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ABSTRACT
The high and increasing requirements concerning energy consumption
and the interior comfort of buildings result in a demand for more
efficient façade constructions. In its role as a mediator between the
exterior and interior of a building, the façade takes on a multitude of
functions with effect on the building’s performance. Intelligent façades
offer higher performances compared to static constructions, achieved by
dynamic adjustments to changing environmental influences and interior
requirements. Such systems are being explored and already applied. The
concept of intelligent façades exists since the beginning of the 1980s.
Since then, the technological possibilities for the implementation of
intelligent systems have multiplied. Today, the fourth industrial
revolution is based on the implementation of intelligent and networked
production facilities. Considering the current exploration of intelligent
technical systems in the industry, the understanding and the demands
on the intelligence of a system change. The aim of this study is to
examine the comprehension of an intelligent system in the context of
the façade and in the context of the industry. This is to provide the basis
for subsequent research on the transferability of strategies. The study
provides used terms, relevant aspects, current definitions and
characteristics of the respective intelligent system.
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1 Introduction

1.1 Background

The façade mediates between the exterior and the interior of a building. In this role, it is faced with
continuously changing conditions. These include changing climatic influences from the outside,
variable needs depending on occupancy and user preferences inside (Knaack et al. 2014). In its
main role as a separation and filter layer, the façade adopts a range of protection, control and regu-
lation functions (Herzog, Krippner, and Lang 2004). In the current development, the functional
scope of the building envelope is further expanded by the increasing integration of building services
(Klein 2013). The façade has a significant influence on the interior comfort and the energy consump-
tion of the building. We place high and continuously growing demands on both aspects and thus on
the performance of the building envelope.
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The origin of façade constructions can be seen in massive walls that humans used to protect them-
selves from cold climates, and in lightweight structures like tents that provided mobility. The under-
standing of the façade derives from the functional separation of the hull from the buildings structure.
The ‘building envelope’ and ‘building shell’ are alternative terms and refer to the façade as such.
There are also designations which aim at a special construction principle. In view of an extended
functional scope and increasing demands on the building envelope, the development of new techni-
cal possibilities has also led to new types of façade construction. The terms ‘curtain wall’ or ‘double-
skin façade’ are examples of such specifications (Knaack et al. 2014). For a long time, planners and
engineers understood the building envelope as a barrier, with an attempt to shield the interior from
the influences of the external space. As an integral part of this concept, building services manufac-
tured the interior climate independently of external conditions (Addington 2009). The performance
of a building envelope was measured by how well it protected the interior from the influences of the
external environment. This strategy is now extended by the concept of adaptive building envelopes
(Favoino, Jin, and Overend 2014). Adaptive building envelopes respond dynamically to changing
conditions and requirements. They utilise climatic changes, and thus reduce the energy consumption
for the maintenance of the interior climate of a building. There are a number of realized adaptive
building envelopes. Examples such as the Al Bahr tower in Abu Dhabi or the Kiefer Technik Show-
room in Bad Gleichenberg usually address individual adaptive functions (Fortmeyer and Linn 2014;
Schumacher, Schaeffer, and Vogt 2009). The development and implementation of adaptive façade
concepts are in the beginning stages (Aelenei et al. 2015). One challenge is the multi-functionality
of the façade. Its features are interdependent and partly mutually exclusive. According to Loonen,
the pure addition of individual adaptive features does not automatically lead to an increase in its
operability and performance. He states the need for inter-coordinated adaptations that also involve
subsystems and building services. The negotiation of individual adaptive façade functions results in
the need for an intelligent decision-making in the control of the façade’s adaptations (Loonen et al.
2013). Within the building industry, the notion of intelligence is not new. The term was used liberally
in the past and its understanding has changed with the progressive development of new technologies.

The rapid developments in information and communication technologies (ICT) over the last dec-
ade created the technical basis for the current implementation of an industry 4.0. This refers to the
transformation from automated to intelligent manufacturing. After the mechanization, the use of
electricity and the application of information technologies, the implementation of cyber-physical
systems (CPS) represents the fourth major development step in industrial production (Kagermann,
Wahlster, and Helbig 2013). The German government established the term industry 4.0 by using it in
the high-tech strategy 2020 in accordance with the so-called fourth industrial revolution (Oesterreich
and Teuteberg 2016). In addition to the development of smart products and augmented operators, it
involves the realization and networking of smart machines (Weyer et al. 2015). These intelligent
technical systems are intended to make industrial production faster, more efficient and more flexible,
thus ensuring the competitiveness of companies. The building envelope can be understood as a sys-
tem of its components. The components must co-operate for multi-functional operability of the
façade according to the assets in the industrial production chain. It is assumed that strategies and
concepts for the control and organization of adaptive façade systems can be derived from industrial
intelligent technical systems to the benefit of the building performance.

1.2 Problem statement

The scientific discussion about the understanding of an intelligent façade, but also of an intelligent
technical system in the industry is not concluded. It is unclear how the term intelligent is recently
defined as it relates to the building envelope, and whether it meets the current understanding of
an intelligent system in the industry. In order to be able to draw insights from the implementation
of intelligent technical systems for the transmission to the building envelope, a so far non-existent list
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of preconditions and criteria of such systems is required. At the same time, information is missing
about which technical requirements and criteria of an intelligent system the façade already fulfils.

1.3 Research question

The main question of this study concerns the understanding of an intelligent system in façade engin-
eering and in the industry.

. What are existing definitions and key aspects in intelligent façades and in intelligent technical
systems?

The following sub-questions specify the formulation of the main question.

. How are intelligent façades defined?

. Which requirements and subdomains of intelligent façades can be identified?

. What are the criteria for an intelligent façade?

. How are intelligent technical systems defined?

. Which requirements and subdomains of intelligent technical systems can be identified?

. What are the criteria for an intelligent technical system?

The investigation aims to clarify the understanding of the concept of intelligence for the particular
topic. It pursues the following objectives:

. To discover existing definitions for intelligence in building industry and in manufacturing industry;

. To identify aspects and criteria for a system being intelligent in both fields;

. To highlight aspects and subtopics for further investigations.

2 Methodology

The study is based on a systematic literature review about intelligent façades and intelligent technical
systems. Book publications and journal articles were examined. For an initial overview, literature was
searched for the terms: ‘Intelligent façades’ and ‘Intelligent systems’. The document titles and key-
words were examined. A recognition of this first approach was their systematic composition, con-
sisting of a descriptive property and an application. In a second step, an extended search-term
matrix was created based on this organizational principle. It was used for an optimized literature
search. The aim of the study is to provide an overview of previous research and definitions in
both areas. To avoid detailed papers on particular aspects of the topics, the search terms were com-
plemented with the specifications ‘state-of-the-art’, ‘definition’ and ‘review’. The content-related rel-
evance to the subject and the number of times it has been cited were criteria for the selection of an
article. The matrix of search terms is attached as a table in the Supplementary appendix. The results
were incorporated into a bibliographic database. Concretized literature searches were performed on
individual aspects during the study. Therefore, terms of the search matrix were combined with
additional foci, e.g. the term ‘performance’ to find contributions about the efficiency of building
envelopes. The combined results of the study are thematically organized (Figure 1).

3 Intelligent façades

3.1 The façade

Regarding intelligent façades, the notion of ‘skin’ is significant. Origin of this designation is the
analogy to the human epidermis. The human skin is understood as a whole without distinction
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into components such as wall or roof, and it has self-regulating properties (Hausladen, de Sal-
danha, and Liedl 2008; Del Grosso and Basso 2010). It recognizes changing conditions or require-
ments of the body and reacts to them independently. With the term, a similar understanding of
the building envelope is associated with respect to the self-regulation between exterior and interior
(Wigginton and Harris 2002) (Figure 2).

Figure 1. Methodology graph.

Figure 2. Visualization of the ‘Intelligent façades’ section context.
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3.2 The addition intelligent

The term intelligent has its origin in Latin and can be literally understood as ‘to choose between’
(“intelligent - definition of intelligent in English Oxford Dictionaries” 2017). This generally refers
to the ability to make decisions. In the building industry, the addition intelligent led to a series of
misunderstandings. According to Wigginton and Harris (2002), there are over 30 definitions for
an intelligent building. They state that the term should be used with caution and its meaning should
be clarified for the respective context. In principle, two differing interpretations of the addition intel-
ligent are distinguished from each other. Firstly, the term intelligent refers to an intelligent design. It
is used in reference to static structures that represent an intelligent solution because of their
advanced conception in the design process. Secondly, it refers to structures that provide additional,
intelligent features in the building’s operation phase (Wigginton and Harris 2002).

3.3 The context of intelligent buildings

Intelligent façades are a partial aspect in the broader consideration of intelligent buildings. In order
to understand the meaning of intelligent façades, the importance of intelligent buildings is clarified
first. The concept of the intelligent building emerged in the beginning of the 1980s. Early approaches
to define intelligent buildings were primarily based on an extensive technical equipment of the build-
ing. Kroner (1997) argues that these buildings were ‘technical enhanced buildings’. Instead of the
architecture, the building services became intelligent with little effect on the user comfort. He
denounces the practiced separation of architecture, users and intelligent systems. From his point
of view, intelligent architecture includes ‘intelligent design’, the ‘appropriate use of intelligent tech-
nology’ and also the ‘intelligent use and maintenance’ of the building. In the scientific field, the criti-
cism of the plain technical understanding led to the new interpretation that an intelligent building
must involve the user (Wong, Li, and Wang 2005). In his investigation of the question: ‘what do we
mean by intelligent buildings?’ Clements-Croome (1997) comes to the conclusion that it can handle
technological and social changes and is adaptable to short- and long-term human needs. The ability
to adapt to user requirements and also to changing environmental conditions is an important aspect
in today’s understanding of an intelligent building. It must be able to react to individual, organiz-
ational or environmental requirements and to deal with changes (Yang and Peng 2001). Wigginton
and Harris (2002) confirm that an intelligent building can adapt to conditions and requirements to
create interior comfort with low energy expenditure. They complement the ability to learn. Next to
the primary goal of reducing energy costs and providing user comfort, security and automation of
maintenance are objectives of the intelligent building (Anshuman 2005).

3.4 Definition of intelligent façades

The ability of adaptation is also a central aspect in existing definitions of the intelligent façade. In this
respect, it represents an interface with an arbitrating function (Sala 1994). The intelligence can be
understood as an intrinsic capacity and as the ability to react to circumstances and demands, self-
regulating or by means of the user (Kroner 1997). Compagno refers the intelligence of the façade
to its capability of dynamic adjustments. He dissociates himself from possible definitions over
applied technologies and measures the intelligence of a façade by how sustainable it uses natural,
renewable energies (1999). Wigginton and Harris (2002) define the intelligent skin as an active
and responsive mediator between the outside environment and the interior of a building which
ensures an optimal interior comfort with minimal energy consumption. A recent definition describes
the intelligent façade as the result of its individual design process, which implements its adaptability
with regard to internal and external circumstances. As a result of this process, the façade has com-
ponents and features that enable the designed adaptation strategies (Capeluto and Ochoa 2017). On
the basis of the definitions found, it is clear that the concept of intelligence refers primarily to the

INTELLIGENT BUILDINGS INTERNATIONAL 31



adaptability of the façade. Due to possible misinterpretations, researchers and professionals in this
field adopted the concept of the adaptive façade (Knaack et al. 2014). Loonen et al. (2013) introduce
the term ‘climate-adaptive building shells’ and define it by its ability to adapt continuously and rever-
sibly to changing requirements and influences at least in partial aspects. Adaptations may occur in
short-term and long-term periods. Direct reactions to changing conditions are short-term adjust-
ments (Sher, Chronis, and Glynn 2014). Systems with this ability are often referred to as responsive
systems. Long-term adjustments imply advancement processes or an evolution-induced change over
generations (Sobek and Teuffel 2001).

3.5 Automation technology

A façade that allows the changeability of its construction can be regarded as adaptive, even if no auto-
mation technology is used and the adjustments have to be initiated by the users (Meagher 2015). In
this context, the designation of adaptability seems to be more appropriate. In many views of an adap-
tive building envelope, an automated self-regulation of the adaptations is assumed (Macias-Escriva
et al. 2013). Such a self-adaptive system involves the recording of information, data processing and
control, and its transference in adaptations of the construction. Important components are therefore
an existing sensing system, which determines relevant information about conditions and require-
ments depending on the project. Furthermore, a control system processes the recorded information
and transmits impulses on their basis to actuators and the actuators themselves perform the adjust-
ments of the construction (Sobek and Teuffel 2001). Accordingly, Moloney (2011) defines the intel-
ligence of a building envelope by the key aspects of an existing ‘input system’, a ‘processing system’
and an ‘output system’. He complements the ‘consideration of time’ and the ‘ability to learn’. Today,
the technical basis for the implementation of self-adaptive constructions exists (Schumacher, Schaef-
fer, and Vogt 2009). In addition to the available sensor and actuator technologies, the research and
development of smart materials opens up further technical possibilities (Drossel et al. 2015). The
control is important as it decides on the behaviour of the self-adaptive façade system. While
smart materials refer to an intrinsic control, extrinsic computer-based controls enable real-time
optimization and the application of artificial intelligence (Yiannoudes 2016; Park et al. 2004). Extrin-
sic control can be centrally or decentrally organized (Loonen et al. 2013). According to whether a
feedback evaluation of the system takes place, open-loop and closed-loop controls are differentiated
(Sobek and Teuffel 2001). Evolutionary Algorithms and Artificial Neural Networks are two possibi-
lities of a range of strategies. Evolutionary algorithms simulate generations of possibilities in which
the most appropriate solution can be applied. Artificial Neural Networks enable learning abilities.
They are based on testing a problem on a reference record. By matching recurring patterns, solutions
of comparable problems can be transferred (Sher, Chronis, and Glynn 2014). In the study of realized
intelligent systems in architecture, Yiannoudes (2016) notes that although they can map learning
behaviours and respond to user requirements, they work on the basis of previously anticipated
rules. As a self-organizing system, the adaptive façade is confronted with complex decision-making
between interdependent functions and unpredictable scenarios. Traditional rule-based controls are
therefore insufficient in the context of multi-functionality and non-linear adaptations (Loonen et al.
2013; Jencks 2015).

3.6 User orientation

The inclusion of the user is one aspect of the building envelope’s intelligence. It is decisive for the
acceptance of automated processes whether and to what extent users can interfere with them (Loo-
nen et al. 2013). Research projects investigate the possible interaction between the user and the build-
ing envelope (Anshuman 2005). Also, the user’s perception of automated processes plays a role. In
investigating the effects of the façade automation on user comfort, Bakker et al. (2014) conclude that
adaptions are perceived rather positively if they occur less commonly and restrained.
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3.7 Alternative designations

In the context of intelligent or adaptive façades, a wider range of terms has been established. Some of
them are alternative designations or specify the subject on partial aspects. Many of the terms are not
clearly defined (Aelenei, Aelenei, and Vieira 2016). Researchers demand uniform thought models
and vocabulary (Loonen et al. 2015; Aelenei, Aelenei, and Vieira 2016) (Table 1).

3.8 Objectives of intelligent façades

An increase in performance can be inferred as the main objective from many of the underlined defi-
nitions. The performance describes the degree of fulfilment of a product’s relevant functions (Dou-
glas 1996). The term is used in the understanding of a total building performance, but also with
regard to the building envelope and its components. Depending on the scale of the consideration,
the performance may refer to material properties, components, elements or the façade as a whole
(Hartkopf and Loftness 1999). One objective of intelligent façades is on the possible energy and
the associated cost savings. Traditional evaluation strategies are not effective because of the dynamic
properties of adaptive building envelopes (Favoino, Jin, and Overend 2014). Loonen et al. (2017) for-
mulate the potential of building performance simulations in response to the new requirements ident-
ified in the consideration of scales, time intervals and physical domains. A further objective is to
ensure a constant and high interior comfort. This refers to the satisfaction and well-being of the
user. Aspects are, for instance, thermal comfort, air quality and ventilation, acoustics and visibility
(Al horr et al. 2016). The goal of intelligent façades is often formulated by combining both aspects,
ensuring the highest possible interior comfort while minimizing energy consumption (Compagno
1999; Wigginton and Harris 2002). In the consideration of realized intelligent and adaptive building
envelopes, the architectural expression and the orchestration of moving components can also be
identified as a topic and a goal (Interactive architecture 2016). Active façades, which are exclusively
based on aesthetic design goals and do not contribute to the performance of the building, are not
covered by the subject of intelligent or adaptive façades (Loonen et al. 2013).

3.9 Façade functions

The necessary negotiation of conditional façade functions presents a challenge for the control strategy
(Loonen et al. 2013). A comprehensive consideration of the functional scope is required to identify the
relevant features of the building envelope in terms of the building performance. There are different
approaches to map and to sort the functional spectrum of the façade. According to the definition of
Herzog, its main function is separation and filtration between the interior and exterior space. Herzog,
Krippner, and Lang (2004) divide all therefrom derived requirements into two main groups: site-
specific outdoor conditions and demands of use on the inside. He designates control functions as a
supplement to the basic protective function of the façade. A comprehensive list of the tasks of a build-
ing envelope is summarized in the façade function tree developed byKlein (2013). Not all features have

Table 1. Alternative designations in the field of intelligent façades.

Property Application

Intelligent Façade
Smart Building Envelope
Active Building Skin
Responsive Building Shell
High-performance Curtain Wall
Auto-reactive Double-Skin Façade
Climate adaptive
Adaptive
Kinetic
Dynamic
Advanced
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an impact on the interior comfort. The compilation is divided into six overarching categories called
primary functions: Create a durable construction, Allow reasonable buildingmethods, Provide a com-
fortable interior climate, Responsible handling in terms of sustainability, Support use of the build-
ing and Spatial formation of façade. Hausladen et al. (2005) describe the building envelope as an
interface. According to their definition, the functions of the façade are in mutual relation to each
other. Meeting the individual requirements can also stand in conflict with the aims of other functions.
In his chart, the functions of the building envelope arise as a consequence of the seasonally varying
comfort needs of the interior and the basic factors of the external environment. There are other com-
pilations of façade functions that are tailored to specific contexts. Within the research project ‘multi-
functional plug & play façade (MPPF)’, a list of a total of 20 façade functions in the three categories:
basic functions, power generation and supply functions was developed (mppf - The multifunctional
plug&play approach in facade technology 2015). Also, in the study on adaptive building envelopes, a
set of functions was considered as part of its characterization (Loonen et al. 2015).

3.10 Criteria and characteristics of intelligent façades

In view of the varied and partly ambiguous definitions of intelligent façades, it is assumed that the
examination of criteria and characteristics provides a differentiated overview of its intelligent
properties.

Kroner (1997) delivers an early list of criteria (Table 2).
In their investigation, Wigginton and Harris (2002) examine realized buildings according to the

following features of an intelligent building envelope (Table 3).
Ochoa and Capeluto (2008) provide a list organized according to the existing input and output

systems of the adaptive building envelope (Table 4).
Loonen et al. (2015) summarize previously researched character traits of adaptive façades in a

matrix with eight categories (Table 5).
In their comparison, the lists become chronologicallymore complex. The numberof criteria increases

from a total of 12 in four categories, identified by Kroner (1997) to 45 criteria in eight categories, desig-
nated by Loonen et al. (2015). In particular, individual automated aspects of the building envelope are
named, such asTemperature- or Sun controllers in the list byWiggintonandHarris (2002) or, Light- and
Shading controls identified by Ochoa and Capeluto (2008). Contrary to their technology-oriented per-
ception, Loonen et al. (2015) focusmore on functional aspects such as the objective, function or the type
of control. All constellations have in common that they relate primarily to the physical components, the
hardware of intelligent façades.Apart from learning ability, there are no software-related criteria, such as
the ability to make independent decisions based on existing artificial intelligence, or the degree of net-
working and communication between the automated components.

Table 2. List of criteria by Kroner (1997).

Central control Change of properties Communication/Media Change optical properties

Possibility of intervention Thermo-physical Video Patterned glazing
Thermal resistance Voice Remote light control
Transmittance Dynamic shading
Absorptance
Permeability
Modify colour and texture

Table 3. Criteria by Wigginton and Harris (2002).

The double-skin Learning ability Temperature controllers Cooling devices

Building management systems Sun controllers Occupant control Electricity generators
Environmental Data Ventilation controllers Daylight controllers Responsive lighting
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4 Intelligent technical systems

4.1 Technical systems

Within technical domains, the term technical system replaced different, difficult to distinguish terms,
such as ‘plants’, ‘machine’ or ‘device’. The task of technical systems is to transform, store or transport
materials, energy or information. Material, energy and information-based technical systems are dis-
tinguished. They include a structure and a function. Components that can be separated by an ima-
ginary system boundary from the systems environment constitute the systems structure. The
properties and interactions between the components are part of the structure. The function of the
system is to transform inputs into appropriate outputs. The total of all transformations inside the
system is the ‘process’ (Dumitrescu, Jürgenhake, and Gausemeier 2012) (Figure 3).

Table 4. Criteria by Ochoa and Capeluto (2008).

Class Category Design variable Sub-variable

Input elements Sensors No sensors Illuminance
Light
Temperature
Glare/Radiation

User interfaces Switches
Processing elements Individual controls Light controls

Shading controls Type blinds
Thermal controls Temperature level policy
Ventilation controls Night ventilation

Active ventilation
Energy controls

Schedules
BMS
Synchronized controls
Passive buildings
User only

Actuating elements Daylight systems Sun shading No/Horizontal/External blinds/curtains
Daylight redirection No/Light shelves/Automatic blinds

Fenestration Glazing Conventional
Ventilation Window operator Fixed/Manual/Mechanical

Fan ventilation
Cooling/Heating Passive/Active Orientation/Conventional

Table 5. Characteristics by Loonen et al. (2015).

Objective Function Control Technology

Thermal comfort Modulate Intrinsic Shading
Indoor air quality Filter Extrinsic Insulation
visual performance Prevent Switchable glass
acoustic performance Reject PCM
Energy generation Admit Solar tubes
Control Redirect BIPV and solar thermal

Collect Shape memory
Convert Openings
Interact Kinetic systems

Radiance
Time scale Spatial scale Visibility Degree of adaptation
Seconds Material No On-Off
Minutes Element Low Gradual
Hours Wall High
Day-Night Fenestration
Seasons Roof
Years Total building
Decades
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4.2 The context of cybernetics

Against the background of comprehensive digitalization, cybernetics provides access to the interaction
between human andmachine and betweenmachines amongst each other. NorbertWiener introduced
the science of control and communication under the notion of cybernetics in 1948. As a theoretical
consideration of a system’s behaviour, cybernetics can be applied to different application fields.
They support the design of intelligent technical systems (Wiener 2013; Sher, Chronis, and Glynn
2014). A focusing of the topic has resulted in the technical cybernetics (Pickering 2015). The cybernetic
system consists of an input and an output record. Interdependent system parts change over time and
cause a shift in the overall system. All parts of the system are expected to pursue a uniform goal. Cyber-
netic systems can be classified into two orders. In the first order, the cybernetic system represents a
closed-feedback circuit. The effects of the system are recorded as input values. Negative check-back
indications lead to an adaptation of the system. In its first stage, the cybernetic system performs a con-
tinuous optimization with respect to a target state. Von Foerster (2003) additionally identifies the
observer as an integral part of the system and thus establishes the theory of second-order cybernetic
systems. He describes them as a cybernetic consideration of cybernetic systems. They provide the con-
cept model for technical systems with intelligent properties, such as self-organization or communi-
cation (Heylighen and Joslyn 2001; Yiannoudes 2016). With reference to architecture, the relevance
and transferability of cybernetics is not new. Gordon Pask formulated the demand for cybernetics
and identified the interaction between space and users as a closed-feedback loop. An early and
often cited example of the application of second-order cybernetic systems in architecture is the project
Fun Palace by the British architect Cedric Price (4dsocial 2007; Frazer 1993).

4.3 The context of mechatronic systems

The termmechatronic was coined in the 1960s in Japan and consists of the two termsmechanics and elec-
tronics. Mechatronics refers to the cooperation ofmechanical constructions, electronics, control and soft-
ware. Due to the combination of these aspects, it is an interdisciplinary topic. Mechatronics extends the
behaviour and capacities of technical systems by the integration of information. The structure of amecha-
tronic system is also called its architecture. Mechatronic systems consist of amechanical structure, the so-

Figure 3. Visualization of the ‘intelligent technical systems’ section contexts.
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called base system. Existing sensor devices receive information about the environment or the system itself.
Also, human inputs belong to this aspect of information gathering. The collected information is processed
by an ‘information processing system’. The adaptation of the mechanical construction is carried out via
actuators. The relationships between the different components of a mechatronic system are defined by
flows. There are three types of flows:material, energy and information flows. Several individualmechatro-
nic systems canbemergedhierarchically into anoverall system(Dumitrescu, Jürgenhake, andGausemeier
2012; Design methodology for intelligent technical systems 2014).

4.4 The context of adaptive systems

Changeable systems can be modified after their implementation. Ross, Rhodes, and Hastings (2008)
define the changeability as a possible transformation of a system to a new condition within a period
of time. They identify the agent as impulse, the change mechanism and the effect of the change as its
three constituents. According to Ross, Rhodes, and Hastings (2008), a system is flexible in case of an
external agent and adaptable in case of an internal agent. Flexibility and reconfigurability are sub-
themes of changeable systems. Ferguson et al. (2008) formulate the demand for such systems as a
consequence of the requirements: to be able to fulfil different tasks over a period of time, to be
able to be transferred into new configurations and to remain operational despite the failure of indi-
vidual system components. They define the flexibility of a system as the simplicity of its possible
change. According to Olewnik et al. (2004), flexible systems perform real-time adaptations. Their
performance is enhanced by their adaptability in predictable environments and they are robust
due to unpredictable influences. Adaptive systems are a precursor to intelligent technical systems.
Due to applied algorithms, they are able to adapt to changing conditions without user input
(Feigh, Dorneich, and Hayes 2012). The limit of such systems lies in the adaptability to requirements
of an unpredictable environment (Design methodology for intelligent technical systems 2014).

4.5 The context of embedded systems

Mechatronic systems with integrated microcomputers are defined as embedded systems. Today
about 80% of existing computers are installed in components or products. In most cases, micro-con-
trollers are used as the preferred hardware. Unlike multi-purpose computers, they follow a prede-
fined programme which may be stored on the controller itself. Micro-controllers are
differentiated by their computing power. Due to their low-cost availability, 8-bit controllers are
often installed, even if their computing power is not very high. For computationally intensive
tasks, there are 16-bit or 32-bit micro-controllers. In mechatronic systems, micro-controllers are
used for the interaction with the sensors and actuators. Embedded systems are a technical basis
for CPS. The implementation of information technology enables intelligent control of individual
components, but also their decentralized interlinking towards a networked system (Wolf 2012; Czi-
chos 2015).

4.6 Definition of intelligent technical systems

Intelligent technical systems are, in addition to the implementation of intelligent products, a partial
aspect of the fourth industrial revolution (industry 4.0). In accordance with the implementation
strategy by the platform industry 4.0, objectives are increased production efficiency, higher flexi-
bility, implementation of downstream services and the physical and cognitive support of employees
(BITKOM, VDMA, and ZVEI 2015). Intelligent products carry the knowledge of their manufactur-
ing process in themselves and independently find their way through a configurable production chain
(Brettel et al. 2014). The leading-edge cluster Intelligent Technical Systems (2012) OstWestfalen-
Lippe (it’s OWL) introduces the concept of the intelligent technical system. It is based on the com-
bination of different knowledge domains such as information technology, cognitive science or
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neurobiology. It is a further development of mechatronic systems with regard to its information pro-
cessing (Dumitrescu, Jürgenhake, and Gausemeier 2012). Cognitive data processing enables the
adaptability of the system behaviour and supplements previously rigid controls. Intelligent technical
systems are capable of learning and can react flexibly and intelligently to changing requirements and
conditions. The learning ability is based on processed information and takes place, according to
Dumitrescu, Jürgenhake, and Gausemeier (2012), on the three levels of cognitive, associative and
non-cognitive control. Another aspect of intelligent technical systems is their close networking.
This is ensured by means of a communication system which allows the exchange of information
between intelligent technical systems and their subsystems. The interaction with humans is a signifi-
cant aspect, manufactured via a human machine interface. The basis for the implementation of intel-
ligent technical systems is created by technological developments such as smaller electronics, the
development of new software and methods for handling complexity and the possible virtual net-
working of information systems. In this context, cyclic-physical systems represent the interlinking
of physical systems with the virtual world (Gausemeier et al. 2013; From machine-to-machine to
the Internet of things 2014; “Intelligent Technical Systems OstWestfalenLippe - Proceedings of 1st
Joint International Symposium on System-integrated Intelligence: New Challenges for Product
and Production Engineering - Roman Dumitrescu, Christoph Jürgenhake, Jürgen Gausemeier - Pub-
likationen Heinz Nixdorf Institut”).

4.7 Cyber-physical systems

Various terms such as Intelligent Technical Systems, ‘Industry 4.0’, ‘Internet of everything’, ‘Internet
of Things’, ‘FOG’, ‘System of Systems’ or ‘machine-to-machine’ describe today’s issue of a close com-
bination of the virtual and physical environment. In this context, the general term CPS has prevailed.
The prefix ‘cyber’ refers to cybernetics as previously described. The association with the cyberspace
often leads to misunderstandings. Wireless networking can be an aspect of CPS, but is not a require-
ment. The term was founded in 2006 in the National Science Foundation in the United States. This
refers to the convergence of computer-based components and physical components (plants) in one
system. It involves the close interaction between both levels (Lee and Seshia 2015).

Today, the technological requirements for such systems are provided by miniaturized electronics,
the development of high-performance software and the possible networking of information systems.
Software is an important aspect of CPS. They are also known as ‘software-intensive systems’. Wang,
Torngren, and Onori (2015) assume that the software is a major factor of the investment costs for the
implementation of CPS. The potential of the software stems from its high flexibility. Any hardware
can fulfil various tasks based on different software, which is not material bound, nor subject to tech-
nical restrictions. Software can be easily copied and offers great design freedom. Based on the soft-
ware, various aspects such as computing, communications or the evaluation of information can be
negotiated within a system. In practice, the high flexibility of the software requires a strict limitation
towards the system’s actual needs (Cyber-Physical Systems 2010).

In many sectors such as transport, the manufacturing industry, the building industry or aviation,
CPS are currently being researched and applied. Following Wang, Torngren, and Onori (2015), there
is a corresponding number of approaches towards a definition. These are either specific and relate to
a concrete field of application, or they are too broad for an applicable delimitation of CPS. CPS are,
for example, defined as a transferable technology for monitoring networked systems on their com-
puter-based and physical level. Researchers have moved towards the formulation of CPS character-
istics for a common comprehension across different platforms. Wang, Torngren, and Onori (2015)
identify 10 characteristics of a CPS. These include whether it is an embedded or IT-dominated sys-
tem, whether it is a single application or cross-platform application, and whether the system is open
or closed. Furthermore, it denotes the degree and type of automation, the adaptability of the system
and the degree of integration as aspects to consider. Following Wang, Torngren, and Onori (2015), a
CPS can also be characterized by the degree of decentralization of its control, as well as by whether
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there is a human–computer interaction, or if it is completely autonomous. As a final aspect, Wang,
Torngren, and Onori (2015) list the degree of vertical and horizontal integration of the system.

Broy characterizes CPS by a direct linking between the physical and the digital environment.
From his point of view, the multi-functionality, ensured by functional integration, is as crucial as
the exchange of the systems with each other and with their environment. Here, Broy talks about
an extensive interaction within and across networks. Moreover, autonomy and adaptability play a
role against the background of changing and dynamic operating environments. Following Broy,
long-term operations, the functional and access security and the reliability of the systems are
additional characteristics. Broy classifies systems according to their degree of crosslinking. He dis-
tinguishes five levels, starting with a local, non-crosslinked and mono-functional system. This is fol-
lowed by multi-functional but non-networked systems, by loosely networked systems and also by
networks of functional systems. On top there are systems of systems, such as CPS (Cyber-Physical
Systems 2010).

In the context of high expectations towards CPS, Monostori (2014) recognizes future challenges
in research and development. These include the adaptability and autonomy of the systems, the devel-
opment of advanced algorithms for the systems cooperation and foresight in continuously changing
environments. Moreover, Monostori (2014) identifies the merge of physical systems and virtual sys-
tems but also the human–machine interaction as future challenges.

4.8 Alternative designations

Starting from the term ‘intelligent technical systems’, further designations are identified that describe
the subject field. Many of the terms are composed of an attribute and an application. Names ident-
ified as being independent are listed under the category stand-alone terms (Table 6).

4.9 Criteria of intelligent technical systems

Against the background of the extensive and complex subject of intelligent technical systems in the
industry, the following lists of criteria are identified as an addition to the definitions found.

Dumitrescu, Jürgenhake, and Gausemeier (2012) describe the characteristics of intelligent tech-
nical systems organized into the four categories: adaptability, anticipation, user-friendliness and
robustness. They also identify capabilities to which they can be moored (Table 7).

The following characteristics by Dumitrescu, Jürgenhake, and Gausemeier (2012) refer to the
intelligence itself. Some of the aspects, such as the adaptability, interfere with the previous listing.
The criteria relate in particular to control capabilities, such as the exchange of information or the
ability to learn (Table 8).

Table 9 presents a concept map for CPS (‘Cyber-Physical Systems - a Concept Map’).

Table 6. Alternative designations in relation to intelligent technical systems.

Property Application Stand-alone term

Intelligent System Cybernetics
Smart Technical System Technical cybernetics
Cyber-physical Environment Internet of Things
Embedded Machine Industry 4.0
Cognitive Things that think
Adaptive Systems of systems
Self-Adaptive Internet of everything
Cybernetic
Mechatronic
Self-Optimizing
Adaptronic
Expert
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Lee, Bagheri, and Kao (2015) define a ‘5C architecture’, in line with the automation pyramid, as a
framework for the implementation of CPS in the industry. They divide the structure of CPS into five
levels. The Connection level corresponds to the field level and comprises the connection to the sensor
network. On the Conversion level, data are processed into information. On the Cyber level, the
exchange with other systems takes place. The Cognition level includes decision support and the
monitoring of the system, while the Configuration level includes the ‘Resilient control system’
(Lee, Bagheri, and Kao 2015) (Table 10).

In consideration of all constellations, the criteria relate primarily to the, for example, networked
or distributed compilation of intelligent technical systems, as well as to the abilities of their control,
for example, to be able to act in unpredictable environments.

5. Discussion and further research

The investigation into the two subject areas provides an independent overview of the understanding
and development of a respective intelligent system. In the industry, the application of CPS to pro-
duction processes leads to a new development stage that has not yet been achieved in the field of
adaptive building envelopes. Insights and strategies from the industry can be transferred to the build-
ing envelope for an increase in performance of the systems. This refers to the manufacturing pro-
cesses of a façade industry equipped with intelligent technical systems. Menges (2015) describes
such a possible application scenario of CPS in architecture-related manufacturing processes. It is
assumed that in addition to an increase in productivity and flexibility, there is a potential in the indi-
vidualization of façade production, the so-called mass customization (Brettel et al. 2014). On the
other hand, an application to the functioning of intelligent façades in building operation is concei-
vable. Against the background of an increasing automation of the building envelope, a potential is
seen in the networking and intelligent control of façade components. It is expected that the

Table 8. Criteria of intelligence by Dumitrescu, Jürgenhake, and Gausemeier (2012).

Active Embedded Exchange information

Flexible Adaptive Action-control Information representation
Learning ability Anticipative

Table 7. Criteria of intelligence technical systems by Dumitrescu, Jürgenhake, and Gausemeier (2012).

Adaptive Robust Anticipative User friendly

Environmental interaction Flexible Processing empirical
knowledge

Interact sensitively with user

Autonomous Unpredictable environments Anticipate future impacts Adapt to user
Evolve-ability within
framework

Overcome Uncertainties Anticipate possible states Comprehensible behaviour

Ensure long-term existence Overcome lack of information

Table 9. Cyber-physical systems concept map.

Feedback systems Cyber security Design tools and methodology

Networked Resilience Specification Hybrid Models
Distributed Privacy Modelling Heterogeneous Models
Adaptive Malicious Attacks Analysis Networking
Predictive Intrusion Detection Interoperability
Intelligent Time synchronization
Real time Scalability Modularity
Human interaction Complexity Management Synthesis

Interfacing
Validation Assurance
Verification Certification

Simulation
Stochastic Models
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application of CPS can contribute to the future viability of multi-functional adaptive façades. The
transferability of strategies must be examined in subsequent research for the specific cases.

6. Conclusion

Given the found and not uniformly defined terms, it becomes clear that there is an active and unfin-
ished discussion about intelligent systems. The study also shows that there is no complete and gen-
eral understanding of a system’s intelligence in façade engineering and in the industry. The following
conclusions are drawn on the specific sub-questions:

Contrary to the expectation that the intelligence of the building envelope refers to its intelligent
control, the concept is mainly related to its construction-related adaptability. This recognition is sup-
ported in the lists of criteria of an intelligent façade, in which primarily automated components are
named instead of capabilities of their control. In the industry, a distinction is made between flexible
and adaptive systems with regard to an external or internal agent. This separation has not yet been
clearly defined with regard to the façade. The distinction between the term ‘adaptable’ for construc-
tively adaptable façades and ‘adaptive’ for those façades that adapt independently on the basis of
automation technologies appears necessary. Aspects like artificial intelligence and self-organization
were identified in the subject field. In the found definitions, they appear as a sub-range of respective
specifications. No specific designation has been found for such façade systems, which can be
regarded as intelligent because of intelligent control, for example in the form of a decision process
or the mapping of learning behaviours. Such properties have been identified in the industry as crucial
to the intelligence of a technical system. In its history of developments, new terms addressed tech-
nological improvements of the façade. The term skin represents adaptive features and the ability of
self-regulation. A descriptive supplement is missing, which emphasizes cognitive abilities. Such a
façade must be able to make decisions on the basis of collected information and in the awareness
of existing requirements. Against this background, the concept of a thinking façade would be
appropriate.

The study identifies the performance as the main objective and the multi-functionality of the
façade as a relevant aspect. Furthermore, the diversity of existing and non-uniform designations
is to be noted.

The investigation determines different constellations of characteristics of the intelligent façade. It
is crucial how the concept of intelligent façade is interpreted. There are constellations which deal
explicitly with characteristics of the ability to adapt. Furthermore, there are lists of the components
that are available with regard to an adaptive system, as sensors and actuators. The foundations are
hardly comparable against the background of different conceptions of an intelligent façade. No
characterization has been found which specially focuses on the control strategy and the behaviour
such as learning ability or self-organization.

The concept of intelligent technical system reflects the specific application field of intelligent pro-
duction in the global context CPS. It is characterized by the development of industry 4.0 in the Ger-
man economy. The study could not determine a general definition of an intelligent technical system;
instead, it provides a description of the development and characterization of the properties and capa-
bilities of such a system. The study shows that the transformation frommechatronic systems to intel-
ligent systems is based on the combination of many fields of knowledge. The use of cognitive controls

Table 10. ‘5C architecture’ for cyber-physical systems.

Level Attributes

Configuration Self-configure resilience Self-adjust variation Self-optimize disturbance
Cognition Simulation and synthesis Remote visualization Collaborative decisions
Cyber Twin model Variation identification Clustering
Conversion Smart analytics machine health Smart analytics data correlation Degradation/Performance prediction
Connection Plug & Play Tether-free communication Sensor network
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and the interactive networking between machines with each other and with humans are highlighted
as important aspects.

The implementation of intelligent technical systems is based on multiple technological require-
ments. Against this background, control principles of mechatronic and adaptive systems and the
embedding of computer technology into components are identified as important aspects. Cyber-
netics is recognized as a relevant science because it provides a conceptual framework model for
the interaction of machines and people in such a digitized production environment.

The study identifies criteria both in the direct context of intelligent technical systems and in the
expanded understanding of CPS. In addition to a mindmap-based set-up, the deployment as an
advanced automation pyramid appears as promising to identify capabilities of controlling an intel-
ligent system.
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