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Abstract. Many companies use supply chain models for desigtiie flow of goods and services from
their suppliers all the way up to the final custesn®©ver the past 15 years, the Supply Chain Opesat
Reference Model (SCOR) has become a widespreadlimgpdechnique for designing such supply chains
and sharing design information with supply chaiakeholders. However, neither the syntax nor the
semantics of SCOR are well defined. This limitatteas important consequences for its usage: Supply
chain models may be ambiguous and their correctogssot be verified. We address this problem by
mapping SCOR supply chains onto graphs and formd#tie semantics of SCOR. The mapping is driven
by constructs from the supply chain managementatiiee. The proposed artifact is a supply chain
grammar, which we apply to a set of SCOR modelsrtdkom industry sources. We show the grammar’s
usefulness by verifying the correctness of thesdatsousing analytical techniques.

Highlights:

— We deduce a grammar of the SCOR modeling techriique SCM literature.
— We propose correctness properties for SCOR-bassgnde
— We demonstrate the usefulness of the grammar tectileg errors in existing models.
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1 Introduction

Supply chain design is a critical business problEor. many industries, supply chains have become an
important focus for competitive advantage. With ithereasing global division of labor, the perforroan

of a single company depends more and more oniitydb maintain effective and efficient relatidmgs

with its suppliers and customers. Thus, managdgeisions are moving from an organizational saake t
supply chain scale [20]. Supply chain design isttd®k of determining the basic, long-term structofre
the supply chain by defining its elements, objexdiviocations, and key organizations [37]. The ofle
Information Systems (IS) to support this task leently been the subject of inquiry.

In general, supply chain design faces two diffieslt First, the design space contains a vast number
of alternatives, which makes it hard for designerevaluate and select the best alternative. Second
designing a supply chain incorporates stakeholffers the supply and demand side, which requires
sharing and understanding design information byouarparties. These two difficulties can be mitaght
through reference models that: (1) restrict theigmespace by providing core constructs that can be
configured under certain design constraints, anddé®ine a common terminology for sharing designs
across organizations. Supply chain management (S@ig)adopted this idea in the form of Bwpply
Chain Operations Reference Mod@COR) [34, 35]. Over the past 15 years, SCOR Hexome a
widespread modeling technique for supply chaingtedit is promoted by a stellar group of firms from
various industries and can be regarded as a basiqe. Research has made use of SCOR for designing
both descriptive and analytical methods for varisupply chain problems, in particular, performance
management [23, 41], configuration [32], and matiaeded balancing of demand and supply [27].

The main disadvantage of SCOR is that neitheryit$ax nor its semantics is well defined. A formal
specification of SCOR in the form of a grammar doesexist. The modeling technique is only desatibe
in a handbook [36], which provides a reference tmleh elements with simple example models that don't
provide much explanation. The lack of well-defingghtax and semantics has severe consequences. If
SCOR users interpret the informal description eftéchnique in different ways, the supply chain eted
built using SCOR will become ambiguous and potdgtiarror-prone. This practice may result in
syntactically incorrect models that cannot be ulsgdany third party. Software vendors who provide
SCOR modeling tools are in danger of implementing technique incorrectly. Ultimately, the two
objectives of reducing the design space and ergblioss-organizational information sharing canret b
met.

Incorrect supply chain models affect the managersa of these models. We briefly discuss the
problems resulting from incorrect models by refegrio the three use case of the SCOR technique [36]

— Supply chain descriptiomims at providing an unambiguous description ofaatual or planned
supply chain for parties that are interested oolved in this supply chain. Incorrect design mastife
in configuring the constructs of the SCOR technidaksely, for example, invalid linkage of
constructs or missing constructs. If these deficisnot be detected and repaired, the descripdion i
only understandable by the designer and the indal& that share the designer’'s interpretation.
Hence, the model is limited to a small group anésdaot extend to all the supply chain stakeholders.
— Supply chain measuremeistconcerned with measuring the performance oheoted activities and



the entire supply chain. For this purpose, theriegke provides a standard set of metrics (e.g.ecycl
time, cost, flexibility) and standard formulae foralyses, which rely on correct models as outlined
the supply chain description. For incorrect modele aggregation process would yield either
incorrect or no results. Hence, the supply chanfopmance cannot be correctly measured.

— Supply chain evaluatiors the task of assessing different designs aretsey the best configuration
with regard to certain criteria. These criterialimle metrics as defined by the SCOR technique.
Evaluation is an iterative process of design (iceeating alternative models) and metrics-based
measurement. If the measurement yields incorreahcoresult for at least one model, then the
evaluation will also become incorrect (by comparingnfigurations that differ due to the
interpretation of the technique) or incomplete antfeasible (due to missing data).

Adding a formal specification to SCOR is non-trlyianless we are able to get this information from
SCOR'’s inventors or at least articulate their iptetation explicitly. However, SCOR was inventedaby
dynamic group of individuals who worked over a Igogyiod in a more or less informal organization.
Hence, it is difficult to elicit this informatiorrdm this group. What we need is a supply chain gram
that consists of constructs for supply chain desiga rules that specify allowable combinationsheise
constructs. There are two basic approaches fonidgfthis grammar: deduction and induction. Grammar
deduction defines constructs and rules by analyrigvant theories and axioms. Grammar induction
learns constructs and rules from a set of obsemnat here, the SCOR supply chain models. The'ktte
precision, however, is negatively affected by thars of incorrect models in the set of observations

Current solutions fall into the category of gramrdaduction. However, no research endeavor has
yet used the existing body of knowledge from SCNeerech for deduction. Instead, the main source of
deduction is the informal description of SCOR, whig then interpreted by the respective researdliner.
disadvantage of these approaches is that the deduisinot made explicit to allow for reproducibyli

We address the problem of the lack of explicit miéitin of SCOR by mapping SCOR supply chains
onto directed graphs and formalizing the syntax seshantics. The mapping is a deduction process
supported by the constructs from the SCM literatliteese constructs enable us to enrich SCOR with
additional constraints that have a strong theaaktinderpinning. Thus, the objectives of this resleare
to: (1) develop the syntax and semantics of SCOfRérform of a supply chain grammar that allows for
assessing the correctness of supply chain desigh(2) apply this artifact to a set of SCOR models
demonstrate its usefulness for model verificatibhe contributions of this research are the formal
specification (grammar) of SCOR and analysis tegpines for SCOR-based supply chain design.

The remainder of this paper is organized as folldwssection 2, we briefly introduce the SCOR
technique and provide preliminary notions that Wil used for enrichment by grammar deduction. In
section 3, we discuss the approaches to the coeexbf supply chain design and compare our wattk wi
the relevant literature. In section 4, we derivecsiic constraints on supply chain design from @&V
literature and provide the grammar. In section & demonstrate the usefulness of our proposed gramma
in verifying the correctness of SCOR models takemfindustry sources. Section 6 concludes the paper
and outlines some of our future work.



2 Preliminaries

2.1 SCOR Technique

SCOR consists of an intuitive graphical supply ohdescription language and a set of supply chain
metrics that can be associated with supply chaiivites. The graphical language is targeted fa th
business audience, who uses this language fortigfecommunication of supply chain structures at
different levels of abstraction. At the strategwdl, SCOR provides a modeling technique for prymar
product flows; the resulting model is calle®@OR thread diagranThe designer can then add details to
these diagrams by incorporating plan processesrf(ivdtion flow), secondary product flows (return of
products to the supplier), and describing more-§ireened activities associated with the primaryduct
flow, e.g., receiving orders, packaging, and raushipments. These activities can be configureoh fao
reference set of several hundred so called praglessents. In the following, we consider only prignar
product flows, since this level represents theegia configuration of supply chains.

A thread diagram shows the flow of products (inalgdtangible goods and services) as a chain of
linked activities. An example diagram is shown ig.A.. The technique provides the following elernsent

— Processis an activity of either sourcing, manufacturimg, delivering a product (symbol: arrow-
shaped rectangle). The symbols can have diffeatto signify the type of activity; however, the
color scheme is not precisely defined in the SC&iRnique.

—  Product flowrepresents the transfer of a product from onega®to another (symbol: arrow).

— Actoris an organizational entity thekecutes one or more processes (symbol: labebcEps).

— Tier reflects the level of involvement of actors whamadering the entire supply chain. Tiers
arrange actors from left to right (symbol: vertisalim lane).
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E Supplier @ ' Q Engine IE%> Public Sector E
\ ' Manufacturer : |
{ <—  Supplier | &—— Manufacturer ———> | <— Customer —> !

Fig. 1. Example SCOR thread diagram.

If a tier contains only one actor, then it is stiffnt to add the actor label to only one process
(instead of labeling all the processes). For examipl Fig. 1, the M3 process as well as all thesioth
processes in this tier are executed by the “Enlglapufacturer” actor.

SCOR differentiates processes for primary prodlmtd by the degree of customization (product
specificity): (1) stocked products, (2) make-to-@rgroducts being manufactured for a specific austo
order, and (3) engineer-to-order products beinggdes and manufactured to a specific customer
requirement. This differentiation is then appliedatl the processes of sourcing (S), manufactufivhy



and delivering (D) products. Each process is thusoded by a 2-character code, which denotes the
process category, e.g., D2 for delivery of makesier products. This differentiation is part of SRO
since 1997 (version 2.0) and was slightly modified2003 (version 6.0) by including the D4 process
category for the delivery of retail products. Threduct specificity exists only for delivery proses.

2.2 Preliminary notions

We define the basic notions that formally captire main elements of the SCOR technique for thread
diagrams (as introduced in section 2.1). Thesenstwill serve as the baseline for adding condsain
correct diagrams in the succeeding sections. Theynanimal in the sense that we avoid making
assumptions about the technique that may not liéigdsby relevant theory.

Definition 1a (SCOR thread diagram). A SCOR thread diagram is a directed graph(P, F, A,
T, PC, PA PT) where:

- Pis afinite set of processpBIP,

- Fis afinite set of product flows1F with FOPxP,

- Ais afinite set of actoralJA,

- Tis afinite set of tiere]T,

— PCis a function which maps each process onto a psocategory witiPC.:P>{S1 S2 S3 M1, M2,
M3, D1, D2, D3, D4},

— PAIis a function which maps each process onto am adto PAP>A,

— PTis a function which maps each process onto aniigwrPT:P>T.

Using this definition, the thread diagram showifrig. 1 can be formally defined by all components
of TD. For instance, the diagram contains eleven presesghich must be numbered, eRe{p1, p2 ..,
pl1. Each arrow in the diagram denotes a product flexy.,F={(p1, p2), (p3, p4), ..}. The processgsl
andp3 belong to the process category D1, tR&{(p1>D1), (p3>D1), ..}, and are contained in the
Supplier tier, thu®T={(p1->Supplie), (p3->Supplie), ..}.

3 Related Work

3.1 Supply Chain Design

Two dimensions are constituent to the task of supplain design. Th@rocess dimensiorelates to
answering the question which activities must bdgoared by the designer in what order to produce the
supply chain model. SCM research yields a pletlvdranalytical models and optimization methods [6,
37]. Theresult dimensiomelates to the constructs, i.e., the conceptuedbolary of the problem domain,
and the formalisms used for articulating these waots. Correctness of supply chain design is the
ultimate concern of the result dimension. The SG&Rnique addresses the result dimension.

The SCOR technique has been documented in a hakf®®lp which provides definitions of all the
aforementioned elements. The handbook, howevds, $abrt of providing a formal specification in the
form of a grammar that is unambiguous and freent@rpretation. It also provides very little infortizen
on how to link processes under consideration focgss categories, actors, and tiers. The lacKarheal
grammar has led to the conclusion that SCOR is tesful for analyzing supply chains through



guantitative means [4, 19rns et al.argue for reducing the role of SCOR to descriptiwhereas all
model analysis tasks would require a more capa@hguage providing a well-defined execution
semantics [4].

The literature yields several approaches for atmen@COR with a grammar. These approaches
differ in the specification language used and tlg they augment the SCOR technique.

Becker et al.[7] choose the Entity-Relationship-Model (ERM) fepecifying a meta-model of
SCOR. The rationale is that the ERM is adequatecémturing the SCOR constructs as well as the
resulting meta-model can easily be transformed antiatabase schema for model storage and retrieval.
An interesting aspect of the proposed meta-modiaprocess category conditiomhich enforces that
processes of a certain category must be connedtedpvocesses of another category (e.g., “make-to-
stock” is proceeded by “deliver make-to-stock”).€8h conditions may help in assessing the corrextnes
of supply chain designs, though they have not beade explicit, but were illustrated by an example
only. Unfortunately, this research provides litttdormation on how the meta-model was constructed.
The authors try to provide convincing arguments ttee meta-model and report about a prototype
implementation; however, the prototype is not conee with correctness of supply chain designs.

Millet et al. [26] propose a set of possible relationships betw@ocess categories denoted as rules.
They assume that designing a supply chain impkcateertain body of rules. The explication prodess
these rules is, however, not described. The rulesiat formally specified. In addition, the rule seat
best incomplete, since it misses product flows betwdifferentviake processes.

SCOntology is an ontological approach to formatizthe SCOR technique [15]. The rationale for
using the Web Ontology Language (OWL) [38] is tW/L provides more expressiveness for defining
concepts and their interrelations than ERM. Theoeaaf the proposed SCOR ontology is defined by the
so called competency questions. Insofar as thespei@ncy questions are concerned, a justificatbon f
them is not provided by these authors. In additiba,ontology is described using graphical meaihg, on
and thus lacks axioms. A brief case study is sedplh demonstrate the validity of the proposal.

The ontological approach ISakka et al[33] does not interpret the textual descriptioostained in
the SCOR handbook, but starts with the meta-mobet ts implemented by the software tool
ARIS/SCOR. This meta-model, which is specified RNE is then mapped onto an OWL ontology. The
advantage is that this approach preserves all matstand rules contained in the baseline meta-mode
However,Sakka et aladmit that the designers of ARIS/SCOR were inttipg the SCOR handbook and
thus made assumptions, which are unknown to tHeutmy.

The most comprehensive ontological approach is SEORL [42], which goes beyond SCOR
thread diagrams by including SCOR metrics and imoitpput information. This ontology is aimed at the
semantic interoperability of supply chain desigmghout paying attention to correctness. Similajis],
the rationale of this ontology is limited to ansimgran initial set of competency questions.

Our approach differs from existing research a¥adl. First, by grounding the grammar deduction
on constructs and rules from the SCM literature,aive at reducing the risk of interpreting the SCOR
handbook in a subjective way. This risk may lea@ tgrammar that contradicts the insights from SCM
research. Second, our research is informed bydge@iiontology languages, but the proposed grarsmar
independent from the usage of a particular ontolagguage. Third, we address the formal correctoess



supply chain design and aim at providing specif@ans for assessing this property.

3.2 Business Process M anagement

Much progress has been made on developing methgidsléor assessing and preserving the correctness
of business process models. Since supply chaigriedso describes the business activities carrigd o
(those for supplying products from suppliers to fimal customers), we review contributions from the
business process management (BPM) literature thgtam beneficial for supply chain design.

Process verificatiordetermines whether a process model complies wipezified structure and
behavior. Verification depends foremost on thetexise of formal semantics of the process descriptio
language used. Many widely used languages for bssiprocess modeling lack formal semantics, e.qg.,
Event-driven Process Chains (EPC) [1] and the RassinProcess Modeling Notation (BPMN) [12].
Therefore, BPM research has investigated their ingp@ more powerful modeling techniques, which
also supply analysis techniques for correctnespgties. Of particular significance are the workatt
adopt analysis techniques using Petri-netisndling et al[24] propose a Petri-net approach for detecting
errors in EPCs and apply it to a set of real-w&RLCs taken from the SAP Reference Model. They show
that these EPCs are error-prone, because the mesighers did not conform to the EPC semantics.

Supply chain design shows similarities to busim@ssess modeling. However, we need to be aware
of important differences between product flow andtool flow. The SCOR technique does not make the
semantics of the product flow construct explictr khstance, let us consider the diagram givenign E
The process of category M3 has three ingoing awmsr¢ing) and two outgoing arcs (delivery). Does it
mean that this process transforms all three ingpioglucts into the two outgoing products? Or cas th
process be executed if at least one ingoing aectivated? The answer cannot be given, because the
execution semantics is unclear. We need to keepiid that supply chain design is concerned with
defining the structure of supply chains, not theshavior. For instance, SCOR lacks logical connecto
which are common in control flow descriptions.

Arns et al.[4] combine the SCOR technique with a businessqs® language as follows: They
propose using a custom notation called ProC/B;ativeantage is that ProC/B models can be translated
into Petri-nets, which allow for analyzing behawioproperties to a great extent. Activities in such
models are encoded as SCOR process categorienlheontribution of SCOR is the vocabulary for
activities. This approach results in two modelitgges: First, a SCOR thread diagram is created, The
its activities and flow relationships will be uskxnt creating the ProC/B model. The disadvantagbas
the second phase requires decisions to be madé thieazontrol flow, but this information st supplied
by the diagram from the first phase (no executemantics of process categories).

Grammar was first used as a metaphor for describurginess processes in organizational studies
and has since then spread to BPM resed&ehtland[30] proposed a systematic approach for developing
models of organizational processes by adoptinggtammar metaphor. This approach was then extended
by Lee et al[22] for using process grammar for constraining diesign space of business processes. The
objective of constraining also holds for the SC@Rerence model, which should help creating supply
chains by referring to valid supply chain structutbat are supplied by only SCOR. Our research is
influenced by the grammar metaphor. Unlikee et al. who use production rules as constructs for
context-free grammars, we employ graph algebraali@avs asserting constraints on valid graphs.



Surprisingly,Pentlandalso proposes in one of his early works [29] thecpss grammar approach
for supply chains. He argues that supply chainsaaiésuited for grammars because of their repetiti
constituents, high degree of modularization, amitereng on product flows, which all result in ahet
limited set of supply chain constructs. He defiaesipply chain grammar of seven constructs (aes)it
and nine “tentative” supply chain patterns. Thiamgmar was motivated by experiences gained fronethre
case studies. However, its expressiveness is dgvenited, e.g., patterns are sequences of aidivit
only, with no further constraints on valid linkageswell as no formalization of the grammar.

4 Grammar Deduction

In this section, we describe the process of deduttie grammar for SCOR thread diagrams from the
SCM literature. For each element of the basic mddsl defined in section 2.2), we add theoretical
findings that further constrain the supply chaisige.

4.1 Supply Chain Literature

Supply chain is the unit of analysis of SCM, whiyer the past 30 years has evolved from a field in
operations management into a discipline of managemesearch [10]. The recent past has seen an
increasing debate about the state of SCM as gptlisei[8] as well as a call for theory building B0].

For our purpose of grammar deduction, it is impdrta state that the majority of SCM researchers
use existing theories from other disciplines tolaxpdifferent aspects of the supply chain [8]. SGM
inter-disciplinary, which encompasses logisticgcpasing, operations management, marketing, syrateg
and others. Therefore, the grammar deduction ndlude both supply chain body of knowledge and its
antecedents. The scope of the body of knowledgmnstrained by supply chain design as defined in
section 1, i.e., determining the long-term, basiacture of supply chain activities, which are cecited
by product flows. We are thus interested in coms$rihat are commonly used in SCM research to
describe these structures. Due to the absenceswigée “original” theory of supply chain, we exttac
relevant constructs from seminal SCM works in thited fields. These constructs are higher order
abstractions that can be used in supply chain mpdglecifically in supply chain design (descriptive
nature of constructs).

4.2 Deduction from SCM Frameworks

Descriptive constructs can be found in researchdbadenses the terminology used in SCM and frames
the main issues into conceptual frameworks. Thes&swepresent the effort to consolidate the aboinda
but disparate literature [11, 14, 25]. An importaontribution stems fronhambertand Cooper[20],
whose framework consists of three main elemedupply chain network structuiecludes the firms and
the links between these firmSupply chain business processegve the product from supplier to the
customer, an&CM component@re managerial variables that are used to integnatbusiness processes.

There are strong ties between these elements gpyschain design as discussed below. The
Network structurenswers the following question: who are the raiegaipply chain members (in SCOR:
actors) with whom to link the processes? Relevasmcketermined by examining whether an actor carries
out value-adding activities to produce a specifitpat for a customer or market. Therefore, suppgrti
actors, who for example only provide resourcesth®moactors, are not the unit of analysis. We deduc



that: (1) every actor’s processes must be linkedttimast one process, and (2) no actor existsoufith
such a process. Using formal notion, we repre$erset two constraints C1 and C2 as follows:

ID | Description Formal definition
C1 | Each procegs has at least one incoming| For eachpP there exists at least ofieF
or outgoing product flow. with f=(m, p) or f=(p, m), andmCIP, m#p.

C2 | Each actoa carries out at least one For eachalJA there exists at least opelP
process. with PA(p)=a.

The framework further defines structural dimensiombe Horizontal structureintroduces the
construct oftier, which is defined as the set of actors sharingstivee horizontal position within the end
points of the supply chain. Thus, all tiers canabenged in graphical models with no overlaps.al$ h
become common practice to place the final custamsethe right most tier; this holds also true fag th
SCOR technique. When referring to a particular, tdrthe tiers to its left are called upstream #muke
to the right are called downstream. For expressitgg horizontal segmentation, we first introduce a
numbering scheme for tiers by extending the dédiniof the thread diagram (definition 1b). The ftioc
N assigns an integer to each tier; the tier numdeges from 1 tdl| for the total number of tiers.

Definition 1b (SCOR thread diagram). A SCOR thread diagram is a directed grajpk(P, F, A,
T, PC, PA, PT, N) whereN is a function that defines the order of tie§]):={1,..,[T|}.

Using this definition, the formal representationtioé diagram shown in Fig. 1 can be enriched as
follows. The diagram is made of three tigrs({ Supplief Manufacturer Custome)}, which are arranged
from left to right. Therefore, we add=({ Supplier> 3, Manufacturer> 2, Customet> 1)}. Then, we add
the constraint C3, which prevents the existencemipty” tiers.

ID | Description Formal definition
C3 | Each tiet contains at least one procgss | For eachtOT there exists at least op&P with PT(p)=t.

The Vertical structurerefers to the number of actors within each tiegp@nding on the number, a
tier may be characterized as rather narrow or wiitie. narrowest tier is a tier that contains onlg antor
and process; this requirement is already captwyedidand C2.

The Horizontal positiondescribes the actor’'s closeness to the pointigfroand the distance from
the point of consumption of the supply chain. Thepof origin is the tier for which no further quier
exists (tier denoted by=[T|). The point of consumption is the tier in whiah farther value is added, but
the product is consumed (tier denoted\yl). For SCOR, we deduce that every thread diagram(hgs:
one origin tier that includes at least one proeé#is no incoming product flow, and (2) one consuimipt
tier that includes at least oS®urceor Deliver process with no outgoing product flow. To be ablstate
constraints on the number of incoming and outgdlogis, we first need to introduce the notion of
predecessor and successor processes. For a goaasgr, we denote its predecessor processep bye
its successor processes @y(definition 2). For instance, in Fig. 1, the pees of D1 (denoted kyl) in
the Supplier tier has no incoming product flow, ghp1={}, and one outgoing flow to the process
denoted by?2, thusple={p2}.

Definition 2 (predecessor s, successors). ForpP, «p={m|(m, p){JF} denotes the set of predecessors
of p, with mOP, andps={m|(p, mMCOF} denotes the set of successorpofvith mOP.



Then we are able to define the constraints footigin tier (C4) and the consumption tier (C5).

ID | Description Formal definition

C4 | The left most tier contains at least one | FortOT with N(t)=[T| there exists at least opEP with
proces$ with no incoming product flo | PT(p)=t O |sp|=0.

C5 | The right most tier contains at least one | FortOT with N(t)=1 there exists at least opEP with

proces$ of Sourceor Deliver with no PT(p)=1 OPC(p){S1, S2 S3 D1, D2, D3, D4} [ |*p|=0.
outgoing product flow.

The existence of origin and consumption tiers iegplihat another tier, which comprises the focal
firm, lies between these tiers. The definitionNdgntzer et almakes this implication explicit by defining
supply chain “as a set of three or more entitieglirectly involved in the upstream and downstream
flows” [25]. Therefore, the number of tiers, as Mad the actors is at least three. Thus, C6 andr€the
cardinality constraints on the tiers and actors.

ID | Description Formal definition

C6 | Each thread diagraiD consists of at For anyTD: [T[>3.
least three tierg)

C7 | Each thread diagraiD consists of at For anyTD: |AR3.
least three actorsy).

With respect toSupply chain business processtee framework in [20] provides taxonomies of
processes and process links. Both taxonomies aveever, more detailed and broader than SCOR. In
particular, they consider also information flowseTSCOR categories 8ource Make andDeliver map
to those of procurement, manufacturing flow manag®mand demand management. Product specificity
is not found in the framework.

The set of nineSCM componentspans a wide range of managerial variables by lwhativities
across the supply chain are integrated. They aslgiegsical/technical, as well as behavioral vagabl
Due to the framework’s abstract nature, we can aldgduce that supply chain design is one SCM
component (under the term “product flow facilityustture”, which determines the “network structuse f
sourcing, manufacturing, and distributing acrogssipply chain” [20]).

Referring to the main elements of the SCOR teclnagiprovided in definition 1a (section 2.2), we
found corresponding descriptive constructs in tHeameworks, which also define the terminology of
SCM. We mapped the framework’s constructs to SCO®R enriched the definition to some extent. To
further underpin SCOR, we need to study SCM anaiiecedents for constructs and findings about
processes, product flows, and their interdependsradbng the supply chain.

4.3 Processes

SCM research yields a variety of process classifioa, which differ in the level of detail and coage
(i.e., flow of product, information, and resourcd3)r instance, there are seven classificationgiged in
[29], eight in [20], and ten in [25]. When breakitiigese classifications down to the activities thiegctly
modify the product with regard to its structuregdton, or market, the resulting activities cargbeuped
into three basic activities of any firm: (1) buyingsources from other firms, (2) combining and
converting these resources into products, andglBhg these products to customers. These activiie
also constituent to the SCOR technique under timitelogy source make anddeliver, respectively.

10



They correspond to the decision areas that représeperations management origin of SCM [6, 8.

Product specificity is the second determinant ofO8Cprocesses. The rationale is that stocked,
make-to-order, and engineer-to-order products eaghire different operational strategies [13]. This
determinant can be traced back to manufacturingagement, which uses these types of product
specificity to describ&hena particular product is linked to a particulartonser order:

- Make-to-stock (stocked producy:particular product isot linked to a specific customer order, but
the order can be fulfilled by any product instafroen stock.

—  Make-to-order:a particular product is linked to a specific ordethe time of order.

- Engineer-to-order, design-to-ordea particular product is linked to a specific ordéthe time the
collaborative engineering starts.

Operations management has emphasized that dedioagdtbds are required for these product
specificities [16, 18]. Moreover, specificity is anportant determinant for deciding about the dediog
point, i.e., the tier, where the linkage betwegradicular product and the order is establishedl [28

The dependencies between product specificity apglgwchain tier must be considered in using the
SCOR technique. Prior to adding further constraimie must define the two determinants of the
processes — activity type and product specificifprmally. We add these classifications by definihg
SCOR technique in definition 3 and using SCOR’'sntaology (management process for activity type).
This definition contains three sets for processgaties, management processes, and product spesfic
and two functions that map process categories ttagement processes and product specificities.

Definition 3 (SCOR thread diagram technique). The SCOR thread diagram technique is a tuple
TDT=(C, M, CM, S C9, where:

— Cis the set of process categoretC, with C={S1 S2 S3 M1, M2, M3, D1, D2, D3, D4},

— Miis the set of management processed/, with M={Source Make Deliven,

- CM is a function which maps each process categbi@ onto a management processIM, with
CM={S1>Source S2>Source S3>Source M1>Make M2->Make M3->Make D1->Deliver,
D2->Deliver, D3-> Deliver, D4->Deliver},

— Sis the set of product specificitieglS, with S={ Stock Order, Engineer Retail,

- CSis a function which maps each process cate@bf onto a product specificitgllS with
CS{S1>Stock S2>Order, S3>Engineer M1->Stock M2->0Order, M3>Engineer D1->Stock
D2->Order, D3> Engineer D4-> Retail.

4.4 Product Flows

Product flows are of paramount importance to sumgplgin design, since they implement the linkages
between actors and their processes. In this seatierclarify the semantics of product flow, which i
regarded as a critical shortcoming of the SCOR rtiegle. We define the semantics by asserting
constraints on the product flow relation, i.e.,FanPxP.

4.4.1 Product Flows Within Actors
The rationale for product flows is that each flowsnindicate that the preceding process has adaled v
to the product, i.e., each process adds valueet@tbduct up to the process of consumption by itred f
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customer. SCM is also concerned with the valueragldictivities that take place within an actor. Thus
the actor is not perceived as a “black box” of ihputput relations, but regarded as a set of vallging
activities. For this reason, the SCM frameworkstamnclassifications of such activities [20, 25].

In SCOR, the three management process&ebver, Make andSourcespan a set of nine potential
product flows as shown in Fig. 2. However, only tleevnstream flows indicate added value; these flows
are Sourceto Deliver, Sourceto Make and Make to Deliver. In addition, manufacturing is often a
complex activity that adds value in several stdpwerefore, processes bake can be connected with
otherMakeprocesses. The literature denotes these systemsl&stage manufacturing systems [21].

DG B DD
o) Do)
D) B

Fig. 2. Possible product flows inside an actor anagement process.

Next, we formulate the constraint C8 for capturting possible product flows inside an actor.

ID | Description Formal definition
C8 | Each flow inside an actor is between oné&or each=(p;, p,) with PA(p; )=PA(p; ):

of the following management processes: V= \\— ;
Sourceto Deliver, Sourceto Make Make (CM(PC(p))={ Sourcg LCM(PClp))={Deliver;) U

to Make or Maketo Deliver. (CM(PC(p))={ Sourcg 0CM(PC(p))={Make) [
(CM(PC(p))={Makg L CM(PC(p))={Makd) O
(CM(PC(p))={Makg 0 CM(PC(p))={Deliver})

We define the product flow ds(pi, p;). First, we require that the two procespeandp; belong to
the same actor, i.e., by referring to the func#gn Second, we enumerate the four allowed combingtion
by using the functiofPC to each process (which yields the process categagy,D1) and applying the
functionCM (which yields the respective management procegsDeliver).

4.4.2 Product flows between actors

These flows materialize through the transfer ofra@dpct from the supplier®eliver process to the
buyer'sSourceprocess. The analysis of the dyadic buyer-supptiationship is an important antecedent
of SCM [2]. We must restrict product flows betwesaiors to buyer-supplier relationships that addieal
downstream in the supply chain. Fig. 3 illustratest these flows take place at the interface of tiexs
(example on the left hand), but not inside the saengexample on the right hand).
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Fig. 3. Possible (left) and forbidden (right) prottiows between actors.

In constraint C9, we consider a product fléw(p;, p;), which takes place between two different
actors (we use the functidtA to separate the actors). First, the actors musvmly be different, but the
actor of proces® must be the supplier of the actor of procgss$ience the tier number @f must be
greater than that gf. Finally, we state the buyer-supplier relationdbypusing the function€M andPC.

ID | Description Formal definition

C9 | Each flow between two actors connects feor eacH=(p;, ) with PA(p; )J#PA(p; ):

Deliver process with &ourceprocess . .
and the preceding actor’s tier is left fro N(PT(p:))>N(PT(p;)) D

the succeeding actor’s tier. ’r CM(PC(pi))={ Deliver} [1CM(PC(p;))={ Sourc¢

4.4.3 Dependence on Product Specificity

The specificity of a given product does not chaalpeg the supply chain. The reason is that spégific
defined (as described in section 4.3) by the tin@erespective product is linked to a particulat@uer
order. Once a product is linked to an order, thkdge cannot be broken by downstream processes [28]
unless the product is transformed through manufiaciinto another product.

First, we look at product flows between two actsgestricted by constraint C9. The source process
in the downstream tier is the activity of buyin@ tbroduct from the upstream tier, thus the spetyifif
both processes must be the same (e.g., buying e-taakder product is only possible from the delive
process of make-to-order) except for retail proslumnd its respective D4 process. We retrieve the
specificity of both linked processes by using tinectionCSand define constraint C10.

ID | Description Formal definition
C10| Each flow into &ourceprocess of S2 or | For eactf=(p;, pj) with PA(p; )ZPA(p;)
S3 starts at a preceding actdpsliver 0 (PCp)={S2 0POp)={S3):

process of the same product specificity.
NPT(p:))>N(PT(p)) O CM(PC(py))={ Sourcé
0 CICM(PC(p)))=CICM(PC(p))))

It is worth noting that D4 was added to the SCOé&hmeque as a variant of D1 (available since
version 6.0). Retail products can be retrieved feather S1 or S2 processes and will then be soll at
retail store, which maintains the D4 process. Vddufe this case into a specific constraint (C11).

Second, we analyze product flows within actorswBlavithin actors describe the value-adding
activities, which can be more complex in terms wiber of processes and flows. In particular, wetmus
pay attention to all four cases mentioned in sactid.1 and their interplay.
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ID | Description Formal definition
C11| Each flow into &ourceprocess of S1 For each=(p;, p;) with PA(p; )#PA(p;) OPC(p)={S3:

starts at a preceding actobPliver process NPT( _
oy - p))>N(PT(p))) O CM(PC(p;))={ Sourcé
of specificityStockor Retail [ CSCM(PC(p)))CK Stock Retail

Let us consider the example shown in Fig. 4, widbbws that the actor sells two products. The
stocked product is bought via a S1 process andgbkehvia a corresponding D1 process. The make-to-
order product results from two subsequent M2 preegswith the first transforming a make-to-order
product into an intermediate product, and the sggoncess, combining it with another stocked produc
into the final product. What we are missing soigathe semantics of tHdake processes: Manufacturing
transforms productive inputs into products of highalue, thus everyMake process transforms the
product. On the contrangourcedoes not transform the product, but transferspttogluct to the next
process of eithevlakeor Deliver. Similarly, Deliver transfers the product to another tier.

@»@m»-»%
=T Gc

Fig. 4. Example of possible and forbidden prodlet/$ within an actor.

The issue of product transformation vs. transferclissely related to product specificity. We
summarize this dependency by analyzing the foursaéproduct flows within actors.

Sourceto Deliver transfers a product, which will be directly sotul the customer. The delivery
process may link the product to a particular custoarder, thus specificity can increase from SD2o
The S1 process can also transfer the product t' Bése requirements are captured by C12 and C13.

ID | Description Formal definition

C12 | Each flow fronSourceof S2 or S3 (pre) to| For eacHf with f=(pre, sug O PC(pre)1{S2 S3
Deliver (suc) connects to processes of the [ CM(PC(sug)={ Deliver}:

ity
same specificity CYCM(PC(pre)))=CICM(PC(sug))

C13 | Each flow fronSourceof S1 (pre) to For eaclf with f=(pre, sug O PC(pre)={S1
Deliver (suc) connects to processes of 0 CM(PC(sug)={ Deliver}:

specificity Stock, Orderor Retail
CYCM(PC(suq)){ Stock Order, Retail

Sourceto Make transfers a product that will be transformed iatmther product. The specificity
may increase along the supply chain, but not deeré@14). In the example in Fig. 4, it is forbidden
link the S3 process with the M2 process, becausendnufacturing relies on a product specificathrt,
this specification would not be available due te &mgineer-to-order product of S3.

Maketo Makeis the product transfer in multi-stage manufaairiAgain, specificity may increase
in succeeding stages, but not decrease (C15).
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Maketo Deliver is the transfer to the last process within theradthe product flow must respect the
correspondence of specificities (C16).

ID | Description Formal definition

C14 | Each flow fronSource(pre) toMake(suc) | For eactf with f=(pre, sug

ggggﬁiitiffrocesses of the same or higher [0 CM(PC(pre))={ Sourcé [ CM(PC(sud)={ Make:
CCM(PC(pre)))={ Stock

OCHCM(PC(suq)){ Stock Order, Enginee}) O

CYCM(PC(pre)))={ Order}

OCYHCM(PC(suq)){ Order, Enginee}) O

CICM(PC(pre)))={ Enginee}

OCHCM(PC(suq))={ Enginee})

C15| Each flow fronMake (pre) toMake (suc) For eacH with f=(pre, sug

ggggﬁiitiffrocesses of the same or higher 0 CM(PC(pre)={Make [ CM(PC(sud)={Maks:
CCM(PC(pre)))={Stock

OCHCM(PC(suq)){ Stock Order, Enginee}) O

CICM(PC(pre)))={ Order}

OCS(CMPC(suq@)){ Order, Enginee}) O

CICM(PC(pre)))={ Enginee}

OCHCM(PC(suq))={ Enginee})

C16 | Each flow fronMake (pre) toDeliver (suc) | For eact with f=(pre, sug

connects processes of the same specificity. CM(PC(pre)={Make [ CM(PC(sud)={Deliver}:

CYCM(PC(pre)))=CYCM(suq)

4.5 Correctness Properties

In this section, we summarize the grammar dedugtimtess by describing the usefulness of each
constraint for verifying the correctness of SCORe#u diagrams. Each constraint represents a particu
correctness property. Table 1 shows the correcimegerties for the constraints C1 through C16.
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Table 1. Correctness properties for SCOR threagtalias.

prs.

ID | Correctness Property Usefulness

C1l | Value-adding processes Determines processeddhmit add value to the product.

C2 | Value-adding actors Determines actors that d@add value to the product.

C3 | Value-adding tiers Determines tiers that doauut value to the product.

C4 | Origin tier Determines the existence of theiartgr.

C5 | Consumption tier Determines the existence ottresumption tier.

C6 | Minimum tiers Determines if the diagram ladkss.

C7 | Minimum actors Determines if the diagram lacéi®es.

C8 | Correct product flows inside actors Determiradsef connections of processes inside an actor.

C9 | Correct product flows between actors Determiakse connections of processes between act

C10| Correct flows into th8ourceof S2 and S3 | Determines false usage of product specificity betwe
from supplier actors for S2 and S3.

C11| Correct flows into th8ourceof S1 from Determines false usage of product specificity betwe
supplier actors for S1.

C12 | Correct flows from th8ourceof S2 and S3 | Determines false usage of product specificity iesidtors
to theDeliver processes inside actors for S2 and S3.

C13| Correct flows from th8ourceof S1 to the | Determines false usage of product specificity iasidtors
Deliver processes inside actors for S1.

C14 | Correct flows fronsourceto Make Determines false usage of product specificity iasidtors
processes for Sourceto Makeprocesses.

C15| Correct flows from thaketo Make Determines false usage of product specificity iasidtors
processes for Maketo Makeprocesses.

C16| Correct flows fronMaketo Deliver Determines false usage of product specificity iasidtors
processes for Maketo Deliver processes.

If a particular constraint is violated by a giveagtam, then we are able to (1) identify the ineotr
elements of the model and (2) interpret the repopt@blem by referring to the informal descriptioh
the respective constraint. For instance, const@htequires that each flow between two actors eotsn
the Deliver and theSourceprocesses where the preceding actor belongs tbethen the left of the
succeeding actor’s tier. If this constraint is loteed, we characterize the problem as a false ctioneaf
processes between actors. The usefulness of tiséraion is that it helps determine such problems.

5 Evaluation

From the perspective of the design science paradligh the artifact that has been developed in this
research is the SCOR grammar. The objective ofe¥gduation is to demonstrate the usefulness ef thi
artifact for assessing the correctness of exiSIG@OR thread diagrams.

5.1 Evaluation Procedure

We obtained models from the SCOR website (httgpfiguchain.org/filemanager/active), which provides
both case studies and training material describesither reports or slides. We selected the mdoeded
on size (minimum of 10 processes to exclude “toyddeis). The selection was documented and the
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models were stored in their original format. Thalaation set contained 8 models. Table 2 shows the
characteristics of these models.

Table 2. Basic characteristics of the sample.

ID Source Industry Y ear [T] [A| P |F|
TD1 | Chengetal. Construction 2009 5 6 13 11
TD2 GE Jet engines 2006 5 5 13 11
TD3 KLATencor Service parts 2006 4 5 12 12
TD4 | Schenker Logistics 2006 5 7 18 17
TD5 | Marine Corps | Military deployment| 2006 3 7 28 27
TD6 | Nortel Telecommunication 1997 4 6 15 14
TD7 | SCOR Primer 1997 5 6 11 9
TD8 | SCOR Configuration 1997 4 7 20 20
MIN: 3 5 11 9
MAX: 5 7 28 27
MEAN: | 4.38 6.13 16.25 15.13

For representing the selected models in a protosys¢em, we chose Bescription Logiebased
approach [5]. Description logic (DL) is a family édrmalisms for representing knowledge within a
domain and is well-suited for reasoning about #triswledge. These formalisms have been adopted
successfully for model verification in a number related areas [3, 31]. For specifying the SCOR
grammar, we employ th&/eb Ontology Languag®©WL 1.0) [38] and its complementirg@emantic Web
Rule LanguagéSWRL) [39]. The latter is used for determining ttorrect and incorrect model elements
(instances of the ontology) and adding them toifipetasses for each constraint C1 through C16.

Each model was manually mapped to the ontologythedissertions stored in an OWL knowledge
base using thérotégeé 3.5editor and frameworkProtégeé provides full support for both OWL and
SWRL, and has become a reference tool for devejopimtology-based applications. The mapping
procedure was required because the original matelsiot machine-readable (due to the absence of a
data exchange format). Each model was analyzecbfoectness by using the built-in reasonePiiatégé
and checking for each constraint separately. Thsorer populated the specific classes with thescorr

and incorrect instances.

5.2 Results

The model verification found that seven out of #ight models in the sample contained errors, i.e.,
violated one or more constraints. Collecting thasadrequired performing the verification for eacbdel
separately and then handing the results over tata ahalysis tool. The current prototype systemots
designed for presenting the verification resultseatly in the graphical model. Fig. 5 presents a
visualization of the verification results for modé€D2 by highlighting the erroneous processes and
product flows, and identifying the constraints thate been violated (shown in square brackets).
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Fig. 5. Model verification results for model TD2\{r errors identified).

We observed several cases in which the designeramplly used a customized version of the SCOR
technique. While most of these changes are extemglmat introduced new constructs, the model TD3
contains modifications of the original construdist us consider the model TD3 shown in Fig. 6.

First, the diagram arranges tiers vertically anesus specific symbol for vertical processes between
actors of the same tier. This modification, howewkres not add information to the underlying formal
representation, but changes the visual presentatbrether this presentation is more intuitive ottdre
suited for communicating supply chain design, remaio be assessed. The second modification
introduces compositions of D1 and D4 processes tddnby D1/4. Again, this modification can be
mapped to the formal model without losing inforroati Specifically, each composite process can be
replaced by two elementary processes (e.g., DIDdndwhich must then be connected to the respective
preceding and succeeding processes of the compositess.

1 1
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1 1
i
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of tiers
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for vertical of D1 and D4

processes

Spares
Manufacturer

Fig. 6. Customized SCOR technique used in model. TD3

We summarize the verification results in Table Be Table shows for each model (TD1 through
TD8) and constraint (C1 through C16) the findingsfallows: ‘Ok’ indicates that the constraint is
fulfilled and ‘Error/x’ indicates that x humber ofiodel elements breach the respective constraimt. Fo
instance, ‘Error/1’ for C1 means that one procesoi linked to any other process. If the modetaios
no element relevant to the constraint, then thesttamt is not applicable and we indicate this daghe
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table by a hyphen. For instance, C15 is concerriidlinks betweerMakeprocesses; however, no model
in the sample contained any link between such geEs

We calculate two metrics for each model. Tgrecess error rate(PER) represents the relative
number of erroneous processes compared to thenomaber of processes in the model. This metric is
affected by constraint C1, which is the only coaisttrdealing with processes. For instance, TD1aiost
one such process out of 13 processes, hence theiPER%. Similarly, thelow error rate (FER)
measures the proportion of erroneous product flamesis dependent on C8 through C16. In addition, we
define theconstraint error rate (CER), which signifies the relative number of espoone models
compared to all models for which the constrainmisaningful. For instance, C12 was breached by two
out of four models that contain relevant productvit and thus CER is 50.0%.

Table 3. Results of model verification.

TD1 TD2 TD3 TD4 TD5 TD6 TD7 TD8 CER
C1 Error/1 | Error/1 Ok Ok Ok Ok Error/1 Ok 37.5%
Cc2 Ok Ok Ok Ok Ok Ok Ok Ok 0.0%
C3 Ok Ok Ok Ok Ok Ok Ok Ok 0.0%
C4 Ok Ok Ok Ok Ok Ok Ok Ok 0.0%
C5 Ok Ok Ok Ok Ok Ok Ok Ok 0.0%
C6 Ok Ok Ok Ok Ok Ok Ok Ok 0.0%
C7 Ok Ok Ok Ok Ok Ok Ok Ok 0.0%
C8 Ok Ok Ok Ok Error/1 Ok Ok Error/2 25.0%
C9 Ok Ok Error/1 Ok Ok Ok Ok Ok 12.5%
C10 Ok - - Ok Error/2 | Error/1 - - 50.0%
c1ul Ok Error/2 | Error/1 - Error/2 Ok Error/2 | Error/1 71.4%
C12 Error/1 Ok - Ok - Error/1 - - 50.0%
C13 - Ok Ok - - - Ok - 0.0%
Cl14 Ok Ok Ok Ok Ok Ok Ok Ok 0.0%
C15 - - - - - - - - -
Cle Ok Error/1 Ok Ok Ok Ok Ok Error/4 25.0%
PER 7.7% 7.7% 0.0% 0.0% 0.0% 0.0% 9.19 0.0%
FER 9.1% 27.3% 16.7% 0.0% 18.59 14.3% 22.2% 35.0%

For further analysis, we divide the sixteen coristsanto three larger groups as follows. C1 thioug
C7 enforce the correct usage of the main constrofciocess, tier, actor, and product flow, without
specifically considering their interrelation. C8da®9 check the correct usage of the construct of
management process, thbisurce Make andDeliver. Finally, C10 through C16 assess the correct usage
of the construct of product specificity. We aggiteghe verification results accordingly in Table 4.
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Table 4. Results of model verification per constrgiroup.

Constraint Group TD1 TD2 TD3 TD4 TD5 TD6 TD7 TD8 CER

Usage of the constructs @
process, tier, actor, and | Error | Error Ok Ok Ok Ok | Error Ok 37.5%
product flow

Usage of the construct of

Ok Ok Error Ok Error Ok Ok Error | 37.5%
management process

Usage of the construct of

0,
product specificity Error Error Error Ok Error Error Error Error | 87.5%

5.3 Discussion

The results presented in Table 3 and Table 4 rachumber of observations. First, we found eriroed|

but one model. However, the error-free model TDdmst from the transport logistics in which all
processes are of make-to-order specificity and anufacturing takes place. TD4 thus contains only S2
and D2 processes, which describe a product flow wit branches. This could limit the appearance of
syntactic errors. On the other hand, each errangroodel violates two or three constraints.

Second, as shown in Table 3, the highest CER isrtexgh for C11 (71.4%), C10, and C12 (both at
50.0%). All three constraints relate to the usdgaraduct specificity as a determinant of linkedgasses
from Sourceto Deliver or Deliver to Source In general, product specificity appears to be st
ambiguous construct of SCOR, since Table 4 reuvalsits aggregated CER is as high as 87.5%. In the
other two constraint groups, errors are found nedlout of the eight models. The management process
construct was used falsely as well: Two models aiard sequence dflakeDeliver-Makeas shown in
Fig. 7, whereas onlyWake-Makewould be correct. One model arranged two actoeds #xchange
products within the same tier instead of separdtieq into two different tiers (TD3, shown in F&).

When interpreting the results, in particular thiatieely high error rates, we must be aware of the
sample size. Since our sample is too small foh&urstatistical analysis, it did not allow us t@yde
evidence in terms of factors that affect the erabe of a particular model. However, we believd tha
initial findings suggest some ambiguity in the &rig body of knowledge that is available to supgitain
designers. This knowledge ranges from the SCORmentation and supplementing training material to
other references and software tools. We also faurats in the two models that originated directtynfi
the SCOR organization, which were presented a5@®R Fall Conference 1997 (TD7, TD8).

The proposed methodology and the prototype suadBssfetect errors in SCOR models. These
errors must be corrected by the supply chain desidyext, we illustrate how our approach can asisest
designer in correcting incorrect models. We haveotwsider that often several alternatives exisfikimg
the errors, from which the designer has to chobseatternative that matches the desired struckoe.
instance, the model in Fig. 5 shows for the OEM die invalid link between the D2 process and the S1
process of the Warehouse tier. There exist at teastlternatives for the designer, i.e., eithedifyong
D2 to D1 or modifying S1 to S2. We can automaticgtnerate these alternatives and present thelne to t
designer by deriving a rule from the formal defontof C11 as follows: For each flota(p;, p) in error
class C11, modify the model as follov3CM(PC(p))):={ Stock T CJCM(PC(p;))):={ Retail}.
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Fig. 7. Incorrect use of the management processtreart in model TD5 (left) and TD8 (right).

In this way, we are able to construct rules forrgwmnstraint (by enumerating the alternatives that
are offered by the constraint) and present theratves to the designer to choose from. A praktica
limitation of this repair approach is that fixing particular error may cause subsequent errors. For
instance, if the designer changes the S1 procefiseofVarehouse tier (Fig. 5) into S2, the link t® i
succeeding D1 process becomes invalid (violatiorcaristraint C12). These cascading errors could
propagate both upstream and downstream the suppin @nd thus arriving at a correct model maybe
somewhat cumbersome. Therefore, assisting the ragsig developing correct models from the start is
another direction to take by proactively providisgggestions for linking processes to prevent errors
Next, we outline how the deduced constraints canseel for assisting the designer in this task.

We consider an upstream design in which the desidefines all the tiers, adds processes to the
right most tier, and then places linked proceseethé upstream tiers. For instance, the right rtiest
contains a single S2 process denote@hywith PC(p1)={S2 and N(PT(p1))=1. Two other tiers exist.
The question is what kind of procesgsmay link topl by the flowfl=(p2, p1)? We can generate all
valid answers by analyzing those constraints treatancerned with flows into S2 processes:

— Constraint C8 is not relevant, because it onlytesldo flows inside an actor. Constraint C9 allows
flows into Source processes fronDeliver processes of preceding tiers. Therefore, we use th
definition of this constraint and add an axiomhe tesign spacePC(p2):={D1} U PC(p2):={D2} U
PC(p2):={D3} OPC(p2):={D4}) U(N(PT(p2):=2 ON(PT(p2)):=3).

— Constraint C10 helps us in suggesting the rightlpcospecificity ofp2, i.e., specificity o2 must be
the same as that pfL. We add to the design spa@SCM(PC(p2))):=CSCM(PC(p1))).

— Next, we can assess the design space, which cop$istio axioms. SincESCM(PC(pl))) is given
in the model a®©rder, we replace the second axiom G§CM(PC(p2))):={ Order}. Therefore, the
design space is further reducedR@(p2):={ D2} 0 (N(PT(p2)):=2 O N(PT(p2)):=3).

Finally, the designer can select from these twaysstions by placing a D2 process as an input for
the S2 process, in either tier left of the custotien In this way, we are able to generate cardida
incoming flows for all the process categories amgigest them to the designer to choose from. We have
illustrated the required analytical steps for tipstteam design only. In case of the downstreangdesi
the analysis would be quite similar, by taking frahe constraint definitions those parts that are
concerned with the succeeding process and congehtém into axioms.
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5.4 Implications

Our research has implications for both the usedsdmvelopers of SCOR. Users should carefully revisi
the existing SCOR documentation and base theirlgugmin design on a formal grammar instead of
being inspired by only the brief descriptions ancrmple models. Otherwise, they are in danger of
developing models that may contain subjective preations of the technique and thus cannot be
exchanged, formally analyzed, and shared with sugiphin stakeholders. This risk would also hamper
benefiting from the two posited advantages of exfee models for supply chain design. The evaluation
results suggest that the product specificity caiestieads to a number of design alternatives that e
carefully evaluated by the user to select a comlesign. At least, its original definition lacksagty to
enable its correct usage. However, the SCM liteeafwovides sufficient underpinning, as discussed i
section 4.4.3, for clarifying the syntax and serntandf processes and product flows under considerat
with respect to product specificity.

Whereas the proposed methodology successfully tdetecorrect models, our research also has
implications for the use of validated models and tlevelopment of decision support systems (DSS)
within SCM. These implications concern the thir@ ease of the SCOR technique (discussed in section
1), namely, supply chain evaluation. The DSS masisathe designer in creating alternative desamts
assessing their performance through appropriatgigaet-or this type of DSS, the proposed artifact
provides not only the formalization for model reggstation and storage, but also automatic genaratio
alternative designs. The difficulty in generatifigaative designs is the sheer number of altereatihat
may result from adding, removing, and modifying leaingle model element (processes, flows, actors,
and tiers). The proposed artifact could be usedafmwering questions such as what downstream and
upstream alternatives exist for a particular precé®r instance, the M3 process in Fig. 1 has three
upstream processes of category S1 and S2. We canage alternatives for either process by utilizimeg
constraint that is concerned with these processmagly, C14. The formal definition of C14 spans the
design space, which consists of two alternativegéch upstream process (S2 and S3 for the S1g%0ce
and S1 and S3 for the S2 process). In this wayptbposed constraints could be used by the DSS for
generating alternative designs and presenting tteethe designer. Similarly, while correcting inwhli
models, each alternative for a particular proceag nesult in subsequent errors, both downstream and
upstream. In this case, the DSS could apply thpairé methodology as described in the preceding
section to avoid cascading errors.

6 Conclusion and Future Work

This research presents a supply chain grammar aalysis techniques for SCOR-based supply chain
design. The grammar adapts SCM constructs and twlagoid making assumptions about supply chain
design that are not justified by the literature.

There are three main results of this work. Fillsis tesearch demonstrates that the SCM literature
provides the rules to be able to effectively restthe design space that is spanned by the SCOR
technique. This research could be extended to supeeerse product flows (return processes),
information flows (plan processes) as well as othaats of the SCOR Model. However, any endeavor
must first clarify the main constructs for primgmoduct flows, which is the main focus of our reska
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Second, our work represents an effort to improeeuhderstanding of supply chain designs across
organizational boundaries. Specifically, it highlig the need to clearly define the formal semanifcs
primary product flows in SCOR, which is missingfao. The initial evaluation suggests that the autrre
adoption of the SCOR technique is negatively impadty its informal description, which leads to efro
prone supply chain designs.

Third, the grammar is an initial step in understagdhe many factors that affect the correctness of
models created, the perceptions of model usersthengerformance of individuals who use these n®del
for solving problems in a particular domain. Spieaity, it is still unknown how a particular errcate is
correlated with factors such as the design envierinfe.g., grammar used, software tool support) and
domain (e.g., industry, size and complexity of tiiegram). These effects could be studied by
incorporating the general findings from conceptuabeling research [40].

Our future work will use the deduced supply cha@ngmar to study the factors that affect the extent
to which model users understand the domain sensatfitit is conveyed in a thread diagram. Our current
study suggests that the original version of the R@@ammar, which is provided in the SCOR handbook,
causes difficulties for effectively defining mapgs between real-world phenomena and their
representations. For instance, the original gramlaeks rules that guide designers how to connect
processes under consideration of the supply claitegt. These rules were added by deduction fram th
existing SCM literature. Positing that deficiencieshe grammar exist, we plan to empirically vatielin
a laboratory experiment, the effects of such deficies on the user’s problem solving performancenwh
using models generated from the grammar.
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