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Abstract

System models and model-based engineering methods have the promise of transforming the
way that industrial engineers interact with production and logistics systems. Model-based
methods play a role in improving communication between stakeholders, interoperability
between systems, automated access to consistent analysis models, and multi-disciplinary
design methods for complex systems. However, there remains a need for a foundation
for modeling these kinds of systems — a foundation that tailors methods and tools devel-
oped in other engineering domains to the unique concepts and semantics of production and
logistics. This foundation is the topic of this report.

This report documents a framework and model libraries for modeling discrete event
logistics systems (DELS), an abstraction that covers manufacturing plants, material han-
dling and transportation systems, warehouses, supply chains, etc. The DELS abstraction
was created by identifying and modeling commonalities across the kinds of systems that
industrial engineers typically encounter, and analysis models they use to analyze those sys-
tem. It extends well-known product, process, and resource (PPR) ontologies to incorporate
a library of operational control model components, and is connected to Commodity Flow
Network (CFN), modeling networks, flow networks, and process networks. The relation-
ship between DELS and CFN formally links system models to abstractions used to create
analysis models, such as discrete event simulation.

This report is the first public release of models and documentation capturing many years
of refinement and application by the authors. As a first release, the goal is to solicit addi-
tional use cases and feedback from the community to improve the models and make them

the foundation for the model-based industrial and systems engineering community.
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Smart Manufacturing; System Modeling.
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1 Manufacturing systems, storage systems (such as warehouses), transporta-
tion systems, and supply chains are all kinds of discrete event logistics sys-
tems (DELS). This is shown by a generalization relationship from them to
DELS.

2 DELS multi-layer architecture organizes model libraries from most general
to most concrete, with generalization relationships linking the layers.

3 Basic Networks are composed of nodes (typed by Network) and edges
(typed by NetworkLink). Both Network and NetworkLink are specialized
from a top-level NetworkElement block.

4 Flow Networks are a foundation for many kinds of analysis models, includ-
ing discrete event simulation.

5 Commodities can flow through Flow Networks, derived from multi-commodity
flow network abstractions.

6 Process Networks extend Flow Networks and specify transformation of flows
through the network.

7 The DELS ontology extends product, process, and resource (PPR) with fa-
cilities and tasks.

8 Branch of the Resource taxonomy distinguishing resources that execute pro-
cesses (active) from inputs to processes (passive).

9 DELS are specialized from Active Resources, capable of executing Pro-
cesses. Their controllers are operational. Equipment are the other branch,
with realtime controllers, such as PLCs.

10 Capacitated and Discrete-state Resources specify how work can be allocated
to a resource.

11 A simple state machine to start defining a discrete state resource’s classifier
behavior.

12 Aggregate and Atomic Resources specify how resources are combined to
form resources with different (greater) capability than its components.

13 DELS have contract connectors and material handling connectors.
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16 DELS Process is specialized from CFN’s Process Network.

17 DELS Process is elaborated with taxonomies of specialized transformations.

18 DELS Product is specialized to capture the composition and handling of the
product.

19 DELS Facility describes the geometric characteristics of physical DELS ar-
tifacts, including size and layout of resources and spatial relationships be-
tween resource objects within a DELS.

20 Tasks, a kind of commodity flowing through DELS, authorize DELS to exe-
cute a Process.

21 DELS interface defines ports for handling the flow of tasks and resources
across its boundary.

22 A canonical set of control questions defines a comprehensive functional
specification of all decision-making mechanisms that a controller needs to
provide in order to manage the behavior of the system.

23 Each control decision has a corresponding interface that defines an operation
with a standard signature.

24 Each control function has both an Actuator (specialized Resource) and a
Actuator behavior (specialized Process)

25 The DELS Operational Controller consists of decision-making and decision
support components.

26 DELS are defined by their products, process, resources, and facility; the
tasks that define requests for these products and processes, and an opera-
tional controller to control the flow of resources and execution of processes.

27 Specialized systems can be created from the DELS definition. These spe-
cialized systems can be composed into new kinds of systems.

28 Specialized DELS, such as Manufacturing Plants, are often themselves com-

posed of other specialized DELS.
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1. INTRODUCTION

A discrete event logistics systems (DELS) is:

» anetwork of resources, arranged in a facility; each resource has one or more process-
ing capabilities, with a capacity for each capability;

* products flow through this network of resources, transformed by processes executed
by the resources; a process might require capabilities of more than one resource;

processes can change location, age, or condition of products.

The term “discrete” refers to the things flowing and process steps (transformations).
The things flowing are separate from each other, e.g., individual product units, components
of product units, or batches of product units. Process steps on the same product are taken
separately. They have well-defined start and end events, e.g., the start of a machining
or heat-treating process, even though our knowledge of the event time may be uncertain.
Transformations (mostly) require resources that are separate from each other, e.g. sub-
components, or equipment, tools, fixtures, and input raw materials (discretized by units).

Factories are obviously a kind of DELS, but there are others. A warehouse is a DELS
with much simpler resources and processes than factories. A supply chain is a DELS where
the facility, rather than being a building, is the geographical organization of factories, ware-
houses, and transportation resources. A hospital also is a DELS, where the products are
patients flowing through the hospital, the resources are staff and machines in the hospital,
the processes are diagnostic, prescriptive, and general care activities performed on/for the
people flowing through the hospital.

The term DELS is used in this paper as an abstraction of the many kinds of related
systems that are extensively studied in Industrial Engineering, Operations Research, and
Management Science (IE/OR/MS). These systems share some common characteristics, as
do analysis methodologies and tools used to study them. These similarities can be captured
in a framework (conceptual organization, abstraction), common language (syntax and se-
mantics), and model libraries that simplify construction of DELS models.

The abstractions and model libraries in this document are designed for operations man-
agement decisions and analysis models supporting them, as required by IE/OR/MS stake-
holders. Operations management is the layer between process/equipment and enterprise
concerns [1], and the abstractions are intended as an intermediary, or bridge, between con-

crete, technological, embodiment models and analysis abstractions. Other concerns, such
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as part/process design and quality, equipment-level motion control and kinematics, enter-
prise level strategy (except resource investment, but not business operations concerns), etc.
are outside of scope of this report.

This paper seeks to document the DELS model libraries (archived at [2, 3]), incorporat-
ing recent simplifications and extensions to [4, 5]. It focuses on DELS systems modeling
‘infrastructure’, analysis abstractions, and logical abstractions for defining and analyzing
DELS. This report uses the Systems Modeling Language (SysML) [6] to present abstrac-
tions and model libraries. While it briefly describes the aspects of SysML needed, a reader
not familiar with SysML can also refer to [6, 7].

Section 1.1 motivates the application of system models to DELS and the formalization
of DELS abstractions to support development of those models. Then section 1.2 describes
the modeling framework for the abstractions and provides an overview of the model library
(summarized in figure 2). The remaining sections discuss network abstractions (section 2),

DELS plant behavior (section 3), and finally DELS operational control (section 3.8).

1.1 Motivation

System models and model-based engineering methods have the potential to transform the
way that stakeholders interact with their systems. This section describes some benefits
and potential opportunities of model-based engineering ecosystems. At the base level, de-
veloping and integrating models including system models, abstractions of those models,
and related analysis models; foster better communication between stakeholders, i.e., “are
we all talking about the same artifact in the same way?” Streamlined communication and
shared conceptualization between stakeholders can be translated into improved system in-
teroperability and methods for operating and analyzing the systems (tool interoperability).
Model-based methods and greater system and data interoperability directly support system
(re-)design efforts. These projects can include small modifications, such as changing con-
trol algorithms; larger resource investment or shop-floor reconfiguration efforts; and can
even be deployed to support greenfield design and commissioning of new systems. This
section motivates the role of model-based methods in improving communication, interop-

erability, analysis accessibility, and design methods.

Communication Constructing system models turns tacit knowledge into explicit infor-
mation, building a conceptualization of a system shared between stakeholders that have

different viewpoints and concerns. Not only do these stakeholders have different view-



2928"dI' LSIN/8Z09 01 /610°10p//:sdny :woly 86.1eyd jo saly o|qe|ieae si uonesdlignd siy |

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

points, but there are often terminological gaps between experts in different, often adjacent,
domains. One gap that is of particular interest is the gap between industrial engineering
practitioners and analysis experts, such as those constructing models for costing, schedul-
ing, simulation, etc.

System models, as compared to analytic and geometric models, describe logical re-
lationships between different aspects of the system and its environment. System mod-
els bridge human-interpretable descriptive models with machine-readable representations.
These kinds of representations enable models to be constructed using defined (standard)
syntax and semantics, to be stored in structured computer format (machine-readable,
repository-based), and to be stored along with supporting metadata about the models [8].
Dedicated modeling languages such as SysML [6] are more expressive than analysis lan-
guages, enabling the development of precise analysis-independent system models that are
not constrained by any target analysis language. In fact, what is created is platform-

independent, agnostic of any implementation language, analysis or otherwise.

Interoperability Enterprise interoperability has traditionally focused on data exchange
standards, including standard formats and controlled vocabulary / terminology. One way
to improve the system (and ecosystem) functionality is to identify opportunities to improve
the level of interoperability between data, functions, and systems [9, 10]; for example, ex-
panding standardization efforts to include the content of exchanged information, including
standard reference models and common workflow models.

The Object Management Group (OMG)’s Architectural Context document describes
the purpose of Model Driven Architecture (MDA) as enabling “different applications to be
integrated by explicitly relating their models, facilitating integration and interoperability.
The three primary goals of MDA are portability, interoperability, and reusability.” [11, 12].
Model-based methods may offer some support in developing contextual interoperability
between enterprise applications, such as those supporting the manufacturing operations
management ecosystem, and to analysis applications, such as simulation and optimization
[13]. Increasing the quality of communication and interoperability between applications,

people, and systems supports improved analysis, design, and operational environments.

Analysis Model-driven system-analysis integration methods enable analysis methods to
interact by exchanging formal system models. Exchanging system models requires tools to

interact with each other using standard data formats (syntax) that are interpreted in standard
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ways (semantics). For example, DELS simulation and optimization models would benefit
from standard formats and interpretations for items flowing through a system (types and
quantity), how they are flowing (path and resource), and control of that flow. System mod-
els, as compared to analytic and geometric models, describe logical relationships between
different aspects of the system and its environment. Dedicated modeling languages such as
SysML are more expressive than analysis languages, enabling precise analysis-independent
system models that are not constrained by any target analysis language. Standard syntax
and semantics to express the structure, behavior, and control of the system independent
of analysis enables one system model to create many kinds of analysis models, includ-
ing purpose-specific simulation and optimization models. For example, exchanging system
models between simulation and optimization tools enables analysis models to be generated,
or updated, when necessary to reflect a required view, new solution, etc. [14, 15].

However, developing and deploying appropriate model-driven system-analysis integra-
tion methods remains a challenge, especially when every analysis model is formulated from
a unique abstraction of the system. For many practitioners, it is difficult to decide which
analysis model/tool to use in a particular situation/context to answer a particular question.
Often this challenge is compounded by the fact that multiple analyses may available to an-
swer the same question, perhaps just at a different level of fidelity, robustness, quickness,
etc. Can multiple, coherent analysis models be extracted, or built, from a single system
model or multiple views of the same system model?

One research goal of this report is to formalize multiple abstractions used to create
different analysis models, relate those abstractions to each other (“unify them”), and then
connect them to system models.

Design Model-based systems engineering (MBSE) and design methodologies, though a
common theme of our work, is not the focus of this report. Conceptual models based on
agreed-upon terminology and semantics support the development of integrated and inter-
operable enterprise data, functions, and systems [13]. Design methodologies can leverage
model libraries and reference architectures that capture reusable artifacts and best prac-
tices for assembling them into system models (see, e.g., [16]). Shared abstractions and
reusable reference architectures are becoming essential for designing complex, interopera-
ble systems. For example, designing self-similar system architectures that integrate make,
move, and store functional capabilities requires a unified model of decision-making and ab-

stractions that link decision-support (abstract resources) with execution (specific resources)
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[17]. Finally, optimization and simulation are common methods supporting system design
(trade-space exploration and high-fidelity validation); but can only be useful if they can be

accessed efficiently and inexpensively [18].

1.2 Modeling Framework

Reference models created to support model-based methods can be reused and extended
(specialized) when specifying new systems. These models identify commonalities across
a family of system models, providing a language, model libraries, and patterns (best prac-
tices) for constructing new system models [19]. Reference models can be elaborated and
extended as necessary. This method encourages discovery of common concepts and terms,
an emerging ontology for system specification. For DELS, reference models should pro-
vide basic DELS concepts, support high-level subsystem decomposition (logical architec-
tures or conceptual models), and provide templates for assembling subsystem components.

Here we follow the OMG’s MDA framework [11] consisting of three layers: M2 is the
language layer (UML/SysML), M1 contains models constructed using the language, and
MO represents instances of the models, i.e., actual systems, the data representing them, or
simulations of them. Previous work in this area developed the DELS Specification as a
domain-specific language, an extension of SysML, using its profiling mechanism [4, 5]. In
that approach, systems models are related to the DELS specification through stereotype ap-
plication. This paper seeks to unify the DELS models as M1 models rather than M2 SysML
extensions. For example, here the commodity flow network (CFN) is modeled as an M1
model (used to instantiate and classify (describe) instances), rather than a domain-specific
language (M2 syntactical extension of SysML). See [20] for a discussion on benefits of M 1
abstractions. M1 models are related to their abstractions (DELS Specification models / ref-
erence models) through generalization, either by directly extending system model concepts

or mapping them afterward.

Generalization Generalization is a method to organize things into taxonomies (classi-
fications) by their similarity, defining specialized classes to elaborate differences within
broader classes while retaining a relationship to them. Taxonomies constructed using gen-
eralization explicitly model the assumptions, extensions, and simplifications made in the
classifications. Things that are logically similar can be organized by generalization. For
example, trucks and forklifts can be generalized to mobile resources that carry pallets, mo-

bile resources in general, or all resources. Classes can be specialized to capture differences
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between specialized things. For example, machines that execute subtractive manufactur-
ing processes can be specialized into classes of milling machines and turning machines, or
further into specific brands of milling or turning machines.

In the DELS modeling framework, Manufacturing Systems, Storage Systems
(such as warehouses), Transportation Systems, and Supply Chains are all kinds of
Discrete Event Logistics Systems (DELS) (figure 1). They are related formally to DELS
definition by the generalization relationship denoted in SysML using a hollow-headed ar-
row directed from the more specialized class to the more general class. In this document,
teletypefont will be used to denote UML classes or SysML blocks, italics will be used
to denote properties (or roles) in classes or blocks, and boldface will be used to denote
associations between blocks. The SysML models use PascalCase and lowerCamelCase for
naming blocks and properties, respectively. However to increase readability of the report,

spaces will be added between the words while preserving the capitalization and typeface.

SysML Block Definition Diagram SupplyChain_RefArch[ SupplyChainStructure ])

«block»
DELS

T
|

«block» «block» «block» «block»
ProductionSystem StorageSystem TransportationSystem SupplyChain

operations operations operations

MAKE() STORE() MOVE()

{subsets maker} . * {subsets storer)’l\on* {subsets mover} |1 *

Fig. 1. Manufacturing systems, storage systems (such as warehouses), transportation systems, and
supply chains are all kinds of discrete event logistics systems (DELS). This is shown by a
generalization relationship from them to DELS.

The approach proposed here uses generalization to formalize the results of abstraction,
rather than stereotype application. Generalization enables system models to be constructed
(specialized) directly from abstractions, rather than mapped to the abstractions after the
system model has been constructed, as with stereotypes. The resulting system model natu-
rally conforms to the abstraction, because the abstraction is identified as the broader class.
Abstractions can be retrieved correctly and efficiently from detailed system models. Model
libraries and taxonomies constructed using generalization can be extended and specialized
to incorporate new specific system behaviors and any corresponding analysis models, while

retaining access to higher levels of abstraction. Generalization is supported in almost all

6



2928"dI' LSIN/8Z09 01 /610°10p//:sdny :woly 86.1eyd jo saly o|qe|ieae si uonesdlignd siy |

183

184

187

188

189

190

191

192

193

194

modern programming languages, as well as UML, providing many more potential model-
ing platforms than stereotypes.

This report proposes a modeling framework organizing the DELS domain using a multi-
layered abstraction (figure 2). Generalization is used to organize the reference system mod-
els and link them to abstractions and concrete models. The model layer (M1) is organized
into roughly three layers: the Top contains the analysis and logical abstractions (commodity
flow networks (CFN) and DELS), the Middle contains domain-specific reference models
and architectures, and the Bottom contains system models built from the reference models.
These layers are formally connected via generalization enabling traversing from specific
system models to abstractions used for developing conceptual models and integrating sup-
porting analysis tools. This report documents the abstract models in the Top layer (CFN
and DELS).

M2
+« Language Layer

Top of M1
+ Network Abstractions

- Discrete Event Logistics
—  Systems (DELS)

| Process Network | «  Product, Process, & Resource
Model Libraries
DLS *  Operational Control Model Library
==
| | [ | Middle of M1
Storage | |Production| Material Supply - Domain-specific
i Chains
Systems SystTerns H:;ndhng | e ncaindals
? T ? T l * Taxonomy aligns with
+ Warehouse * Production lines * Transportation STORE, MAKE, & MOVE
« Fulfillment * Job shops Systems r processes
systems * Work Cells + AMHS, AGVs, +  Alsoincludes systems
+ Crossdocks * Aerospace conveyors Jofoil
. * Automotive + Trucking composed of other DELS
+ Semiconductor *
: Bottom of M1
T - System Models
+  “as-designed”, “as-
System commissioned”; or “as-
Models operating” models

Mo Actual real systems (or
simulations of them)

Fig. 2. DELS multi-layer architecture organizes model libraries from most general to most
concrete, with generalization relationships linking the layers.
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DELS Specification The Top of M1 contains the DELS reference model which is ex-
tended from network definitions defined by the CFN. These levels capture (stable) abstrac-
tions that are useful for developing conceptual models and logical architectures [21]. These
models are specific enough to understand what’s flowing, how it is flowing, and the control
of that flow, without specifying particular technology implementations. These models are
at the same level of abstraction as many IE/OR/MS analysis models proposed to support
design and operational decision-making.

The DELS layer contains common concepts and terminology organized around a prod-
uct, process, resource (PPR) ontology, and includes facility descriptions, work (task) defi-
nition, and control of flows and transformations (operational control). The reference model
includes model libraries and taxonomies supporting each concept.

Domain-specific reference models and system models can be created by specializing
these abstract, conceptual models into new domain-specific concepts. Likewise, system
models can be mapped, or generalized, to these abstract models to access associated anal-
ysis libraries.

Domain-specific DELS Specializations The Middle of M1 contains reference models
and architectures for systems specialized from DELS, such as production, material han-
dling (transportation), and storage systems (see, figure 1). This specialization (generaliza-
tion set) is organized by the primary system functions: Make, Move, and Store expressed
by the Operations on each block. These models introduce concrete domain-specific termi-
nology for the products, processes, and resources; e.g., trucks rather than resources.

These specializations are classified by each system’s high-level core functionality, e.g.
production systems make commodities. Most DELS, including manufacturing plants, sup-
ply chains, and warehouses; are composed of (or created by assembling) subsystems spe-
cialized from these abstract components. These systems (as specialized DELS) may be
further (de-)composed into functionally specialized components; for example, a produc-
tion system may be composed of material handling and storage systems as well as smaller,

more specialized production systems.

System Models The Bottom of M1 contains the most detailed system models. These
models are created by extending the domain-specific reference models in the middle layer,
and then adding details specific to a single system. These detailed system models may

include design specification models (“as-designed”) that contain sufficient detail to com-
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mission new systems. These models can also be created as documentation for existing
systems (“as-commissioned”). System models created most likely will not or can not be
directly reused as they represent a single system (or identical systems). However, recurring
patterns for creating these detailed models can be harvested into reference models in the
middle layer.

Typically, we are interested in extending the taxonomy by specialization (more refined
classifications). However, developing reference architectures follows a complementary
process of harvesting common patterns through abstraction (generalization) to classify and
organize existing domains [22]. Each taxonomic layer contains additional specializations

that refine the abstract definitions into increasingly concrete system models.

2. Network Abstractions

Network-based abstractions are common in DELS modeling because of their widely-under-
stood mathematical interpretation, suitability to many algorithms, and applicability to a
broad range of (abstract) analysis questions about DELS. These well-studied abstractions
have produced many domain-specific analysis methods, such as finding shortest paths and
optimal facility locations [23], determining throughput for (multi-commodity) flow net-
works [24], as well as service time and utilization in queueing networks [25, 26].
Formalizing network abstractions and applying them to analysis model construction
was first described in [4]. It also introduced token flow networks as a unifying abstraction
for DELS networks, covering basic networks, flow networks, and process (or queueing)
networks — basic networks introduce structure and relationship; flow networks introduce
flows; process networks introduce transformation (and duration). The network abstractions

and DELS abstraction are separated, but formally linked using generalization relationships.

2.1 Basic Networks

This section formalizes characteristics common to all DELS networks. The term network
in this report refers to all MO (actual, digital, or simulated) networks, rather than models
of these networks (e.g., graph syntax). For example, general network properties, such as
“node criticality”, can describe aspects of specialized networks, e.g., the importance of a
particular depot in a supply chain modeled as a specialized network.

Networks are composed of other networks and links between them playing the roles of

nodes and edges, respectively. In SysML, this is expressed as a block Network with a part
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258 node typed by Network (kind of things playing the part of node). Composition is a whole-
250 part relationship, shown in SysML by black diamond associations between blocks, with the
260 whole on the black diamond end (parentNetwork) and the part on the other end (node). This
261 recursive composition relationship enables network models to be decomposed or refined
262 with additional internal details (hierarchical nested network representation). In SysML,
263 leaf-level (atomic) networks redefine their node property to multiplicity [0] indicating that

264 no further decomposition or refinement is allowed.

SysML Block Definition Diagram CommodityFlowNetwork [ BasicNetwork ]J

«block» «block»
IdentifiableElement NetworkElement
values values
instancelID : String [1]{id} k———————{~instancelD : String [1]{id}
typelD : String [0..1] ~typelD : String [0..1]

label : String [0..1] ~label : String [0..1]
measure : Real [0..*] ~Ameasure : Real [0..%]

I

«block»
Network

values
AinstancelD : String [1]{id}
AtypelD : String [0..1]
Alabel : String [0..1]
~Ameasure : Real [0..*] parentNetwork
cost : Real [0..1]{subsets measure}

node : Network [0..*] |endNetwork?2

endNetwork1
node endNetwork1
0.* edge : NetworkLink [q..*

endNetwork2 (0..* ;
parentNetwork (0..1 NetworkLink
! | edge |0..*
Part-Part «block»
n NetworkLink
Whole-Part

references
«participant» linkEnd1 : Network{end = endNetwork1}
«participant» linkEnd2 : Network{end = endNetwork2}

values
AinstanceID : String [1]{id}
AtypelD : String [0..1]
~label : String [0..1]
~Ameasure : Real [0..*%]
weight : Real [0..1]{subsets measure}

Fig. 3. Basic Networks are composed of nodes (typed by Network) and edges (typed by
NetworkLink). Both Network and NetworkLink are specialized from a top-level
NetworkElement block.

265 Part-part relationships in SysML are shown graphically in block compartments as con-

266 nectors between parts (lines between rectangles). Connectors are also parts (roles), but

10
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are typed specifically by association blocks, which classify MO links between the things
playing the connected parts. Connectors between nodes in a Network are edges. Edges
are parts typed by Network Link (roles played by network links), an association block for
linking networks. This enables relationships between networks to be specialized as needed
by applications. Networks refer to their linked networks through the ends of the Network
Link association (endNetworkl and endNetwork2). Each network link (MO instance of
Network Link) identifies its two participants by linkEndl and linkEnd2. Generally, asso-
ciation block (Network Link) references its participants by different context-specific roles
(linkEnds) than how Networks reference other Networks (endNetwork). NetworkLink has
a specialized measure called weight that is used to model the strength or capacity of the link

between two nodes in a network.

2.1.1 Network Element

Every network and network link requires some common information, mostly to identify
the object and what kind it is. The Identifiable Element block defines three properties
for all networks and network links: instancelD, typelD, and label. instancelD gives a
unique identifier for each network and link, while label provides a colloquial identifier, or
“native” name. typelD tells the kind of network or link it is, such as “supply chain” or
“transportation edge”. Analysis languages and tools often do not support typing - systems
and objects are “classified”, or organized, by their typelD instead. This means the analysis
tools can not represent taxonomies of network elements like more expressive languages,
such as SysML. Typing-systems, based on formal taxonomies, are useful for checking the
correctness of models and enforcing pre-defined constraints at run-time.

Identifiable Element defines another property measure for adding measurable
properties as subsets (such as cost {subsets measure} on Network). Subsetting is a kind
of specialization for properties, linking a specialized property to a more general (subset-
ted) one. It enables properties to be specialized while maintaining traceability to the more
general property.

Network Element specializes Identifiable Element capturing analysis-specific
commonalities between Network and Network Link. At the time of this release, no addi-
tional commonalities have been identified, but it’s left for future use. Block specialization
and property subsetting will be used extensively as Network Element and its properties
are specialized in the rest of the DELS framework. The properties defined in Network

Element are inherited by every block and association in the DELS framework, ensuring

11
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consistent identification and simplicity in implementing these models. Properties inher-
ited from a more general block are denoted in SysML using the caret notation (%), e.g.

Network’s instancelD is inherited from Network Element (figure 3).

2.2 Flow Networks

Flow networks are networks that commodities can flow through. Commodity is used here
to describe (abstract) all generic objects that enter, exit, and flow through networks. Com-
modities are modeled in section 2.2.2. Commodity flow network abstractions are used in
many kinds of analysis models, including discrete event simulation. This section formal-
izes multi-commodity flow networks described in [24] (figure 4).

Flow Network specializes Network and its properties. It has two parts: flowNode
(typed by Flow Network) and flowEdge (typed by Flow Network Link), specialized
from Network’s node and edge, respectively (figure 4). Property specialization is expressed
in SysML using subsetting or redefinition. In the Flow Network, flow Nodes are a subset
of all nodes ({subsets node}) in this kind of network, i.e. there may be a mix of nodes, some
that commodities can flow through and others that do not support commodity flows. Other
properties from basic networks are also specialized, such as sourceFlowNetwork subsetting
endNetworkl for networks to refer to others linked to them. FlowNetworkLink is special-
ized from NetworkLink, and each property subsets its respective NetworkLink property,
providing traceability to between special and general blocks and properties.

Commodity types the inputs and outputs flow properties of Flow Network. Commodity
is elaborated in section 2.2.2. Flow properties are properties that specify the kinds of things
that might flow between an object and its environment. They are appear with the stereotype
«flow property» in property compartments or in flow properties compartments. Commodi-
ties that a Flow Network produces and consumes are a subset of all commodities it outputs
or inputs, respectively (shown by {subsets outputs} and {subsets inputs}). Flow Networks
have a property (currentlyFlowingThrough) that specifies the commodity objects currently
flowing through (or located in) the Flow Network.

Commaodities also flow across flow edges (typed by Flow Network Link) from source
to target. This is captured as a SysML item flow across the connector, shown by a solid

black triangle in the IBD compartment of Flow Network (figure 4).

12
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SysML Block Definition Diagram CommodityFlowNetwork [ FlowNetwork ]J

«bI°Ck»k parentNetwork edge «block>
Networ 1 0..% NetworkLink
P
node endNetwork1 I
0..% 0.* I >
|
endNetwork2|0..*
«block»
parentNetwork (0..1 NetworkLink NetworkElement
Ay
«block» «block»

FlowNetwork

FlowNetworkElement

in inputs : Commodity [0..%]
out outputs : Commodity [0..*]

flow properties

ferences

refer
flowType : CommodityType [*]{ordered}

values
flowFixedCost : Real [0..1] = 0.0{subsets measure}
grossCapacity : Real [0..1]{subsets measure}
flowUnitCost : Real [0..*]{subsets measure,ordered}
flowCapacity : Real [0..*]{subsets measure,ordered}
flowAmount : Real [0..*] = 0.0{subsets measure,ordered}

references

produces : Commodity [0..*]{subsets outputs}

consumes : Commodity [0..*]{subsets inputs}
currentlyFlowingThrough : Commodity [0..*]

productionType : CommodityType [0..*]{subsets flowType,ordered}
consumptionType : CommodityType [0..¥]{subsets flowType,ordered}

values
/inFlowRate : Real [0..*]{subsets measure,ordered}
/outFlowRate : Real [0..*]{subsets measure,ordered}
productionRate : Real [0..*]{subsets measure,ordered}
consumptionRate : Real [0..*]{subsets measure,ordered}

targetFlowNetwork parentFlowNetwork
flowNode : FlowNetwork [0..] '— 1

sourceFlowNetwork

flowNode sourceFlowNetwork
{subsets endNetwork1}

0..* 0..*
{subsets node} flowEdge : FlowNgtworkLink
>

»
Commodity

targetFlowNetwork [0..*

parentFlowNetwork |0..1 {subsets endNetwork2}

FlowNetworkli
T

E
=

I {subsets edge}
| flowEdge |0..*
«block»
FlowNetworkLink

references
«participant» linkSource : FlowNetwork{redefines linkEnd1,end = sourceFlowNetwork}
«participant» linkTarget : FlowNetwork{redefines linkEnd2,end = targetFlowNetwork}

Fig. 4. Flow Networks are a foundation for many kinds of analysis models, including discrete
event simulation.

2.2.1 Flow Network Elements

Flow Network Element (specialized from Network Element) captures commodity
flow-related properties common to Flow Networks and Flow Network Links. flowType
is an ordered set ({ordered}) of commodity types that are flowing (or are allowed to flow)
through the element. Other ordered properties on the block give information about these
types in the same order. For example, flowCapacity is the maximum flow rate of each
type of commodity across the flow edge and flowUnitCost gives the per unit cost for each
commodity type to traverse the edge. These properties must have the same number of
values as flowType to match capacities and flow costs to commodity types. The property
SflowAmount captures the aggregate number of Commodity objects of each type (currently)

flowing through the Flow Network Element (derived from the currentlyFlowingThrough

13
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property). Other properties are not specified by type, grossCapacity gives the maximum
flow rate of all commodities across the flow edge and flowFixedCost gives the fixed cost of
any flow traversing the flow network element.

Some Flow Network Element properties have values that give current time values and
others are restrictions on current time values. For example, flowCapacity, grossCapacity,
and flowType properties only restrict values at current time values. But flowAmount is a
current time value, either streamed in real-time or reported ex-post as a metric. Constraints
on current time values defined in OCL would useful for implementing optimization models,
such as multi-commodity flow networks [24].

Flow Networks have additional metrics derived from other properties: inFlowRate,
outFlowRate, productionRate, and consumptionRate. These properties give the amount
per time period of commodities flowing in and out of the Flow Network. The rates are
derived from inputs/outputs and produces/consumes properties, aggregated by each kind
of commodity (ordered by flowTypeAllowed’s ordered set of commodity types). Actually,
productionRate and consumptionRate are ordered by productionType and consumptionType

which are subsets of flowType.

2.2.2 Commodity

Commodities can flow through Flow Networks, following multi-commodity flow network
abstractions. A commodity is an economic good or service that has full or substantial
fungibility: the market treats instances of the good or service as equivalent or nearly so,
with no regard to who produced them (individual units are essentially interchangeable).
Fungibility simplifies formulation of many kinds of analysis models.

Commodity is specialized from Identifiable Element (figure 5) rather than Flow
Network Element, because commodities are not inherently parts of flow networks. The
abstract Identifiable Element supports the commonalities of (Flow) Networks and
Commodities. This covers cases where commodities exit networks and are no longer ele-
ments of them.

The CommodityType block (specialized from Identifiable Element) and its associ-
ation to Commodity facilitates connecting these models to analysis models and information
systems. For example, analysis models might specify constraints on execution by type, e.g.
only this type of commodity is allowed to flow along this edge, or this node creates five of
type A each period, and information systems often track items by type, e.g. stock keeping

unit (SKU). The Commodity-Commodity Type association is an example of reflection, i.e.,

14
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SysML Block Definition Diagram CommodityFlowNetwork [ Commodity ]J

«block»
IdentifiableElement

values
instanceID : String [1]{id}
typelD : String [0..1]
label : String [0..1]
measure : Real [0..%]

[

«block» input: «block»
FlowNetwork Inputs, Commodity

«block»
ReflectiveObject
JAN

references 0..% references :
locationOf : Commodity [0..¥] locatedIn : FlowNetwork [1]{subsets state} |Instance type «block»
productionType : CommodityType [0..*¥] [consumedBy consumes - 0..% 1 CommodityType
consumptionType : CommodityType [0..*%] |1 0..* | AinstancelD : String [1]1{id}
{subsets inputs} |~label : String [0..1]

~Ameasure : Real [0..*]
/typelD : String [0..1]{redefines typelD}

producedBy produces |state [0..*]
1 0..* component
{subsets outputs} 0..*
outputs
0..*

AN
whole-part
parentCommodity |1 L

Fig. 5. Commodities can flow through Flow Networks, derived from multi-commodity flow
network abstractions.

giving access to type information (M1) at run-time, indicated by specializing Commodity
Type from Reflective Object, an implementation model of this capability. Instantiating
aReflective Object yields an object that acts like an M1 block, rather than a physical
object. For example, a SKU (a distinct type of item for sale) is an instance of Commodity
Type, while items in inventory (the things that flow) are instances of that SKU. Most imple-
mentation languages provide methods to convert type:Commodity Type to typelD:String.

Commodity types Flow Network’s inputs and outputs properties and their respective
subsets consumes and produces. The produces property gives the commodities arriving
at the network, which increases the total flowAmount of that kind of Commodity flowing
through the system, while consumes gives the commodities leaving the network, which
decreases the total flowAmount flowing through the system. Commodity is flowingln (typed
by a Flow Network), defined as part of (subset of) its state. Finally, Commodities can be

composed of (part of) other Commodities playing the component role.

2.3 Process Networks

Process Networks extend Flow Networks (inheriting flow semantics) to add transfor-
mation of inputs to outputs and duration of transformation. DELS Processes (section

3.3) extend this generic (abstract) transformation to model, for example, transformations

15
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of parts/materials or capabilities of equipment performing the transformation. Process
Network is a simplified (abstract) model that omits resource requirements and contention,
which are added in the DELS extension. Process networks are suitable for producing low-
fidelity analyses such as queueing network models [26-28]. This section treats processes

as kinds of networks to maximize the applicability (reuse) of network analyses.

SysML Block Definition Diagram CommodityFlowNetwork [ ProcessNetwork 1J
«block»
FlowNetwork
A

«activity»
ProcessNetwork

parentProcessNetwork

attributes 0.1 k
~flowType : CommodityType [*]{ordered} .
Ainputs : Commodity [0..*]{direction = in} {redefines parentNetwork} Whole-Part
~outputs : Commodity [0..*¥]{direction = out} r

expectedServiceTime : Real [1..*]{ordered}
concurrentProcessingCapacity : Integer [0..1] processNode
storageCapacity : Integer [0..1] -
currentlyProcessing : Commodity [0..*]{subsets currentlyFlowingThrough} 0..
currentlyQueued : Commodity [0..*]{subsets currentlyFlowingThrough} {subsets flowNode}
/arrivalRate : Integer [0..*]{redefines inFlowRate,ordered}
/departureRate : Integer [0..*]{redefines outFlowRate,ordered} parentProcessNetwork
/utilization : Real [0..1]{subsets measure} 1 {redefines parentNetwork}
/throughput : Real [0..1]{subsets measure} bsets edge}
/averageServiceTime : Real [0..1]{subsets measure} {subsets edge
/averageWaitingTime : Real [0..1]{subsets measure} sequencing |1..*

/averageQueuelength : Real [0..1]{subsets measure}

<block»
/averageSystemTime : Real [0..1]{subsets measure}

SequencinglLink

ties
«participant» predecessor : ProcessNetwork [1]{redefines linkEnd1,end = precedingProcess}
«participant» successor : ProcessNetwork [1]{redefines linkEnd2,end = succeedingProcess}
sequencingKindID : SequencingKind [1]

- — =

precedingProcess
0.*
{subsets endNetwork1

«enumeration»
SequencingKind

SS (Start to Start)
SF (Start to Finish)

N\ FS (Finish to Start)
Part-Part FF (Finish to Finish)
art-Part| __
succeedingProcess [0..* ~{SequencingLink
{subsets endNetwork2}

Fig. 6. Process Networks extend Flow Networks and specify transformation of flows through the
network.

Process Networks are composed of processNodes typed by Process Network and
subsetting flowNodes of FlowNetworks. Process Networks have two kinds of con-
nectors (part-part relationships) between processNodes: flowEdges inherited from Flow
Network and sequencing (typed by Sequencing Link). These enable specification of
flows and time sequencing between transformations (process nodes), respectively. sequenc-
ing subsets edges from Networks. Process networks refer to others sequenced before and
after them through ends of the Sequencing association (precedingProcess and succeed-
ingProcess, subsets of endNetworkl and endNetwork?2, respectively).

Sequencing Link has a property sequencingKindID (typed by enumeration Sequenc-
ing Kind) that gives the kind of sequencing expected between predecessor and successor
processes. These include: Start-to-Start, where the successor process cannot start until the
predecessor process does; Start-to-Finish, where the successor process cannot finish until

the predecessor process starts; Finish-to-Start, where the successor process cannot start

16
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until the predecessor process finishes; and Finish-to-Finish, where the successor process
cannot finish until the predecessor process does (the time lag on these can be nearly zero)
[29]. Binary sequencing can be represented in a matrix and transformed to traditional
queueing network analyses. However, more complex timing relationships might need more
expressive languages, such as [30] (see section 3.3 for more discussion).

Process Network inherits inputs/consumes and outputs/produces properties
(typed by Commodity) from Flow Network, as well as the Rate properties in-
FlowRateloutFlowRate and productionRate/consumptionRate, and Type properties
productionType/consumptionType. Process Network redefines inFlowRate and out-
FlowRate to arrivalRate and departureRate, respectively, to reflect queueing network
analysis terminology. The Rate properties are ordered in the same way as the correspond-
ing Type properties, to give rates for each Commodity Type. To match Rate and Type
ordered properties, corresponding properties (a type-rate pair) must have the same number
of values. In SysML, Activities are also Blocks allowing modelers specify the structural
aspects of a behavior, such as metrics, relationships and classification, while also being
able to use them to construct Activity models (diagrams).

Process Networks have an expectedServiceTime (ordered by CommodityType speci-
fied by the flowType property) for the duration of their transformations. Each network has a
concurrentProcessingCapacity, the maximum number of commodities it can transform at
one time. ! The process network also has a storageCapacity giving the maximum number
of commodities that can be waiting for transformation. Corresponding to these Process
Network has two roles for Commodities that redefine Flow Networks’s currentlyFlow-
ingThrough: currentlyProcessing and currentlyQueued.

Specialized Process Network measures record metrics calculated by queueing net-
work analysis models. The measures modeled here are taken from [31], and include: uti-

lization, throughput, averageWaitingTime, averageQueuelLength, and averageSystemTime.

3. Discrete Event Logistics Systems

DELS are defined by Products they create (or transform), Processes they execute, Re-
sources they own (or can obtain), Facilities (environments) they operate in, and Tasks
they service. Product, process, and resource (PPR) models are common abstractions for
developing manufacturing system and analysis models; see, e.g., TOVE [32], MPSG [33],

LconcurrentProcessingCapacity is an abstraction of server count concepts in queueing network analyses [26,

27]. Resources, such as servers, are introduced in the more concrete PPR ontology (section 3.1).
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OZONE [34], IDEON [35], MSE ontology [36], ISO 15531 MANDATE [37, 38], CMSD
[39, 40], MASON [41], and the survey of existing smart manufacturing standards incorpo-
rates a PPR organization [42].

The DELS model adds facility to PPR concepts for capturing system layout and orga-
nization, and tasks as the unit of work and authorization (PPRFT) (figure 7). It is comple-
mented by a layer of operational control over resource assignments, task and resource flows
(specialized commodities), and process executions (PPRFT+control). This is a simple top-
level ontology describing DELS, abstracting and organizing the diverse terminology used
across specialized domains. Figure 7 captures the general relationships between these high-

level DELS concepts, which are summarized below and expanded in sections 3.1-3.2.

SysML Block Definition Diagram DiscreteEventlLogisticsSystems[ DELS_Ontology lJ
«block» authorizedBy  targetProduct «block» «block»
Task Product Facility
0..* 0..1 .
isLocatedIn (1
authorizedBy |0..* creates
0..1
requiredByProduct|0..*
containedResources
authorizesExecuting |1  createdBy |1..* 1.%
«activity» requiredInputResources «block»
Process T Resource
requiredByProcess requiredInputResources
1.% 1.*

Fig. 7. The DELS ontology extends product, process, and resource (PPR) with facilities and tasks.

— Product is createdBy executing a Process, where there may be more than one pro-
cess plan for a given part (denoted /.. *). In manufacturing models, the process rela-
tionship can be redefined as “processPlan”, but process plans do not exist in logistics
systems, so createdBy is a more general role. Similarly, executing a Process can
create a Product (denoted 0..1). This covers cases where the Process is a service,
changing the state of something but not necessarily creating anything. As with flow
and process networks, we distinguish between a commodity being created by a node

and one being output by a node (simply released in the same form after processing).

— Product and Resource have a RequiredBy association where some kinds of
Resources are requiredByProduct (to distinguish from process inputs). Product

has a inverse role for Resources, requiredInputResources.
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— Process and Resource have a requiredBy association. Process defines the role re-

quiredInputResources and Resource defines a inverse role requiredByProcess. This

relationship is important for formulating scheduling problems.
The DELS model refines the roles of Resources relative to Product and Process:

— The requiredByProcess relationship is refined (subset) into canExecute for
designating some kinds of resources, called Active Resources, as having
some capability to execute a process, as well as being required (Section 3.1.1).
For example, a machine (Equipment) executing a material forming process

might also require auxiliary / passive resources.

— Product is defined by its billOfMaterials, a collection (derivedUnion) of

Material (specialized Resources, see Section 3.4).

Each Resource isLocatedIn a Facility, which defines the system layout (geo-
graphic and geometric aspects) of resources and material flow (paths). For example,
it might represent a concrete building for a production system, or a logical entity,

such as layout of a supply chain.

Tasks authorize and define units of work through references to both Process and
Product.

Process and Task have an Authorization association where each execution of a
Process is authorizedBy any number of Tasks. Each Task authorizesExecuting

exactly one Process.

Product and Task have a AuthorizeCreation association where creating the rarget-
Product is authorizedBy a Task. Each Task might result in a Product, but also might
not output anything.

Regarding Task models, this modeling framework encourages specifying both the
Product and Process authorized by the Task. Many (production) systems define
the unit of work only by what it outputs; for example, a workorder authorizes the
production of a part and it may even be ‘typed’ by the product. Here we have an
explicit relationship to the process too; for example, a workorder authorizes the ex-

ecution of a process plan that creates the same part that is authorized to be output.
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Process plans often have no name, but we provide generic top-level names, for ex-
ample, MakePartX()). Associating tasks with both parts and processes unifies cases
where the process is merely a service (e.g. move, store, test) and cases where it

produces a commodity as well.

Models built directly from the abstract DELS model libraries serve as conceptual mod-
els and common logical architectures for specialized DELS domains. These descriptions
are a starting point for building more complex domain-specific reference models and con-
necting them to analysis models, without being overly prescriptive. The following sections
elaborate model libraries associated with each concept to support modeling and specifica-
tion of DELS models: Resource in section 3.1, Process in section 3.3, Product in section
3.4, Facility in section 3.5, Task in section 3.6, and DELS interfaces in section 3.7. An
introduction and overview of the operational control layer is presented in section 3.8.

The PPR models reference at the beginning of this section are inherently product fo-
cused, a very traditional view of “what does this system need to deliver?” However, this
document intentionally presents resource and process before product to focus the discus-
sion to “what is this system capable of doing?” With this view of the system, the opera-
tional control layer focuses on managing those capabilities to satisfy product and service

requirements specified by the customer.

3.1 Resource

DELS own Resources involved in Process execution, either as performers (such as equip-
ment) or as consumable inputs (such as materials). Resource-related decision problems,
such as investment or allocation, are among the most widely studied topics in industrial
engineering, e.g., in warehousing [43], humanitarian and disaster relief [44], health care
logistics [45, 46], transportation logistics [47—49], and manufacturing [50]. Consistent
and precise resource behavior models remain a challenge, despite the attention devoted to
studying resource problems.

Resources behavior models (models of computation) and interfaces define how DELS
interact with each resource object (given its role and type). Capability modeling is one
aspect (“what can it do?”), another is “how much can it do?” or “how can its capacity be
allocated to do work?” In addition to defining interaction patterns, behavioral models are
essential for scheduling (optimization) and simulation modeling, see, for example, OZONE
[34] and DRIiP [51].
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Part of the challenge in creating standard behavior models is the existing literature gives
different names to functionally similar resource types. For example, resources which can
only perform one operation at a time might be called disjunctive resources [52], dedicated
resources [53], or atomic resources [34]. Additionally, many analysis modelers leave de-
tails of resources implicit, resulting in inconsistent and incomplete representations.

Unified resource terminology and behavioral definitions simplify modeling and analy-
sis of resource planning and scheduling problems. Resource definitions in this section are
drawn mostly from the OZONE ontology [34], which builds upon the Generic Enterprise
Resource Ontology [54] and [55], as well as the Dynamic Resource Allocation language
[51]. [56] propose an object-oriented manufacturing resource modeling language to encap-
sulate manufacturing system knowledge. MANDATE [37, 38] considers three aspects of
resources: (1) their description (the way of using and maintaining them); (2) the descrip-
tion of the activities, operations and functions a resource is able to achieve (its capacity and
capability); and (3) the model of information needed to define, operate, trigger, estimate
and monitor the resource.

The resource model is organized as a taxonomy with orthogonal branches covering
multiple aspects of resources. These aspects can be combined to describe a single resource
object. The first branch describes capability (section 3.1.1), the second availability (when
work can be assigned) (section 3.1.2), and the third aggregated resources and resource

networks to enable greater capability or capacity (section 3.1.3).

3.1.1 Capability: Active and Passive Resources

One distinction in resource behavior is some resources execute transformations (Active),
while others are inputs to transformations (Passive). In most cases, resource objects are
only one of these at any particular time: other things flow through them (active) or they
flow through other things (passive). Some analysis models, like process-oriented petri
nets, conflate these by modeling active resource, such as machines, as “flowing” to process
executions; see for example, [57].

The model library reflects this distinction by specializing Resource into Active
Resource and Passive Resource (figure 8). Active Resources are specialized from
Flow Network to facilitate commodity flows through a network of resources. Passive Re-
sources are specialized from Commodity, enabling them to flow. For simple analyses mod-
eling passive flow, the flow semantics of Flow Network can be reused directly (where

Active Resources play the flowNodes roles and are connected by flowEdges). Active

21



2928"dI' LSIN/8Z09 01 /610°10p//:sdy :woly abieyd jo aaly ajqejiee si uoneolignd siy |

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

SysML Block Definition Diagram Resource[ DELS_ResourceTaxonomy_ActivePassive ]J
«block»
Resource
properties
«block» requiredByProcess : Process [1..*]
FlowNetwork «block»
Commodity
«block» «block»
ActiveResource PassiveResource
parts properties
controller [1] ~requiredByProcess : Process [1..*]
properties
canExecute : Process [1..*¥]{subsets requiredByProcess}
values
/capacityRegion : Integer [1..*]{ordered}

Fig. 8. Branch of the Resource taxonomy distinguishing resources that execute processes (active)
from inputs to processes (passive).

and passive resources are used in [51, 58].

Active resources are typically regarded as performing the process, where passive
resources are used or consumed during the execution of a process. From [51], “Ac-
tive resources are the resources that we are managing. Passive resources enable the active
resources to do their job (and if there are not enough of them, then they prevent active
resources from doing their job).” Formally, Active Resources have a property canExe-
cute typed by Process. Passive Resources type the requiredInputResources property
of Processes.

An Active Resource’s controller property denotes a requirement for an unambiguous
definition of how the behavior is executed, including some information processing involved
in executing the behavior (i.e. not a hammer or mousetrap). Intuitively, we would expect
an Active Resource to implement a callable-operation for invoking each Process that it
canExecute. This may be modeled by a single do(Process) parameterized by the process’s
typelD, similar to passing a control program to a machine and saying start/execute(). This
is a simplification of the implementation details, but sufficient for developing conceptual
models.

Distinguishing Active and Passive resources also helps codify common analysis
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modeling techniques /transformations, such as those noted in ROPN versus POPN [57]
or incremental simulation building [58]. In some cases, the target analysis is not concerned
with how behaviors (processes) are executed and does not assume resources can control the
processes they execute, treating resources as inputs to their processes.

For each Process that an Active Resource canExecute (its capability), it has an ex-
pected capacity for that capability defined as the expected number of times a Process
can be executed during some length of time. It is more difficult to estimate the capacity
of resources that have multiple capabilities, i.e. can perform multiple kinds of processes.
For a set of capabilities, the Active Resource has an expected capacity region. In multi-
dimensional newsvendor formulations, the capacity region is defined as the region of fea-
sible combinations of products (or activities) that can be created (executed) given a level of

resources [59, 60].

DELS are Active Resources

DELS are networks of interconnected resources, specifically equipment and other DELS.
This is achieved by modeling DELS as specialized Active Resources, which are spe-
cialized Flow Networks and Resources (figure 9). Since Resources are composed of
memberResources (typed by Resource), DELS can be composed into self-similar systems
where the parent DELS control their child DELS uniformly [17], i.e. requesting and allo-
cating capacity (availability) for a particular capability.

Active Resource is specialized into DELS and Equipment. The main distinction be-
tween these is how they control execution (and advertisement) of their capabilities, specif-
ically controller capabilities. Equipment behaviors typically are controlled by a Realtime
Controller that executes simple, real-time, deterministic logic, typically embodied in a
PLC. In contrast, DELS have more flexibility in their decision-making, embodied in op-
erations management software control (Operational Controller), described in section
3.8.3. From the operations viewpoint, equipment can be characterized by the inability to
refuse work or do tasks out of order, and preemption and sequencing decisions are han-
dled by the operations controller. From this perspective, equipment behaviors are invoked,

where DELS behaviors are requested.
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SysML Block Definition Diagram Resource [ DELS_isa_Resource JJ

resourceGroup |0..*

«block»
«block» memberResource Resource «block»
FlowNetwork 0..* Commodity
«block» «block»
ActiveResource PassiveResource

parts
controller [1]

properties
canExecute : Process [1..*]{subsets requiredByProcess}

values
/capacityRegion : Integer [1..*]{ordered}

i

«block» «block»
Equipment DELS
parts properties
controller : RealtimeController [1]{redefines controller} functionalCapability : Process [1..*¥]{subsets canExecute}
controller : OperationalController [1]{redefines controller}

Fig. 9. DELS are specialized from Active Resources, capable of executing Processes. Their
controllers are operational. Equipment are the other branch, with realtime controllers, such as
PLCs.

3.1.2 Availability: Capacitated vs Discrete-State

Resource availability is concerned with assigning work to particular resources. It distin-
guishes between resources that must be in a particular state to be assigned a particular task
(discrete state), e.g., a particular set-up or location to execute a particular process;
while other resources are pooled with a finite, countable quantity available that can be as-
signed to tasks (capacitated), e.g., if the required number of resources is available in the
pool, then they can be assigned. The model library reflects this distinction by specializing
Resources into CapacitatedResources and DiscreteStateResources (figure 10).
Capacitated Resources (or rather the pool they are contained in) have a capaci-
tyMeasure and currentCapacity to track how much of its capacity can be allocated to work.
It defines operations to allocateCapacity() and deallocateCapacity() (remove and return a
unit to the pool, respectively) and operations to increaseCapacity() or decreaseCapacity(),

which actually might be referring to putting more objects in the pool or increasing the

24



2928"dI' LSIN/8Z09 01 /610°10p//:sdy :woly abieyd jo aaly ajqejiee si uoneolignd siy |

SysML Block Definition Diagram Resource [ DELS_ResourceTaxonomy_CapacitatedDiscreteState jJ

«block»
Resource

properties
requiredByProcess : Process [1..*]

references
isLocatedIn : Facility [1]

{complete, disjoint}
XOR_CapacitatedDiscreteState
[ 1

«block» «block»
CapacitatedResource DiscreteStateResource
values
capacityMeasure [1..*]{subsets measure} currentService : Process [0..1]{subsets currentState}
currentCapacity [1..*] currentState [0..*] = off/unavailable
increaseCapacity() changeState()
decreaseCapacity() queryState()
allocateCapacity() assignTask()
deallocateCapacity() T
«block» «block» «block» «block»
bl ce C bl ce StationaryResource MobileResource
‘r values values
Currentlocation : Location [0..1 CurrentLocation : Location [0..1]
«block»

queryState() : Location

PerishableResource =
reposition()

properties
perishableLifetime [1]

Fig. 10. Capacitated and Discrete-state Resources specify how work can be allocated to a resource.

capacity measure.

614

615 Additional specializations of Capacitated and Discrete State Resources include
616 (figure 10):

617 — Reusable Resources can be involved in more than one process execution (sequen-
618 tially). After one process using them is completed, they are returned to their pool, or
619 made available again.

620 — Consumable Resources can be involved in no more than one process execution,
621 because they are “used up” during processing.

622 — Perishable Resources can have capacityMeasures that degrade (decrease) over
623 time until they are not longer usable (its perishableLifetime). Other resources can
624 degrade over time, but usually not simply because of the passage of time; for exam-
625 ple, tool wear is based on it usage in processing.

626 — Stationary Resources have constant location states.

627 — Mobile Resources location states are not necessarily constant, changed by reposi-
628 tion(), a specialized kind of changeState() operation.

629 A Discrete State Resource behavior can be modeled by specifying its classifier

630 behavior using a state-machine (figure 11). These can be extended to incorporate additional
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behaviors that affect resource availability, such as failure states and transitions. Buzacott
et al. [61] classify interruptions as run-based (interruptions are a function of job arrivals)
or time-based. Wu et al. [62] classify queueing models for workstations with interruptions
by augmenting run-based vs time-based failure events with preemptive vs non-preemptive
behaviors. It also refines run-based, non-preemptive interruptions into state-induced (e.g.,

a warm-up after being idle) or product-induced (e.g. set-up machine) interruptions.

SysML State Machine Diagram [ DiscreteStateResourceModel ])

Fig. 11. A simple state machine to start defining a discrete state resource’s classifier behavior.

Separating resources by how their availability is modeled is common in analysis mod-
els, though many terms other than discrete state and capacitated are used. Hackman et
al. [63] classifies process inputs and outputs into products or materials and non-storable
services, such as labor and machine time (discrete state). These classes may be mapped
to capacitated (possibly consumable) and discrete state resources, respectively. [64] ex-
amine capacity allocation decisions for ‘make-to-stock’ manufacturing firms that allocate
available inventory and ‘make-to-order’ manufacturing firms that essentially hold produc-
tion capacity “in stock” by idling discrete state resources. However, when coping with
demands in excess of capacity, both *'make-to-stock’ and *make-to-order’ firms formulate
nearly identical analysis models to allocate available capacity to customers with varying
priority levels. Newsvendor Network models use the terms stock and resources [60]. There
are also methods for approximating discrete-state resources as capacitated ones (e.g. ma-
chine X has 8 hours of capacity per day) [65]. These models may give some additional

insight into constructing more precise behaviors models for these kinds of resources.

3.1.3 Organization: Atomic vs Aggregate Resources

Processes often require multiple resources other than a machine, such as fixtures, auxiliary
tools, input materials, sub-components, an operator, etc. Aggregate resources are com-
posed of multiple resources, sometimes enabling them to execute a limited number of

processes simultaneously. [51] define primitive resources as supporting one process
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at a time (indivisible), with a fixed set of attribute types and predefined behavior. Their
framework forms composite (or compound) resources by joining two or more resources
(potentially different types) to “create” a resource with more valuable capabilities than the

individual ones.

SysML Block Definition Diagram Resource [ DELS_ResourceTaxonomy_AtomicAggregate ]J

«block»
Resource

resourcePool |0 resourcePool [1..*

«block»

«block» aggregateResourcePool
AtomicResource AggregateResource |[1..*

| | -

«block» «block» «block»
UnitCapacityResource BatchCapacityResource HomogenousAggregateResource
resourcePool [ 1..% batchResourcePool [1..*

«block»
HeterogeneousAggregateResource

J «block» «block»
<| _SimpleCapacityPool StructuredCapacityPool

Fig. 12. Aggregate and Atomic Resources specify how resources are combined to form resources
with different (greater) capability than its components.

The other kinds of resources described in OZONE [34] include: Atomic Resource,
Unit Capacity, Batch Capacity, Aggregate Resource, Homogeneous Aggregate,
Simple Capacity Pool, Structured Capacity Pool, and Heterogeneous
Aggregate. More rigorous definitions of these resource types are deferred to future

revisions.

3.2 Active Resource Relationships

Networks can be used to model coordination between multiple Active Resources by spe-
cializing them from Flow Network (figure 13). Active resources participate in two kinds
of relationships: one for modeling resource groups with advanced capabilities greater than
the capability of the individuals, for example, more complex processes or ones requiring
coordinating simultaneous execution by multiple resources. This kind of relationship is
modeled by relationshipBetween typed by Active Resource Relationship. In some
modeling frameworks, the coordinating resources are modeled as a new temporary active

resource, a resource federation [66]. The whole-part composition relationship inherited
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from Resource can be used to model the relationship between the new active resource (the
resource group or federation) and its member resources. This modeling approach can also
be used to model long-term or permanent resources groups as well, see for example, the
parent-child DELS relationship in figure 13.

The second kind of relationship models flows between active resources by reusing
flowEdges (typed by Flow Network Link) inherited directly from Flow Network. Flow
Network Links between active resources, including both equipment and other DELS,
can be further specialized into Material Handling Channels that require using re-
sources with move capabilities to facilitate flow across the flow edge. Material Handling
Channel is a special kind of part-part relationship between Active Resources special-
ized from Flow Network Link. Material Handling Channels are parts of DELS typ-
ing connectors between its equipment or other DELS (figure 9). As a kind of flow edge,
analyses of active resource networks can be constructed using both active flows using ma-
terial handling edges or more abstract passive flows using only flow edges, which do not
specify the flowing mechanism in detail.

Active Resource Relationships are a placeholder to capture necessary attributes
modeling collaboration and coordination between active resources. For example, Active
Resource Relationship may be specialized to capture relationships governed by smart

contracts? (figure 13), contract net [67], orchestration schemes [68], among other options.

ISA-95 Resources

The ANSI/ISA-95 (IEC 62264) [1] specification includes specialized resource classes for
material, equipment, and personnel (figure 14). These specialized resources reduce the gap
between the abstract resource types developed in OZONE [34] and this report and more
concrete model libraries, such as m-SysML [69]. These specialized resources classes also
create a classification of processes by the types off resources required to execute the process
(see figure 17 in section 3.3).

While the standard does not specify behavior of the specialized resources beyond col-
loquial meaning, they can be mapped to (via generalization) the Resource role classes
defined in section 3.1.2 (figure 10). For example, Material is generalized by Consumable
Resource (a kind of Capacitated Resource) and Personnel by Discrete State

Resources. Equipment could be generalized by either Discrete State Resource

Zhttps://doveltech.com/innovation/what-belongs-in-a-service-contract/
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SysML Block Definition Diagram CONTEXT [ DELS_Relationships ]J

«block» |endNetwork1
«block»

Network|o.*x | — — — — — — — — NetworkLink

endNetwork2 ~
0“*

sourceFlowNetwork «block» «block»
0..* |FlowNetwork Resource

<blocks o targetFIowNet\A(lJc.)'rf T T

FlowNetworkLink
AN

«block»
ActiveResource

sourceResource resource

0.¥ 0

targetResoti)rci resource [0..*
- — - .

«block»
MaterialHandlingChannel

relationshipBetween [0..*

|
|
|
mhc'(o..* L — — —|ActiveResourceRelationship

«block»
~
«block»
DELS
serviceProvider
parentDELS 0.%
0..% h
childDELS serviceRequestor 0..
0..* Contract
|
«block»
Contract

references
«participant» serviceProvider : DELS{end = serviceProvider}
«participant» serviceRequestor : DELS{end = serviceRequestor}

Fig. 13. DELS have contract connectors and material handling connectors.

or Capacitated depending on how the controller manages its availability. For exam-
ple, an single, identifiable fixture for a specific part would be treated as a Discrete
State Resource, but a pool of interchangeable fixtures would be treated as Reusable
Resources (a kind of Capacitated Resource). New resource classes specialized from
Equipment could specify corresponding equipment state machine model (figure 15) using
any one of several machine information standards, such as MTConnect (ANSI/MTC1.5-
2019) [70], PACKML (ISA-88) [71], computer-aid manufacturing XML (CAMX) (IPC-
2501) [72], equipment behavior catalogue (EBC) (ISO 16400) [73], etc.
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SysML Block Definition Diagram ISA95ResourceDef[ DELS_ResourceTaxonomy_ISA95 J)

«block»
Resource

f

[ [ [ |
«block» «block» «block» «block»
Information Material Personnel Equipment

Fig. 14. The ANSI/ISA-95 (IEC 62264) [1] specification includes specialized resource classes for
material, equipment, and personnel.

SysML State Machine Diagram [ EquipmentStateModel ])

off Setup ’

Ready

Idle Down

Fig. 15. Equipment state model from CAMX can be a starting point to define equipment’s
classifier behavior.

3.3 Process

The DELS Process definition is specialized from Process Network to specify a produc-
tion or logistics transformation (figure 16). This approach keeps the network abstractions
(section 2) self-contained, abstractly focused on commodity flows and queueing network
analyses. It also does not clutter the abstraction with DELS concepts, such as product and
resource flows (specialized commodities).

OZONE defines an equivalent modeling construct to process, as: “Operations are used
to represent different actions taken during a production or transportation process. Gener-
ally speaking, an operation is a specification of the set of constraints that define a partic-
ular activity (e.g. resource requirements, duration constraints, temporal relation relative
to other activities, etc.) Since operations relate to each other through tremporal relations

which specify the temporal and causal ordering of operations, they allow the formation of
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operation graphs (networks or sequences of operations). Operations can also be organized

hierarchically to describe transportation processes at different levels of details.” [74]

SysML Block Definition Diagram Process[ DELS_Process ]J

«activity»
ProcessNetwork

|

«activity»
Process

from FlowNetwork
Ainputs : Commodity [0..*]{direction = in}
Aoutputs : Commodity [0..*]{direction = out}
~produces : Commodity [0..*]{subsets outputs}

Aconsumes : Commodity [0..*]{subsets inputs}
from Proces s Network

Asequencing : Sequencinglink [1..*]{subsets edge,principal = sequencing}
from Process
processStep : Process [1..*]{redefines processNode}
authorizedBy : Task [0..*]{subsets inputs}
canBeExecutedBy : ActiveResource [1..*]{subsets requiredInputResources}
creates : Product [0..1]{subsets produces}
requiredInputResources : Resource [1..*¥]{subsets inputs}
requiredPassiveResources : PassiveResource [1..*]{subsets requiredInputResources}

Fig. 16. DELS Process is specialized from CFN’s Process Network.

In the DELS Process definition, inputs (typed by Commodity) required to execute
Process are specialized (subset) into requiredInputResources (typed by Resource). re-
quiredInputResources can be further specialized into requiredPassiveResources (typed by
Passive Resource and resources that the process canBeExecutedBy (typed by Active
Resource. See section 3.1.1 for more discussion on these kinds of resource. Addition-
ally, executing the process often needs to be authorizedBy a task (discussed in section 3.6),
which also subsets the inputs to the process. Finally, the Product that the Process creates
is a subset of things that the Process produces (itself a subset of the outputs).

There are two aspects to describing processes: kinds of process steps (processes) and

how to compose them into larger process plans.

Kinds of Process Steps DELS Processes are organized into two (orthogonal) branches
(figure 17). The first organizes processes by function: changing fit, form, and function

(Make); age (Store), location (Move), flow (Control), or verification (MeasureTest) of

31



2928"dI' LSIN/8Z09 01 /610°10p//:sdy :woly abieyd jo aaly ajqejiee si uoneolignd siy |

740

741

742

743

744

745

746

747

748

749

750

751

752

commodities. The second branch organizes processes by the types of resources (see sec-
tion 3.1) required to execute the process (see IEC 62264-1 [1]). The base Process has an
option (denoted by [0..*] multiplicity) for Material, Personnel, Equipment resources,
and has several specializations: Semi-Automated Processes require material, personnel,
and equipment; Manual Processes do not require equipment (denoted by the [0] multi-
plicity); Non-material Processes do not require material; and Automated Processes

do not require personnel.

SysML Block Definition Diagram PLANT[ DELS_ProcessTaxonomy J)

Taxonomy by function:

Make - change fit, form, function
«activity» — — — — — — A Store - change age

Process Move - change location

Control - change flow

zr MeasureTest - change verification
«activity» | [«activity»| [«activity»| [«activity» «activity»
Make Store Move Control MeasureTest

«activity»

Process Taxonomy by required resources
materialCapability : Material [0..*] = according to ISA-95 Part 1 7.1.4
personnelCapability : Personnel [0..*] "Process Segment"
equipmentCapability : Equipment [0..*]

AN

«activity»
— ManualProcess

equipmentCapability : Equipment [0]{redefines equipmentCapability }

«activity»
NonMaterialProcess

materialCapability : Material [0]{redefines materialCapability }

|| «activity»
SemiAutomatedProcess

«activity»
AutomatedProcess

personnelCapability : Personnel [0]{redefines personnelCapability }

Fig. 17. DELS Process is elaborated with taxonomies of specialized transformations.

Organization of Process Steps Process plans organize the execution of processes in
DELS using precedence or sequencing relations (typed by Sequencing Links. Process-
Plan redefines the parentProcessNetwork role in the whole-part relationship (composition
association) between Processes and their finer-grained process steps. Process plans de-
fine a sequence of functional transformations (processSteps typed by Process), the in-

puts/outputs from each transformation (parameter nodes), and pre/post-conditions on the
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transformed object. Process plans link functional capabilities provided by resources (mod-
eled as Processes) and required capabilities of Products(and Services).

Planning and scheduling models based on the disjunctive graph formulation are gen-
erally attributed to [75]. Disjunctive graphs have been used in job-shop scheduling prob-
lems because of their ability to capture processing alternatives in multi-processor envi-
ronments [76-79]. AND/OR digraphs extend the disjunctive graph semantics by defin-
ing alternative task and sequence requirements using OR junctions to represent alternative
paths and AND junctions for parallel paths without specifying a particular execution se-
quence, see, e.g. [33, 80, 81]. Applications with complex scheduling requirements have
applied AND/OR digraphs to manage the complexity of representing alternative processing
sequences [82]. AND/OR digraphs exhibit several important advantages for representing
process plans [33]. First, each node can nest its own digraph decomposing the process into
smaller processing steps. Second, they present a process to produce a serialized process
list from the digraph, which is their definition of the planning and scheduling problem.
Third, they capture the duality of a Product traversing its process plan as a control graph
that formalizes the processing requirements of all the tasks to be processed by a controller.

The manufacturing literature defines process plan formalisms for planning and schedul-
ing that extend the required capabilities of process plan representations, including “explicit
parallel and alternate sequences, multi-job synchronization, hierarchical task decomposi-
tion, resource management primitives, and user extensibility” [83]. Formal languages such
as the Process Specification Language (PSL) (ISO 18629) [30, 84] or A Language for Pro-
cess Specification (ALPS) [81] may be used to specify process plans in the DELS domain.

In the DELS modeling framework, SysML activities are used to specify process
plans. Each processStep is specified as a callOperation or callBehavior action. The
Method/Behavior is a Process and the target object of the call is an Active Resource.
The instance values of the canExecute relationship between ActiveResources and
Process define a sort of “reverse dispatch table” (runtime polymorphism). That is, when
the system asks who can execute this behavior (Process), it uses the table of valid re-
source/process assignments to figure out which active resource object to invoke the behav-

ior on (or assign the execution).

3.4 Product

In manufacturing systems, products are defined by a bill of material (BOM) and a pro-

cess plan, i.e., transforming (which could be just assembling) this list of materials per this
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process plan will result in the desired product. In warehousing, products can be defined
similarly as a pick list and a process plan specifying a route to and from the required stor-
age locations. However in transportation logistics, products are inputs and their geographic
location is transformed (a service). Similarly by storing products (or any objects), their age
is transformed. The common idea across all of these system descriptions is that products
are flowing through and being transformed by the system.

OZONE defines product with the similar goal of unifying systems producing physical
outputs and others providing services: “Products represent knowledge about how to turn
demands into operation graphs. In the manufacturing domain the definition of the term
product is clear: products are descriptions of the objects produced by the manufacturing
systems. In the transportation domain, however, a ‘product’ is a collection of informa-
tion about how to move ‘packages’ from one place to another, i.e., products are general
descriptions of missions.” [74].

The Process and its steps (process plan) specify requiredInputResources — equip-
ment, raw materials, operators, and information — to create a Product (see section 3.1).
The billOfMaterial, on the other hand, is part of the Product description. Since material is
a specialized resource, the materials in a BOM are a subset of the requiredInputResources
for creating the product. There are other resources required to produce a product that are
not included in the bill of material.

Much like balancing commodity consumption and production in Flow Networks (sec-
tion 2.2), DELS require balance between what is consumed by a DELS (its inputResources)
and what is produced by each DELS upstream of it (their outputs or outputProducts). How-
ever, moving away from generic commodity to domain-specific and scope-specific termi-
nology such as input material, intermediate products, parts, sub-components, etc; it be-
comes difficult to reconcile type/quantity balance. Here we follow the ISA-95 convention
where parts, sub-components, intermediate products, etc. are all specialized Material,
emphasizing material flow/handling and consumption of materials to produce products (in-
put/output). A role-based modeling approach defines each term as a role type, reclassifying
objects depending on the context.

The product taxonomy has two layers (figure 18): one distinguishing aggregated versus
assembled products, and a second that further refines aggregated products into homoge-
neous and heterogeneous aggregated products. From an analysis perspective, these layers
help tracking objects before and after they are input into a product; for example, assembled

components are typically expected to be only referred to by the type of assembly, while
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SysML Block Definition Diagram PLANT[ DELS_ProductTaxonomy jJ

«block»

Product

properties
createdBy : Process [1..*]

references

. - : components

billOfMaterial : Material [1..*]{union,subsets requiredInputResources} P
authorizedBy : Task [0..*] 0..*
requiredInputResources : Resource [1..*]

I
| |

«block» «block»
AssembledProduct AggregatedProduct
«block» «block»
HomogeneousAggregatedProduct HeterogeneousAggregatedProduct

Restrict the multiplicity of the inputResourceType5

Fig. 18. DELS Product is specialized to capture the composition and handling of the product.

aggregated components would be regarded as a bundle of individual commodities.

The first layer of classification is about how the product is constructed from input com-
ponents. Aggregated Products are defined as Products that can be reverted to their
original components. For example when warehouses aggregate commodities (typed by
stock keeping unit (SKU)) into shipments, these commodities are viewed as inputResources
into the PACK() and SHIP() processes producing the shipment. This shipment (Aggregated
Product) can be taken apart in the future and each input commodity should retain its prod-
uct identity (defined by its SKU). However, Assembled Products are single artifacts that
cannot be disassembled into their input components. While dis-assembly processes can
separate target object into its components, these components are generally not regarded as
identical to the inputs in their fit, form, and function.

Assembled Products typically are composed of many kinds of input resources (het-
erogeneous), while in Aggregated Products the bill of material is often not heteroge-
neous. This is reflected in figure 18 as a specialization layer distinguishing Heterogeneous
and Homogeneous Aggregated Products. For example, a shipment from a warehouse
is the aggregation of a (not necessarily homogeneous) set of SKUs (product type). Full

pallets are modeled as Homogeneous Aggregated Products while mixed pallets are
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Heterogeneous Aggregated Products. In this setting, the distinction usually guides

which make, move, and store behaviors handle the products.

Product Definition Standards Computer aided engineering methods and technologies
for capturing product specifications, such as product data management (PDM) and product
lifecycle management (PLM), are more mature and integrated into manufacturing engi-
neering methods than in other fields. Building on the ISO 10303 [85] and IEC 62264
[86] standards, product ontologies formalize technical data and concepts associated with
products [87-89].

3.5 Facility

Facility describes the geometric characteristics of physical DELS artifacts, including
Layout and Placement of its containedResources and spatial relationships between those
resource objects (figure 19). Resources have an inverse role of isLocatedIn, which DELS
inherits.

Industrial engineering methods have long used similar facility models and analysis
methods to analyze both physical buildings, such as factories, as well as geographically
distributed components, such as supply chains. For example, [90] defined the facility lay-
out problem as configuring the facility to minimize cost of transporting materials between
between components. [91] and [92] provide overviews of the facility layout and facility lo-
cation problems, respectively. This definition does not require the DELS to own the facility
(or Physical Space) that it operates in, enabling modeling of material handling systems,
transportation systems, and supply chains.

Material handling systems require layout information to execute their function. The
message-based part state graph (MPSG) formalism specifies addressable locations, phys-
ical locations to which a material handling device has access to pick objects up or put
objects down, and uses the network of addressable locations to create sequences of mate-
rial handling process steps [93]. In Core Manufacturing Simulation Data (CMSD), layout
information defines spatially-oriented characteristics, including location, footprint, and ori-
entation of each resource within a facility; and interrelationships for logical and physical
entities carrying out production activities [94]. m-SysML specifies an extensive layout and
geometry model [69]. Other standards such as The Open Geospatial Consortium (OGC)
IndoorGML [95] and Building Information Model (BIM) [96, 97] are useful for capturing
the facility description.

36



2928"dI' LSIN/8Z09 01 /610°10p//:sdy :woly abieyd jo aaly ajqejiee si uoneolignd siy |

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

SysML Block Definition Diagram Facility [ Facility ]J

«block»
Facility

references
containedResources : Resource [1..*]

values
isPhysical : Boolean = true
location : Location [0..1]

actualLayoutOfSpace |1 <blocks
hasActualLayout|0..1 Placement
references
«block» object : Layout Object [1]
Layout parentLayout placements |space : Physical Space [1]
references 1 1..% values
layoutForSpace : Physical Space [1] offset : VectorOfReals
orientation : SquareMatrixOfReals

Fig. 19. DELS Facility describes the geometric characteristics of physical DELS artifacts,
including size and layout of resources and spatial relationships between resource objects within a
DELS.

3.6 Task

Tasks authorize Process execution. They cover traditional orders for products and orders
for services or logistical processes, such as transportation, storage, and testing / quality /
verification. A uniform description of tasks enables planning and scheduling of plant-level
production orders matching customer demands to work authorizations, as well as machine-
level machining activities (invoking or authorizing automation tasks).

Task bridges two distinct but complementary views of “work”. First, is the automation
(computational) view focusing on function/process execution with initial and goal states
[98, 99]. Task is defined by [99] as “a problem assigned to an agent, where a problem is
defined as an initial state, goal states, and failure states”. In the distributed decision-making
literature, tasks are decomposeable into subtasks that can be assigned or contracted to other
systems or agents [98—100]. This execute function view is similar to how manufacturing
roughly defines jobs, orders, and operations. Specialized Tasks, such as production orders,
work orders, jobs, etc., authorize the execution of a specialized process Make(Product).
Customer orders (also a kind of Task) authorize a Deliver() process execution. Then de-
pending on the customer order decoupling point, the Deliver() process might trigger one
of several kinds of Make() process: engineer to order, purchase to order, make to order,

assemble to order, or deliver from stock (make to stock) [101].
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SysML Block Definition Diagram CONTEXT[ DELS_Task JJ

flowingIn currentlyFlowingThrough
FlowNetwork |1 0..* [Commodity
{subsets state}

«block»
ActiveResource
AN

«block» currentDELS «block»
DELS 1 Task
references {redefines flowingIn}

properties
authorizesExecuting : Process [1]

) references
inprocessTasks [targetProduct : Product [0..1]

subTask
0..*
{redefines component}

0..%
{subsets currentlyFlowingThrough

availableTasks
o
{subsets currentlyFlowingThrough

parentTask
completedTasks

0..*
{subsets currentlyFlowingThrough}

Fig. 20. Tasks, a kind of commodity flowing through DELS, authorize DELS to execute a Process.

The second view of work is “jobs flowing around a factory,” often including the re-
quired input and auxiliary resources, such as the workpiece to be operated on, fixtures, and
raw materials, etc. Task is specialized from Commodity to enable them to flow through net-
works of resources (DELS). Order Holons in PROSA [102] represent tasks in a manufactur-
ing system and the cited paper includes example taxonomies and system models. OZONE
defines Demands that “specify requests for specific quantities of products or services to be
produced/undertaken within specific time constraints, as well as client-dependent priority
information. In other words, demands are used for representing customer orders, move
requirements, and other external demands to the scheduling system.” [74].

Tasks often consist of both physical and informational pieces. The physical part of a
task, consisting of a workpiece, kits, routing sheets, etc.; is directed to the plant. It is stored
in an input queue, physically operated on by equipment, and requires material handling to
flow through the system. The information component of a task is directed to a controller,
providing instructions (and authorization) on how to execute the required process. Some-
times information components may have both physical and digital representations, such as
physical workorder or routing sheets.

Tasks play several roles in DELS, which are often dependent on the state of the task (fig-
ure 20). One role is availableTasks, which are tasks that have been accepted, admitted, and
are waiting in the availableTaskQueue to be serviced. completedTasks have been serviced

and are stored in an completedTaskQueue waiting to depart the system. inProcessTasks
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are currently being served by the system and located in/at some memberResource (usually
equipment).

Tasks may be decomposed into subtasks authorizing a Process’s processSteps. The
decomposition associates a new subtask with each processStep in the parent processPlan.
These subtasks usually follow the sequencing from the processPlan (typed by Process).

Consistent methods (and representations) for decomposing tasks are important for cre-
ating self-similar and uniform controller architectures where resource clusters can be dy-
namically formed to address a particular task, or in agent-based systems where “[the] agents
can subcontract tasks to other agents, a process that involves breaking a task in a number
of sub-tasks handled by different agents, or clustering a number of tasks into a super-task”
[100].

3.7 Interface

DELS defines interfaces for handling flows of tasks and resources (figure 21). It has four
ports enabling flow of tasks and resources in and out of the system. In SysML, ports
expose components (parts) of the system, defining an interaction point with other systems.
The «proxy» port stereotype on the composition association is an equivalent representation
to the graphical white box on the edge of the block; see, for example, incomingTasks in
figure 21.

The incomingTasks port is typed by an (abstract) interface block inDELSTask. It de-
fines operations (receiveTask()) to be implemented by system components that move tasks
(defined by the flow property) into the system. Inversely, outDELSTask defines properties
and operations that move tasks out of the system.

The resource input and output interfaces (typed inDELSResource and
outDELSResource, respectively) define operations (receiveResource() and outputRe-
source(), respectively) to be implemented by system components that move resources
(defined by the flow property) into and out of the system. These ports can be specialized
to accommodate different kinds of resources, including raw materials, equipment, and
parts/products. Parts and products are modeled as a type of material resource, see section
3.9 for more discussion.

The input and output interfaces are defined by ports typed by abstract interface blocks
giving the modeler wide latitude to select system components to implement the interface.
For example, a modeler may allocate the same system component to implement both re-

source and task interfaces, or both to handle both input and output of a kind of resource.
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SysML Block Definition Diagram CONTEXT [ DELS_Interface JJ

«interfaceBlock»
inDELSTask

. flow properties
1..* lin inTask : Task [1..*]

«block» «proxy»
DELS incomingTasks

«proxy»

receiveTask() : Task

incomingTasks : inDELSTask [1..*]
]
«interfaceBlock»
«proxy» outDELSTask
outgoingTasks flow properties
going " out outTask : Task [1..*]
1..
outputTask() : Task
«interfaceBlock»
«proxy» inDELSResource
inResource flow properties
. in inResource : Resource [1..*]
1.
receiveResource() : Resource
«interfaceBlock»
«proxy» outDELSResource
outResource flow properties
1 out outResource : Resource [1..*]
outputResource() : Resource

Fig. 21. DELS interface defines ports for handling the flow of tasks and resources across its
boundary.

On the other hand, it may be necessary to provide separate system components to handle

information and physical components separately.

3.8 Operational Control

The operations management layer of the ISA-95 hierarchy [86], broadly speaking, has the
functional responsibility to match, and execute the matching, the capabilities provided by
the system’s resources to the capabilities required by requested products or customer de-
mands. Operational control executes the matching by controlling material and resource
flows through the system. That is, control of production capabilities and capacities is
largely executed by supporting logistics functions, including inventory management and
material handling. This control activity is generically defined as “scheduling”. This sec-
tion describes scheduling, not as a single monolithic activity or decision, but rather the
coordination of several decisions and system actuators.

Modeling operational control is less mature, and potentially more difficult, than other
aspects of the system. Operational control is built on top of the system specification (the

plant) and implemented using a mix of existing system resources and dedicated resources.
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For example, logistics and material handling resources are often allocated to dedicated
systems but are interwoven into the production environment. This makes it difficult to
clearly define control behaviors and allocate them to system resources. Further work is
required to demonstrate how to apply the model library elements described in this section
to model domain specific applications.

To provide the proper context for modeling operational control without elaborating a
complete plant-controller architecture, consider the following mental model: there exists a
controller that interacts [sense and actuate] with the base system (or plant) (figure 22). The
controller consists of a decision-maker and decision support. The decision-maker observes
the state of system and responds by querying the decision support with a question regarding
actions that can be taken to effect changes in the base system. The decision-maker then
uses the answer provided by the decision support to select an action to be executed by an
actuator in the base system. An abbreviated sketch of this controller architecture can be

found in [103] and a longer discussion in [5].

DELS Controller
Decision |.Question | pecision
Maker [ Support Controller
System : iControl
Feedback i Action
Interface
A gﬁo,ﬂ ‘Eq\ B o l':‘ o0 h\
o, froooo e )
R $/ Ei 2% | 2% Interface
w7 S s = ! ey A
. G ! & | o \ 5
o (2 @ v \
’ < 1 A
l ~
Base
System
Scheduling Routing

Fig. 22. A canonical set of control questions defines a comprehensive functional specification of
all decision-making mechanisms that a controller needs to provide in order to manage the behavior
of the system.

Control actions are derived from answers to control questions, and this model formal-
izes five kinds of questions (control functions) described in [104]. These control questions
identify the functional control mechanisms (control actions) required to manipulate the

flow of tasks and resources through the system (figure 22). These questions are:

1. “should a task be served?” (admission)

2. “when should the task be serviced?” (sequencing)
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3. “by which resource(s)?” (assignment)
4. “what process step does the task require next?” (dynamic process planning)

5. “in which state does a resource need to be to service a task?” (change-state)

Scheduling and Routing are modeled as joint control functions, combining sequencing
with assignment and process planning with assignment decisions, respectively.

The control questions provide an informal classification scheme and foundation to con-
struct the model. Section 3.8.1 presents the interfaces for decision support for each control
function. Section 3.8.2 presents the control processes and actuators in the plant to exe-
cute operational control. Finally, section 3.8.3 provides an overview the DELS operational

controller, which is largely still a work in progress.

3.8.1 Operational Controller Decision Support

Each control function has an associated decision support class that helps the controller
make decisions. The decision support for each control question is encapsulated in an ab-
stract strategy class that defines an operation with a signature derived from the decision
functions defined in [104] (figure 23).

Decision support algorithms are required to implement the signature and the decision
function. Each control algorithm is responsible for formulating an appropriate analysis
model, solving the analysis model, and translating the output into an actionable recom-
mendation. This actionable recommendation output by the decision support is passed to an
Actuator in the plant that executes the choice (section 3.8.2). Reusable, standard decision
support classes allows the controller to access the decision support algorithms through a
consistent interface, enabling progress towards interoperable decision support algorithms
for DELS.

3.8.2 Operational Control (Plant) Model Library

Each control function has an associated structural element in the base system, an Actuator
specialized from ActiveResource, that is responsible for executing the controller’s
choices. The Actuator also has a behavioral element Control Process (figure 24).
Each Actuator is related to its corresponding Control Process through the canExecute
relationship. System specifications provide details on how the Actuator and Control
Process are implemented by specializing concrete system resources and providing them

with methods to implement the control function.
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DecisionSupport
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contextInterface()

admissionInterface

1..%

sequencingInterface

1..%

Admission O
admission()
Sequencing O
sequencing()
ResourceAssignment ()

assignmentInterface

1..%

assignment()

processPlanningInterface

DynamicProcessPlanning O

1..%

processPlanning()

changeStatelnterface ChangeState @)
1x changeState()
schedulingInterface Scheduling O
0..* |scheduling()
Routing O

routingInterface

0..%

routing()

Fig. 23. Each control decision has a corresponding interface that defines an operation with a

standard signature.

SysML Block Definition Diagram Control[ ControlProcessTaxonomy ]J

«activity»
Process

i

«activity»
Control

Lﬁ

«activity» «activity» «activity» «activity» «activity» «activity»
Admit Sequence ResourceAcquire UpdateProcessPlan Route ChangeState
canExecute |1 canExecute |1 canExecute |1 canExecute |1 canExecute |1 canExecute |1
«block» «block» «block» «block» «block» «block»
AdmissionGate Queue ResourceAcquirer ReadWriteProcessPlan Router ChangeState
«block»
Actuator
«block»
ActiveResource

Fig. 24. Each control function has both an Actuator (specialized Resource) and a Actuator

behavior (specialized Process)
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3.8.3 Operational Controller

The DELS Operational Controller is responsible for implementing data collection and
management functions, operational decision making and executing, and communication
and coordination with with other controllers in the system. Conceptual architectures for

DELS operations controllers are discussed in [5, 103]. This is an area of on-going research,

in particular focused on control and controller architectures.

The stylized conceptual diagram of the controller depicts several required components:
decision-making composed of monitoring and execution; decision-support composed of

formulation, optimization, and implementation (top of figure 25). The current state of

implementation is shown in the class diagram at the bottom of figure 25.

s
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Class Diagram CONTROL[ DELS_Controller J
«block» OperationalController monitor [ Monitoring
DELS 1 x
DecisionSupport
controller,

admissionInterface : Admission [1..%]

decisionSupport | 5 signmentinterface :
1 sequencinglnterface : Sequencing [1..*]
processPlanningInterface :
changeStatelnterface : ChangeState [1..*]
routingInterface : Routing [0..*]
schedulingInterface : Scheduling [0..*]

ResourceAssignment [1..%]

DynamicProcessPlanning [1..*]

contextInterface()

execution| Execution

1

Fig. 25. The DELS Operational Controller consists of decision-making and decision support

components.

The Decision Maker component maintains a representation of the system state using
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feedback collected from Monitoring. The Decision Support. The decision support mod-
ule for each control question must be capable of formulating the analysis model from the
system state (create a problem definition), must be able to solve the problem, and then
must implement the problem solution; that is, reframe the analysis results in the context
of the original question, providing a actionable answer to the decision maker. Given a
standard decision support interface, the formulation, optimization, and implementation are
tightly coupled to the solution method and are implemented together as part of creating the
specialized decision support classes discussed in section 3.8.1.

The operational control model described in this section clearly separates the Actuator,
actuator’s behavior (Control Process), and Decision Support. This separation is
common in other engineering disciplines and the goal here is to support practitioners in
extracting the correct knowledge to explain how their system works and to develop imple-
mentable specifications. Well-defined, machine-readable operational control specifications

can be connected to analysis models supporting optimization or validation and verification.

3.9 Overview of Extended DELS Definition

DELS are defined by their products, process, resources, and facility; the tasks that define
requests for these products and processes, and an operational controller to control the flow
of resources and execution of processes. This section summarizes the DELS models, ty-
ing together the different components and views described in the past few sections (figure
26). Section 3.9.1 then describes how the DELS model can be extended to create domain-
specific production and logistics models.

DELS and Equipment are mapped to Active Resource, where the distinguishing fac-
tor is based on autonomy and operational control behaviors; that is, can the resource decide
to not do something. This approach defines DELS as a natural extension of traditional
Product, Process, and Resource (PPR) ontologies. DELS inherit flow properties modeling
the flow of resources in (inputResources) and the flow of products out (produces). In ad-
dition to the input of passive resources, DELS themselves are composed of member Active
Resources, some of which may be other DELS, its child DELS.

Product references its bill of materials. Following the OZONE/MANDATE model,
Product is defined as a kind of Material allowing products to be easily incorporated
into another product’s bill of material. Additionally, Material is a Passive Resource
allowing it to flow and participate in (be consumed by) Process executions, but not ex-

ecute processes. Modeling Product as specialized Material allows the product to flow
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SysML Block Definition Diagram DiscreteEventlLogisticsSystems[ DELS_Ontology_extended JJ

«block» «block»
Commodity Material
«block» authorizedBy  targetProduct «block>» «block>
Task Product .
0..* 0.1 Facility
references .
creates |billOfMaterial : Material [1..%] isLocatedIn |1
components : Product [0..*]
authorizedBy |0..* 0..1

requ'i'redByProduct 0..*

containedResources [1..*

authorizesExecuting [1 createdBy|1..*

«activity» requiredInputResources «block>
Resource
Process 1..%
requiredByProcess requiredInputResources
1.% 1.%
canExecute [1..% ‘r
canBeExecutedBy «block>» «block>
e ActiveResource PassiveResource
[ | T
«block» «block» «block»
DELS Equipment Material

flow properties
~out produces : Product [0..*]
Ain inputResources : PassiveResource [0..%]

parts
~memberActiveResource : ActiveResource [0..*]
maker [0..%]
mover [0..%]
storer [0..*]

Fig. 26. DELS are defined by their products, process, resources, and facility; the tasks that define
requests for these products and processes, and an operational controller to control the flow of
resources and execution of processes.

through DELS using the same mechanisms that passive resources use to flow (extended
from commodity flow).

Finally, DELS define maker, mover, and storer placeholder roles. These parts suggest
a canonical functional decomposition of each DELS, where the system designer selects
resources to satisfy those required roles for making, moving, and storing material in the
system. The next section describes modeling specialized DELS to satisfy these roles in the

ecosystem.
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3.9.1 Specializing DELS

DELS can be extended via specialization to model many kinds of DELS, reusing the libraries
described in previous sections as needed. For example, Process can be specialized into a
taxonomy of basic DELS functions: make, move, and store (figure 17). These processes are
allocated to specialized DELS for Production, and Material Handling, and Storage,
respectively (Figure 27). Allocating a Process to a DELS, such as MOVE to a Material
Handling System, denotes a requirement to add an operation that executes that process
when the operation is invoked. The DELS must provide a behavior that implements the op-
eration (a method) by defining process Steps and required Input Resources used to execute
that operation.

Many DELS are composed of other DELS (figure 27). For example, Supply Chain is
composed of Manufacturing Plants, Transportation Systems, and Depots; which
specialize (subset) the maker, mover, and storer roles, respectively. The Supply Chain
uses these components to execute its high-level functional SOURCE() components from
suppliers (typed by Supply Chain), MAKE() them into higher-value items, and DE-
LIVER() products to customers [105].

SysML Block Definition Diagram SupplyChain_RefArch [ SupplyChainIsADELS JJ

incomingTasks : inDELSTask [1..*] «block» inResource : inDELSResource [1..¥]
P
DELS .

outgoingTasks : OUtDELSTask [1..*] ch”dDELS”‘?’BE,_g [0..#] - OutResource : outDELSResource [1..%]

maker [0..%]
mover [0..*%]
storer [0..*]

«block» «block> «block>» «block>»
ProductionSystem MaterialHandlingSystem StorageSystem SupplyChain
MOVE STORE parts
MAKE() 0 0 ~maker [0..%]
~Amover [0..%]
~storer [0..%]
references
supplier : SupplyChain [1..%
«block> «block> «block> cuggsmer : Szgg\ycham[ [1..]*]
ManufacturingPlant TransportationSystem Depot
SOURCE()
~MAKE() ~MOVE() ~STOREQ) MAKE()
transportationSystem | 1..* depot[0..* DELIVER()

{subsets mover} {subsets storer}

manufacturingPlant |0..*
{subsets maker}

Fig. 27. Specialized systems can be created from the DELS definition. These specialized systems
can be composed into new kinds of systems.

This composition-based modeling approach can be applied recursively, refining sys-
tems by identifying and modeling specialized subsystems to fulfill maker, mover, and

storer roles. For example, manufacturing plants have production lines (specialized produc-
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tion systems), linked by material handling systems, and buffered by intermediate material

buffers (specialized storage systems) (figure 28).

SysML Block Definition Diagram SupplyChain_RefArch [ SupplyChainDecomposition JJ

incomingTasks : inDELSTask [1..*] «block» inResource : inDELSResource [1..¥]
P
DELS .

outgoingTasks : OUtDELSTask [1..*] ch”dDELS”‘?’BE,_g [0..#] - OutResource : outDELSResource [1..%]
maker [0..%]

mover [0..*%]
storer [0..*]

| |

«block «block>» «block>» «block>»
ProductionSystem MaterialHandlingSystem StorageSystem SupplyChain
MOVE STORE parts
MAKE() 0 0 ~maker [0..%]

zr materialHandlingSystem [0..* ~Amover [0:.*]
{subsets mover} ~storer [0..%]
| | -

references
supplier : SupplyChain [1..%]

«block» «block» «block» «block» «block» customer : SupplyChain [1..%]
uring ProductionLine TransportationSystem MaterialStorageCrib Depot SOURCE
AMAKE() AMAKE() AMOVE() ~STORE() "STOREQ) MAKE() v

0..% depot]0..* DELIVER()
{subsets storer} {subsets storer}

productionLine |0..* transportationSystem |1..* materialStorageCrib
{subsets maker {subsets mover}
manufacturingP\antTO..*

{subsets maker}

Fig. 28. Specialized DELS, such as Manufacturing Plants, are often themselves composed of other
specialized DELS.

Each specialized kind of DELS can be further specialized to capture domain-specific
features; for example, nuances between automotive and aerospace production lines. Com-
posing DELS from specialized DELS, rather than defining monolithic systems composed
of unique components, results in self-similar architectures which exhibit desirable qualities

for designing, analyzing, and controlling these kinds of systems [17].

4. Discussion and Future Work

This paper documents a snapshot of the Commodity Flow Network (CFN) and Discrete
Event Logistics Systems (DELS) models. The source models are archived here [2, 3].
This work fills an niche in the Industry 4.0 ecosystem, supporting analysis and func-
tional design of heterogeneous production and logistics systems. There are a substantial
number of standards providing detailed PPR specifications (see, e.g. ISO TC 184 activ-
ities, and surveys included in [42, 106, 107]). However much of the research is focused
on the product being produced, leaving little in the way of linking detailed PPR specifi-
cations to analysis models supporting all lifecycle phases of the production system itself.
There is a need for increased communication and collaborations between stakeholders that

care about the product system and the production system. However, the art and science of
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production system design and specification must sufficiently advance to meet the detailed
specifications typically found in the product engineering.

Additionally, many of these standards are domain-specific, focusing predominantly on
smart manufacturing. However, modern enterprises integrate functionally heterogeneous
systems that are often geographically distributed [13, 108]. Building an MBISE ecosys-
tem based on the DELS model libraries provides a foundation to integrate or coordinate
decision-making and execution across diverse systems as well as integrating the loosely-
coupled Industry 4.0 research and development efforts spread out across the supply chain,
transportation, production, and warehousing domains.

Releasing this document and the associated models represents a milestone in opening
this work up to the community so that others can contribute to its development. The docu-
ment and models remain living artifacts with open issues that continue to be identified and
added to the living document as additional use cases and models are built from the model
libraries and added to the ecosystem. The research goal focuses on building and expand-
ing the MBISE ecosystem, including model libraries, reference architectures, supporting

analysis tools, and design methodologies.
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