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1. Introduction

Manufacturing companies are confronted with intensified 
competition due to saturated markets, overcapacity, and glob-
alization [1]. In response, companies are adopting strategies to 
diversify their portfolios and incorporate value-added services
[2]. By acting as a solution provider, a company seeks long-
term reciprocal value rather than solely increasing sales, to ex-
pand its business despite stagnant product markets [3]. How-
ever, this service-driven portfolio expansion has been shown to 
engender a significant increase in product and system complex-
ity [4]. As technological advancements continue to accelerate, 
the complexity inherent in both products and the organizations 

responsible for their development has risen significantly. This 
increase in complexity can be attributed to the need for inte-
grating new technologies into older systems, creating ever 
more interconnected systems, as well as increasing demands 
placed upon companies with regard to the functionality and in-
dividualization of systems [5,6]. 

These factors add layers of technical and operational com-
plexity, requiring organizations to adapt their processes and in-
teractions [7]. Complexity manifests itself not only in the struc-
tural and functional characteristics of the products but also in 
the organizational processes and interactions required to man-
age their development and production and while this 
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complexity has continuously increased, it has not been satisfac-
torily addressed in literature and practice [8].

In the context of system engineering projects delays and cost 
overruns often occur which are frequently attributed to an un-
derestimation of the complexity involved in the project’s 
lifecycle [9]. One lever to manage complexity are organiza-
tional capabilities [10]. In projects with high complexity, 
simply having a robust structure or system is often insufficient. 
Instead, the ability to dynamically adjust and realign resources, 
knowledge, and processes (dynamic capabilities) can deter-
mine the success of the project [11].

Existing literatures focusses widely on the assessment of 
functional, structural and organizational complexity [12,13]. 
Despite the substantial body of research addressing complex-
ity, there remains a significant gap in the literature concerning 
how these complexities affect project outcomes when com-
bined [14]. GIRMSCHEID AND BROCKMANN establish a direct 
correlation between complexity and costs and schedule, partic-
ularly emphasizing the role of unforeseen complexity in caus-
ing delays and cost overruns in large-scale engineering projects 
[12]. SINHA ET AL. also establish a clear correlation between 
misalignment in product architecture and organizational com-
plexity, which results in increased costs and delays [15]. 
CEPEDA AND VERA and FERREIRA ET AL. investigate the rela-
tionship between dynamic and operational capabilities [16,17]. 
However, the interaction of dynamic capabilities with organi-
zational, structural, and functional complexity is not addressed.
In summary, existing approaches primarily examine only one 
or two dimensions of complexity, without linking functional, 
structural and organizational complexity. Furthermore, despite 
the widely acknowledged importance of dynamic capabilities, 
the extant literature on the subject remains largely conceptual 
in nature, lacking quantifiable metrics that would enable em-
pirical assessment. In addition to that, the interplay between 
complexity and capabilities need to be analyzed in relation to 
project costs. 

To address these research gaps this paper proposes a model 
integrating functional, structural, and organizational complexi-
ties into a unified assessment, explicitly linking these complex-
ities to project cost and schedule impacts. Furthermore, opera-
tional and dynamic capabilities are incorporated to examine 
how these capabilities interact with complexity and project per-
formance. First the fundamentals and relevant terminology are 
presented. Then, a system dynamics model is set-up illustrating
the major relationships between complexity, capabilities and 
project performance. In the subsequent chapter the results of a 
sensitivity and scenario analysis are shown. The paper con-
cludes with a discussion of the results and outlook.

2. Fundamentals and relevant terminology

Three forms of complexity arise during the lifecycle of sys-
tem engineering projects: Functional, structural and organiza-
tional complexity. Functional complexity refers to the com-
plexity of achieving certain specifications of the system that is 
being developed [18].  This complexity is mainly influenced by 
external stakeholders such as customers, end users, developers 
and subcontractors [19]. Structural complexity refers to the 
complexity of the architecture of the developed system and is 
mainly driven by the physical design of the system [9]. Finally, 

organizational complexity arises through relations and interac-
tions between groups and entities within the company or organ-
ization [20]. Organizational complexity enables a company to 
design and build structurally complex products with complex 
functional requirements. This ultimately leads to the rise of 
costs in the form of additional coordination and oversight, as 
well as possible unintended consequences [21]. Despite the 
substantial body of research addressing functional, structural 
and organizational complexity, there remains a significant gap 
in the literature concerning how these complexities affect pro-
ject outcomes when combined [14].

In order to manage organizational complexity in the form of 
tasks and interactions and to manage the cost of complexity or-
ganizational capabilities come into play [10]. Organizational 
capabilities refer to the ability of an organization to perform a 
coordinated set of tasks and utilizing organizational resources, 
for the purpose of achieving a particular result. Organizational 
capabilities can be classified as either operational or dy-
namic [22].

Operational capabilities refer to the routines, processes, and 
skills that enable a firm to execute its daily business activities 
efficiently and effectively [16]. Dynamic capabilities describe 
the rate of change of operational capabilities meaning that it is 
a measure of how easily the organization is able to change, co-
ordinate and reconfigure [23]. Thus, operational capabilities 
are the output of dynamic capabilities. 

3. Research approach and model development

In the following the proposed model is developed. First the 
general model structure is set up based on a rework cycle struc-
ture [24]. Besides the rework cycle for modelling the iterative 
design process, the extant literature includes other approaches, 
such as the work transformation matrix model by SMITH AND 
EPPINGER or the applied signposting model by WYNN AND 
CLARKSON [25,26]. In the following, the rework cycle will 
serve as the foundational model. As a novelty, functional, 
structural and organizational complexity as well as operational 
and dynamic capabilities are implemented into the model 
through the addition of several submodels which will be pre-
sented in the following sections.

3.1. The rework cycle

System development projects are modeled through the re-
work cycle. The rework cycle was adapted in order to model 
the cycle in system dynamics software as proposed by LYNEIS
[27]. This approach is an appropriate means of reproducing the 
behavior of a systems engineering project. In the simplified 
version of the rework cycle, three stocks are analyzed: work to 
do, undiscovered rework and work done which are connected 
through the flows of work done correctly, rework generation 
and rework discovery. The work is measured in the form of 
tasks. As the primary activities in the system development pro-
jects are design and communication, two rework cycles are de-
rived from the original rework cycle: Besides the design rework 
cycle a communication rework cycle is introduced. Initially, 
these rework cycles both contain either a stock of design tasks 
to do or communication tasks to do. The project is deemed to 
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be complete once all design and communication tasks have 
been completed. The design rework cycle is shown in Figure 1.

Exemplary, the current number of design tasks to do can be 
calculated as follows:

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑡𝑡𝑡𝑡 𝐷𝐷𝐷𝐷 (𝑡𝑡) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + ∫ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑡𝑡)

𝑡𝑡

0
+ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ 𝑑𝑑𝑑𝑑 (1)

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑒𝑒 × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑜𝑜𝑜𝑜 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (2)

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑒𝑒 × (1 − 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑜𝑜𝑜𝑜
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) (3)

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑡𝑡) =∫ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑑𝑑𝑑𝑑

𝑡𝑡

0
(4)

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡 𝐷𝐷𝐷𝐷 (𝑡𝑡) =∫ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑

𝑡𝑡

0
(5)

The design and communication rework cycle are connected 
through the effect of communication. It serves as a controlling 
mechanism. The rationale behind this mechanism is that no de-
sign work can be considered correct until the requisite commu-
nication to facilitate the design process has been completed.
The communication rework cycle is shown in Figure 2.

3.2. Modification through implementation of complexity and 
capabilities

In order to model functional, structural and organizational 
complexity, first approximations for these complexities are in-
troduced, making them measurable. The individual approxima-
tions are shown in Table 1.

Table 1. Approximation and information sources of complexities

Complexity Source Approximation
Functional com-
plexity

Model input • Number of functional require-
ments 

• Conflicts of functional re-
quirements 

• Interdependencies of func-
tional requirements

Structural com-
plexity

Inherent to the 
model

• Element complexity and
• Interface complexity of the 

product being designed
Organizational 
complexity 

Model input • Organizational complexity in-
dicators by Rebentisch [28]

Functional complexity is the primary input to this model from 
which structural complexity is derived and then a certain or-
ganizational complexity is needed in order to fulfill the struc-
tural complexity needed. Therefore, structural complexity is 
treated as a derivative of functional complexity. Organizational 
complexity is calculated based on the work of REBENTISCH 
[28], considering multiple factors, which are influencing the 
overall organizational complexity. The underlying formula is 
as follows:
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =0.2 × (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 +

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
+ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)

0.3 ×
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
+ 0.05 × (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)

(6)

The six factors of organizational complexity are each as-
signed a value between 0.5 (indicating a high level of complex-
ity) and 1.0 (indicating a low level of complexity). This is due 
to the organizational complexity reducing the amount of cor-
rect work. An organizational complexity indicator of 0.5 will 
result in only 50% of communication tasks being correct, while 
an organizational complexity indicator of 1.0 will have no im-
pact on the amount of communication correct and therefore on
work correct. The resulting values are then used to calculate 
the overall complexity score.

3.2.1. Initial ‘work to do’ model
Functional complexity serves as an input to the model. 

Therefore, a submodel is implemented calculating the initial 
amount of design and communication tasks to do based on the 
number of functional requirements, the number of conflicts be-
tween them and the number of interdependencies within the 
functional requirements. The number of elements is derived 
from the number of functional requirements and the elements-
to-requirements ratio. This ratio is, in turn, a normalized value, 
influenced by the redundancy, size, and safety indicators of the 
product. In this paper, a standard value is assigned to these in-
dicators, but their future use is described in the conclusion sec-
tion.

Figure 1: Design rework cycle

Figure 2: Communication rework cycle
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The underlying formulas are denoted in the following:
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (7)

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (8)

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (9)

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
= 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (10)

3.3. Experience development

The model describes the process by which inexperienced 
staff members gradually gain experience over time, with the 
support of more experienced colleagues. The main goal of this 
submodel in the context of this paper is to calculate the current 
amount of experienced and inexperienced staff members as an 
approximation for operational capabilities. The effect of expe-
rience is an input to the main model and influences, among oth-
ers, the fraction of work correct, fraction of communication 
correct, error discovery and communication error discovery. 
Operational capabilities are modelled through the experience 
of staff and can increase over time. This is incorporated into the 
rework cycle through work accomplished. The extent to which 
work is accomplished is contingent upon the productivity of in-
dividual staff members and indicated staff on design. The level 
of productivity is contingent upon the normal productivity 
within the project team and the effect of supervision. The effect 
of supervision is quantified within the experience development 
model. This effect is a consequence of experienced staff being 
less productive due to the necessity of supervising less experi-
enced staff, which occupies a portion of their time. The effect 
of experience posits that inexperienced staff will commit a 
greater number of errors than their more experienced counter-
parts. This is based on the models of [24,27]. In accordance 
with this model, the relative effectiveness of inexperienced 
staff has been established at 0.25. The main formulas for this 
model are denoted in the following:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + ∫ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑
𝑡𝑡

0
(11)

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (12)

The learning rate describes how fast experience grows in the 
team and is therefore used as an approximation for dynamic 
capabilities in a team.

3.4. Staff allocation model 

In order to ensure the consistent allocation of personnel to a 
given task, it is necessary to distinguish between the respective 
responsibilities of the communication and design teams. This 
is based on the understanding that the majority of tasks will be 
concentrated in one of these two areas. The total amount of de-
sign work and communication work that must be completed at 
a given time is calculated. Subsequently, the proportion of 
these tasks relative to the total number of tasks available is de-
termined. This fraction indicates the number of personnel as-
signed to the design or communication tasks. It should be noted 
that, initially, no staff members are allocated to the design task

as the preliminary coordination tasks must first be completed 
before design work can commence.

The main goal of this submodel in the context of this paper 
is to calculate the current number of staff working on either 
communication or design. 

3.5. Model dashboard

To create transparency about the behaviors of the model, a 
dashboard was set-up in VensimDSS highlighting the behavior 
of the main stocks modelled. The dashboard is depicted in Fig-
ure 3. This dashboard ensures that the behavior of the model 
can be closely monitored when changes are made.

4. Model analysis

After having set up the model and described its features, in 
this section the model analysis is described to derive insights 
from the model regarding complexity, capabilities and project 
performance in system engineering projects.

4.1. Analysis method

Project costs in system engineering projects are primarily 
influenced by personnel costs. Therefore, project costs are cal-
culated as follows:

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷[𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑠𝑠] × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆[𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃] × 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 [ 𝑈𝑈𝑈𝑈𝑈𝑈
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃×𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ] (13)

When setting up the model, it is essential to define the sam-
pling frequency (TIME STEP), the duration of the simulation 
(FINAL TIME), and the units of time. To ensure greater com-
parability, months were selected as units of time, as this aligns 
with the units used in many other system dynamics models. The 
sampling frequency was set to 0.005, which allows for a high 
level of detail while still enabling a substantial number of sim-
ulations to be conducted within a relatively short timeframe. 
The final time was set to 1,000 with the option of adjusting this 
if the simulations in question were to be completed in a shorter 
timeframe.

The scenario analysis considers a diverse range of scenarios, 
allowing for comparative analysis. In the context of this paper, 
the scenario analysis includes four key project scenarios, each 
characterized by a distinct level of functional complexity, as 
shown in Table 2. The first project scenario represents a large-

Figure 3: Model analysis dashboard in VensimDSS
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scale engineering project with numerous interdependencies, 
making it the most complex from a functional standpoint. The 
second scenario has fewer interdependencies but the same 
number of requirements. Both Scenarios 3 and 4 have fewer 
requirements than the preceding scenarios but differ in the 
number of interdependencies. The scenarios have been elabo-
rated in collaboration with a company from the aerospace in-
dustry with the objective of achieving the most extensive cov-
erage of diverse development projects within the company.

Table 2. Four main project scenarios defined by functional complexity

Number of… Scenario 1 Scenario 2 Scenario 3 Scenario 4
… requirements 10,000 10,000 1,000 1,000

… conflicts 10,000 10,000 1,000 1,000

… interdependencies 10,998,900 4,999,500 109,890 49,950

In addition to the four main project scenarios, operational, 
dynamic and organizational complexity are varied and there-
fore result in 23 = 8 sub-scenarios for each main scenario. 

Operational capabilities were approximated through the per-
centage of experienced staff in a team and the productivity of 
staff while working on their tasks, as shown in Table 3.

Table 3. Levels of operational capabilities simulated

Operational capabilities: High Low 
% of experienced staff 100% 25%
Productivity 120 tasks/month 40 tasks/month

Dynamic capabilities were approximated through the time 
to gain experience and the time to discover rework. Time to 
gain experience is used to calculate the learning rate. The used 
values are presented in Table 4.

Table 4. Levels of dynamic capabilities simulated

Dynamic capabilities: High Low 
Time to gain experience 4 months 8 months
Time to discover rework 0.4 months 1 month

For the analysis two scenarios with respective values have 
been determined, which vary the organizational complexity be-
tween 0.5 and 1.0, which are presented in Table 5.

Table 5. Levels of organizational complexity simulated

Organizational complexity: High Low 
Culture 0.5 1.0
Personality Differences 0.5 1.0
Level of standardized communication 0.5 1.0
Information systems alignment 0.5 1.0
Geographical dispersion 0.5 1.0

The scenarios assume that the organizational complexity level 
would not exceed 50%. In a real-world application of the 
model, it is necessary to determine the respective values 
through interviews. The organizational complexity calculation 
is based on the formula (6) presented in the previous chapters.

4.2. Results

In Figure 4 the results of the scenario analysis are presented. 
The four main scenarios are highlighted in different colors. In 
the presented analysis functional complexity is clearly the main 
driver for project costs.

However, capabilities and organizational complexity have 
secondary impacts which also contribute to project success.
From Figure 5 it can be drawn, that highest project costs within 
a scenario with high functional complexity, arise through the 
combination of high organizational complexity and a team with 
both low dynamic and operational capabilities. 

Contrary to this worst-case scenario, the lowest costs are in-
curred in a setting with low organizational complexity environ-
ment and a team with both high dynamic and operational capa-
bilities. Additionally, operational capabilities play a larger role 
in avoiding project costs than dynamic capabilities.

When analyzing the scenarios for the behavior under differ-
ent capabilities it is noteworthy that dynamic capabilities have 
a stronger impact on project costs when functional complexity 
is low as well as when operational capabilities are low.

Moreover, analyzing the behavior of organizational com-
plexity indicates that organizational complexity is the second 
largest lever after functional complexity influencing project 
costs. However, the impact of organizational complexity is 
much larger in teams with low capabilities.

5. Conclusion

Rising complexity in system development projects has led 
to an increased need to understand the relationship between 
complexity, organizational capabilities and project costs. The 
induced complexity is intensified in particular by the transfor-
mation to solution providers with even more complex solution 
systems. This study proposes a model analyzing how func-
tional, structural, and organizational complexities, along with 
organizational capabilities, influence project costs in system 
development based on two primary rework cycles.

Despite their development in collaboration with an aero-
space company, the scenarios can also be applied to other in-
dustries. A sensitivity analysis was performed to examine the 

Figure 4: Impact of functional complexity on project costs

Figure 5: Sub-scenarios of scenario 1
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impact of varying twelve input variables with different ranges 
of variation. The sensitivity analysis demonstrated a linear re-
lationship between the parameters of organizational complex-
ity, functional complexity and capabilities with project costs 
and project duration. The total staff figure constituted an ex-
ception, as it revealed an optimum in relation to project costs. 
The results of the sensitivity analysis demonstrated that the var-
iables under examination exert a significant influence on the 
project's performance, assuring that the assumptions made are 
realistic. 

The results demonstrate that functional complexity is the 
primary driver of non-recurring engineering costs. Organiza-
tional complexity increases costs mainly through coordination 
demands. Structural complexity was treated as a derivative of 
functional complexity and was therefore implicitly captured.
The analysis also highlights the critical role of capabilities. Op-
erational capabilities positively impact project performance the 
most. Dynamic capabilities, such as learning, coordinating, and 
reconfiguring, proved particularly valuable in teams with low 
operational capabilities. These capabilities enabled the teams 
to adapt and regain control over costs.

In practice, the findings suggest the importance of carefully 
managing requirements and interdependencies at the beginning 
of projects, investing in experienced and productive teams, and 
building adaptive capabilities in uncertain situations.

The developed model provides a multidimensional frame-
work to better understand the nonlinear interplay between com-
plexity and capabilities. However, further empirical validation 
with organizational data is necessary to refine the approxima-
tion of dynamic capabilities and incorporate additional, indus-
try-specific complexity indicators, such as robustness, redun-
dancy, and safety. Moreover, the levels of organizational com-
plexity could be expanded through multiple scenarios. Future 
research should therefore focus on calibrating and extending 
the model to bridge the gap between theory and practice.
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