definition
of [1].

Concerning stations, the same naming convention us-
ing the letters A-D can be used. The first level has nodes
labelled A, B and C, containing 10, 7 and 2 stations, re-
spectively. In Fig. 7 the station tree is shown, together
with link-nodes representing matrix entries, e.g. from sta-
tion C; to their corresponding platforms Cx; and Cy,.
The mapping of stations and platforms is also shown in
the matrix in Fig. 8.

Fig. 7: A tree containing stations, showing the first-level nodes and some stations on
level two. The A and B stations are collapsed for clarity.

Fig. 8: A matrix showing which platforms belong to which station.
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2.2 Logical components of the network

Rail cars move along line routes, passing through sev-
eral platforms. Line routes will be modelled as entities
within a separate tree. For simplicity, consider three types
of line routes: (1) a circle line starting at station A, (2) a
linear east-to-west line (C, to A,), and a linear north-to-
east connection (B; to A,,), each with two-way connec-
tions. This results in six individual line routes passing
through stations as indicated in Fig. 10. The line routes
again combine to form lines (shown in Fig. 9), which are
usually communicated to the passengers.

Fig. 9: Matrix showing lines and their corresponding line routes.

Next, the line routes need to be served by rail cars at
specific points in time, forming a trip. This information
object is at least a triplet: (rail car, line route, starting
time) and can thus not be satisfied by just one matrix. A
way to deal with this is by adding a separate tree for all
the trips, which can store the starting time as an attribute
(Fig. 11). Then, each trip can be mapped to rail cars and
line routes respectively, creating two matrices (Fig. 12,
Fig. 13). Let’s assume for simplicity that each trips takes
55 minutes to be completed.
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Fig. 10: Matrix showing line routes passing through platforms.



Fig. 11: A tree containing trips made by rail cars at a certain starting time.

Fig. 12: A matrix showing trips serving different line routes.

Fig. 13: A matrix showing which trips are being executed by which rail cars.
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In real life, the number of trips will likely be much
larger and would require a consistent naming scheme. In
the example shown here, the circle line is served by two
cars which each start a trip at the same time in different
directions. After 60 minutes, they both start another cy-
cle. The other two lines are each served by just one rail
car, each serving both directions and oscillating between
the first and the last stop. This basic model can be ex-
tended to include more cars, trips and timing information
via additional attributes.

The big picture of the model is presented as a TM di-
agram showing all the trees and matrices between them
(Fig. 14). There are seven trees and six matrices in total.
The layout of triangles and squares is up to the user, as
long as trees and associated matrices are separated only
by white squares. It may be required that the same tree
shows up multiple times in a TM diagram, however, this
is not the case here.

Fig. 14: Overall depiction of the model as a TM diagram.

2.3 Results and Discussion

We have set up a simplified TAM model comprising
physical and logical components of an urban rail network
and its operations. The model counts seven trees and six
matrices. In a realistic model, the number of entries per
tree and matrix would be larger, but the overall layout, as



shown in Fig. 14, would remain unaffected. Some com-
ponents of the model have a static character, meaning that
they do not change very often over time (i.e. rail car clas-
ses, platforms, stations, line routes, lines). Other compo-
nents are more likely to experience changes during oper-
ations (rail car fleet, trips, timing, rail car assignment).

What are the advantages and disadvantages of this
TAM model? Firstly, the model does not contain full top-
ological information about the rail network, since it lacks
the connection points (turnouts) between the track sec-
tions A, B, C and D. This information could be included
by introducing a self-coupling matrix “platform is con-
nected to platform”. However, this practice is discour-
aged in TAM modelling because it will likely introduce
circular dependencies into the model, which inhibits que-
ries along the graph. Another way to capture this infor-
mation would be to introduce additional trees for turnouts
and track sections respectively, allowing to link them to
the platforms they connect. However, both of these ap-
proaches do not play to the strengths of a TAM model,
which is to improve human understanding and oversight
of a system. When it comes to comprehending the layout
of a rail network, nothing beats a map such as Fig. 5.
Therefore, information which is either too detailed or
does not really benefit from being projected into trees and
matrices should be left out of a TAM model.

The most useful matrix within the model is likely the
mapping between platforms and line routes (Fig. 10).
This is because it shows the key components of the phys-
ical assets (platforms) and the logical assets (line routes)
in one planar map. By looking at single columns (line
routes), one can see which platforms are connected by a
line route. On the other hand, looking at a single row
gives information about which line routes that stop at the
same platform. The matrix can be used to “walk” verti-
cally and horizontally from blue dot to blue dot, tracing
paths that a rail car could reach if it only followed the
paths allowed by line routes. This way, it can be noticed
that the set of platforms decomposes into two separate
sets that are disconnected this way. Technically, a rail car
could reach any platform from any starting point, if it
were allowed to move unrestricted.

Additionally, the sums of dots on the columns and
rows provide useful information. Column sums show the
number of stops along a line route. Row sums show how
many line routes stop on the same platform, indicating
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where to find bottlenecks. In fact, there are only five plat-
forms (Bxg, Bx,, Bys, By;, Byg) which have the maxi-
mum of three line routes stopping there. This limits the
service frequency of those lines. For example, if a plat-
form can only handle trains stopping at least five minutes
apart, it can handle 12 stops per hour. As a consequence,
only 4 stops per hour can be made on average by each of
the three lines passing through them. TAM models are
well suited for this type of top-level complexity analysis.

Another benefit is that the process of TAM modelling
forces to create structures and nomenclature. In this case,
this resulted in grouping the platforms and stations along
lines. Other ways of structuring are of course also possi-
ble and this is what creates improved understanding and
manageability.

For the purpose of simulation, TAM models can serve
as a blueprint for defining the required objects and prop-
erties. Simple calculations can be included via expres-
sions between different nodes, such as adding up the time
taken for transit and stops along a line.

3 Conclusion

The TAM modelling method has been applied to a sim-
plified network of an urban light-rail transport system in
order to describe its physical and logical components.
The resulting model provides a useful representation, in
particular by the matrix mapping line routes to platforms
(Fig. 10). This matrix provides a linearized view on the
whole network including line routes served by trains,
while allowing a top-level complexity analysis.

The model’s use is limited when it comes to (a) rep-
resenting a full physical network including turnouts and
rail tracks, (b) describing a full service schedule includ-
ing a large number of trips per day. For these cases, ex-
pert software and dedicated models are likely to be better
suited. The TAM model could be generalised to describe
multi-mode transport networks or even different critical
infrastructures components in an urban environment, op-
erated by separate entities. The benefit would be to create
a common ground between different stakeholders, im-
proving their capability to coordinate and having a means
to identify points of strong interactions (e.g. choke
points) within the networks. The model could be used to
consider certain emergency settings, such as the shut-
down of a certain railway platform, and analyse the im-
pacts on other parts of the system.
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