
1 INTRODUCTION 
 

According to Lee & Seshia (2017), a cyber-physical 
system (CPS) is a heterogeneous, coupled system in-
tegrating computing, networking, and physical pro-
cesses, incorporating embedded computers and net-
works that monitor and control the physical process. 
The coupled nature of cyber-physical systems is re-
flected on the level of information exchange, since 
information is exchanged between physical and 
computational processes, or, in other words, between 
the “physical domain” and the “cyber domain” 
(Legatiuk & Smarsly, 2018). In recent years, cyber-
physical systems have become an indispensable part 
of engineering fields, such as civil engineering 
(Huang, et al., 2010), construction engineering (Yu-
an, et al., 2016), aerospace engineering (Atkins & 
Bradley, 2013), and aviation (Sampigethays & 
Poovendran, 2013). For details on CPS research, the 
interested reader is referred to Volkov & Shilova 
(2019), Letichevsky et al. (2017), and Losev & 
Chulkov (2019). In civil engineering, the character-
istics of cyber-physical systems are related to the 

engineering subfields, such as structural health mon-
itoring (SHM) and structural control (Bhuiya, et al. 
2016), additive manufacturing (Smarsly, et al., 
2020), and smart cities (Mohanty, 2016, Volkov 
2018). 

The broad integration of cyber-physical systems 
into civil engineering applications has stimulated the 
evolution of classical engineering structures into so-
phisticated engineering systems equipped with mod-
ern monitoring tools observing and controlling the 
long-term behavior, referred as “intelligent struc-
tures” or “cognitive buildings”. According to Kork-
maz (2011), intelligent structures maintain and im-
prove the structural performance by recognizing 
changes in behavior and actions, adapting the struc-
ture to meet performance goals, and using past 
events to improve future performance. 

The heterogeneous architecture of cyber-physical 
systems, thus of cognitive buildings, requires devel-
oping new concepts for CPS modeling, because 
coupling between the cyber domain and the physical 
domain must be addressed in each step of the model-
ing process. Moreover, the modeling process in civil 
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engineering nowadays originates from a conceptual 
modeling or metamodeling of whole engineering 
systems, i.e. the heterogeneous CPS architecture 
must be supported by metamodeling. Metamodeling 
aims at abstract descriptions of components consti-
tuting engineering systems under consideration and 
at the coupling and the information exchange be-
tween the components. Through metamodeling, a 
general architecture of engineering systems, such as 
cognitive buildings, may be highlighted and possible 
sources of design (or modeling) errors can be identi-
fied. 

Attempts to introduce metamodeling methodolo-
gies supporting holistic descriptions of CPS archi-
tectures based on different formalisms have been 
proposed by several authors. For example, set theory 
and abstract algebraic approaches towards describ-
ing CPS components and coupling between the 
components have been proposed by Simko et al. 
(2014). Despite the several advantages provided by 
the flexibility of set theory and abstract algebra, the 
approach introduced by Simko et al. (2014) cannot 
be utilized directly in civil engineering because the 
approach focuses on the computational part of CPS 
modeling, i.e. on the description of the cyber do-
main, while neglecting the physical domain, which 
is an indispensable part of modern cognitive build-
ings. An alternative to using set theory and abstract 
relational algebra, building on studies of Nefzi et al. 
(2015), Simko et al. (2014), and Syarif et al. (2019), 
has been reported by Legatiuk & Smarsly (2018), 
where a general architecture of intelligent structures 
has been analyzed and decomposed into “building 
blocks” whose composition constitutes intelligent 
structures. 

Apart from set theory-based approaches, diagram-
based metamodeling is frequently used in engineer-
ing applications. In particular, building information 
modeling (BIM), based upon object-oriented model-
ing, is a very popular choice for metamodeling in 
civil engineering (Borrmann, et al., 2018). Using 
BIM and unified modeling language (UML) for CPS 
metamodeling has been presented by Fitz et al. 
(2019) and Smarsly et al. (2019), where a formaliza-
tion of cyber-physical systems with UML and its 
practical realization in terms of the Industry Founda-
tion Classes (IFC) have been discussed. Finally, 
more abstract modeling approaches based on catego-
ry theory and type theory have been reported by 
Gürlebeck et al. (2017) and Gürlebeck et al. (2020), 
respectively. These approaches are not directly relat-
ed to CPS metamodeling but rather address the gen-
eral issue of modeling error detection in the overall 
modeling process in engineering. Moreover, both 
category theory-based modeling and type theory-

based modeling are motivated by classical mathe-
matical modeling related to using partial differential 
equations. Nonetheless, attracted by the descriptive 
power of category theory and its support of diagram-
based description of models, first attempts towards 
CPS metamodeling based on category theory have 
been proposed by Legatiuk et al. (2017).  

Although the approaches discussed above may 
successfully be utilized for metamodeling of cyber-
physical systems in civil engineering, a common 
limitation is obvious, namely, the lack of support of 
temporal evolutions of civil engineering structures, 
as addressed to some extend in Legatiuk & Smarsly 
(2018) and in Losev (2019). In other words, the ap-
proaches do not address the life cycle of cyber-
physical systems in civil engineering. Specifically, 
considering the growing demands associated with 
digitalization of the construction industry, the com-
plete life cycle of cyber-physical systems, represent-
ing vital components of smart city applications, 
needs to be traceable, thus to be metamodeled along 
with metamodeling of cyber-physical systems as 
such. Therefore, metamodeling approaches currently 
utilized in civil engineering need to be extended to 
address the life cycle of cyber-physical systems in 
civil engineering. 

Since the life cycle of cyber-physical systems in 
civil engineering has not been addressed in full gen-
erality by metamodeling approaches currently uti-
lized in the field of civil engineering, this paper dis-
cusses first steps towards life-cycle metamodeling of 
cyber physical systems, starting from results 
achieved in intelligent structures research, which 
will be generalized towards cyber-physical systems 
in the remainder of this paper.  

2 LIFE-CYCLE METAMODELING OF CYBER-
PHYSICAL SYSTEMS IN CIVIL 
ENGINEERING 

 
When analyzing the life cycle of cyber-physical sys-
tems, structuring into life-cycle phases strongly de-
pends on the objectives of the analysis, since differ-
ent life-cycle phases may be further subdivided to 
more refined sub-phases, or, in contrary, grouped 
together to build more general phases. Moreover, 
even structuring of the life cycle of classical build-
ings may vary, depending on the objective. For ex-
ample, from an environmental point of view, the 
life-cycle phases presented in Ngwepe & Aigbavboa 
(2015) include the extraction of raw material and 
manufacturing, which are typically not considered 
life-cycle phases in the construction industry. To 
overcome the problems associated with different 
views on the life-cycle phases, this paper aims at a 



more formal perspective on a meta-level (or concep-
tual level). Therefore, results presented in Legatiuk 
& Smarsly (2018) are taken as a basis for the up-
coming discussion on the life cycle of cyber-
physical systems. 

Using abstract algebraic and set-theoretic con-
structions for conceptual modeling of intelligent 
structures has been presented by Legatiuk & 
Smarsly (2018). Therein, temporal evolution of in-
telligent structures has been addressed, subdividing 
the life cycle of intelligent structures into three ma-
jor phases: (i) design phase, (ii) calibration and vali-
dation phase, and (iii) operational phase. In short, 
these three phases are characterized as follows: 
 Design phase. The design phase covers defini-

tions of objectives for intelligent structures to be 
fulfilled during the operational life time, design of 
experiments to identify locations for placing sen-
sors and actuators as part of the SHM and control 
systems, and a detailed mathematical modeling of 
the structure to identify potential critical points, 
such as stress concentration areas. 

 Calibration and validation phase. Naturally, this 
phase addresses the issue of calibration and vali-
dation of all systems of intelligent structures to as-
sure that performance goals defined during the de-
sign phase are met at the beginning of the 
subsequent operational phase. It should be noted 
that, ideally, performance goals should be met 
during the whole operational life of intelligent 
structures, but it cannot be generally guaranteed in 
advance. 

 Operational phase. Representing the output of 
intelligent structures modeling, the operational 
phase is characterized by continuous analyses of 
measurements collected by the SHM systems and 
by validation of the measurements against the 
models. The models may be mathematical models, 
created in the design phase and calibrat-
ed/validated in the calibration and validation 
phase, or data-driven models, created and cali-
brated/validated in the calibration and validation 
phase. 
Taking into account that intelligent structures are 

specific instantiations of cyber-physical systems in 
civil engineering, the above subdivision of the intel-
ligent structure life cycle is generalized to cyber-
physical systems. However, since this paper aims at 
discussing principal changes on the conceptual level 
of CPS modeling in civil engineering, a more refined 
version of the CPS life cycle is proposed. Moreover, 
to keep the mathematical constructions general, no 
specific formalism for CPS metamodeling is as-
sumed in this paper, meaning that all of the present-
ed constructions may be instantiated by any existing 

metamodeling approach (with appropriate adapta-
tions, if necessary). Figure 1 shows a general sche-
ma of a CPS life cycle extended from the intelligent 
structures life-cycle proposed by Legatiuk & 
Smarsly (2018).  

 

 
 
Figure 1. Extension and subdivision of the intelligent structures 
life-cycle to the CPS life cycle with five life-cycle phases.  
 

As can be seen from Figure 1, the CPS life cycle 
is subdivided into five general phases: planning, 
construction, testing, operation, and demolition. 
Moreover, the output of the design phase, i.e. a me-
ta-model, is used as the input for the calibration 
phase, and so on. To prepare the upcoming discus-
sion of modeling the CPS life cycle on the conceptu-
al level, a short overview of the CPS life cycle phas-
es, introduced in Figure 1, is provided: 
 Planning. Formulation of the goals for creating a 

CPS as well as identifying CPS specifications and 
properties. 

 Construction. Practical construction of a CPS. 
 Testing. Performing field tests on the CPS to 

identify potential changes to the CPS that may be 
necessary. 

 Operation. Operation of the CPS during its life 
time, including maintenance and monitoring activ-
ities. 

 Demolition. Sustainable waste recycling. 
Next, the link between the five phase of the CPS 

life cycle and conceptual modeling level is estab-
lished. Figure 2 illustrates the five phases and the 
corresponding objects on the conceptual level to-
gether with the abstract mappings fi, i=1,2,3,4,5, and 
gj, j=1,2,3, which are discussed below in detail. For 
clarity of the mathematical presentations, the map-
pings fi are discussed first. 
 f1 maps CPS design specifications into a CPS me-

ta-model. In general, mapping f1 represents a for-
malization process of modeling assumptions and 
task specifications in a form of mathematical ob-
jects or formal relational constructions. Practical 



realization of the formalization process may be 
done through any formal system, such as first or-
der logic or type theory. The use of type theory to 
formalize modeling process for problems of math-
ematical physics has been presented in Gürlebeck 
et al. (2020). However, only partial differential 
equations-based modeling has been addressed in 
the type-theoretic setting so far, and therefore, this 
type-theoretic approach needs to be extended for a 
more general metamodeling. 

 f2 is an optional updating mapping to a CPS meta-
model. During the construction process necessities 
for model updating can be discovered, and there-
fore, mapping f2 is applied to existing CPS meta-
model. Formally, this mapping can be represented 
as identity mapping if no changes in the meta-
model are necessary, or a modifying mapping, 
which naturally depends on a particular task and 
setting, e.g. it may add or remove CPS compo-
nents throughout the life cycle. The optionality of 
mapping f2 is denoted by a dashed arrow. 

 f3 is an updating mapping required by any CPS 
meta-model that incorporates the results of the 
testing phase, i.e. the CPS is “prepared” for the 
next phase, the system operation. 

 f4 represents a mapping of the information collect-
ed by SHM systems, which may be part of the 
CPS, into the CPS meta-model. The term “updat-
ed meta-model”, mentioned in Figure 2, will be 
elaborated in details during the discussion on the 
mappings gj, j=1,2,3. In short, the updated meta-
model represents the process of meta-model up-
dating with information collected by an SHM sys-
tem installed on a structure. 

 Finally, f5 is an optional finalizing mapping devot-
ed to performing last updates to the CPS meta-
model with information collected during the dem-
olition phase. Again, optionality of this mapping 
is indicated by a dashed arrow. 

 

 
 
Figure 2. CPS life-cycle phases and corresponding objects on 
the conceptual level with abstract mappings. 
 

For the discussion on changes in model states on 
the conceptual level, i.e. changes in the meta-model 
states, recall the formal definition of an intelligent 
structure proposed in Legatiuk & Smarsly (2018): 

 
Definition 1 (Intelligent structure). Consider the 
following abstract mappings: 
 f – mapping of signals to measurements, i.e. this 

mapping represents sensors 
 g – mapping of measurements to a control signal, 

i.e. this mapping represents a “model” processing 
measurement and sending a signal to actuators 

 h – mapping of a control signal to actions on a 
structure, i.e. the actions of actuators 
Through the abstract mappings, an intelligent 

structure 𝔗 can formally be considered as the fol-
lowing pointwise noncommutative composition: 
 
𝔗: ℎ ∘ 𝑔 ∘ 𝑓 over ℝ ,                                          (1) 
 
where ℝ  denotes positive real numbers, i.e. the 
timeline. 

Definition 1 is used for describing cyber-physical 
systems in civil engineering. Moreover, formula (1) 
is a general abstract description of a CPS and any 
practical instantiation of a CPS meta-model by using 
UML, e.g. as proposed by Fitz et al. (2019), may be 
abstractly described by (1). Thus, on the conceptual 
level, a CPS is always described by the noncommu-
tative composition (1). In this case, point evaluations 
of (1) over the timeline represent states of the CPS 
along its complete life cycle meaning that the gen-
eral representation (1) is always valid, but the map-
pings h, g, and f may vary, depending on the con-
crete instantiations of meta-models on each life-
cycle phase. 

The mappings gj, j=1,2,3 shown in Figure 2 repre-
sent principal changes on the conceptual level, pre-
cisely: 
 g1 indicates that on the conceptual level, a CPS 

meta-model created according to the design speci-
fications of the planning phase, is modified with 
the information collected during the testing phase. 
In short, the image of 𝑔 , i.e. a calibrated meta-
model, is used as a basis for CPS life time opera-
tion. 

 g2 represents that the calibrated meta-model can 
be changed during the CPS life time operation, as 
it has been indicated in the discussion of mapping 
f4. In general, g2 can be the identity mapping, if no 
changes to the system during the operational 
phase have been made, or it can be a sequence of 
modifying maps if changes have been made. For 
example, if UML diagrams are used as a meta-



model, then g2 would represent adding/removing 
specific blocks of a diagram. 

 g3 indicates that the latest state of the updated me-
ta-model is used as a basis for the demolition 
phase. Changes to the final meta-model can be 
done only by using the (optional) f5 mapping and 
only if additional information necessary on the 
conceptual level is obtained during the demolition 
phase. 
It must be emphasized that the abstract mappings 

described above will become more concrete once a 
specific metamodeling formalism is used. Moreover, 
the abstract mappings may be equipped with addi-
tional formal structures, such as compositional se-
mantics and commutative diagrams, the latter case 
corresponding to a category theory-based approach, 
where each object on the conceptual level is created 
by categorical constructions. Among other possibili-
ties, the use of categorical ontology logs, or simply 
ologs, proposed by Spivak & Kent (2012) seems to 
be straightforward to be adapted. When using ologs, 
each object on the conceptual level will be an indi-
vidual olog, and then the abstract mappings 
gj, j=1,2,3, become functors between the ologs. 

3 EXAMPE LIFE-CYCLE METAMODELING OF 
ADDITIVE MANUFACTURING PROCESSES 

As a simple illustrative example illuminating the 
CPS life-cycle metamodeling concept proposed in 
this paper, a CPS for additive manufacturing of con-
crete structures, commonly referred to as “concrete 
printing”, is presented in this section. The laboratory 
setup is shown in Figure 3. 
 

 
 

Figure 3. A concrete printer serving as a CPS example, source: 
Smarsly et al. (2020), modified. 
 

To specify the metamodeling concept presented in 
Section 2, a UML-based metamodeling approach is 
used as a formalism to metamodel the concrete 
printing process. Since the goal here is to illustrate 
the life-cycle metamodeling concept – rather than 
discussing the concrete printing itself – a simplified 
UML model, based on the meta-model proposed by 
Smarsly, et al. (2020), is taken as the basis of the 
formalization. The formalization, according to Fig-
ure 2, is realized via mapping f1, which maps the de-
sign specification into components of a UML dia-
gram, by which the meta-model of the concrete 
printer is obtained. The corresponding UML dia-
gram is shown in Figure 4. 
 

 
 
Figure 4. The meta-model of the CPS for concrete printing, de-
noted in terms of a (simplified) UML diagram. 
 

In general, the mapping f1 is not “just a mapping”; 
it rather represents the process of how design speci-
fications are formalized in the chosen metamodeling 
formalism, i.e. in terms of blocks in the UML dia-
gram. Clearly, practical realizations and rigorous de-
scriptions of the mapping f1 strongly depend on the 
metamodeling formalism that is chosen. More de-
tails on modeling formalization concepts are provid-
ed in Gürlebeck et al. (2020). 

Once, in this illustrative example, the real-world 
CPS for concrete printing is constructed and the me-
ta-model is created, the CPS for concrete printing 
and the corresponding meta-model are passed to the 
testing phase. During the testing phase, the necessity 
of adding a temperature sensor to the CPS is ob-
served. Therefore, the CPS meta-model needs to un-
dergo a modification during its life cycle. The modi-
fication, according to Figure 2, is realized by two 
mappings,  
 mapping f3 formalizes the new design specifica-

tion, i.e. the necessity of adding a temperature 
sensor, in terms of blocks in the UML diagram, 
and  

 mapping g1 modifies the meta-model.  



It should be noted that mapping f2 is optional and 
does not contribute to the example considered here. 
Again, at each moment of its life cycle, the CPS may 
be described by (1). The modification mappings, 
such as g1, do not change the form of (1) but modify 
the abstract mappings h, g, and f because the new 
sensor setup needs to be taken into account. The cal-
ibrated meta-model, upon applying f3 and g1, is 
shown in Figure 5. 
 

 
 
Figure 5. Calibrated meta-model of the CPS for concrete print-
ing. 
 

Next, the CPS for concrete printing and the corre-
sponding meta-model are passed to the operation 
phase. Updating of the meta-model during the opera-
tion phase is controlled by the mappings f4 and g2, 
which, in general, are not singular mappings but col-
lections of several mappings performed during the 
operation phase. Naturally, the mappings are identity 
mappings if no changes to the system need to be 
made; otherwise, the mappings are modifying map-
pings. The operation of the CPS for concrete print-
ing has shown that no further modifications of the 
printing system are necessary, i.e. all mappings 
summarized by g2 are identity mappings. However, a 
last inspection indicates that the printhead is not 
functional and, therefore, the CPS cannot serve its 
design purpose. Here, two possibilities in the CPS 
life cycle exist, 
 the CPS may be repaired to continue its service, or 
 the non-functionality of the printhead means end 

of service for the CPS.  
In the first case, repairing the CPS would be a part 

of the operation phase, i.e. the corresponding modi-
fications on the meta-model need to be added via 
mapping g2 to continue the operation phase. In the 
second case, which is implemented in the illustrative 
example, the mapping g3 represents a final modifica-
tion of the CPS meta-model, and the finalization of 
the meta-model is obtained by deleting the block 

corresponding to the printhead, as shown in Figure 6 
(cf. “Printhead” in Figure 5). 
 

 
 
Figure 6. Final meta-model of the CPS for concrete printing. 
 

In summary, a CPS life cycle on the meta-level is 
a sequence of meta-model states, each state repre-
sented by the general form (1), connected with each 
other by mappings gj, j=1,2,3 shown in Figure 2. 
Moreover, some of the mappings gj, j=1,2,3, for ex-
ample g2, may further be subdivided into “smaller” 
mappings to update the CPS meta-model within one 
particular life-cycle phase. 

4 SUMMARY AND CONCLUSIONS 

The broad integration of modern technologies in the 
field of civil engineering has promoted the imple-
mentation of cyber-physical systems as an indispen-
sable part of smart cities and smart infrastructure. 
Moreover, analysis of sensor data provided by vari-
ous sensors installed on a structure supports high 
performance of cyber-physical systems through their 
life-time operation. Nonetheless, it is rare that a civil 
engineering structure keeps its state unchanged from 
the original construction until the final demolition. 
Considering that, due to complexity of modern civil 
engineering applications, metamodeling approaches 
are more frequently deployed to understand and op-
timize engineering structures, principal changes of 
cyber-physical systems in civil engineering must al-
so be considered on the level of meta-models, or on 
the conceptual level. Unfortunately, modern ap-
proaches to metamodeling in civil engineering do 
not address the question of temporal evolution on 
the meta-level in its full generality. In this paper, 
first steps towards life-cycle metamodeling of CPS 
in civil engineering have been presented. The math-
ematical constructions have been kept very abstract 
and general aiming to avoid using specific meta-
modeling approaches probably biasing the generality 
of the constructions. The evolution of meta-models 
is described by abstract mappings that may easily be 



specified in the case of using concrete metamodeling 
approaches. Finally, an illustrative example of CPS 
life-cycle metamodeling of additive manufacturing 
of concrete structures has been discussed. 
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