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Abstract: Product development is a complex process involving intricate components, dynamics
and constantly evolving internal and external environments, as well as numerous influencing fac-
tors. In order to accurately simulate and predict the effectiveness of the development process, this
paper proposes a system dynamics simulation method based on information maturity. Different
types of development processes are simulated, and the discussion includes the impact of activity
information correlation, information evolution coefficient, start time, and other parameters on the
dynamic behavior of the process. This study examines a specific mold development process as a
case study to validate the method’s feasibility, accurately predicting the duration and cost of the
process. It also investigates dynamic fluctuations resulting from uncertain events such as changes in
customer demand and resource shortages. The method provides support for process optimization
and resource scheduling.

Keywords: product development process; dynamic characteristic; system dynamics; simulation

1. Introduction

Due to its complex characteristics and external factors, the product development
process is a multifaceted system which manifests in various aspects including product, pro-
cess, organization, environment, and goals [1,2]. Accurately predicting and executing the
development process in a planned manner poses challenges due to the process’s inherent
complexity. Two types of complexity exist within this context: structural complexity and
dynamic complexity [3]. Many models, such as the Design Structure Matrix (DSM) [4,5],
Quality Function Deployment (QFD) [6-8], Concurrent Engineering (CE) [9,10], and Inte-
grated Product Development (IPD) [11,12], have been utilized to analyze and solve these
problems from various perspectives. These models prioritize the stability and reliability
of the product but do not give sufficient consideration to the factors that trigger dynamic
changes in the process and the resulting dynamic change patterns. They are commonly
used to depict the intricate structure of the product design process [13]; however, they
only provide a static view of the design process and do not adequately capture or analyze
dynamic complexity [14].

Various scholars have conducted research on the dynamic nature of the develop-
ment process from perspectives such as resource allocation [15], engineering change
propagation [16], and workforce management [17]. Dynamic complexity refers to the
evolution of the product design process over time. This evolution is reflected in dynamic
changes within its internal structure and is influenced by fluctuations in system elements
and parameters. Changes in these parameters can impact performance indicators such
as cost, cycle time, and quality. Analyzing the dynamic characteristics of the product
development process is crucial for accurate prediction and control. Simulation methods
are effective for solving complex dynamic problems, such as Petri nets [18] and Monte
Carlo simulations [19]. These methods evaluate the performance (cost, lead time, risk,
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etc.) of the development process by adjusting input variables to forecast output outcomes.
They provide robust support for optimizing and controlling the process. However, these
approaches consider the development process structure as static and fail to capture its
evolutionary nature.

The product development process has dynamic feedback characteristics and involves
many nonlinear decision problems. Some scholars have applied system dynamics, which is
an effective method for addressing nonlinear system problems and analyzing complex dy-
namic feedback processes in product development process research [20-26]. Most of these
studies, however, focus on the dynamic behavior of product development processes at the
organizational level and do not describe the dynamic changes in the internal components
of the process and their impact. Kasperek et al. (2016) proposed a structure-based system
dynamics (SD) model to analyze the relationship between the underlying structure and the
dynamic characteristics of the design process [1]. However, this model is only a framework
and does not analyze the evolution process of dynamic characteristics in product design.

The dynamic characteristics of the product development process are determined by the
dynamic features of all activities that constitute the process. The dynamic characteristics
of activities are reflected in the process of transforming input information into output
information. One activity can be considered a unit of information evolution. Some scholars
have proposed evolutionary functions [27-30]. The ability of design activities to create
and transmit information is referred to as activity function in this paper. The fundamental
purpose of development activities is to fully realize their functions. We introduced the
concept of information maturity to measure the degree of completion of the activity function,
which reflects the activity’s state. Based on this, the paper will establish a new SD model
of the development process. In literature, the revision cycle is always a key component of
the development process. However, it is difficult to distinguish between original works
and reworked ones. Normal works and reworks are usually mixed together. The SD model
established in this paper is driven by the information maturity of the activity.

The remainder of this paper is organized as follows. Section 2 presents the literature
review. Section 3 discusses the information maturity of development activities and proposes
a structural model of the development process. The information evolution process of
development activities is analyzed in Section 4, and an application example of a specific
mold development process is also provided. Finally, the conclusions and some additional
research findings are presented in Section 5. Information evolution and related concepts in
the product development process are presented in Appendix A, and the equations of the
SD model are established in Appendix B.

2. Literature Review
2.1. Modeling of the Product Development Process

The product development process is a crucial factor in ensuring sustainable growth for
enterprises. Currently, there are numerous development tools available to help optimize the
development process, aiming to shorten the development cycle and decrease development
costs. Due to the uncertainty and unpredictability of the product development process,
complex iterative and overlapping relationships exist between the activities involved in the
development process [31].

Some scholars have studied organizational management issues in the development
process or examined the development process from an organizational perspective. Attari-
Shendi et al. (2019) proposed a multi-objective activity organization model based on the
design structure matrix and technology maturity level for the sequencing of activities
in complex product development projects [5]. The model considers information interde-
pendence between activities and the project’s budget. Zapata-Rhodan and Sheikh (2020)
proposed an agent-based organizational functional model for design management that
coordinates design, engineering, and operational activities [32]. Yang and Hsu (2019) pro-
posed a development program that integrates engineering, manufacturing, and marketing
to address technological constraints and consumer market demands [33]. Zhao et al. (2021)



Systems 2024, 12,172

30f22

viewed the dynamic resource allocation problem as a convex optimization problem and
proposed a development process management model which takes into account budget
constraints [15]. Sankowski et al. (2021) conducted detailed research and analysis on the
front end of a product family development process for a product series, exploring possible
constraints, boundary conditions, and influencing factors [34]. Yang and Hsu (2019) pro-
posed a matrix that can help obtain the optimal design strategy for determining product
design specifications [35]. Peykani et al. (2023) developed a two-stage resource scheduling
model to address the scheduling challenges of design and development projects for com-
plex product systems [36]. However, these models are overly intricate and challenging to
compute. The dynamics and complexity of the product development process determine
the diversity of development process modeling and research objectives. How to make the
model universal and serve different goals, it must be approached from within the process
and there is still a significant gap in research in this area.

The dynamically changing market and uncertain factors require continuous opti-
mization of the product development process. To accurately simulate the progress and
performance of the development process, it is necessary to construct a robust simula-
tion model. The simulation-based method applies simulation technology to simulate the
dynamic iteration process of product design. By changing the input parameters of the
simulation model, we can analyze the performance of the iteration process to optimize the
model. Discrete event simulation is a commonly used method. Leén et al. (2013) proposed
an iterative management method to help designers identify, evaluate, and determine the
optimal design process structure [37]. Maier et al. (2014) studied priority selection strategies
involved in design and explored the combined effects of progressive iteration, rework, and
change propagation in product design [38]. Yang et al. (2014) constructed a quantitative
model to evaluate the impact of iterative uncertainty and overlapping fuzziness on project
progress [31]. The common drawback of these models is that they overlook the transmission
and evolution of information during the development process.

2.2. Information Transmission during the Product Development Process

The accuracy and timeliness of information transmission are the primary factors influ-
encing the uncertainty of the product development process. The success of any product
development project depends on the maturity of the information and knowledge involved.
The transmission and evolution of information between research and development ac-
tivities can help analysts delve deeper into the content of the development process and
optimize the process structure from the foundational level. Yassine et al. (2013) studied the
optimal information exchange strategy between two activities in the integrated product
development process but did not consider the impact of uncertainties, such as resources
and customer needs [39]. This method is not suitable for processes involving multiple
activities. Li et al. (2022) established a dynamic model based on ordinary differential
equations to address the issue of engineering change propagation across multiple product
development stages [16]. Mallek-Daclin et al. (2023) proposed the application of digital
twin technology to real-time check the deviation between product development models
and reality, in order to quickly predict otherwise unforeseeable events [40]. Zhang and
Bhuiyan (2014) studied uncertain evolution patterns under different overlapping modes to
determine the optimal overlapping process [41].

Unfortunately, several uncertainty factors significantly impact model-based simulation
and optimization [42]. Yang et al. (2014) defined uncertainty as the unknown probability
distribution related to iteration when the process structure is fixed [31]. Li et al. (2019)
studied the uncertainty arising from engineering changes and proposed a comprehensive
simulation and optimization method to address scheduling problems under resource
constraints [43]. Suss and Thomson (2012) simulated and analyzed information flow
during the design process to coordinate the impact of uncertainty on process behavior [44].

The product design process can be viewed as an information evolution process. An
activity in the design process is considered as an information evolution unit which receives
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information from other activities, outputs information, and transfers it to other activities.
In this kind of information feedback process both normal activities and rework activities
are generated to cope with changes in the product design process. These activities are
challenging to differentiate using various methods of information exchange. However,
most researchers artificially distinguish between normal activities and rework.

2.3. Modeling Using System Dynamics in the Product Development Process

System dynamics (SD) is an effective methodology based on feedback control theory
that deals with nonlinear systems and facilitates computer simulation. SD emphasizes
the role of feedback loops, which illustrate how a change in one variable impacts other
variables and, consequently, influences the behavior of the entire system. In SD models,
there are two fundamental variables: stocks and flows. Stocks refer to substances or
information stored or accumulated in a system, whose changes depend on the flows. Flows
refer to the flow of materials, energy, or information in a system. The correlation between
these variables or parameters in SD is depicted as a causal loop diagram with feedback
loops and mathematical equations. SD models can be used to simulate and predict the
dynamic behavior of complex nonlinear systems with time-varying characteristics. Black
and Repenning (2001) extended the application of system dynamics to the field of product
development, and they conducted investigations into resource allocation in the early stages
of product development projects and concluded that under-allocation of resources in the
early phases leads to firefighting later in the process [45]. These days, researchers often use
system dynamics to analyze process uncertainties or dynamic characteristics. Lai (2008)
studied the evolution process of new product development using the SD model to analyze
the nonlinear relationship among elements in the product development process [46]. Lin
et al. (2008) analyzed the dynamic impact process of error information or upstream activity
changes on the rework of downstream activities [47]. However, the model can only handle
sequential iterations without interconnected activities. Rodrigues et al. (2006) analyzed
the impact of new technology on the dynamic changes in product development [21]. The
influences of overlapping degree [26], organization [27], and requirement change [22] on
the design process were also studied using SD simulations. Riedel et al. (2023) modeled and
visualized dependency relationships among parameters, processes, and stakeholders [48].
Most of these studies were conducted at the organizational or project level. The work of
a product development project is categorized into three stages: work to be done, work
in progress, and finished work. Within each of these categories are two subdivisions:
initial work and rework. Most researchers believe that rework is carried out after the
initial work is completed. However, when it comes to the process level, particularly in the
execution of development activities, work is continuously adjusted in response to changes
in external input information, and there is no distinct boundary between initial work and
rework. Therefore, it is necessary to study the entire process through the evolution of
activity information.

The product development process consists of sub-processes or design activities with
strong interrelationships. Each activity can be viewed as an information evolution process
involving complex information interactions and feedback among activities. Only by es-
tablishing the SD model from the perspective of information evolution can we reveal the
structural behavior and change patterns of complex product design processes. Currently,
there is a lack of research in this area.

3. Structural Model of the Development Process Based on Information Evolution
3.1. Information Feedback Process in Product Development

The development process involves the continuous generation, transfer, and integration
of information, with activities serving as the fundamental units. The dynamic behavior
of activities is reflected in the process of transforming input information into output
information, a process known as information evolution. A discussion on the theory of
information evolution in the product development process is presented in Appendix A.
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The speed of information evolution of the activity is called the information maturation
in this paper. Due to factors such as the external environment, resource investment, and
interrelationships between activities, the input and output information of activities may
be incomplete. The completeness of information is referred to as information maturity;,
which is utilized to assess the accuracy and comprehensiveness of information, with values
ranging from 0 to 1.

The evolution of information within an activity is a continuous process that involves
iterations over time. This evolution is influenced by factors such as the duration of the
activity, the maturity of input information, the execution time, and the type of activity. The
feedback process is illustrated in Figure 1.

Evolution
coefficient

o ) Maturity of
I ormat.lon output
maturation nformation

Maturity of input
mformation

Figure 1. Information maturation process in product development.

This feedback process forms a reinforcing loop, R: the maturation process of product
development. The loop is: maturity of output information — rework — information
maturation. It reflects the influence of the activity output information as input information
on its own speed of evolution. As the output information becomes more mature, the
need for activity rework will decrease. An increase in rework will hinder the growth of
information maturation of the activity, while the enhancement of information maturation
will elevate the maturity of output information. The process of information maturation is
influenced by the input information and evolution coefficient. The greater the maturity of
input information, the more conducive it is to the information maturation process. The
evolution coefficient is a parameter that reflects the laws of information evolution and is
related to the stage of activity.

3.2. Activity Evolution Based on Information Maturity

The variation pattern of activity information maturity reflects the evolution process
of activities; therefore, the information maturity function should be applied to depict the
evolution process of activities. This is because the maturity of output information reflects
the level of activity completion, that is, the maturity of activity. Therefore, these two
concepts are consistent. This article uniformly represents the maturity function of Activity
i as Equation (1).

&i
MoA(t) = Mol;- (;) (1)
1
where MoA; denotes the maturity of Activity i, and Mol; denotes the maturity of input
information of Activity i. t is the execution time of Activity. d; denotes the basic duration
of Activity i, which is the time required for activity execution when the input information
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maturity is 1 and resources are sufficient. «; denotes the evolution coefficient, which is
determined by designers based on their experience.

The input information for the activity is derived from the output information of all
activities in the process (including the activity itself) and information about the external
environmental (such as technical status, customer needs, etc.), as illustrated in Figure 2.
The maturity of the input information is determined by the relevance and significance of
all information, and the calculation formula is as follows:

n
Mol; = 2 MOA]"ZUi]' + MoE-w;, (2)
j=1

where 1 denotes the total number of activities; MoE denotes the maturity of the external
information; w;; and w;, represent the importance coefficient of input information from
Activity j and input information from the external environment to Activity i, respectively,
as represented by matrix W. For an activity, the sum of the importance coefficients of its
input information is equal to 1, that is 2}1 wij + wie = 1.

w1 ot Wip Wie
W= : ©)
Wi Wnn  Wne
CExternal o WeMoE o — 1
information} P ]
****** ;g 3§3 wi- MoA,
i ol ':i gl A
| S s
| v Ecl
wirMody,” N\ == i
. IS
| | S } | 1
| | A = ;3
e | £N
i i Wi, MoA, Wi MoOA,,
i Wye MOE o

Figure 2. Composition of the input information in product development.

3.3. The Key Causal Loop

Based on the analysis of the information evolution process, the causal loop is estab-
lished as shown in Figure 3. The main feedback loop is a positive feedback loop composed
of maturity of activity, maturity of input information, and information evolution rate, which
is expressed as information maturation. In the product development process, every activity
will have a feedback loop. As the development process involves multiple activities, Figure 3
only uses two feedback loops, R1 and R2, to represent the relationships between activities.

R1: The maturation of the current activity, which is a reinforcing loop, is as follows:
maturity of the activity — maturity of input information — information maturation of the
activity. It represents the maturity of the current activity.

R2: The maturation of other activities, which is also a reinforcing loop, is as follows:
maturity of other activities — maturity of input information — information maturation of
other activities. It represents the maturity of the activities outside of the current one.

The mutual influence among various variables is evident. The rigor of customers
reflects the degree of customer demand. Increased rigor will lead to greater uncertainty;,
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thereby diminishing the reliability of external information for activities. The development
process structure describes the activities and their relationships. A high-quality develop-
ment process will commence activities earlier than scheduled, leading to a reduction in
the completion time of the activity. Conversely, a delayed start time prolongs the activity
duration and extends the overall duration of the process. Stricter resource constraints
lead to fewer resources being allocated to activities, thereby slowing down the maturation
of information.

Additionally, the maturity of output information decreases the workload needed
to complete activities. The correlation between these variables influences the dynamic
changes and uncertainties in the development process. The state and dynamic behavior
of the development process are described using indicators such as activity information
evolution rate and output information maturity, which vary over time.

The variables—such as the basic duration of the activity, resource requirements, interre-
lationships between activities, and planned start time—are determined by the development
process strategy. These are exogenous to the system; they are established in the early stages
of simulation and remain unchanged throughout the simulation process.

+
Cost of the activity ————»> Totalcostof o (ot of other activities

+ development process

+
+

Resources assigned g Resources Resources assigned to
—_—

to this activity constraints - other activities
+\‘ /—\? Maturity of the
Information maturation activity
of the activity Rl
+ — .
\ Work required for
Maturity of input the activity

Maturity ofexternal =™ )
information

information +
_ +
+
) @ Infomation maturation
) Maturity of other of the other activities
Rigor of customer activities  +
requirements \_/
_ Quality of development
process structure
Work required for
other activities - +

Completion time of

Earliness of start times g ..
the activity

of all activities +

Completion time of Completion time of
other activities + development process

Figure 3. Causal loop diagram.

3.4. The Structure Model

The variables and parameters—such as state variables, rate variables, auxiliary vari-
ables, and constants—are identified based on the causal relationship diagram. For product
development activities, the structure model can be expressed as shown in Figure 4, which
illustrates the evolution process stock-and-flow diagram of Activity i. As depicted in the
figure, there are three types of level variables: The maturity of the activity, the cost of the
activity, and the completion time of the activity. The main rate variable is the evolution
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Resources
constraints

Resources assigned " ,fthe activity(ESi)

speed of the maturity of the activity (ES;), which represents the information maturation of
the activity. Its value determines whether resources need to be arranged and how many
resources need to be arranged, which is expressed as the resource requirements that need
to be assigned to the activity. The actual resources assigned to the activity will take into
account both resource constraints and resource requirements. In the case of sufficient
resources, the activity will receive the required resources. The information maturation
is determined by the evolution coefficient («), the basic duration of activity (d), and the
maturity of input information (Mol). In addition, uncertain situations such as changes in
external requirements or development errors also impact the information maturation. This
influence is quantified as the degree of random influence (r).

Resource requirements Evolution Basic duration of
need to be assigned to the coeflicient (i) activity(di)
activity
Oy - Maturity of the
Information maturation activity (MoAi)

to the activity Maturity of the external
Impact coefficients of information(MoE)
mput information(ri)
Cost of the Earliest start time of Maturity of input
o > activity (Ci) the activity (STi) information (Mol) —W
Cost increase of the
activity (ACi)
Maturity of other
activities

Unit time cost(uci)

- Completion time of]
the activity (Ti)

Time increase
(AT

Figure 4. The structure model of one activity.

The dynamic behavior of the development process is determined by the evolution
of all activity information, as depicted in the stock-and-flow diagram comprising three
activities: Activity i, Activity j, and Activity k, in Figure 5. The maturity of input information
(Mol), importance of information from different sources (W), resource requirements of the
activities, resources assigned to activities, and resource constraints in Figure 5 are sets of
variables that may be decomposed into multiple variables based on actual situations in
specific simulation models.

Constructing dynamic equations is an important step in system dynamics simulation.
Based on the above analysis, this article establishes the dynamic equations of the model.
The equation and its construction process are presented in Appendix B.
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Figure 5. The structure model of multiple activities.

4. Simulation and Application
4.1. Model Test

The SD model, as the foundation of system simulation, must be validated to demon-
strate its ability to simulate the behavior of actual systems in a reasonable manner. By
setting extreme values for model parameters, such as an initial maturity of external infor-
mation of 0, no feedback (where the output information of an activity has no impact on
its input information), and the maturity of input information of 0, the proposed model
has passed the equation’s extreme condition. Figure 6 shows some equation extreme
test results.

Figure 6a shows that when the input information maturity is 0, no matter how hard
the developers work or how long the activity is executed, the activity maturity will only
be 0. In Figure 6b, when we set the evolution coefficient to 0, it is evident that the activity
completed all the work instantly, rendering the remaining duration essentially futile. In
Figure 6¢c, we set a very large evolution coefficient. It can be observed that there was
minimal progress in the activity until the final moment, with almost all the work being
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“Maturiy

Maturity of the activity (MoAi)

completed at the last moment. Therefore, the value of the evolution coefficient should not
be excessively large or small. We suggest setting it between 0.2 and 5.

Maturity of the activity (MoAi) Maturity of the activity (MoAi)

0.15

0.1

0.05

0

5

01 23 45 6 7 8 9101112
Time (Day)

y of the activity (MoAi)": C

13 14 15 0 0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15
0 1 2 3 4 5 6 7 8 9 10 Il 12 13 14 15 Time (Day)

(@)

Time (Day) Matuity of theactivity G

(b) ()

Figure 6. (a) The maturity of input information is 0; (b) the evolution coefficient () is 0; (c) the

evolution coefficient («) is a large integer.

The model validity test, dimensional consistency test and mechanical error test can be
passed in the simulation section below. Under ideal conditions, when the simulation time
reaches the start time of the activity plan, the activity can start executing. The activity will
stop executing when its maturity reaches 1. This is because when the maturity of an activity
reaches 1, it indicates that the output information from the activity is complete. Continuing
to execute the activity only adds cost and time; it adds no value to the development process.
In some special cases, such as when customer requirements change after the activity is
completed, it is necessary to assess the impact of lowering the maturity of the activity,
which may result in the activity being restarted.

4.2. Simulation

To verify the feasibility of the model, the development process was modeled with a
single activity, two activities, and three activities. The simulation step size was set to 1 day.
All simulations were implemented using Vensim software, Version 7.2.

4.2.1. Simulation Analysis of One Activity

The basic duration of the activity was set to 10 days, and the information evolution
coefficient had three different values &« > 1, « = 1, and a < 1. Nine scenarios were simulated,
and the results are shown in Figure 7.

For a single activity, information evolution laws and the evolution coefficient « were
considered. Without considering the feedback from the activity itself, when the maturity
of external information input is 1, the activity duration is equal to its basic duration.
When the maturity of input external information is less than 1, the maturity of activity
output information cannot reach 1, which is consistent with the actual situation. When
considering the feedback from the activity itself, the duration of the activity will be longer
than the basic duration. This is related to the size of the evolution coefficient and the
importance coefficient of input information. The more important the feedback information
from the activity itself is and the smaller the information evolution coefficient, the longer
the activity duration.

4.2.2. Simulation Analysis of Two Activities

The basic duration for two activities, Activity 1 and Activity 2, was set to 10 for both,
and the different scenarios were simulated separately. Figure 8 shows the simulation
results when both evolution coefficients were 1 and there was no information correlation
between them. In Figure 8a, the start time of both activities is 0, indicating that the two
activities were executed in parallel. In Figure 8b, the start time of Activity 1 is 0 and the
start time of Activity 2 is 10, indicating that the two activities were executed sequentially.
In Figure 8c, the start time of Activity 1 is 0 and the start time of Activity 2 is 5, indicating
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that the two activities overlapped in execution. Activities were executed independently,
and forms such as parallel, serial, and overlapping had no impact on the information
evolution process. Simulation results for when two activity evolution coefficients #y <1 and
ap > 1 had information correlation between them are shown in Figure 9.

The evolution process of one activity

Time (Day)

W o<1, considering the feedback from the activity itself and the external information : Current

----- F o<1, without considering feedback from the activity itself, and the maturity of external information input is 1 : Current

— — I o<1, without considering feedback from the activity itself, and the maturity of external information input is less than 1 : Current
. considering the feedback from the activity itself and the external information : Current

. without considering feedback from the activity itself. and the maturity of external information input is 1 : Current

. without considering feedback from the activity itself, and the maturity of external information input is less than 1 : Current
. considering the feedback from the activity itself and the external information : Current

. without considering feedback from the activity itself, and the maturity of external information input is 1 : Current

. without considering feedback from the activity itself, and the maturity of external information input is less than 1 : Current

[LANA a1

——— ¥ 0=

—

- 0=
V¥ o=
..... V¥ o>
— T o>

A

[LANLANAA

- o>

Figure 7. Simulation result of one activity.

The evolution process of activities The evolution process of activities The evolution process of activities
1 7 1 A 1 / g

0/ 1) /A 1) A
0 10 20 0 10 20 0 10 20
Time (Day) Time Day) Time (Day)
———  The maturity of Activity 1 (MoA1) : Current ——  The matwity of Activity 1 (MoA1) : Current ——  The maturity of Activity 1 (MoA1) : Current
The maturity of Activity 2 (MoA2) : Current The maturity of Activity 2 (MoA?2) : Current - The maturity of Activity 2 (MoA2) : Current

(a) (b) (c)

Figure 8. (a) Simulation result of two parallel activities; (b) simulation result of two serial activities;
(c) simulation result of two overlapping activities.

Figure 9a illustrates the evolution process when two activities are executed indepen-
dently. Figure 9b,c illustrate the evolution process when the two activities interact with each
other. Due to the correlation of information between activities, the process of information
evolution influences each other. The smaller the evolution coefficient, the greater the impact
of other activities. When Activity 1 is executed before Activity 2 (as shown in Figure 9b),
the impact of information exchange on project duration is greater than when Activity 2 is
executed before Activity 1 (as shown in Figure 9c).
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The evelution process of activities
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Figure 9. (a) Two activities are executed in parallel; (b) Activity 1 is executed before Activity 2;
(c) Activity 2 is executed before Activity 1.

4.2.3. Simulation Analysis of Three Activities

The basic duration for all three activities, Activity 1, Activity 2, and Activity 3, was set
to 10 days, with an information evolution coefficient «1 < 1, 2 =1, and «3 > 1. The impor-
tance coefficient of activity input information was established, and the simulation results
are shown in Figure 10. The Gantt chart in the figure illustrates the parallel relationship of
each activity.

Activity | (ZZZZZ] Activity | (ZZZZZZ

Activity 2 [

Activity 2 BLFEFFR AT

3 Activity 2

Activity 3

The evolution process of activities

[The maturity of Activity 3] : Current

()

|arariaan |
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[The maturity of Activity 1] : Current
[The maturity of Activity 2] : Current
— —  [The maturity of Activity 3] : Cument

— —  [The maturity of Activity 3] : Cument

(b) ()

Figure 10. (a) Simulation result of three parallel activities; (b) simulation result of three serial activities;
(c) simulation result of three overlapping activities.

When simulating three activities, the information correlation between the activities
is relatively complex. The evolution of the process will vary depending on the start times
of the activities, as they are influenced by these start times. A development plan that
minimizes the process duration or cost can be explored by setting different start times.

4.3. Application Example

The development process for producing a specific mold was used as an example to
validate the application of the model. It is known that the development process of this
mold consists of eight activities, and the parameters are shown in Table 1.

Table 1. Development process parameters for a specific mold.

Symbol

Activity

Duration
(Day)

Evolution
Coefficient

Start Time
(Day)

Unit Time
Cost (¥)

Al Stamping process design 0.6 10 0 500
A2 Structural design of the die 0.4 9 10 650
A3 Solid manufacturing 2 8 19 450
A4 Material procurement 1.5 12 19 100
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Table 1. Cont.
Svmbol Activit Evolution Duration Start Time Unit Time
ymbo chvity Coefficient (Day) (Day) Cost (¥)
A5 Casting manufacturing 3 10 31 350
A6 Machining 0.7 11 41 400
A7 Die assembly 1 5 52 460
A8 Mold testing 1 7 57 200
The importance coefficient matrix of activity input information is as follows:
(020010 0 0 0 O O 0 0.70]
070 010010 0 O O O 0 010
0 065015 0 0 O O 0 020
W — 0 05 0 010016 0 O O 024
|0 0 045025010020 0 0 O
0 0 0O 0 075010015 0 O
0 0 O 0 0 0.800.01 016 0.03
Lo 0 o0 0 0 0 0.800.100.10]

The information evolution process is depicted in Figure 11 and simulation was carried
out in accordance with the activity plan’s start time, assuming that the maturity of input
information in the external environment was 1. The process takes 65 days and costs
¥37,070 in total. When each activity is carried out in accordance with the original plan
(i.e., when the ES value in the figure is larger than 0), Figure 12 replicates the actual

execution time of each activity based on which resources can be arranged reasonably. The
fundamental duration of the activity “Stamping process design (A1)” is 10 days, but it

actually takes 13 days to complete because of the input information. In a similar manner,
the Gantt chart in Figure 13 displays the estimated execution time of additional tasks.

The evolution process of activities
I 17 T 7 :
/ III' Ir" / r'r
,- ] | / ’
038 [ | / /
. / f I|| / |'[
06 [ .f / L
K | /' / : j
; / fllll ' 'II / ; ’II
il [ [ o
I / / / / /
! { . .
2 J / / I I
02 .I ,fj /-’x / /
! /z / /
0: |I ../I ‘l'_ __L____il
0 10 20 30 40 50 60 70
Time (Day)

Mold testing (MoA&) : Current
Solid manufacturing (MoA3) : Current
Stamping process design (MoA1) : Current
Structural design of the die (MoA?2) : Current

Casting manufacturing (MoA3) : Current -
Die assembly (MoA7) : Current _

Machining (MoA6) : Current
Material procurement (MoA4) : Current —

Figure 11. Information evolution process under initial planning.
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— — —  Material procurement (ES4) - Current — —  Structural design of the die (ES2) : Current
Figure 12. The actual execution time of each activity.
13
Stamping process design(Al) 15
J
Structural design of the die(A2)
C
Solid manufacturing(A3) h
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Material| procurement(A4) "
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16
Machining(A6) —
Die assembly(A7) [ NN
i 8
Mold testing(A8)
1 1 1 1 1 1 1 > I)a\,

0 10 20 30 40 50 60 65
Figure 13. The Gantt chart under initial planning.

The advancement of operations is typically impacted by a few undetermined variables,
such as shifting client demands or a lack of resources. It was assumed that during the
development phase the following unpredictable occurrences take place:

(1) There is a 40% change rate in client demand at time = 20; there is another 20% change

rate in consumer requirements at time = 45.

(2) The activity “Solid manufacturing (A3)” is suspended when the time is between

24 and 26 due to a lack of resources needed for the activity.

(3) The activity “Machining (A6)” is suspended when the time is between 46 and 50 due
to a lack of resources needed for the activity.

At this stage, certain adjustments were made to the model’s parameters, and Figure 14
displays the outcomes of the simulation. A Gantt chart similar to the one is presented in
Figure 15.
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Figure 14. The information evolution process under uncertain environment.
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Figure 15. The Gantt chart under uncertain environment.

5. Conclusions

Several related tasks converge during the development of a new product to form a

complex system with essential feedback and dynamic characteristics. A system dynamics
simulation model based on information maturity is the scientific breakthrough presented
in this paper. It has the following advantages:

@

@)

®)

The proposed model has a strong application across a range of development processes
and requires a minimal number of variables to accurately estimate the process length
and cost while simulating the dynamic features of the process.

The development process can be optimized by adjusting the basic duration, activity
evolution coefficient, and activity correlation, among other parameters. Using the
model as a guide to determine the optimal process parameter solution can help create
the best possible development process structure.

This model can simulate the actual execution time of each task throughout the original
schedule, as well as deviations caused by random, intermittent events. For instance,
adjusting the simulation’s parameters can enhance the initial design and serve as a
guide for resource allocation in case client needs evolve, resources become limited, or
errors occur during the design process.

This work introduces a novel approach to applying system dynamics techniques

to process simulation and serves as a guide for investigating the dynamic behavioral
characteristics of various processes. Nevertheless, setting the basic parameters for model
operation requires specialized research, and uncertain factors during model operation need
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to be set randomly in advance. This may deviate from the actual uncertainty that occurs,
and adjustments need to be implemented during operation. The next phase of the research
will investigate real-time scheduling techniques and applications for simulation-based
development processes by integrating intelligent optimization algorithms with system
dynamics simulation.
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Appendix A

The product development process can be seen as the accumulation of information.
Activities are the fundamental unit of information accumulation. For a single activity, the
accumulation of information is the process of continuously generating and transmitting
new information based on certain input information, as shown in Figure Al. The process
of transforming input information into output information is called information evolution.

Input information
of the activity

Output information
of the activity

Activity

Creating new information

Figure A1. A single activity.

In this article, we also refer to the process of continuously generating and transmitting
new information through activities as the evolution process of activity. The completeness of
information is referred to as information maturity, which is a value ranging from 0 to 1. The
higher the value, the more complete the information. The degree of evolution of activities
is referred to as activity maturity, which can be seen as a concept akin to information
maturity, with its value also ranging from 0 to 1. Before the activity is executed, its maturity
is considered to be 0. As execution of the activity begins and the development process
progresses, its maturity will gradually increase until the activity is completed, reaching a
maturity level of 1. In fact, the maturity of an activity is equal to the maturity of its output
information. When the maturity of the output information reaches 1, it indicates that the
output information is complete and can represent the completion of the activity. Therefore,
in this article, activity maturity also represents the maturity of the output information
of the activity; that is, the maturity of the activity is equal to the maturity of the output
information of the activity.

When scheduling and managing the development process, an initial schedule is
typically established for each activity based on historical data and past experience. If the
input information for an activity is complete (i.e., the maturity of the input information is
1), it can be assumed that after a certain duration, the output information of the activity
will also be complete (i.e., the maturity of the output information can also reach 1), and
the activity can be finished without the need for rework. In practice, due to the dynamic
and ever-changing nature of information, as well as the impact of development time and
complex environments, it is challenging to wait for the input information of an activity
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to be complete before starting execution. Therefore, an activity often begins execution
when its input information is incomplete (i.e., the maturity of input information < 1). In
theory, if the input information of an activity is incomplete, its output information cannot
be complete. In this case, no matter how hard the developers work or how long the activity
is executed, the activity maturity will not reach 1.

Assuming that the completion level of activities during the development process
can reach a specific value at different time points, the evolution process of activities can
form a trajectory, as illustrated in Figure 2. Figure A2a illustrates the evolution process of
activity within a duration with complete input information, while Figure A2b depicts the
evolution process of activities within a duration with incomplete input information. For the
situation depicted in Figure A2b, if the input information for the activity gradually becomes
more complete as the development process advances, the activity can be finalized through
rework until it reaches completion, meaning the maturity of the activity reaches 1. The
actual duration of the activity should exceed the provided basic duration. The evolution
process is depicted in Figure A3.

A R
10 : 10
& z o .
z RS The maturity of input information
el 2
s 2
K 5
Z >
= 2z
g 5
<

= E
2 (o]
=
- 8

The basic duration 0 The basic duration
Working time of activity Working time of activity

(a) (b)

Figure A2. (a) Evolution process of activity when the maturity of input information is 1; (b) evolution
process of activity when the maturity of input information is less than 1.

10 The maturity of input information at Time 2

0.8

=
o)

The maturity of activity

»
»

The basic auration
The actual duration

Working time of activity

Figure A3. The evolution process of activity as the maturity of input information increases.
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In Figure A3, itis assumed that the maturity of input information is 0.6 at the beginning
of execution, updated to 0.8 at Time 1, and updated to 1 at Time 2. Since the input
information maturity is less than 1, the evolution trajectory of the activity will be Line
1 at the beginning of execution. When the working time reaches Time 1, the evolution
trajectory will change to Line 2’ (derived from translating Line 2) due to the update of input
information. When the working time reaches Time 2, the evolution trajectory will change
to Line 3’ (derived from translating Line 3) due to the input information being updated to
1. This change will persist until the maturity reaches 1 and the activity is completed.

According to the law of information evolution, the evolution process of activities can
be categorized into rapid evolution and slow evolution. Generally speaking, different
activities undergo distinct information evolution processes, and this evolution pattern
is characterized by the evolution coefficient (denoted as «). The evolution trajectory of
activity maturity can be expressed as a time function with the evolution coefficient and the
basic duration as parameters, as follows:

. .. t &
Maturity of activity = (The T dumtion) (A1)

Assuming the maturity of the input information for the activity is 1, the evolution
processes of the activity under different evolution coefficients are shown in Figure A4. If
0 < e < 1, the evolution process is rapid, and most of its work is completed in the first half
of the activity execution. If « > 1, the evolution process is slow, and most of the work can
only be completed in the latter half of the activity execution. If o = 1, the speed of evolution
will be uniform.

A
L0 r--

The maturity of activity

The basic duration
Working time of activity

Figure A4. The evolution process of activity under different evolution coefficients.

The development process typically consists of multiple activities, and the interrela-
tionships among these activities constitute the exchange of information between them.
The input information for an activity may originate from both the input information of all
activities within the process (including the activity itself) and external information outside
the process. As a process consisting of two activities, information exchange is illustrated in
Figure Ab5.

Input information ~_—_ Output information Input information _——_Output information
External information Y of Activity 1 /Activity\ of Activity 1 of Activity 2 /Activity\ of Activity 2
> ) o At

>
>

o=

Figure A5. Example of information exchange between two activities.
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The completeness of information from various sources collectively determines the
completeness and maturity of input information. For one activity, the impact of input
information from different sources varies. In this article, the importance coefficient is
used to indicate the degree to which information affects the activity. For example, using
w1 represents the importance coefficient of information from Activity 2 to Activity 1,
and w1, represents the importance coefficient of external information to Activity 1. The
maturity of input information for Activity 1 can be calculated based on the maturity of
output information for Activity 2 and the maturity of external information, as follows:
the maturity of input information for Activity 1 = the maturity of output information of
Activity 2 X wyy + the maturity of external information x wje. The input information for
Activity 2 consists of external information, the output information of Activity 1, and the
output information of Activity 2 itself. Therefore, the maturity of the input information is
calculated as follows: the maturity of input information of Activity 2 = the maturity output
information of Activity 1 x wp; + the maturity output information of Activity 2 X wy; +
The maturity of external information X woe.

For development processes composed of more activities, the principle is similar. The
theory of evolution process of activity is the foundation to establish the simulation model
in this paper.

Appendix B

The simulation process is continuous, and the minimum time period set as the time
interval for information exchange between activities is called the step size. Constructing
model equations involves utilizing a universal expression of system dynamics equations.
For instance, using X to denote state variables or auxiliary variables, where XeK represents
the current value of variable X, Xe] represents the previous value of variable X, and
XeL represents the next value of variable X. If Y represents the rate variable, then YeJK
represents the change value of variable Y in the previous step, and YeKL represents the
change value of variable Y in the next step.

The state variables in the model include maturity of activity output information (MoA),
activity cost (C), and completion time (T). Taking Activity i as an example, the leveling
equations are established as follows:

MoA;eK = MoA;e] + DT e ES;eJK (A2)
Ci.K = Ci.] + ATI ® 1UC; (A3)
T;eK = T;e] + AT; (A4)

where MoA; represents the maturity of output information for Activity i, DT is the step
size, and AT is the simulation time interval. In this article, DT and AT are consistent. ES;
represents the rate of information evolution of Activity i. In Equation (A3), C; represents
the cost of Activity i, and uc; represents the unit time cost of Activity i. In Equation (A4), T;
represents the actual execution time of Activity i.

When influenced by factors such as changes in customer requirements, resource
shortages, and design errors, the quality of input information may decrease. At this time,
the following adjustments need to be made to Equation (A2):

n
MoA';eK = MoA;eK e (1 —r;,eK) e [ [(1 — rjjeK) (A5)
j=1

where r;, and r;; respectively represent the impact coefficients of external environmental
changes and design errors of Activity j on the maturity of output information of Activity i.
The occurrence time and probability of these factors are irregular and are represented by
random events during simulation.
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The main rate variables in the model include the rate of activity information evolution
(ES;), the increase in activity costs (AC;), and the increased activity time (AT;). The rate
equations are established as follows:

. %
ES;eKL = Mol;eK e (“'K;At) — MoA;eK (A6)
i
AC;eKL = IF THEN ELSE(ES;eKL > 0, uc;,0) (A7)
AT;eKL = IF THEN ELSE(Time > ST;, AT,0) (A8)

The increase in activity cost is related to whether the activity is executed. If it is
executed, the cost increase value is the unit time cost; otherwise, it is 0. In Equation (A8),
ST; represents the start time of the activity plan, and the completion time of the activity is
calculated from the start time. For each step, increase the time interval AT.

The equation for the maturity of input information (Mol;) is:

n
Mol;eK = w;, « MoEeK + ) " (w;j @ MoAj;eK) (A9)
j=1

t; represents the theoretical execution time of Activity i, calculated as follows:

MOA/iOK ’%i
tioK = <MolioK > o d, (A10)
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