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Abstract

Market requirements are constantly changing, for the manufacturing industry which results in a volatile environment that poses
specific requirements to maintain successful future operations. An important concept to cope with these uncertain requirements is
changeability. Over the recent years, specific production systems like the Fluid Manufacturing System (FLMS), were developed
which promise to support the required changeability. Previous concepts mainly consider the technical aspects of the production
system and not the order management processes. To enable the desired changeability, an order management system covering the
production planning, control and monitoring of all activities along the end-to-end value chain from customer inquiry to shipment
is needed. In addition to order management, planning and control of logistic processes are affected by the increase of flexibility
through FLMS as well, which is also often neglected in changeable production systems such as order management. This paper
investigates the impact of changeable production systems onto the order management and logistics. The FLMS forms a respective
use case, to identify the required changes within the order management approach. This paper shows that the most significant
changes compared to traditional production systems concern production planning and control. Production planning as a static
process requires discrete-event production planning results from technological, capacity, economic, social and material flow
perspectives. To exploit the degrees of freedom of FLMS, production control is based on a dynamic basis, based on real-time
information through Asset Administration Shell (AAS). The main change in logistics is that in FLMS, logistics has the same status
as manufacturing. Logistics serves as the interface between order management (digital world) and production (physical world).
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1. Introduction and Motivation

The traditional model of the manufacturing industry is outdated. Driven by an on-demand, fit-for-purpose service
philosophy, the manufacturing industry has to deal with increasingly complex supply networks [1-3]. Additionally,
megatrends such as mobility, urbanization, sustainability and digitization cause increased environmental (external)
complexity to manufacturing companies [4, 5]. As part of these megatrends, manufacturing companies’ production
systems are affected by major changes [6] (e.g. growing product complexity, product variance, service orientation,
outsourcing, etc.). Furthermore, driven by the growing competitive pressure, companies increasingly focus on
customer requirements in order to remain competitive in the long run. Exclusive differentiation based on product price
and quality is no longer sufficient. High reliability in delivery and short delivery times become a well-recognized
competitive factor. Thus, order management defines the new understanding of production planning and control (PPC)
in which the fulfillment of customer orders is the central goal [7]. The order management covers the planning, control
and monitoring of all activities (including orders, resources, etc.) along the value chain from customer inquiry to final
shipment to the customer [8, 9].

In order to fulfill these requirements, a high degree of changeability is required. Due to their technical limitations,
traditional production systems, cannot achieve the required changeability [10]. Therefore, new approaches for
changeable production systems have been developed over time, such as the Fluid Manufacturing System (FLMS).
Table 1 shows the various changeable production systems and their systematics.

Table 1 Changeable Production Systems

Production System Properties Reference

+ adaptation of the production system within (FMS) or across
(RMS) flexibility boundaries

Flexible Manufacturing + high productivity for high volume low mix

System (FMS) / ] ] ) [11-16] /
Reconfigurable + low to medium planning and control complexity [14.17-23]
Manufacturing System - medium equipment costs ’
(RMS) .

- fixed pattern production layout

+ each product can determine an individual production path by

selecting its process modules

+ easy scalability
Matrix Manufacturing - high planning and control complexity [24-27]
System (MMS) . .

- high equipment costs

- fixed pattern production layout

+ capable to iteratively reconfigure in variable steps to the

currently required product configuration

+ easy scalability
Fluid Manufacturing + changing competencies depending on process modules (28, 29]

System (FLMS) + continuous layout and process adaption
- high planning and control complexity
- high equipment costs

- high material flow complexity
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The FLMS is based on the principle of ad-hoc resource allocation and reconfiguration of resources to individual
and independent process modules for optimized manufacturing performance results [30, 31]. Comprehensively using
the benefits of cyber-physical systems and their capability to self-integrate and self-parametrize, process modules can
be aggregated from single resources to advanced manufacturing systems. To fully leverage the potential of FLMS, all
process modules are considered to be modular and mobile. The requirements for mobility and modularity are on-
demand adjustments of capabilities and functionalities as well as adaptable production layouts. Thus, the
manufacturing system is capable to iteratively reconfigure in variable steps to the currently required product
configuration [30]. The re-configurability of FLMS requires complex order management logics considering previously
unknown degrees of freedom in production system design. New degrees of freedom are [10, 30]: Operation Sequence
(specifies the sequence of work operations), Work Distribution (assigns the process modules to the production order),
Work Content (defines the competencies of a specific process module) and Layout Position (defines the position of
production equipment within the shop floor). Besides the order management itself, planning and control of logistic
processes are affected by the increase of flexibility through FLMS as well. For example, logistics need to react with
dynamic material flows because of ad-hoc changing production programs and process module setups.

Regardless of the fact that flexible or reconfigurable manufacturing systems are already established in the literature,
these concepts mainly consider the technical aspects of the production system and not the order management processes.
However, in the order management processes it is precisely that the technical flexibility of the equipment must be used
in the best possible way by order management. In particular, the additional degrees of freedom of FLMS require
sophisticated order management logics.

Therefore, this paper considers the conceptualization of an order management system that makes the best use of the
changeability aspects of the FLMS. The research question is therefore: "To what extent can a supporting order
management system be designed for a highly changeable production system?”’

2. Fluid Order Management

Order management is an essential component of a production company and enables integrated planning and control
of customer orders in all phases of order processing [32]. Order management has to master a wide variety of order
types, each with different delivery requirements. This makes it a strategic factor for manufacturing companies [33]
and, through efficient design, a key element for customer satisfaction [34]. The extended Aachener PPC-Model, which
consists of four reference views [35], serves as a model for designing a holistic order management:

e The task view describes the tasks and sub-tasks of the order management as generic as possible and thus serves
to define and assign tasks to organizational units or persons.

e The process architecture view represents the link between the task view and the process view.

e The process view analyzes and designs the processes based on a temporal-logical order of the tasks from the task
reference view. Here, a differentiated view is required for the four order processing types: Contract Manufacturer,
Frame Contract Manufacturer, Variant Manufacturer and Stock Manufacturer.

e The function view describes the functions of the tasks required for execution within the processes derived from
the process view. Among others, this is used to describe the requirements for support and selection of IT systems.

The nature of the tasks and sub-tasks of the order management are not influenced by the FLMS. The task view and
process architecture view are therefore not in scope of this work. However, the processes and functions with which
these tasks are fulfilled must be partially adapted. Therefore, an analysis of the task and function view is necessary.
Figure 1 depicts the order management process in a highly simplified form and identifies the process steps in which
adjustments are necessary compared to the standard process.
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Fig. 1. Order management and logistic functions

2.1. Production program-planning (PPP)

Today, the products to be produced are specified according to type, quantity and date for a defined planning period.
The result is the production plan, which is coordinated with regard to its salability and feasibility and specifies
bindingly which products are to be produced in which quantities at which times [35].

However, with regard to the PPP concept within FLMS, there are distinct differences. Since the use cases of FLMS
are based within contract manufacturers’ industry, the product types and quantities are unknown. Consequently, a
large number of machines is needed in order to be able to meet the demands of a wide customers range. As product
types and quantities are unknown, the PPP forecast predicts future manufacturing equipment capabilities and
capacities of the market, rather than individual products or product families. Due to the wide range of manufacturing
equipment, the function of PPP is complicated and requires intelligent planning tools. Therefore, this process step
accompanied the entire FLMS process, as shown in Figurel.

2.2. Customer order acceptance

The first steps in traditional order management are inquiry entry, quotation processing and order processing. After
a customer inquiry is recorded, the inquiry is checked within an evaluation regarding the general feasibility, in
particular, the technical feasibility of the product. Data from previous (comparable) orders serve as a support during
this evaluation phase. The result of this feasibility check is a rough order design, which forms the basis for the
subsequent delivery date determination. The sales price is determined using a rough order design and substitute data
from past comparable orders. Finally, all information is gathered in a quotation and send to the customer [35].

The business model for FLMS addresses customer groups without or small in-house productions and customer
segments with prototype orders. Therefore, the FLMS enables a new business model based on the “Factory as a Service
(FaaS)” approach. Within the FLMS, the customer order acceptance function (Figure 2) starts with the upload of
product information via an online configurator by the customer. A feasibility analysis is carried out using CAD and
BoM data, automatically generating parts lists and work plans. Based on specific product characteristics and historical
data, the product costs are calculated and parts are distinguished into purchased and in-house production parts. An
automatic delivery time determination considers the degrees of freedom of the FLMS (Operation Sequence, Work
Distribution, Work Content and Layout Position) and calculates possible delivery dates offered to the customer. A
summarized offer is made available to the customer directly via the online configurator.



Theresa-Franziska Hinrichsen et al. / Procedia Computer Science 217 (2023) 413—422 417

Customer order acceptance

Purchased parts

Estimation

Analysis libraries purchase price

Upload
product Feasiability analysis

Product costing of purchased Delivery time Offerto Order
informations

parts and in-hose production parts determination customer acceptance

Analysis Follow-

—
CQ?M& up of parts list
In-house production parts

Analysis Similarity
geometries analysis

Estimation of in-
house production
costs

Fig. 2. Customer order acceptance functions
2.3. Production planning and control

The production planning in FLMS is a static process which is triggered once an event such as a new product is
launched or a machine breakdown occurs (event-discrete production planning). As shown in Figure 3, the event-
discrete production planning starts with the comparison of the underlying tasks that are necessary to fulfill the order
and the available resources (technology and employees). In comparison to the traditional capacity balancing, the
matching of tasks and resources in FLMS occurs in up to five steps from a technological, capacity, economic, social
and material flow perspective. From a technological perspective, the question is whether the technologies are available
to perform the task. Capacitive, a matchmaking between required resources and available resources takes places. The
offered possibility in FLMS of adjustments to capabilities also requires consideration from an economical point of
view, in which various aspects such as strategic alignment or the financial situation must be taken into account. From
a social perspective, matchmaking between tasks and qualifications of employees and available capacity is performed.
In contrast to traditional production systems, the mobility of FLMS requires the consideration of material flows.

Based on this, a task-resource matrix is created. Depending on the defined optimization criteria (e.g. delivery time,
cost, etc.) a prioritized task list is created with all possible throughput options. After this process step, a distinction
with regard to three use cases is made:

1. Production planning for a new product considering all capacities are available.

2. Production planning for a new product considering a lack of capacities due to already running orders or machine
downtimes.

3. Production planning triggered by an unexpected event.

Considering use case 1, production can start and the process of production control follows. Considering use case 2
and 3, various measures have to be examined in advance e.g. the reconfiguration of the process modules (options are
shown in Figure 3). The decision is based on defined optimization criteria. The reconfiguration of the process modules
triggers the virtual configuration, including a repeated capacity adjustment, followed by the virtual implementation.
The following process steps include the reconfiguration and qualification of the modules.

To support the production control and unique identification, a workpiece carrier (WC) is used. The carrier contains
the task list created in production planning with all possible throughput options. In the first process step, it is checked
whether the best option determined during static production planning can be carried out. This is the case, if the required
process module is available and not blocked by any other order or any malfunction in process module operation. The
further process steps are scheduled based on the same scheme. If a process module is not available or blocked, an
alternative process module with the required capabilities is checked. In the unlikely event, that no element from the
task list is capable of being performed on any available process module, the process of production planning is
retriggered.
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Fig. 3. Overview of the production planning and control process functions
2.4. Logistical Implications of FLMS

Traditionally, production and logistics are treated separately and sequentially. Considering the described PPC
approach, this distinction is no longer appropriate, as logistics represent the interface between order management
(digital world) and production (physical world). Therefore, an integrated view of production and logistics is necessary
taking into account the new gained degrees of freedom. Moreover, an understanding of the impact of the FLMS on
logistics must be established in the following. According to the traditional understanding of logistic planning and
control, the planning phase of in-house-logistics is long-term oriented and focuses upon e.g. the design of material
flow layouts or material supply strategies. The control phase follows the planning phase and deals with the execution
of the planned activities, such as the coordination of the material flow and the execution of basic logistics functions
as transport, picking or storage activities [36].

Compared to other production systems (e.g. Matrix Production), the available time to perform logistic tasks in
FLMS is reduced, because the continuous allocation of resources to process modules impedes long-term routing.
Furthermore, dynamically changing positions of the flexibly linked process modules are another factor challenging
material supply in FLMS. As a consequence, destinations of material deliveries may change over time. Workshop-
like structures and multiple competencies at each process module open up new degrees of freedom. Mobile process
modules allow on-demand production layout changes and a functional customization regarding handling or joining
technologies. A wide range of manufacturing equipment can be flexibly combined, resulting in new production setups
and material flows. Thus, the production system can adapt to the predominant product configuration of the current
situation [31].

Figure 4 exemplarily depicts two production and material flow setups (at different points in time) producing the
same production order with different sets of process modules in use. The described process modules rearrangements
have a major impact on the tasks performed at each process module and the logistic routes and areas, since they need
to be reorganized as well. The illustrated bounding boxes describe open space which should not be covered by any
other process module so that each single WC can access and leave each process module.
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Fig. 4. Changing production and material flow setups within a FLMS at different points in time

The operation sequence has to follow the individual technical capabilities of each process modules and the product
structure defined by the product assembly sequence. Besides these boundaries, the sequence of operation is flexible.
Process modules can adapt to different order characteristics (changing work content) and move within the production
area to ensure short transportation routes. The work content defines the scope of operations at each process module
and thus determines the reconfiguration effort, e.g. module 5 increases in size and takes over the tasks of module 6.
The location of each process module within the production layout is flexible which in accordance requires flexible
logistic areas and transportation routes. Thus, FLMS impose specific requirements for the involved logistics processes.
Due to changing production orders and programs, in-house logistics needs to cope with dynamic material flows.
Smaller order quantities, shorter delivery times and therefore higher transport frequencies are conceivable scenarios
that make logistic processes more complex. Moreover, the additional degrees of freedom of the FLMS impact the
planning and control of logistic processes. Previously long-term oriented planning tasks, like layout and material flow
design, will occur dynamically, which implies that they will be shifted towards the operating phase of the production
system. As a result, logistic planning and control activities are increasingly coinciding and overlap in time [37].

The above described dynamic matchmaking of tasks and resources is an additional challenge, influencing the
logistic planning and control, since missing material leads to cost intensive production downtime. As a result of flexible
operation sequences, work distribution and content as well as changing assembly layouts, new planning and control
mechanism are needed to guarantee material availability at any time. With regard to the planning and control of in-
house logistics processes within the FLMS, different challenges arise:

e In general and especially in order to new technological developments, there is a strong connection between
production and logistics processes which partly overlap (e.g. the value creation during transportation) [38].

e The transport and supply of constantly changing parts and quantities require technologically adaptable
transportation systems.

e The functional reconfiguration of process modules leads to changing requirements regarding material supply
strategies.

e The material delivery to changing process modules (in terms of location and function) depends on a high reactivity
und short lead-time.

e The changing production setting requires a detailed real-time overview of all logistics processes and the location
of single materials [39].

e The desired high degree of automation and worker-centric design of FLMS depends on a high-level of
standardization efforts regarding storage systems, load carriers and delivery points.

e Specific safety measures are required, if autonomous transportation vehicles and human workers are
simultaneously using the same paths [40].
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e The strong dependencies within this combined production and logistic system, requires reliant emergency
strategies to ensure operations and material availability in case of equipment or system failures.

3. Asset Administration Shell (AAS) approach for Order Management

According to the industrial associations VDE, VDI and ZVEI, the Industry 4.0 component model is defined as a
combination of an asset (e.g. a machine or a machine sensor; software modules) and its AAS [8]. The AAS serves as
a standardized interface between the asset and the virtual world and therefore enables both, a virtual representation as
well as a technical functionality [41]. Technically, the AAS can be divided in two parts: header and body [42]. The
header part contains the communication level, which enables the communication of different Industry 4.0 components
to each other. The body part of the AAS is divided into different sub-models (e.g. data models or functions) [42].
Within the “Active Research Environment for the Next generation of Automobiles” (ARENA 2036) the AAS has
served as basis for the technical implementation of different components, see also [43—45].

As shown in Figure 5, within the AAS, the individual asset information and asset skills (provided services) are
structured in sub-models. Considering the described material routing along different process modules (see paragraph
2.4), the product information contains the required assembly or manufacturing services per product that have to be
executed. Meanwhile the order information contains e.g. manufacturing quantities and delivery dates.

Based on the available information (order & product), the production planning module (PPM) designs an optimized
production layout and defines single process modules, each with an individual set of skills defined by the set of
resources applied. The production controller module (PCM) considers the defined production layout and process
module setup and routes the WC along the defined process steps defined by the product structure, taking into account
the individual availability of process modules. On top, a supervisor module (SM) continuously checks the state of
health for each individual process module and resource to enable time-discrete re-allocation of resources to process
modules and dynamic re-scheduling of the WC path.

AAS PR

Quan-
ity

AAS CPPS 2

G| ¢ | bS]

Legend:

AAS  Asset Administration Shell
BOM  Bill of Material

PR Product

HAS  Human Administration Shell
PO Production Order

PPM  Production planning module
PCM  Production control module
Seq  Sequenz

SM  Superviser module

WC  Workpiece carrier

CPPS Cyber Physical Production System
CPS  Cyber Physical System

Fig. 5. Asset Administration Shell approach for Order Management
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4. Conclusion and Outlook

Due to the technical limits of traditional production systems, which cannot fulfill new requirements like growing
product complexity or product variance, new production systems like FLMS ask for an appropriate order management
and logistics concepts to enable the required changeability. The re-configurability of FLMS requires complex order
management algorithms considering previously unknown degrees of freedom in production system design and places
new demands on logistics. In this paper, a process model for FLMS was developed and new requirements for the order
management process and logistics were developed. Key changes to the classic order management and logistic
functions relate to order management acceptance, production planning, production control, logistic planning and
logistic control. The main change in production program planning in FLMS, compared to classical production systems,
concerns the object of consideration of the forecast. Forecasting is not product or product family based. It is related to
the future capacities of the manufacturing equipment. This requires intelligent planning tools. Within the customer
order acceptance process, FLMS enable an automatic delivery time calculation taking into account the degrees of
freedom of FLMS which allow to calculate possible delivery dates that can be offered to the customer.

The main changes to traditional production systems are related to production planning and control. Production
planning, as a static process, calls for event-discrete production planning results from the perspective of technology,
capacity, economics, social and material flow. This consideration forms the basis for planning decisions that are made
in a task-resource-matrix including defined optimization criteria. The production control is performed on a dynamic
base using a work piece carrier and the availability of real-time information provided by AAS. In the case that a
process module is currently not available, an alternative process module is determined to further proceed the
manufacturing. Compared to the traditional, often separate considered production and logistics, logistic has the same
importance as manufacturing operations in FLMS. Logistic serves as the interface between order management (digital
world) and production (physical world).

In future, the presented approach will be implemented and tested within the ARENA2036 research environment.
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