
i
i

“proceedings” — 2017/8/24 — 12:20 — page 623 — #623 i
i

i
i

i
i

Maximilian Eibl, Martin Gaedke (Hrsg.): INFORMATIK 2017,
Lecture Notes in Informatics (LNI), Gesellschaft für Informatik, Bonn 2017 11

Optimizing Enterprise Architectures Using Linear Integer
Programming Techniques

Simon Hacks and Horst Lichter1

Abstract: Within this paper, we present a technique to optimize the relations between two adjacent
layers of Enterprise Architectures (EA). Therefore, we suggest to interpret the constraints between
these two layers as triangles, where a needed capability of an upper layer element is realized by a
lower layer element. This eases the communication of the optimization model e.g. to the management.
Moreover, we propose a mapping between the elements of our technique to the widely accepted
ArchiMate notation to enable the application of our technique in existing organizations.

Keywords: Enterprise Architecture, Enterprise Architecture Management, Linear Integer Program-
ming, Optimization, ArchiMate

1 Introduction

According to ISO/IEC/IEEE 42010:2011 [III11] architecture is defined as the “fundamental
concepts or properties of a system in its environment embodied in its elements, relationships,
and in the principles of its design and evolution”. Consequently, Enterprise Architecture
(EA) is about organization’s elements and their relations.

To differentiate between the architecture model and its management we stick to the definitions
given by [PS04] and [Ro94] defining EA as a model of an organization describing its
primary components and the relations and interactions among them.

Enterprise Architecture Management (EAM) is a discipline comprising all functions which
are related to the EA, like maintaining the EA itself, but also providing information gathered
from the EA. EAM has developed to an established discipline in industry and it is also a
current topic in research.

The origins of EAM date back to 1987 when Zachman published the “framework for
information systems architecture” [Za87]. Since then, it was recognized that a limited
view, focusing on the information system architecture only, is not sufficient. Therefore,
present EAM frameworks include the management of business capabilities, infrastructure
components, and information structures, too [WF06].
1 RWTH Aachen University, Research Group Software Construction, Ahornstraße 55, 52074 Aachen, {hacks,

lichter}@swc.rwth-aachen.de

cbe doi:10.18420/in2017_59

Maximilian Eibl, Martin Gaedke. (Hrsg.): INFORMATIK 2017,
Lecture Notes in Informatics (LNI), Gesellschaft für Informatik, Bonn 2017 623

https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.18420/in2017_59


i
i

“proceedings” — 2017/8/24 — 12:20 — page 624 — #624 i
i

i
i

i
i

12 Simon Hacks, Horst Lichter

Obviously, the beforehand stated properties of EA allow to interpret the EA as a graph,
where EA’s elements are vertices and their relationships are edges. The different layers of
EA can be represented by sets of vertices.

As we can represent an EA as a graph, we can apply existing graph algorithms to solve
problems within the domain of EA. For instance, the well known Travelling Salesperson
Problem (TSP) can be formulated as a Linear Integer Program (LIP) on a graph [Ap11, pp.
1-5]. This universal formulation allows to apply this solution to other domains like genome
sequencing, drilling problems, or data clustering [Ap11, pp. 59-70].

Previous research shows that information technology (IT) has become more important for
business during the last decades and changes business models dramatacly [BL08, OS00].
Simultaneous, the IT pervades the business more and more and becomes ubiquitous
[VSM10]. This rises also the complexity of the information systems and their interrelations
[LW01]. With rising complexity of the information systems it becomes harder to ensure the
IT/business alignment.

One way to achieve the IT/business alignment is EAM [AW09, Pl07]. Corresponding to the
maturity of the EAM [AWW12] different goals are aimed. For example, the IT landscape
should be consolidated to reduce costs or to identify functional redundancies between
business and IT. To support those goals different techniques are feasible.

In the following, we propose an graph-based technique to improve EAs with respect to loose
coupling, minimal amount of elements, and minimal operation costs, using LIP. We use
the metaphor of triangles to build up our LIP, which is more intuitively compared to other
techniques (e.g. [Fr10, Gi12]). Those techniques optimize EAs using graphs and LIP.

The rest of the paper is structured as follow: In Section 2 we discuss related work and
demonstrate the improvement potentials we overcome with our technique presented in
Section 3. Afterwards, we propose a mapping between the elements used in our technique
and ArchiMate to ease the application in organizations, before we come to the conclusion
and point out further extensions to our technique.

2 Related Work

Beforehand, we discussed the need for techniques to support EAM. Within the scientific
community, different techniques were proposed. In the following, we will present those
techniques using mathematical programming in EAM related topics:

[Gi12] present a multiobjective program to solve the “information system architecture
evolution management problem"which handles the issue of scheduling the replacement of
existing services with new services without discontinuity. Therefore, they model departments,
existing services, new services, and IT modules. Moreover, they link services and modules,
departments and services and attach certain costs to changes on the model. Each department

624 Simon Hacks, Horst Lichter
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Optimizing Enterprise Architectures Using LIP 13

obtains budgets to finance new modules and retire old ones. Using this model, they maximize
the business gain and the killing gain with respect to different constraints.

The approach of [ST03] is slightly different compared to [Gi12]. Where [Gi12] assume
a single organization, [ST03] optimize the IT landscape in a supply chain environment.
Furthermore, they do not assume killing costs but various purchasing and integration costs
at varying points in time and optimize via a LIP the net profit.

[Fr10] want to find the optimal allocation of IT systems to processes with respect to
needed functionalities. These functionalities are needed by processes and fulfilled by certain
systems. In a second step the functionalities are dissolved and the processes and systems
are connected directly. These connections describe the as-is state. Taking change costs and
operations costs into account, they optimize the allocation of the IT systems via a binary
integer program.

All these approaches have in common that they focus on the mathematical formulation and
solving the model. Thereby, they neglect the aspect of communication to EAM’s stakeholder
like managers. These managers may not have the ability to understand intuitively the
mathematical models. Therefore, there is a need to offer a more intuitive and understandable
approach to model EA in order to identify deficiencies that can be improved. Furthermore,
such an approach should increase its acceptance and applicability in industry.

3 An Optimization Model for Enterprise Architectures

3.1 Foundations

As presented by [WF06], an EA is structured in a layered manner. Each layer contains
different architectural elements, which have relations to other elements of the same layer
as well as relations to architectural elements of adjacent layers. We assume that each layer
offers capabilities to the layer that is defined on top of it to realize its needed functions
and behavior. In the following, we will refer to the layer offering capabilities as the “lower
layeränd call the layer using these capabilities the “upper layer". Hereafter, we will describe
these layers and elements more vividly:

We want to optimize the relations between the elements of two adjacent layers. For instance,
taking an ArchiMate notated EA in account, we may want to optimize the relations between
the business layer and the application layer. The business layer contains some business
functions, which should be realized by several application components. Therefore, each
business function is connected to all necessary capabilities and each application component
is connected to all capabilities it realizes. Based on the relations between the architectural
elements and the capabilities, we suggest a technique to find the “optimal"relations between
the elements of the adjacent layers. In our case, “optimal"can stand for e.g. a minimal
amount of elements or minimal costs.

Optimizing Enterprise Architectures Using LIP 625
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14 Simon Hacks, Horst Lichter

To be more concrete, assume that the business layer contains the business function Personnel
Management, which requires e.g. the capabilities Hire Employee, Calculate Wage, and
Record Written Warning. These capabilities can be realized either by two different application
components or one single application component. Depending on the understanding of
“optimal", different solution scenarios are feasible.

Following, we will use a simplified EA model sketched in Figure 1. It contains two adjacent
layers and a set of capabilities. Each architectural element of the upper layer, uli, is related
to several capabilities, c j, which are needed to realize uli.

Ll+1: upper layer

Ll : lower layer

c5c4c3c2c1 c6 c7 c8

ul3ul2ul1 ul4

ll5ll4ll3ll2ll1

needs

realizes

co
ul

d
se

rv
e

Fig. 1: Example Enterprise Architecture.

Having a look from the lower layer, there are several architectural elements, llk, which
realize different capabilities, c j, defined by the relation llk to c j. Based on this structures, we
want to optimize the relations between the upper and the lower layer elements to different
subjects.

Before we dive into the optimization, we define the used EA model more formal:

An enterprise architecture is a quadruple EA = L ,C ,E,R comprising an ordered set L of
layers, a set C of capability sets, a set E of architectural elements, and a set R of relations.

Each layer L ∈ L consists of architectural elements and layers are disjunct:

Li∩L j = /0 | ∀Li,L j ∈ L , i , j (1)

For each two adjacent layers, Ll and Ll+1, there is a set of capabilities CLl ,Ll+1 ∈ C . Each
capability describes some specific behaviour, which can be only offered by a certain layer;
therefore, all these capability sets are disjunct:

626 Simon Hacks, Horst Lichter
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Optimizing Enterprise Architectures Using LIP 15

Ci∩C j = /0 | ∀Ci,C j ∈ C , i , j (2)

A relation is a tuple of an architectural element and a capability:

r ∈ R⊆ {e,c : e ∈ Ll ,Ll+1,c ∈CLl ,Ll+1} (3)

We want to find the “optimalßet of relations between the elements of the upper and the
lower layer using beforehand stated foundations. Therefore, we create a complete bipartite
graph between the layers Ll and Ll+1:

rl,l+1
I ∈ Rl,l+1

I ≡ {ul, ll : ul ∈ Ll+1, ll ∈ Ll} |L ∈ L (4)

This intermediately introduced relations represent all possible connections between the two
adjacent layers with no respect to constraints given by the relations between architectural
elements and capabilities.

3.2 Applying the Modeling Approach to ArchiMate

To illustrate our EA modelling approach based on layers and capabilities, we applied our
approach for ArchiMate modelled EAs, as ArchiMate [La04] is a widely accepted and used
EA modelling language.

For the sake of simplicity, we considered only the element types of three ArchiMate layer:
business layer, application layer, and technology layer. Those layers contain element types
like processes or software, which are related to each other. Within the chosen layers, we
disregarded the passive structure element types, since they all represent some kind of
information objects in different ways, which cannot be linked to some kind of capabilities.

Table 1 shows the mapping of ArchiMate modelling element types to the three considered
layers and the respective capabilities.

We mapped the Application Function element type of ArchiMate to a capability, because
it can describe a requirement the business has for an application. Business Process and
Business Function, modeling the overall structure of an organisation and how the organisation
realizes the value chain, can be obviously mapped to element types of the upper layer. These
element types may need some application support from the Application Layer, which can
be represented by the element types Application Component, Application Collaboration, or
Application Process, realizing the needed capabilities, i.e. Application Functions.

Similarly to Application Function, we mapped the Technology Function element type to a
capability describing the needs of the element types of the Application Layer. Furthermore,

Optimizing Enterprise Architectures Using LIP 627
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16 Simon Hacks, Horst Lichter

Tab. 1: Suggested Mapping for ArchiMate Element Types to Proposed Sets.

Technology Collaboration and Technology Process can be mapped to element types of
the lower layer. Unfortunately, there is no element type called “Technology Component".
Instead, the element type Node can be used to offer certain functionalities to the Application
Layer. Furthermore, it aggregates Device, which represents hardware resources, and System
Software, which represents software resources. Moreover, these aggregated element types
are also needed to realize the functionality of the Application Layer and, consequently, are
mapped to elements of the lower layer.

3.3 Different Optimization Subjects

Beforehand, we formulated a formal description of an EA model. Based on this formal
description, we postulated a mapping for ArchiMate. Next, we will define several different
objectives to optimize the EA model.

Optimizing with Respect to Minimal Coupling

Loose coupling between two components eases the interchangeability [SM96]. Hence, the
exchange of a single component will not be as expensive as in a highly coupled system.
This holds also for EAs. Consequently, managers might be interested to find the minimal
coupling between EAs elements.

Optimizing the EA with respect to a minimal coupling between two adjacent Ll and Ll+1,
we have to minimize the amount of used intermediate relations, rl,l+1

I . Consequently, those
rl,l+1

I represent the optimization variables of our LIP:

628 Simon Hacks, Horst Lichter
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Optimizing Enterprise Architectures Using LIP 17

min xrl,l+1
I

, (5)

where xrl,l+1
I
∈ {0,1} and xrl,l+1

I
= 1 means that rl,l+1

I is in the optimal solution and xrl,l+1
I
= 0

means that it is not in the optimal solution.

To guarantee the restrictions sketched in Figure 1 we have to define several constraints. To
ensure for each upper element that every capability which is needed will be served in the
solution, there has to be at least one relation between an upper layer element and a lower
layer element which supports this capability:

rI∈SR
uli ,c j

xrl,l+1
I
≥ 1 |∀SR

uli,c j
∈ S R, (6)

with S R 3 SR
uli,c j
⊆ Rl,l+1

I . Where S R contains all intermediate relations which are taken into
account for the optimization and SR

uli,c j
contains all intermediate relations between uli and

llk, where llk has a relation to c j:

SR
uli,c j
= {uli, llk ∈ Rl,l+1

I } |∀uli,c j ∈ R,∀llk,c j ∈ R (7)

To easily create all SR
uli,c j

we can create a maximum flow problem [HR55] for each connection
between the upper layer elements and the related capabilities. Therefore, we introduce
additional nodes: a source s, and a sink t. We connect s to uli and replace all upper layer
elements in intermediate relations, rl,l+1

I , by t. Furthermore, we introduce the capacity of a
relation as a mapping c : R∪Rl,l+1

I ∪ s,uli→ R+ denoted by cu,v. The capacity defines the
maximum amount of flow which can pass a relation.

A flow of a relation is a mapping f : R∪Rv∪ s,uli→ R+ denoted by fu,v with subject to
two constraints. First, the flow cannot exceed its capacity:

fu,v≤ cu,v |∀u,v ∈ R∪Rv∪ s,uli (8)

Second, the sum of the entering flows must equal the sum of the leaving flows:

u:u,v∈R
fu,v =

u:u,v∈R
fv,u |∀v ∈ Ll ∪Ll+1∪Cm (9)

Before we apply e.g. the algorithm of [FF56] or [Di70] to solve the maximum flow problem,
we set the capacity of all intermediate relations, rl,l+1

I , to 1 and the capacity of all other
relations to infinity. After the application, we add all intermediate relations whose flow is 1
to SR

uli,c j
.

Optimizing Enterprise Architectures Using LIP 629
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18 Simon Hacks, Horst Lichter

Figure 2 shows a subset of the EA in Figure 1. It contains ul1 and all related capabilities, all
llk which offer those capabilities, and the intermediate relations represented by the dashed
lines. For instance, solving the maximum flow problem and creating the necessary set for
the relation between ul1 and c1 leads to

SR
ul1,c1

= {ul1, ll1,ul1, ll3}, (10)

which, consequently, creates the following constraint in our LIP:

xul1,ll1 + xul1,ll3 > 1. (11)

ul1

c1

c3

c5

ll5ll4ll3ll1

needs

realizes

could serve

Fig. 2: Visualization of SR
ul1,c1

.

Those constraints ensure that in the final solution, proposed by the LIP solver, at least one
intermediate relation between the upper and the lower layer element is used, which are both
related to the same capability. This leads to a distinctive structure stressed out in Figure 2
by the thicker lines: a triangle. These triangles describe the constraints which have to be
included in a later solution.

Optimizing the Amount of Needed Lower Layer Elements

The beforehand stated foundations can also be used to optimize the amount of needed lower
layer architectural elements. Managers might want to have the minimal amount of elements
in a certain layer to reduce the needed knowledge to maintain those elements.

To achieve the minimal amount of elements, we have to adjust the optimization function
(5) and the constraints (6) from relations to lower layer elements. This leads to following
optimization function:

min
ll∈Ll

xll . (12)

630 Simon Hacks, Horst Lichter
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Optimizing Enterprise Architectures Using LIP 19

The constraints are constructed by using the lower layer elements as well:

ll∈SE
uli,c j

xll ≥ 1 |∀SL
uli,c j
∈ S L, (13)

with S E 3 SE
uli,c j
⊆ Ll containing all lower layer elements which are part of the intermediate

relations between uli and llk, where llk has a relation to c j:

SE
uli,c j
= {llk : uli, llk ∈ Rv} |∀uli,c j ∈ R,∀llk,c j ∈ R (14)

According to the aforementioned example, solving the maximum flow problem creates

SE
ul1,c6

= {ll4, ll5}, (15)

which leads to following constraint:

xll4 + xll5 > 1. (16)

Optimizing Operational Costs

Managers are typically assessed by the costs which occur in their area of response.
Consequently, they are often interested in reducing cost without losing functionality.

To optimize the operational costs, we have to apply slightly changes to (12) by introducing
an operational cost function o : E→ R+ denoted by oe:

min
ll∈Ll
oxll . (17)

For simplicity reasons we assume that the operational costs are constant and not affected
neither by lower layer elements attached to the considered element nor by relations between
elements within the same layer.

3.4 Applying the Optimization Model

Following, we examine our model to check two aspects. First, we check if the proposed
solutions are optimal. Second, we like to ensure that our approach is solvable for realistic
problems in adequate time.

Exemplary Application

Optimizing Enterprise Architectures Using LIP 631
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20 Simon Hacks, Horst Lichter

To test our previous formulated LIPs we translated the EA in Figure 1 to Java code and
transformed it into a LIP which was solved by LPsolve2. Following, we will present the
results of the optimization. For reasons of simplicity, we split up the graph in four subgraphs.
Each subgraph represents the proposed solution for one upper layer element including the
assigned capabilities and lower layer elements.

The results regarding the minimal coupling optimization are presented in Figure 3. The
result set contains ten relations between the upper and the lower layer elements, which
create the enforced twelve triangles. Furthermore, all five lower layer elements are used.

c1

c3

c5

ul1

ll5ll4

(a)

c1

c2

c8

ul2

ll5ll1

(b)

c3

c5

ul3

ll5ll4

(c)

c2

c4

c6

c7

ul4

ll5ll3ll2ll1

(d)

Fig. 3: Solution With Respect to a Minimal Coupling.

Figure 4 sketches the results of of the optimization regarding the minimal amount of lower
layer elements. An optimal solution contains four elements as LPsolve suggests to exclude
ll5. Since the LIP optimizes only the amount of lower layer elements, it tells nothing about
the concrete assignment of upper to lower layer elements. Therefore, we suggest relations
using solid lines as well as all other possible relations using dashed lines.

c1

c3

c5

ul1

ll4ll3ll2ll1

(a)

c1

c2

c8

ul2

ll4ll3ll1

(b)

c3

c5

ul1

ll4ll3ll2ll1

(c)

c2

c4

c6

c7

ul4

ll4ll3ll2ll1

(d)

Fig. 4: Solution With Respect to Minimal Lower Layer Element Amount.

To process the optimization with respect to minimal lower layer element costs, we assigned
costs stated in Table 2 to the lower layer elements. In Figure 5 we visualized the results.
Compared to Figure 4, LPsolve suggests to exclude ll4 instead of ll5 what leads to total
costs of 17.
2 https://sourceforge.net/projects/lpsolve/
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c1

c3

c5

ul1

ll5ll3ll2ll1

(a)

c1

c2

c8

ul2

ll5ll3ll1

(b)

c3

c5

ul3

ll5ll3ll2ll1

(c)

c2

c4

c6

c7

ul4

ll5ll3ll2ll1

(d)

Fig. 5: Solution With Respect to Minimal Lower Layer Element Costs.

ll1 ll2 ll3 ll4 ll5
Assigned Cost 5 3 8 4 1

Tab. 2: To Lower Layer Elements Assigned Costs.

Does the Approach Scale?

We performed a series of experiments to evaluate if the proposed optimization approach
is applicable for realistic industry-sized EAs. To this end, we randomly generated graphs
consisting of 60 to 1750 nodes and measured the execution time needed to propose a
solution for three optimization scenarios. Each generated graph is spit into two layers and
the linking capabilities.

The obtained results are depicted in Fig. 6. The maximum execution time to compute a
solution for the minimal coupling optimization scenario applied on a 1750 node graph was
nearly 22 minutes (cf. Fig. 6 (a) ). In contrast, applied on the same graph the optimizations
regarding the minimal amount of lower layer elements and lower layer elements minimal
costs took only 16 (cf. Fig. 6 (b) ) respectively 5 seconds the longest (cf. Fig. 6 (c) ). These
remarkable differences can be explained by the fact that the constraints in the minimal
coupling optimization scenario are strongly based on the relations between the layer elements
and the capabilities. As each layer element is linked to several capabilities, the number of
constraints grows faster compared to the other both optimizations scenarios.

The three scenarios have in common that the solution space is based on the cross product
between the nodes of the two layers. Therefore, the execution time is growing exponentially
in all three scenarios.

Unfortunately, only less data regarding the size of realistic EAs is available (Schoonjans
reports on an EA consisting of 108 nodes [Sc16], Lagerstrom on one consisting of 407
nodes [La13]). Although the EA of one of our cooperation partners contains approximately
6000 nodes, the maximum number of elements which can be taken in account for a specified

Optimizing Enterprise Architectures Using LIP 633
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(a) Minimal Coupling (b) Minimal Lower Layer Element Amount

(c) Minimal Lower Layer Element Costs

Fig. 6: Execution Time Consumption

layer is below 500. Unfortunately, as no elements of this EA can be assigned to capabilities,
we could not run our experiments on this EA as well.

Assuming that ordinary EAs are not significantly bigger, the execution time needed for all
three optimization scenarios will be acceptable, especially because these optimizations need
not to be applied frequently.

4 Conclusion

IT has become more important for business during the last decades and it changes commercial
models dramatacly, which rises also the need for IT/business alignment. One way to ensure
the IT/business alignment is EAM. To support EAM different techniques are feasible. In
this paper we presented a technique to optimize the EA with focus on the relations between
two adjacent layers.

Therefore, we introduced so called capabilities which are needed by the elements of the
upper layer and are realized by the elements of the lower layer. We translated these construct
into a LIP and searched for the optimal assignment between the elements of both layers. If
we visualize these constraint, we see that the LIP has to ensure the existence of triangles.

Those triangles make it easier to give e.g. managers an insight into the LIP, because the
constraints become more vivid and, therefore, easier to understand. This leads to a higher

634 Simon Hacks, Horst Lichter
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acceptance of the solution compared to existing solutions and, consequently, rises the chance
to apply it.

Moreover, we presented a mapping between the elements of our technique and the widely
accepted ArchiMate notation to enable organizations applying our approach. This mapping
enables an optimization between the business and the application layer as well as between
the application and the technology layer. Therefore, we identified the possible candidates
for upper layer, lower layer, and capability elements. Additionally, we could show that our
approach solves problems of a realistic size in appropriate time and, thus, is applicable to
real world problems.

With respect to existing solutions, there are several possible extensions to our approach.
First, we do not take the as-is state of the EA into account. But changes to the EA, as
may suggested by our technique, cause transition costs, which can decrease the savings of
the optimal solution. Second, we can assume different points in time with different costs
and profit to predict the optimal time for each change. Third, we assume no dependencies
between our elements within one layer. But there are such dependencies in reality. Therefore,
our model should be extended in this direction. Last, the model need to be evaluated in
existing organization. Even to test if the suggested optimizations really lead to savings.
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