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Abstract Supply Chain Management (SCM) is crucial
for business operations, requiring careful planning
and optimization to minimize product costs. New
technologies like the Internet of Things (IoT) enable
real-time monitoring of supply chain performance,
helping detect malfunctions and adapt strategies to
address issues like rising costs. However, IoT sys-
tem architects face challenges in mastering diverse
technologies and integrating them into SCM. Method-
ologies like Model-Based Systems Engineering (MBSE)
simplify the design process by providing system mod-
els and views. In this paper, we propose an MBSE
approach for IoT-driven supply chain optimization.
Our approach automatically performs optimization
based on IoT monitoring data. We illustrate how
system designers can adapt our approach to their
specific needs. For example, system designers can
provide templates for the artifact generation, such as
system code or input files for the optimization. We
discuss multiple scenarios showcasing the benefits of
our approach.
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Lieferkettenoptimierung durch modellbasiertes
Systems Engineering und das Internet der Dinge

Zusammenfassung Das Supply Chain Management
(SCM) ist entscheidend fiir den Geschiéftsbetrieb und
erfordert eine sorgfiltige Planung und Optimierung,
um Produktkosten zu minimieren. Neue Technologi-
en wie das Internet der Dinge (IoT) ermdoglichen ei-
ne Echtzeitiiberwachung der Lieferkettenleistung, wo-
durch Fehlfunktionen erkannt und Strategien zur Be-
wiltigung steigender Kosten angepasst werden kon-
nen. Allerdings stehen IoT-Systemarchitekt:innen vor
der Herausforderung, verschiedene Technologien zu
beherrschen und sie in das SCM zu integrieren. Me-
thoden wie Model-Based Systems Engineering (MB-
SE) vereinfachen den Designprozess, indem sie Sy-
stemmodelle und -ansichten bereitstellen. In dieser
Arbeit schlagen wir einen MBSE-Ansatz zur loT-ge-
stiitzten Optimierung von Lieferketten vor. Unser An-
satz fiihrt automatisch eine Optimierung basierend
auf IoT-Uberwachungsdaten durch. Wir zeigen, wie
Systementwickler:innen unseren Ansatz an ihre spe-
zifischen Anforderungen anpassen kénnen, beispiels-
weise durch die Bereitstellung von Vorlagen fiir die
Artefakterstellung wie Systemcode oder Eingabedatei-
en fiir die Optimierung. Wir diskutieren verschiede-
ne Szenarien, die die Vorteile unseres Ansatzes veran-
schaulichen.

Schliisselworter Lieferkettenoptimierung - Internet
der Dinge - Modellbasiertes Systems Engineering

1 Introduction

Supply-Chain Management (SCM) plays a vital role in
many businesses. The SCM is a complicated process
that requires careful planing and optimization to re-
duce total costs of finished products [2, 4]. New tech-
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nologies, such as the Internet of Things (IoT), help in
monitoring the performance of the supply chain, e.g.,
by detecting and reporting a malfunction in a facility
[12, 16]. Nevertheless, a barrier to entry remains, as
IoT system designers must acquire knowledge of var-
ious technologies and understand how to implement
and integrate them into their SCM systems.
Established methodologies like Model-Based Sys-
tems Engineering (MBSE) [8] help streamline the de-
sign process by providing abstractions through mod-
els and views. An important MBSE view is the opti-
mization of supply chain based on the IoT data. Using
these information, the decision makers can adapt and
optimize the supply chain to overcome the decrease
in performance, e.g., increase of the total costs. Thus,
we set out to answer the following research questions:

RQ1: How can MBSE assist the design of IoT-based
supply-chain management systems?

RQ2: How can we optimize the supply chain using the
IoT monitoring data?

The contribution of the paper is an approach of
model-based systems engineering tailored for sup-
ply-chain optimization using IoT devices and their
data integration in the cloud. Specifically, we define
metadata to describe these systems, which serve as
tags within Systems Modeling Language (SysML) 2.0!
model instances. Our framework performs opti-
mization based on the IoT data. We discuss multiple
scenarios and follow a detailed illustrative case, where
IoT data used for adaptation yields benefit in supply-
chain optimization.

The structure of the paper is as follows. Section 2
lists the related work. Section 3 presents our ap-
proach. Section 4 discusses our results. Finally, Sect. 5
concludes our study:.

2 State of the art

Adama et al. [3] highlight how digital transformation
reshapes supply-chain management through Al, big
data, and blockchain, improving efficiency and agility.
Their study emphasizes shifts to digital ecosystems,
enhancing visibility and automation while addressing
challenges like system integration and [oT trends—key
focuses of our paper.

Abdul-Azeez et al. [2] emphasize optimizing SCM
to improve efficiency, reduce costs, and enhance
customer satisfaction. They integrate procurement,
manufacturing, logistics, and inventory into SAP
S/4HANA, using real-time data, predictive analyt-
ics, and IoT to enhance visibility, decision-making,
and agility. Similarly, Ikevuje et al. [11] highlight IoT
and data analytics in improving supply chain perfor-
mance, addressing challenges like visibility, delays,

and risk management. Their recommendations in-
clude investing in IoT infrastructure, ensuring data
security, and fostering collaboration. Unlike our study;,
these works do not adopt a model-based systems en-
gineering approach for system design and automated
code generation.

Goli et al. [10] emphasize the importance of sup-
ply-chain network design, highlighting rising trans-
portation costs and the need for strategic and tactical
decisions. They propose a flexible, IoT-based supply
chain integrating logistics across suppliers, produc-
ers, distribution centers, customers, and repair cen-
ters. Flexibility is enabled through IoT-managed direct
and indirect deliveries, modeled using mixed-integer
linear programming. Unlike their approach, which re-
quires a learning curve, our study simplifies this pro-
cess through MBSE.

Vogel-Heuser et al. [18] highlight how the pro-
perties and environmental dependencies of indus-
trial systems influence automated production per-
formance. These properties, often in supplier docu-
ments like manuals or catalogs, are represented using
SysML profiles and disciplinary views, supported by
a metamodel for clarity. To address the static nature
of profiles, they employ business-process-modeling
notation to showcase SysMLs dynamic workflow ben-
efits.

De Saqui-Sannes et al. [9] explore the evolution
of Systems Engineering from document-centric to
model-centric MBSE approaches. While earlier works
outline MBSE’s benefits and limitations, this paper fo-
cuses on providing industry professionals with crite-
ria for selecting MBSE languages, tools, and methods,
expanding beyond common techniques like SysML.
Kharatyan et al. [13] discuss the impact of digitization
on technical systems, such as autonomous driving,
emphasizing the challenges posed by increased com-
plexity and interconnectivity. They advocate for MBSE
approaches to address these challenges, stressing the
need to incorporate security considerations early in
system design to ensure reliability.

Like our study, these works provide a system model
and an approach to support the system design. How-
ever, we focus on the interplay of MBSE and IoT, as
well as their benefits in SCM. This integrated view is
lacking in the literature.

3 Approach details

The workflow of our MBSE approach is outlined in
Fig. 1. Using SysML 2.0’s textual representation?, we
define metadata specific to supply chain optimiza-
tion with IoT systems, which serve as tags for creating
model instances. The Optimizer leverages linear opti-
mization [15] for supply chain management. The op-
timized models are passed to an artifact generator to

I https://www.omg.org/spec/SysML/2.0/Betal.

2 https://www.omg.org/spec/SysML/2.0/Betal.

Supply chain optimization using model-based systems engineering and the Internet of Things

@ Springer


https://www.omg.org/spec/SysML/2.0/Beta1
https://www.omg.org/spec/SysML/2.0/Beta1

SysML 2.0
Metamodel Metadata

Definitions

Tagged with
Metadata

Templates

Parent
Concept
A

Textual Model Artifact
SysML 2.0 Instance Generation
Child
Concept

The Workflow of Model-Based Systems Engineering

4

Artifact

L
N

Import Metadata

v

Model the System using MBSE

N

Generate Code and Deploy

N

Monitor Performance

%

Manual / Time-Based
Trigger

Adaptation
Required

[NO]

[YES]

Optimize the System Model
on Performance

L]
High-Level Activities of Our Approach

produce outputs such as code, input files for the op-
timization, e.g., updated shipping costs. The adapta-
tion can be triggered automatically in case the supply
chain performance deteriorates. Moreover, manual or
time-based triggers can start the system model opti-
mization. Figure 2 summarizes the key activities in
our approach, with further details provided in later
sections. The primary task for architects or design-
ers is tagging system components with our predefined
metadata in SysML 2.0. Our system suggests optimiza-
tion automatically.

Metadata Our metadata definitions for the supply
chain optimization using IoT systems are presented

in Fig. 3. A System under Test includes Supply Chain
Nodes, Infrastructure and Communication. A supply
chain node represents a location with supply and
demand. These nodes have Capacity of production
and Demand with associated Costs. Infrastructure
represent the underlying IoT system. An Execution
Environment models either virtual or physical envi-
ronments, e.g., virtual machines, containers, or bare-
metal servers. These environments have Soffware and
Hardware components. The IoT system consists of
Edge, Fog, Cloud, Message Broker [14], Device Gateway,
and IoT Device nodes. These node communicate us-
ing different patterns of Communication. These best-
practices are Data Streaming, Synchronous, and Asyn-
chronous, which can be Event-Based, Messaging (7],
or Publish Subscribe [17]. Figure 4 (Listing 1) provides
a snippet of our metadata.

Supply-chain model We model supply chain nodes
with specific characteristics, i.e., locations with capac-
ity of production, demands for finished products, and
associated costs. The associated costs for each lo-
cation are as follows. Fixed costs are manufacturing
costs, e.g., equipment, utilities, staff, or rental. Vari-
able costs are costs for production of specific goods,
e.g., production line costs and raw material. Freight
costs model shipping and transport costs, e.g., costs
per container of finished products. Figure 5 (Listing 2)
shows a snippet of the model for the supply chain
management. We have defined a composite part lo-
cation that contains subparts.

We optimize the supply-chain performance using
linear optimization [15]. The objective function is to
minimize the production costs as the metric of per-
formance. These costs are based on fixed, variable
and freight costs, defined by our supply-chain model.
The optimization problem can be formulated as fol-
lows. The problem states to minimize the total costs,
subject to the demands of all locations being fulfilled:

f(p,s,d) = fixCost(p,s) + varCost(p,s,d) (1)

System under
Test

0.* T 0.*
Q ¢ Q
Communication Infrastructure Supply Chain
Node
- - =
| | | I I ]
Execution | Software | | Hardware |
| Data Stream | | Asynchronous | | Synchronous | Environment |
T T | | Demand | | Costs | | Capacity |
[ | ] ‘ Edge ‘ ‘ Fog ‘ ’ Cloud ‘
Messaging Publish | Event-Based |
Subscribe I I )
Message Broker Gateway | | IoT Device |

Metadata of Supply Chain Management Using the Internet of Things
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package Meta_SupplyChain {

3 metadata def SupplyChainNode;

4 metadata def Demand :> SupplyChainNode;

5 metadata def Capacity :> SupplyChainNode;
6 metadata def Costs :> SupplyChainNode;

8 metadata def Infrastructure;

9 metadata def Edge :> Infrastructure;

10 metadata def Fog :> Infrastructure;

1 metadata def Cloud :> Infrastructure;

12 metadata def IoTDevice :> Infrastructure;

13 metadata def Gateway :> Infrastructure;

14 metadata def MessageBroker :> Infrastructure;

16 metadata def Communication;
17 metadata def Asynch :> Communication;

Listing 1: Excerpt of Metadata Definitions in SysML 2.0

package SupplyChainModel ({
import Meta_SupplyChain::x*;

4 part demand {@Demand; }

5 part supplylLow {QCapacity;}
6 part supplyHigh {@Capacity;}
7 part fixedCosts {@Cost;}

8 part variableCosts {Q@Cost;}
9 part freightCosts {@Cost;}

1 part location {@SupplyChainNode;
12 part demand;

13 part supplyLow;

14 part supplyHigh;

15 part fixedCosts;

16 part variableCosts;

17 part freightCosts;

Listing 2: Supply-Chain Model in SysML 2.0

minimize

> f(p,s,d) @

peproducts, s,delocations

subject to
V pe products 3)
Z capacity(p,s) = Z demand(p,d) (4)

selocations delocations

in which, p denotes a product, s the source of pro-
duction, d the destination, locations the supply-chain
nodes, fixCost(p,s) the manufacturing cost of a prod-
uct p at source s, varCost(p,s,d) the cost to send a prod-
uct p from source s to destination d (a function of
freight and variable costs), capacity (p,d) the capacity
of a product p at source s, and demand (p,d) the de-
mand of a product p at destination d.

Artifact generation We generate artifacts, such as
the input costs and the capacity of production for
different supply-chain locations based on pre-defined
templates. For example, when the IoT devices de-
tect a manufacturing failure resulting in increase of
the costs, the artifact generator can produce updated

input costs. Our approach automatically suggests
adaptation of the supply chain by running the op-
timization code with the newly-generated artifacts.
Another example, where artifact generation can opti-
mize the supply chain is when the shipping costs has
increased, e.g., as a result of new types of transporta-
tion or routes. In these cases, the artifact generator
can produce updated freight costs to optimize the
supply chain. Moreover, when the infrastructure
changes, the optimization code needs to be updated.
An example of this case is to add new constraints
to the optimization problem and generate new op-
timization code. Section 4 provides a sample case
illustrating these scenarios. Figure 6 (Listing 3).

4 Discussion

We model an illustrative sample case and study differ-
ent scenarios of the supply-chain optimization. Fig-
ure 5 (Listing 2) showed the supply-chain model. Each
of these locations have two sites, i.e., low and high ca-
pacity. For the illustrative sample case, we specify this
model as a system with five locations, i.e., USA, Ger-
many, Japan, Brazil, and India. The input files specify
the costs, the production capacities, and the demand
for each location. For simplicity, we study only one
product.

Figure 7 (Listing 4) gives a snippet of the template,
where we create a linear minimization problem mod-

I package SCMSampleCase {
import Meta_SupplyChain::«x;

4 part USA :> location;
part Germany :> location;

6 part Japan :> location;

7 part Brazil :> location;

8 part India :> location;

Listing 3: Excerpt of the Sample Case in SysML 2.0

from pulp import =*

3 loc = ['USA’, ’'Germany’, ’Japan’, ’'Brazil’, ’'India’]
4 size = [’'Low’, ’'High’]

6 # minimization linear problem
7 model = LpProblem("Capacitated Plant", LpMinimize)

9 # optimization variables

10 production = LpVariable.dicts ("production_",

1 [(i,]) for i in loc for j in loc],

12 lowBound=0, upBound=None, cat=’continuous’

14 plant = LpVariable.dicts("plant_",
15 [(i,s) for s in size for i in loc],
16 cat='Binary’)

18 # objective function: total costs

19 model += (

20 lpSum([fix_cost.loc[i,s] * plant[(i,s)] * 1000

21 for s in size for i in loc]) +

lpSum([var_cost.loc[i, j] * production[ (i, j)
for i in loc for j in locl]))

Listing 4: Excerpt of the Optimization Template in
Python
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eling 1234. The artifact generation is based on an
open-source code. The code uses PuLP optimization
in Python.

Baseline scenario For our baseline example, we
specify variables and solve the optimization problem
of costs of finished products. In Fig. 5 (Listing 2),
we specified low- and high-capacity sites for each
location. We specify the low as 500,000 and high as
1,500,000 capacity of production in units per month
(u/m). For the demand, we have 2,800,000 u/m for
the USA site, 90,000 for Germany, 1,700,000 for Japan,
145,000 for Brazil, and 160,000 for India. As it can
be read, not all locations can provide the demand
locally. For example, the USA can produce 2,000,000
u/m in both low- and high-capacity sites. However,
the demand is 2,800,000 u/m, which means products
must be shipped from overseas. We give costs, i.e.,
fixed, variable, and freight costs, for each location
as input files in our online appendix. For example,
the fixed costs, i.e., the manufacturing costs, of the
USA location for the low- and high-capacity sites are
6,500,000 and 9,500,000 dollar per month. Running
the optimization code with the given values, we have
the total cost of 62,038,000 dollar per month.

IoT infrastructure We study multiple scenarios,
where the IoT infrastructure monitors the supply
chain and triggers optimization. We model multiple
IoT devices, e.g., manufacturing and transportation.
These devices send monitoring data to a gateway.
The gateway sends the data via a message broker to
the edge, fog and cloud services for analytics. These
analytics can trigger a rerun of the optimization code
for the supply chain management. Figure 8 (Listing 5)
shows the tagged model instance.

Transportation scenario We model a second sce-
nario. In our model of 10T infrastructure presented by
Fig. 8 (Listing 5), we included a transportation device.
This device can track freight costs and trigger a re-
run of the optimization code if these costs increase.
A simple mechanism of calculating freight costs is as
follows: These devices update information regrding
the routes taken and the duration of transportation
to a cloud service. In case of unsual long distances,
e.g., because of trafic or road constructions, the IoT
infrastructure triggers an adaptation.

We study a scenario, where the IoT devices report
that the transportation costs have doubled. To com-
pensate for these high freight costs, we decide to in-
crease the production of India as this location has the
lowest fixed costs, i.e., manufacturing costs. We triple
the production of the high-capacity site of India from
1,500,000 to 4,500,000 u/m. We must take into account
that this increase of production also triples the fixed
costs for the India high-capacity site. Running the op-
timization code gives us the total costs of 60,259,000
dollar per month. This scenario highlights the impor-

I package IoTInfrastructure {
import Meta_SupplyChain::x*;

4 part MQTT {Q@MessageBroker;}
part cloud {@Cloud;}
6 part fog {Q@Fog;}
7 part edge {@Edge;}
8 part gateway {Q@Gateway;}
9 part manufacturing {Q@IoTDevice;}
10 part transportation {@IoTDevice;}

12 connection {@Asynch;} connect MQTT to cloud;

13 connection {@Asynch;} connect MQTT to fog;

14 connection {@Asynch;} connect MQTT to edge;

15 connection {@Asynch;} connect MQTT to gateway;

16 connection {@Asynch;} connect transportation to
gateway;

Listing 5: Excerpt of the Sample Case in SysML 2.0:
loT-Infrastructure Model

tance of the IoT infrastructure and the model-based
systems engineering. The MBSE end-to-end approach
allows the IoT system to inform of any infrastructure
changes as early as possible. Having this informa-
tion can help decision makers to adapt to the changes
rapidly and optimize the supply chain to meet perfor-
mance requirements.

Updating the optimization code Our studied sce-
narios so far focused on generation of the input files,
e.g., increase of capacities and costs. We study a sce-
nario where the supply chain model changes resulting
in generation of new optimization code. Assume we
add a third site to each location so that low capac-
ity accounts to 500,000, medium to 1,500,000, and
high to 3,000,000 u/m. Figure 9 (Listing 6) shows the
updated model.

Moreover, the IoT infrastructure can add con-
straints to the optimization code. In the IoT-infra-
structure model presented by Fig. 8 (Listing 5), we
included a manufacturing device. Assume this device
monitors the supply chain and informs that there is
a malfunction in the low-capacity site of India. In this
case, we add a logical constraint to the optimization
code. Figure 10 (Listing 7).

Running the newly-generated optimization code
with the updated parameters results in a total costs of
49,838,000 dollars per month. Our approach informs
that to optimize the supply chain and compensate

I package SupplyChainOptimization {
import Meta_SupplyChain::x;

4 part supplyLow {Q@Capacity;}
5 part supplyMedium {@Capacity;}
6 part supplyHigh {QCapacity;}

8 part location {@SupplyChainNode;
9 part supplyLow;

10 part supplyMedium;

11 part supplyHigh;

12 }

Listing 6: Excerpt of the Updated Supply-Chain Model
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import pandas as pd
» from pulp import =

4 # added a medium-capacity site

s size = [’'Low’, ’'Medium’, ’High’]

6

7 # added a logical constraint

8 model += plant[(’India’,’Low’)] == 0
9

10 ...

Listing 7: Excerpt of the Updated Optimization Tem-
plate

for the low-capacity site of India, we must take ad-
vantage of the low-capacity site of Brazil. Note that
Brazil has the second lowest fixed costs, i.e., manu-
facturing costs, in our example. This scenario, again,
highlights the importance of IoT infrastructure and
the MBSE approach. Being informed of the manufac-
turing failures and automatically getting suggestions
for replacement allows decision makers to optimize
the supply chain in a timely manner.

5 Conclusions

Supply chain management is crucial in business [2,
4]. The new technologies, such as IoT help the effi-
ciency of SCM. In this paper, we set out to answer the
research questions how MBSE can assist the design of
IoT-based supply-chain management systems (RQ1)
and how we can optimize the supply chain using the
IoT data integrated in the cloud (RQ2). For RQ1, we
proposed metadata in the domain of IoT-based sup-
ply chain management. Architects can model their
systems in SysML 2.0 using our metadata as tags. Our
MBSE approach automatically generates artifacts, e.g.,
optimization code. For RQ2, we modeled an IoT in-
frastructure, where the device data is integrated in
the cloud via message brokers using the event-driven
communication pattern [14]. We discussed multiple
scenarios, where the IoT detection data can inform
the decision makers of any malfunction, and our ap-
proach automatically suggests an optimization of the
supply chain.

For our future work, we plan to extend our ap-
proach to consider requirements validation. There are
many standards, e.g., IEC 61131-3:2013 [1], consider-
ing system design. Our MBSE approach can automat-
ically perform requirements validation and inform of
specific system parts violating the requirements as in
our previous work (see, e.g., [5, 6]). We convert the
system model into a graph and perform graph-based
validation of requirements.
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