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Abstract. Supply chain complexity is a rising problem, especially in the semi-
conductor industry. Many innovative activities occur in the daily supply chain
and manufacturing, and these changes inevitably bring in the complexities to
the organization. But not all of them are valuable to the business goals. Deci-
sion makers want to keep value-added complexity and reduce non-value-added
complexity. To manage the complexity, we propose a framework with four
steps from changes identification towards the final decision making. The core
solution of this framework is PROS (process, role, object, state) idea, which
provides an understandable and structural way to describe the complexity. A
simplified small real example from semiconductor supply chain is used to
demonstrate this approach. The results indicate that the PROS idea is able to
analyze complexity from different aspects and extract most key information;
however, how to measure the structural complexity of a large complex system
without complete information is still under investigation.

Keywords: supply chain complexity - change management - process model -
complexity assessment - semiconductor industry

1 Introduction

The semiconductor industry is considered to be one of the most complex industries.
From the raw material of silicon to the advanced semiconductor chips, there are more
than 500 processing steps involved in the manufacturing. It also faces a highly vola-
tile and turbulent market due to economic cycles, which bring the challenge to man-
age dynamic production environments with the pace of change in the industry [1], [2],
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The semiconductor supply chain is characterized by long throughput times, high lev-
els of stochasticity, non-linearity in the manufacturing process [4], and short product
life cycles. These all lead to complexity to be managed in the supply chain. It is re-
flected as: network complexity (e.g. multiple production sites and global distribution
centers), process complexity (manufacturing and business processes), product com-
plexity (e.g. about 10,000 Stock keeping units and 500,000 order line item buckets),
organizational complexity (e.g. many geographic regions with various tax and cus-
toms regulations), and information complexity (data structure and information flow)
[5]. And all of them are interlinked.

Managing complexity in the supply chain adds value to business. According to A.T.
Kearney's report, companies can increase their Earnings before interest and tax
(EBIT) by 3 to 5 percent on average through systematic complexity management [6].
Many changes via innovations are ongoing in operational, tactical and strategic sup-
ply chain activities and thus complexities are added but not all of them are valuable to
the business goals. Therefore, we need to distinguish: the “good” complexity which
adds value to the supply chain whereas the “bad" one does not. Value-adding
(“good”) complexity offers ways to meet customer demands and create a real compet-
itive advantage; while value-destroying (“bad”) complexity dissatisfy customers and
sends the company into chaos and confusion [6], [7]. These two different categories
of complexity require companies to employ distinctive strategies. The value-adding
complexity should be controlled efficiently to create value; for the value-destroying
complexity, the part that does not add value needs to be eliminated, reduced and min-
imized [8], [9], and avoided in the early phase of generation.

In reality these two types of complexity often occur together and thus a strategic bal-
ance is demanding, e.g., lead firms increase complexity by placing new demands on
the value chain and in parallel adopt strategies to reduce the complexity of these
transactions [10]. This brings the challenges to detect the complexity-added part and
then to evaluate them in order to get rid of the non-valuable parts and support decision
making.

1.1 Research Question

My research aims to manage the complexities from the computer science view. By
tracking the changes on the system level, the complexity drivers can be identified and
described in a systematic way. After all the key information related to complexity
being captured and structured, we can assess the complexity through selected instru-
ments and categorize it as a value-added complexity or not. In the end, the results
should be validated and thus can support decision making by applying corresponding
strategies (e.g. reduce complexity, avoid complexity, etc.).

1.2 Status of problem domain and related solutions

Much relevant research has been done on complexity management. Literature shows
that most analysis is on the theoretical level based on an abstract model instead of



operational excellence on the practical level [11]. However, the mapping process from
“a real complex problem” to “a defined model for complexity” is not much explored.
Research on change management is mostly analyzed from the organizational view
[12], small amount is viewed from the system engineering field, which is more related
to the business process re-engineering and process management [13] and provides
certain process meta-models or patterns for change management [14].We are more
interested in the latter direction, however, the connection between model of system
change and the complexity management is not obvious.

Complexity in a supply chain is often viewed from three aspects: product, process and
organization [15], [16], [17]. Research on the complexity analysis usually focuses on
certain aspects, e.g. product variety, while it is not common to consider the complexi-
ty from a holistic view. Considering the inter-dependencies of different aspects of
complexity, we prefer to use a comprehensive approach to capture all the important
features of a complex system.

Regarding the methods and instruments of complexity assessment, much research is
on the strategic level and only provides qualitative evaluation; some quantitative
methods are available but still lack practicability and tools [11], [15], [18], [19].To
support decision making, we are also interested in the implementation details, such as,
formal indicators and structural measurement.

From above analysis, it is seen that there is a gap between the existing approaches to
handle complex problems and our objective. Therefore, we bring in a framework
including 4 steps to manage complexity: 1) Identify complexity caused by changes 2)
Represent complexity 3) Assess complexity via developed instruments 4) Evaluate
and support decision making. In this paper we address the first three steps on a real
problem from semiconductor industry, which are also expected to be beneficial in the
last stage of decision making. And in the second step a proposed conceptual model
called PROS to describe complexity is highlighted.

2 Proposed approach

2.1 Identification of changes and complexity

Change is one of the main reasons to cause the complexity, so our research starts from
the change analysis. The goal of this step is to capture the complexity caused by
changes on the detailed level. Two parts related to changes should be considered: the
change itself and its impact to the system. The change itself, also referred to as the
initial change or one-time-change, means the “effort to implement a change”, which
normally only execute once. For the impact of change, it is “the potential consequence
of a change on a system or what needs to be modified of a system in order to accom-
plish a change” [20]. This often requires executing affected processes regularly in
order to maintain the change of system. Both change related parts usually lead to in-
creased complexity. The output of this step is the added processes during the initial
change phase; and the affected processes during the maintenance phase.



2.2 Information Extraction and Representation — PROS idea

The purpose of this step is to represent the complexity in a structural way without
losing any important information. System models are employed to formalize the com-
plexities receiving from the 1% phase using modeling language such as SysML.

The premise to accurately describe supply chain complexity is to define the boundary
of the complex system and its environment. We adopt a system delimitation technique
from a generic Systems Engineering (SE) methodology to define the environment and
intervention system [21], [22]. Some similar approaches, e.g., a knowledge represen-
tation language called Telos [23] can also be used to distinguish the environment in a
later stage.

Once the investigation area is reduced, we can identify the elements and their rela-
tionships using the system consideration of SE. Then we develop a conceptual model
called PROS (Process, Role, Object, State), which defines the basic elements and
relationships in a complex system.

The idea of PROS originated from Object Process Methodology (OPM) [24], [25].
OPM defines three basic entities: objects with states and processes. Among them
objects and processes are higher-level building blocks, while states are always associ-
ated with objects and cannot be state-alone. It can be used to model the complex dy-
namic systems and embedded into other models for specified application [26].

Also we notice that supply chain is similar to economic, ecological, and social sys-
tems, which are characterized by interactive “agents" (roles) [27], [28].Therefore, we
assume role is as important as the object and process, while OPM only handles hu-
man as an instance of object. Comparing with OPM, PROS also considers the human
behaviors and their initiatives.

PROS model is characterized by entities, relationships and constraints.

Entities. A Process is a pattern of transformation that an object undergoes; A Role is
a person to execute a process. This definition can be extended to: A role could be a
person, a department, a customer, a supplier or any other group of persons or a soft-
ware tool to execute a process. An Object is a thing that has the potential of stable,
unconditional physical or mental existence. A State is a situation or position at which
the object can exist for a period of time.

Relationships. We customize the OPM relationship set [24] for our purpose and de-
fine 6 relevant pairs of relations: Process-Process, Process-Role, Process-State, Pro-
cess-Object, Object-Object, Object-State. For each pair, there are one or more sub-
relationships. E.g., there are several different types of Process-State relationships. The
attributes of these relationships are also defined: name, direction, symbols, dynamics,
etc.

Constraints. Two constraints are highlighted: Cardinality and Relationship rule.
Cardinality defines 3 types of data structure: one-to-one relationship, one-to-many
relationship and many-to-many relationship. Relationship rules imply that all the rela-
tionship definitions should follow the rules of the above 6 pairs strictly. The cardinali-
ty constraints and relationship rule can be used together.

PROS Diagram and Prototype. In working with complex problems we found out
that representation is an important goal for PROS. Thus we design a PROS diagram to
visualize the entities and their relationships, which can be viewed as the integration of
the use case and object diagram of UML notations. We also developed a prototype as



shown in Fig.1. The layout divides the canvas into 5 areas, and each contains one
independent diagram. In the area marked with 1, the navigation of the whole object
diagram is shown. Area 2 shows the navigation of the complete process diagram.
Area 3 shows the dynamic object and state diagram for a running process. It reflects
the details and changes of the objects during the processing. Area 4 shows the roles
involved in the process. Area 5 shows the running step for the process. Area 1 and 2
do not change during the whole process analysis, only the analyzed area of processes
and objects is highlighted. Other areas change with the process step in analysis.

PROS analysis normally starts with the process aspect, similar to other system mod-
eling languages like BPMN and UML. Besides this process-oriented analysis, the
human-oriented analysis can also be applied. Agent-based modeling and simulation is
a widely used technique to formalize the human (agents in broad definition) behavior
and their interactions [29]. Another technique is goal-oriented modeling, e.g., i-Star
approach can analyze the agents from the view of their personal goals and what ac-
tivities could be done in order to achieve these goals [30].
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Fig. 1. Visualization Prototype for PROS

The results of the PROS analysis contain most key information from a complex sys-
tem and which can be used as an input for the assessment step.

2.3 Structural complexity measurement using PROS

Structural complexity is about the complexity resulting from physical interconnection
of components. It belongs to the physical domain and can be directly calculated from
the elements and the relationships among them [15], [31]. Since this information can
be received from the step 2, we can at least calculate the complexity oriented from
elements (states of a system) and the complexity oriented from relationships (number
of all connections). A further step measure is to calculate the entropy of statistical
complexity based on the Shannon information theory [18].

Besides the basic quantity (size) information, we assume that the structural complexi-
ty is also decided by the attributes of each individual element, such as category, im-
portance or diversity, and whether it is interrelated to the rest of system. We also need



to highlight the impact of roles (often humans), as their behaviors can lead to uncer-
tainty and thus complexity of the system. To be able to distinguish the complexity
impact of different roles, we added a weight value for each role by considering the
number of involved processes [32].

3 Case Study

3.1 Shared reticle vs. mono reticle

We select a case from semiconductor manufacturing to explain how complexity is
generated. A set of reticles (up to 35) is needed to produce a wafer. In this paper we
call the reticle set "reticle" for simplicity. Comparing with the as-is solution with
mono reticle, an alternative solution using shared reticle could produce more products
on one wafer, and thus reduce the quantity of reticles required. The reduction of reti-
cle costs decreases manufacturing costs substantially.

There is certain degree of truth that, shared reticle technology is cost beneficial, but
the flip side of the coin is that the change process from mono reticle to share reticle is
not that simple. For example, certain processes need to be updated, people need to be
motivated to accept the changes, etc., which leads to increased complexities.

Before making decision to adopt the shared reticle solution or not, it is necessary to
assess its increased supply chain complexity and evaluate whether the reduced reticle
cost offsets the increased complexity.

The cost saving from the economic view is given on monetary values; however, the
change process and its increasing complexity are not systematically assessed. Current
Business Process Management (BPM) solution cannot reflect all aspects of the com-
plex problem, while other supply chain process models are not detailed on the opera-
tional level. This gap hinders the making of high-quality decisions.

3.2 Results achieved so far

By following the framework provided in section 2, we have achieved some intermedi-
ate results, which are mainly centered on the changes and complexities identification
and measurement.

Changes and complexity identification and presentation. The change management
can be analyzed from the aspects of process, organization (roles) via PROS.

The process analysis follows the supply chain operations reference-model (SCOR)
model, the most widely accepted framework for standardization in supply chain man-
agement, developed by the Supply Chain Council'. It defines the first three levels of
supply chain processes. The top level has 5 processes: Plan, Source, Make, Deliver
and Return. Each level-1 process has 10-20 level-2 processes and spans multiple lev-
el-3 and 4 processes. Processes below level 3 are defined by the companies them-
selves. Following the SCOR model, the major processes of shared reticle up to level 4
can be identified.

L http://www.apics.org/sites/apics-supply-chain-council



Considering around all 500 steps of Produce and Test Process (sub-process of Make)
related to wafer manufacturing with mono and shared reticle, it can be roughly said
that 480 steps are not changed. Complexity is mainly added in the Test process (for
simplicity step 480 to 490) and the Optical Control process (for simplicity step 490 to
500). For the Plan Process, the overall planning including short-term plan and mid-
term plan need to be changed; and Front End Plan needs to be rescheduled.

The main affected processes and their added complexities are listed in Table 1. It is
important to highlight which types of change the complexity belongs to, as this would
be part of assessment on the next stage.

Table 1. Shared reticle: added complexity (CT means Change Types, O is one-time-change
and R is regular maintenance)

SCOR  Process Changed Added complexity CT

Model

Layer

1.1.2 Make-Front End-Test Equipment reprogramming in order to O
manage the changes

1.1.2 Make-Front End-Test For shared reticle, in testing at least R

every second product is different and
thus the testing process needs to be
switched too.

1.1.3  Make-Front End —Optical Equipment update o
Control
1.1.3  Make-Front End —Optical Training the operators o
Control
1.1.3 Make-Front End —Optical More operators are allocated to work O
Control with optical inspections systems
1.1.3  Make-Front End —Optical Monitor the optical inspection systems R
Control
1.1 Plan- Production Program  Overall planning processes are changed O
1.1 Plan- Production Program  Execute the changed planning process- R

€s

We also notice that the stakeholders' attitudes towards these affected processes may
influence the new solution and thus lead to complexity. Research shows people may
not like change or may not adopt changes [33], [34].Therefore, we need to consider
the human goals in order to measure complexity accurately in the next step.

Based on the interviews and process analysis, we identify the key stakeholders in-
volved in the change project and assess their interests. Here a goal-oriented modeling
approach is employed, e.g., i-Star can be used to analyze personal goals and behaviors
of alternative solutions [30]. For each stakeholder, first we analyze their goals and
corresponding actions, and then we can check how these actions benefit or hurt their
goals. By doing that the relationships among stakeholders are detected too. One part
of our result shows that, test engineer does not like to accept the change as it hurts his
goal while the development engineer is motivated for this change.

The main object involved in this change is wafer and its states are related to the dif-
ferent stages of manufacturing process steps.

PROS approach can be used as a guide to obtain the key elements of processes, roles
and objects, as well as different relationships. We could gain this information:



Description about the stakeholders and their goals
Description about the changed process
Description about the objects and their states involved in the processes

e Partial information about the dependencies network
Complexity assessment. We can get statistic information from above analysis, e.g.,
the change includes 4 processes and 10 sub-processes, 7 roles and 2 objects with 10
states. Using the measurement methodology proposed in section 2.3, we can calculate
its element complexity. However, for the relationships among these elements, it is not
easy to detect all dependencies within a large complex system.
Besides that, we should measure the different types of process changes separately.
Table 1 shows two types of changes: the one-time-change needs only to be calculated
once, while the regular maintenance needs to be calculated periodically.
To evaluate whether the benefits of a new solution outweigh the added complexity,
we could calculate the deviated complexity from two solutions (the changes part) and
compare it with the saved costs. For example, if the cost of added complexity is
smaller than the saved reticle benefits, we can identify “switch to shared reticle” as a
value-adding complexity, otherwise, it is the value-destroying complexity.

3.3 Discussion

It is seen from above analysis, PROS approach helps to analyze from different as-
pects: the processes and their required changes, people and their conflicts. However,
for a large complex system, it is not feasible to use an exhaustive method to detect all
relationships between elements. How to estimate the relationship intelligently (suffi-
ciently accurate within a given time) is still a challenge for us.

The lessons learned focus on two areas: 1) each aspect of a complex problem can be
detailed and deeply analyzed by following a certain model or method - e.g., process
analysis with SCOR, role analysis with goal-oriented mode. For large systems the
accuracy within a given time is a challenge. 2) The qualitative analysis is not suffi-
cient for decision making, to make better decision we need to quantify complexity
oriented from all aspects of a system. The PROS approach is promising but a formula
ending up with a complexity number is still missing.

4 Conclusion and Future Work

This paper introduces a framework to manage supply chain complexity from comput-
er science view, which sets up a connection between change management and com-
plexity management. We conclude that complexity should be managed from a sys-
tematic view instead of the single aspect.

The core part of this framework is the PROS conceptual model, which represents and
visualizes the complex system by capturing its important elements and relationships.
It can supplement the quantitative complexity measurement by separating it into the
elements and relationships part. Calculating the numerous relationships in a large
system requires more sophisticated methodologies.



An industrial case from the semiconductor industry with two alternative solutions is
analyzed from different aspects and the measurement of added complexity is dis-
cussed in order to select the optimal solution. The framework is not limited to the
semiconductor industry or supply chain field and could be extended to a broad area:
project management, organization changes, government policy analysis, etc.

In future research we optimize the PROS approach to larger systems and improve the
quantitative measurement of complexity. Two aspects will be addressed: 1) Under-
stand and track the dynamic interaction between elements. 2) Investigate the weight
value of human behaviors and their impact, and other components leading to uncer-
tainties and thus complexity of the system.
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