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Abstract— In a multi-disciplinary engineering project, such as
the parallel engineering of industrial production plants, domain
experts want to efficiently monitor project-level constraints that
depend on technical parameter values in local engineering mod-
els. However, the heterogeneous representations of constraint
parameters in these engineering models make the automation of
constraint monitoring difficult. In this paper, we introduce the
multi-model dashboard (MMD) process providing semantically
integrated values of parameters and of constraints to domain
experts, as parameter values in various local models change dur-
ing the project. The tool-supported MMD process guides the
definition and monitoring of MMD parameters and constraints.
We evaluate the effectiveness and efficiency of the MMD process
in a feasibility study with requirements and data from real-world
use cases at industry partners. Major results are that the MMD
process was effective and efficient in eliciting relevant project
constraints and model dependencies and in providing data for
change impact analysis.

Keywords—Software Engineering Methods in Automation, Se-
mantic Data Integration, Change Impact Analysis, Engineering
Process Observation.

I.  INTRODUCTION

Large-scale software-intensive production systems often
consist of multiple heterogeneous and loosely coupled systems,
which work together as a system of systems (SoS) [13]. In the
context of a multi-disciplinary engineering project, like the
parallel engineering of industrial production plants, domain
experts develop comprehensive engineering models in a variety
of tools and data formats.

To cope with the complexity of current production systems,
domain experts use sophisticated system performance
measures in their engineering models. Key performance indica-
tors (KPIs) provide feedback to decision makers to improve the
system performance, make strategic decisions, or report on
processes [24]. Depending on the application context, KPIs can
include performance measurements with focus on project and
quality management issues (e.g., project schedule, maturity of
artifacts, or budget), technical constraints (e.g., power con-
sumption limits), or process-related goals (e.g., throughput of
production items). While the KPI calculation is routinely con-
ducted during system operation, system design decisions sig-
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nificantly affect the performance of the development process.
Technical, economic, and ecological limits can be observed by
accumulating independent local engineering model parameters,
e.g., the limit of a building foundation can be compared to the
sum of masses of independently designed production equip-
ment units [24]. However, this task can become difficult, if the
domain experts involved use heterogeneous data models [20].

The domain experts, who engineer the production system,
independently take local design decisions on critical parame-
ters, such as KPIs, during parallel work, but need to ensure a
valid solution on project level, defined by constraints depend-
ing on the parameter values in local models [24]. Some con-
straints represent significant risks for plant engineering and
project management, if a constraint violation manifests late in
the project, as the constraint violation may incur significant
design changes and extra work to deliver satisfactory overall
results [1].
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Fig. 1. Challenges and Needs in SoS Engineering Environments.

Figure 1 illustrates challenges in a SoS engineering envi-
ronment with a heterogeneous landscape of engineering models
and tools we found in projects at industry partners in the con-
struction of hydro power plants and steel mills. Figure 1 (left
hand side) shows domain experts, who define local models in
their private workspaces, e.g., their local file systems, with a
multitude of documents that contain a variety of data formats
and parameters, which may be relevant for other project partic-



ipants. An example is the project manager (on the right hand
side), who gets reports on the progress of the project on the
engineering level only infrequently, which makes it hard to
address technical and project management risks early.

Risk management on project level can benefit from a cen-
tral control platform, i.e., an engineering dashboard, which
efficiently and quickly provides the values of parameters and
of constraints, as parameter values in various local models
change. However, the heterogeneous representations of con-
straint parameters in these engineering models make the effec-
tive and efficient automation of constraint monitoring difficult.
There are tool chain solutions that propagate in the engineering
process all results in bulk at the end of an activity. However,
this kind of change propagation is usually not well suited to
propagate updates of selected model parameters frequently
during the engineering activity due to the propagation overhead
and the volatility of data extraction from complex and hetero-
geneous local models. In the context of distributed configura-
tion of multi-product lines [14] for industrial production sys-
tems the Decision Board, a light-weight monitoring approach
for monitoring configuration parameters based on human re-
porting has been found effective for eliciting dependencies
between product line models [13], which represent major risks
to achieving KPI goals in case of inconsistencies.

In this paper we introduce the Multi-Model Dashboard
(MMD) approach, which extends the Decision Board approach
[14] by adding the concept of constraints, formally defined
using shared model parameters, and by automating the data
extraction of parameter values from heterogeneous data
sources with semantic data integration. The tool-supported
MMD process guides the systematic definition, design, moni-
toring, and evaluation of MMD parameters and constraints,
visualized on the MMD. A dashboard provides the semantical-
ly integrated values of parameters and of constraints to the do-
main experts, as parameter values in various local models
change during the project. We evaluated the effectiveness and
efficiency of the MMD process steps and the prototype tool
support in a feasibility study with requirements and data from
real-world use cases at industry partners. Major results of the
evaluation are: the MMD process was effective and efficient in
eliciting relevant project constraints and interdisciplinary mod-
el dependencies as well as providing data for change impact
analysis in the evaluation context. As a result, the project par-
ticipants can be notified on changes that are likely to have im-
portant impact on the success of their work.

The remainder of this paper is structured as follows: Sec-
tion Il summarizes related work on risk management, con-
straint awareness in multi-model industrial plant engineering,
and data integration in heterogeneous engineering projects.
Section III motivates the research issues and approach. Section
IV presents the MMD process and tool support. We present the
results of the feasibility study in Section V and provide a dis-
cussion in VI. Finally, Section VII concludes and suggests fu-
ture research work.

II.  RELATED WORK

This section summarizes related work in risk management,
the Decision Board approach, and semantic data integration
that provide foundations for the MMD approach.

A. Risk Management in Heterogeneous Engineering
Environments

Successful engineering projects require the collaboration of
engineers and the synchronization of planning documents and
data between heterogeneous engineering models [17]. Distrib-
uted and heterogeneous data models hinder efficient collabora-
tion and data exchange and intensify risks, which typically
arise in case of changes in planning documents [1], and defects
that occur if data models are not linked seamlessly.

Risks and defects come from common concepts (i.e., data
sets used for linking data models in heterogeneous Systems-of-
Systems (SoS) environments) on project level that do not map
to local representations (i.e., data represented in local tool solu-
tions and data models) [13][14]. Further, loosely coupled tools
and data models hinder efficient change management and
change monitoring and may become inefficient, error prone,
and costly due to the need for manual synchronization by do-
main experts [17]. In addition, the awareness of potential
change impacts in a SoS environment can become fuzzy be-
cause of a lack of visibility and traceability related to changes
in local representations [12].

Risk management is a crucial part of engineering projects,
to identify and mitigate risks [1]. Several risk management
approaches have been published and are used in practice. For
instance, the RiskIT approach provides a process for risk man-
agement in software engineering [16]. Methods, e.g., the Fail-
ure Mode and Effect Analysis (FMEA) [5] or the Defect Caus-
al Analysis (DCA) [17] are used to identify risks and root
causes early in the development process. However, process,
method, and tool support can facilitate risk management but
strongly depend on engineers, experts, and teams. As the
stakeholders are experts in their own domain, but not in related
domains, it is not possible for them to track the changes in the
engineering and planning documents of their partners. Even the
monitoring of their own set of complex set of engineering
models is tiresome and prone to errors as the relevant engineer-
ing parameters are often dispersed over several model parts.

In addition, inconsistencies between models are necessary
and can be tolerated in some project phases, but are risks or
defects in other project phases. If important design parameters
change in a way that breaks design constraints, which were
agreed with a project partner, the timely notification of the
partners helps mitigating the risk of costly design rework later
in the project. To support the timely awareness of engineering
project stakeholders, an approach is required, which supports
in a SoS context both, loose coupling and sufficient awareness
based on explicit dependencies between multi-model design
constraints for traceability and decision support for identifying
and analyzing the impact of changes.

Therefore, we see a strong need to support engineers in bet-
ter identifying and mitigating risk by providing an approach
that efficiently enables engineers (a) to become aware of de-



pendencies between engineering models that are not obvious,
(b) to selectively observe critical project parameters (e.g., elec-
trical power consumption), and (c) get knowledge on the
source of a violation of critical constraints, caused by an indi-
vidual discipline.

B. Awareness of Constraints in Multi-Model Industrial Plant
Engineering Environments

Industrial plants are often systems of systems (SoS) com-
prising highly-complex heterogeneous systems. As the individ-
ual systems are interconnected, SoS constraints frequently af-
fect multiple systems and need to be analyzed carefully [13].
As domain experts usually focus on their individual subsystem,
they lack awareness of constraints and dependencies to other
systems within the SoS. Ignoring these dependencies can result
in broken interfaces and invalidly configured systems due to
unsatisfied and/or violated constraints.

The Decision Board approach [14] supports engineers of a
SoS in uncovering implicit dependencies between systems
within a SoS. The individual systems are represented as dedi-
cated product-line variability models and have well-defined
interfaces for configuration and setting as well as getting pa-
rameters, e.g., the number of strands in a steel mill. The Deci-
sion Board approach increases the awareness of the engineers
as it enables them to browse through the parameters of other
systems part of a SoS. Due to the awareness of configuration
parameters of dependent systems, an engineer can recognize a
dependency between a specific configuration parameter of an-
other system and a parameter of his system. As such a depend-
ency can be seen as a simple consistency constraint; it can be
modeled explicitly and thus can be monitored continuously to
immediately detect the violation of such a consistency con-
straint due to a change on one side that was not propagated.
While the Decision Board does not consider advanced con-
straints or the integration of data from heterogeneous sources,
it can provide the foundation for enabling multi-model man-
agement capabilities.

C. Data and Tool Integration in Engineering Environments

Providing integrated data efficiently is a success-critical
capability to manage a project in a distributed and heterogene-
ous engineering environment. The interchange standardization
approach [26] was found effective [1] to provide semantic data
integration capabilities following the steps: (1) identify a data
model of common concepts, which allow answering relevant
queries on project level; (2) elicit the data models of heteroge-
neous local data sources; and (3) define mappings between the
common data model and the local data model elements in an
ontology; and (4) apply the data transformation capabilities of
semantic web technologies [11] to provide the integrated data.

Since data can be stored in various data formats, including
relational databases, text files, XML files, spreadsheets, and a
variety of proprietary storage formats, each with their own in-
dexing and data access methods, a uniform way of accessing
the content is important for efficient processing of data in het-
erogeneous tool environments. Technologies like Service Data
Objects [25] or Web Data Objects help to unify data program-

ming for handling heterogeneous data sources of a tree struc-
ture type in SOA' environments.

The integration of tools is a prerequisite to build tool chains
in an engineering environment [3]. Widely used tool integra-
tion designs use message-based patterns [15] to connect tech-
nically heterogeneous and distributed systems. The communi-
cation between these systems can be based on events and/or on
request-response strategies. “Message-oriented Middleware”
systems and the “Enterprise Service Bus” (ESB) concept [6]
can provide the infrastructure for physically and logically con-
necting heterogeneous systems. Technical integration features,
such as message processing and a service registry [1], represent
the foundation for engineering process services on project or
domain level [23] and enable change monitoring and risk man-
agement in a distributed and heterogeneous engineering envi-
ronment [4].

III. RESEARCH ISSUES

Key requirements for the efficient monitoring of agreed
project-level constraints in a multi-disciplinary engineering
project across several engineering models and disciplines early
in the project include the capabilities to define, extract, and
accumulate the technical parameters as building blocks for
constraints. However, due to the distribution of the parameters
on heterogeneous data sources, the definition of parameters,
dependencies, constraints, and the collection of parameter val-
ues to evaluate constraints can take significant time and effort
without appropriate process and tool support.

The Decision Board approach [14] has been found effective
for eliciting parameters and propagating parameter changes
among multi-product-line models, but does not consider the
definition of advanced constraints and relies on human-based
reporting. Therefore, we introduce and investigate the Multi-
Model Dashboard (MMD) approach as an extension of the
Decision Board approach, supporting in a system-of-systems
context both loose coupling and sufficient awareness for ex-
plicit traceability of constraint values. The name of the MMD
comes from the dashboard capability to provide an integrated
view on constraint and parameter values coming from several
heterogeneous engineering models as data sources. From the
key requirements in industry projects we derive the following
research issues (RIs) for the MMD process and tool support.

RI-1: Multi-Model Dashboard Process. The main ques-
tion is how to design a process to support stakeholders in effec-
tively and efficiently defining, extracting, accumulating, and
observing critical project and process parameters in heteroge-
neous engineering environments. To address this issue, we
propose the Multi-Model Dashboard (MMD) process for (a)
defining design constraints based on parameters from hetero-
geneous engineering models and (b) for efficient monitoring of
parameter changes and the impact of these changes based on
semantic data integration. We evaluate the process steps in a
feasibility study with requirements and data from real-world
use cases in the context of engineering industrial production
facilities such as power plants and steel mills.

"' SOA: Service-Oriented Architecture.



RI-2: Tool Support for the MMD Process. The second
research issue focuses on investigating mechanisms to auto-
mate the MMD process, i.e., how to provide mechanisms to
support the process. From the initial MMD process need analy-
sis (see Figure 1) we derive the following solution require-
ments for effective and efficient tool support.

1. Team workspace for defining parameters and constraints.
The team workspace is to provide a simple mechanism to
allow the definition and negotiation of parameters and con-
straints for defining change awareness based on common
concepts shared in the team on project level.

2. Data collection and integration. To collect the parameter
values from the local heterogeneous engineering models,
there is a need for (a) specifying the location and format of
each parameter in the local model; (b) a mechanism for col-
lecting versions of local model updates; (c) a mechanism
for data extraction from the local model; (d) a function for
the semantic transformation [11] of local parameter values
into the common concept format on project level; and (e)
an evaluation mechanism to calculate the value of defined
project level constraints based on the parameter values.

3. Dashboard of project level constraint values. To inform all
project stakeholders on the project level status of selected
parameters and constraints that are relevant to them, there is
a need for (a) a project level dashboard holding all analysis
results and (b) a tailored dashboard for each role with se-
lected analysis results to assess the impact of the distributed
changes on the project level.

We build on the EKB approach [4][22] and evaluate the
MMD tool support with respect to these requirements regard-
ing the effectiveness to support an overall useful and usable
change impact monitoring process.

IV. THE MMD PROCESS AND TOOL SUPPORT

This section describes the MMD process and tool support
to address three core requirements derived from industry part-
ner needs: (a) parameter and constraints definition; (b) correct
and efficient data collection and interpretation; and (c) appro-
priate notification of stakeholders.

A.  The Multi-Model Dashboard Process

The Multi-Model Dashboard (MMD) process adapts the
Decision Board approach by Holl ef al. [13][14] in the scope of
a multi-disciplinary engineering project environment. The
MMD process specifies needs for support mechanisms and is
independent of a concrete technology.

Project Level

1 Definition Phase: 4 Evaluation Phase: 5 Publication Phase:

1a. Parameter |¢— 4a. Parameter —p Notification of

1b. Constraints 4b. Constraints Constraint violations
A A
3 1

A 4 |
2 Mapping Phase 3 Monitoring Phase
Local vs. common —p Observation of critical
representations parameters

Local Engineering
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Fig. 2. MMD Process Approach.

The MMD process consists of five basic steps (see Figure
2), their inputs and outputs, stakeholder roles, and required
mechanisms. Steps 1, 4, and 5 concern the project level, and
steps 2 and 3 focus mostly on local engineering data sources.

la. Parameter definition. All involved project stakeholders
may define parameters that seem important to evaluate project-
level constraints. The parameter definitions are based on com-
mon concepts [4] that are shared in the project team, e.g., sig-
nals in the context of hydro power plant engineering projects.
Stakeholders can publish parameters that they can provide
from their local models or can request from other stakeholders
to provide parameters. Basically, parameters can be used and
observed as they are provided or can be aggregated to project-
level parameters (e.g., accumulating the maximum weight or
power consumption). Advanced parameters can be calculated
from available parameter values. The elicitation of parameters
can be done informally or can follow a structured approach,
such as the EasyWinWin method [10]. Output of this step is a
list of parameters that stakeholders are willing to publish, so
others can subscribe to these parameters based on a request-
publish-subscribe interaction design pattern [8] (see also Figure
3 for an example). Note that this step can be repeated, if engi-
neers need to define additional parameters or constraints later
in the project. A required mechanism for this step is a team
workspace that allows the definition and negotiation of param-
eters on project level.

1b. Constraint definition. Based on defined parameters de-
rived from step la, stakeholders can define constraints as for-
mulas [7], which allow determining a Boolean value. If con-
straints need parameters, which are not yet published, the
stakeholders can go back to step 1a. Output of this step is a list
of constraints that stakeholders can subscribe to (see also Fig-
ure 3). The mechanism requirements are similar to step 1a.

2. Linking parameters to local representations. Each stake-
holder, who published a parameter, has to provide a specifica-
tion in his local data source, on how to find and measure this
parameter, e.g., a specific position in an engineering artifact or
document and the semantic meaning of the parameter value. In
addition, he has to specify whether/how a parameter has to be
transformed between the local data model and the shared
(common) concept on project level, e.g., type conversion, split-
ting of a string, or an algorithmic transformation. Output of this
step is for each parameter an access and a transformation speci-
fication, which can be implemented. These specifications
should be robust to the change of the local engineering model,
e.g., named spreadsheet cells are more robust to change than
hard-coded cell coordinates. Required mechanisms are lan-
guages for the specification and transformation of the location
and format of each parameter in the local engineering model.

3. Change monitoring in local engineering models. Project
stakeholders have to agree on mechanisms to detect relevant
changes in local engineering models. An example for a simple
mechanism is to save a copy of a changed model in a moni-
tored folder in the team workspace. More elaborated mecha-
nisms include a project repository with version management or
a change monitor in the private engineering environment,
which automatically publishes changed models, which the
stakeholder wants to share, to the team workspace. Output of



this step is a collection of changed local models in the team
workspace.

4a. Parameter evaluation. Based on the specification of the
parameter location in the local engineering model, an appropri-
ate data sensor can extract the parameter value from the engi-
neering model. Based on the specification of the transformation
between local and common concepts, the local parameter value
can be transformed into the value of the shared concept on pro-
ject level. For example, the value of the mass of an equipment
unit can be extracted from a spreadsheet, can be transformed as
necessary, and can be published to the MMD. Output of this
step is a list of published parameters, their values, and an indi-
cation when a parameter value has changed the last time. Note,
that the history of values is available to enable backtracking to
specific plan versions. Required mechanism is an infrastructure
for running the data sensors and for holding the states of pa-
rameters and their changes.

4b. Constraint evaluation. Based on the list of changed pa-
rameter values, the constraints that use these parameters have
to be re-calculated to detect violations (see also [12]). Output
of this step is a list of published constraints, their values, and
an indication when a constraint value has changed or been vio-
lated the last time. Required mechanism is an infrastructure to
calculate constraints running the constraint specification lan-

guage.

5. Publication of constraint/parameter values. The evalua-
tion results of constraints and parameters can be published on
project level on a Multi-Model Dashboard (see Figure 3 for a
conceptual overview and Figures 5-7 for sample snapshots of
the prototype implementation). In addition, project stakehold-
ers can have their private role-specific view on the values of
the constraints and parameters they subscribed to. A stakehold-
er can also specify how she wants to be informed [9], in case of
constraint violations, e.g., immediately or just in a digest report
at the end of a period. Output of this step is a set of dashboards
with selected constraints/parameters and their values. Required
mechanism is an infrastructure for publication and subscriber
notifications.

B.  Description of Evaluation Use Cases

In multi-disciplinary engineering projects, such as produc-
tion or automation systems design, several expert roles — com-
ing from various disciplines — have to collaborate. For instance,
the engineering of an industrial production system requires at
least the collaboration of and information exchange between
mechanical engineers (MEs), electrical engineers (EEs), soft-
ware engineers (SEs), and building engineers (BEs). During
the engineering process, complex and heterogeneous local
models are used by discipline-specific experts, which are hard
to understand by collaborating domain experts.

In a typical project, domain experts set up a "collaboration
contract” defining a common design space based on shared
parameters and related constraints to enable the concurrent
design of the solution and the observation of critical project
parameters. Individual domain experts can work within their
private workspaces, e.g., BEs define construction plans, SEs
implement PLC code, EEs design wiring concepts, and MEs
plan the layout of machines and tools of the planned system.

To enable the observation of critical project parameters across
individual engineering disciplines, collaboration contracts also
include constraints that focus on typical settings of key pa-
rameters regarding technical, economic, and ecological limits.
Constraints may be defined by parameters like length (m), size
(m? or m®), mass (t), heat radiation (°C/°K/kW) or power con-
sumption (kW), maximal noise level (db), available resources,
project phase, and time. For instance, while the building foun-
dation limit depends on the accumulated mass (t) of equipment
units needed in the production system, the BE has to consider
cooling capacities (kW) that limit the capacity to address the
energy radiation (kW) of deployed devices.

Some constraints represent significant risks for plant engi-
neering and project management, if a constraint violation mani-
fests late in the project, as the constraint violation may incur
significant design changes and extra, which exceeds the
planned project budget or schedule. A single change in a disci-
pline may trigger a chain of adaptations in other disciplines,
which finally test constraint limits. While parameter values are
defined by independent contributors from several disciplines,
the implication among disciplines is not always clear, leading
to avoidable rework in later project phases. Therefore, project
stakeholders would like to evaluate defined constraints as early
as possible for each relevant change of a local model.

Based on observations and discussions with our industry
partners, we identified a set of four illustrative use cases (UCs)
and scenarios that can benefit from MMD process applications
because of early identification of constraint violations.

Automated process monitoring of a production system
simulation (UC-SI). Because the capacity of conveyors is lim-
ited a process engineer has to observe the workload of convey-
or belts for manufacturing process planning, derived from pro-
cess constraints (e.g., throughput or cycle time).

Manufacturing plant design and construction (UC-DE).
Because of building foundation restrictions (e.g., maximum
mass of a base plate or dimensional constraints) the production
hall is capable to hold only a limited number of equipment
units, defined by independent contributors. System architects
need to collect data from contributors and check whether or not
the defined physical constraints are violated. In addition, the
cooling power limit has to be considered, e.g., impact of the
process design on heat radiation.

Electrical systems design (UC-EL). Various constraints,
e.g., power consumption and physical characteristics of wiring,
have to be observed by electrical engineers and configuration
managers.

Project effort and cost monitoring (UC-PM). In distrib-
uted engineering projects involving different organizations, the
overall project effort has to be tracked. Thus, project managers
require aggregated data (derived from project participants) for
project planning and control.

Common to all use cases and scenarios — on a more generic
level — is the need for observing critical project parameters on
project level, derived from contributors coming from various
disciplines. The manual synchronization of these data typically
requires additional effort and tends to be error prone and in-
duces avoidable project risks.
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Fig. 3. Multi-Model Dashboard Process — UC Scenario with Contributions.

Based on Figure 1, presenting challenges motivating the
MMD approach, Figure 3 illustrates an example use case sce-
nario in the area of project management in more detail
(UC-PM): On the left hand side several domain experts (engi-
neers) use a multitude of heterogeneous and complex models in
their private workspaces. On the right hand side the Project
Manager (PM) needs to be aware on critical project constraints,
e.g., project effort. In the central part, i.e., the team workspace,
represented by the Multi-Model-Dashboard, all related project
stakeholders can define, request, and publish project parame-
ters (see the green numbered circle 1a in Figure 3) that are rel-
evant for their individual needs or that are used to identify risks
if projects constraints are violated. In this example, the PM
needs to track the overall project effort in a distributed envi-
ronment involving different organizations. Thus, the PM can
define a constraint that aggregates individual working effort to
a common project effort (e.g., “turbine.design.effort below
limit”) (1b). As soon as a stakeholder submits an update of a
model containing the working effort to the team work space
(2a), the observed parameter gets extracted and evaluated au-
tomatically (2b). Subscribers of parameters and constraints get
notified automatically, if there is a change of a specific value
(3). Note that the individual steps of the MMD process are
represented in the MMD dashboard, supporting all features
required by the process description. In addition, note that the
concept of the MMD process also applicable to a variety of use
case scenarios, e.g., UC-SI, UC-DE, and UC-EL.

C. Tool Support for the MMD process

This section describes the main architectural components of
the prototypically implemented mechanisms required by MMD
process steps, which fulfill the requirements of the presented
use case, described in Section IV-B. Consequently, the tool
support is likely to vary depending on the application context.

Private Expert Workspace. Figure 3 illustrates the private
workspaces of two domain experts with their local technology
for planning and simulating engineering models, e.g., office
and application-context-specific tools.

Team Workspace. The team workspace enables the ex-
change of software artifacts and data values among team mem-
bers. The functionality of the supporting mechanism can be
provided by solutlons Wthh facilitate the versioning of stored
artifacts, e.g., SVN? or Git’.

Specification Language for Parameters. Figure 3 presents a
list of parameters (see 1a) in the team workspace linked to lo-
cal representations of these parameters in domain expert mod-
els and documents within the private expert workspace. We
used Java for the specification of the parameter types and
names to enable an efficient description of calculation formu-
lae for constraints. The specification of data sensors to access
local parameter representations depends on the technology
used, e.g., XPATH for accessing XML-based files or XLS
range for cell areas in spreadsheets solutions. An example for
the data extraction of a specific parameter using the local data
sensor is the contract for an interface parameter between a me-
chanical engineer and a software englneer using the IEC61131-
3 representation. An XPATH statement” could check changes
on a specific parameter specification relevant for both roles. An
important issue is to keep data sensor specifications robust
against changes in the local model; for instance, applying loca-
tion independent identifiers (e.g., bookmarks) instead of con-
crete value identifiers (e.g., cell coordinates) in a spreadsheet
solution.

Constraint specification language. Figure 3 shows a list of
constraints based on the published parameters (see 1b). The
constraint specification language should be compatible to the
parameter specification language. We used JavaScript and
Java to support the definition of constraints both in web-based
and rich-client environments.

Data transformation language. In order to provide a con-
sistent project view to project members mapping local parame-
ters to common concepts on project level has to be performed.
The prototype [22] used ontology-based transformation be-

2 Subversion: http://subversion.tigris.org/

* GIT: http://git-scm.com/

* Sample XPATH Statement: //ppx:project/ppx:instances/ppx:configurations/
ppx:configuration/ppx:resource/ppx:task[@name="CtrlT']



tween Java classes that represent common concepts and local
parameters [18][21]. An example for a common concept (see
Figure 4) is a so-called signal that identifies overlapping model
areas and thus bridges the gap between disciplines like soft-
ware, electrical, and process engineering on team level. Local
parameters of a PLC programming environment are correlated
via the common concept “signal” with variables in engineering
tools for electrical planning or hardware configuration.

Mechanical & process
properties

1"‘! Software (SW) properties,
e.g., Logical Behavior

Process Engineer

Electrical

Enginesr ﬁ]
Software
Engineer

Electrical properties, e.g.,
Transmission lines.

Fig. 4. Local Representations mapped on Common Concepts [22].

Parameter Change Monitoring. Changes in local work-
spaces need to be made available to other team members to
enable efficient collaboration. The prototype used a Git reposi-
tory to version software artifacts and to automatically raise
notification events on changes on any file stored in the reposi-
tory. Built-in mechanisms (i.e., GitHooks’) enable triggering
additional operations based on executed Git operations, such as
a “Git commit”. Triggered operations were implemented in
Python to copy changes in local models from the private expert
workspace to the team workspace.

Run-time environment. The components of the prototype
(such as data sensors and constraint evaluation) were deployed
in the Automation Service Bus (ASB) [2][3][19] context, which
aims at integrating engineering tools with complex models
from heterogeneous engineering disciplines. The ASB is im-
plemented in Java and provides a web-based dashboard as end-
user interface. Additionally, the ASB facilitates application
notification mechanisms (e.g., e-mail and ticketing) to notify
relevant project members in case of constraint violations.

V. EVALUATION

This section presents (a) a feasibility study of the MMD
process and tool support and (b) an initial cost/benefit consid-
eration of the presented approach in comparison to traditional —
manual — project parameter and constraint evaluation. Based on
a derived set of use cases and scenarios (see Section IV.B) we
implemented the MMD approach and present the individual
steps of the process with respect to a selected use case, i.e., the
UC-PM, to support project managers in project effort monitor-
ing and control. To evaluate costs and benefits we elicited cur-
rent needs and estimations from domain experts at the industry
partner, who are responsible for engineering and project man-
agement of large-scale hydro power plant projects. Traditional-
ly, the observation of critical project parameters and constraints
is based on manual data capturing by requesting individual data
from involved stakeholders and aggregating them with spread-

5 GitHooks: http://git-scm.com/book/en/Customizing-Git-Git-Hooks

sheets functions to enable a complete view on the project and
the individual states. The application of the MMD process ena-
bles project managers to efficiently capture and analyze data
from heterogeneous sources.

A. Feasibility Study

The MMD process aims at bridging the gap between heter-
ogeneous, distributed, and loosely coupled tools and the data
models on project level. We evaluate the basic concept of the
MMD approach by following the steps of the MMD process
description (see Section IV.A and Figure 2).

Step la. Parameter/Variable Definition. Individual stake-
holders define critical project parameters that are relevant for
observation. Table 1 presents an overview of selected relevant
parameters used in the conceptual evaluation and related data
to be observed.

TABLE L UC OVERVIEW AND SELECTED PARAMETERS.
Use Case Parameters Related Data
UC-SI Throughput, Items per time interval, duration,
Cycle Time number of items
UC-DE Maximum weight Capacity of basement, individual
and applied weight ~ weights of equipment

Cooling power
needs and capacity

Cooling capacity, heat radiation of
machines

UC-EL Power consumption ~ Power needed by equipment, overall
and needs power available
UC-PM Time and project Individual milestone planning, work-

plans and effort ing effort per person/artifact

Note that we refer to UC-PM for the evaluation of the
MMD process approach in the remainder of this section. Data
and parameters are available in various documents (i.e., local
representations in private work spaces) such as planning doc-
uments in various file formats (e.g., XLS, DOC, PDF, or TXT).
To enable the observation and aggregation by other stakehold-
ers, selected data have to be submitted to the team workspace,
a Git repository in the context of the evaluation. Next, individ-
ual parameters/variables that should be available for reuse and
observation have to be defined.

Dashboard Evaluation  Nofifications  Variables  Constraints

Violations 1 Notfications 2

Variables Detailed Information

Variables * Variable
Owner Updated Name Type Actions Name

180214 00:37  Status of task AHY143 Type TEXT
18.02.14 09:37

Status of task AHY143

2/18/14 9:37 AM

Howard Richard

Hourly Rate Manager NUMBER. @ Updated

Howard Richard 1802140937  Hourly Rate Engineer NUMBER @ Creator Cooper Marie

Value in progress

Gray Adam 18.02.1400:37  Hours Engineer2 K44 NUMBER ®

Gray Adam 18.02.1409:37  Hours Engineert K4 NUMBER

Location

List of Available Parameters / Variables Filetype XS
Path =3I milestones
{1 Sprint_2013-10-28.xis

Sheet Sheett

Gell E20

Fig. 5. Parameter / Variable Definition and Subscription.

Figure 5 presents a sample snapshot of the tool prototype
that shows (a) the list of available parameter (left hand side)
and (b) detailed information on the selected parameter (right
hand side). Details include variable characteristics and the lo-
cation within the team work space as well as the data type and



the location within the document; e.g., the status of the task is
available in a spreadsheet in cell E20. In the traditional manual
approach, relevant parameters are implicitly used but not ex-
plicitly documented.

Step 1b. Constraint definition refers to defining detailed
rules and conditions for evaluation, e.g., the target number of
items transported per minute on a conveyor (UC-SI); sum of
individual equipment weights that must not exceed the maxi-
mum load limit of the basement (UC-DE); overall maximum
power consumption as an aggregated value of individual units,
that must not exceed the maximum limit including some buffer
(UC-EL); or the sum of effort per person and milestone (UC-
PM). Individual constraints can be defined by selecting data
sensors, aggregating their parameter values and comparing
them to pre-defined limits. Typically, planning data can be
derived from individual local representations, e.g., a project
plan in PDF in the context of UC-PM. Individual local data are
represented in TXT, XLS, or XML files. Traditional approach-
es include implicit constraint definitions without explicit defi-
nitions; available data are available in similar representations.

Step 2. Mapping of local representations to common con-
cepts. This step refers to enabling a mapping of individual local
data models to common concepts on the team level. We ap-
plied an ontology-based transformation between individual
Java classes to map local representations (in the private expert
workspace) to common concepts (in the team workspace) [19].
This transformation enables domain experts to use their own
local data models. On team level, common concepts are used to
link and aggregate local models and to aggregate parameters on
team level. In the traditional approach this mapping step is
done by experts by identifying and analyzing the related pa-
rameter and variables which requires additional effort.

Observation (Step 3) and evaluation of parameters (Step
4a) and constraints (Step 4b). This central part of the MMD
provides an overview on the selected and subscribed parame-
ters and constraints, including the (a) observation of selected
parameters, i.e., a list of changes on team-level to indicate what
has been updated (and uploaded) by domain experts from local
expert work spaces; and (b) Evaluation of Parameters and Con-
straints.

Dashboard

Evaluation  Nofifications  Variables  Constraints.

Violations 1 Natifications 3

Evaluation Applied Parameters

Variables

Constraints Variables Const

Evaluation Results

Name vaiid | name
Enginest hours K44 within milestons estimate iy w || Milestone KW44 hours estimate 66,0
Engineer2 is not overworked v

Task 'AHY-143' status is done 2

Ta S
Effort overan = 3 Effort gngineers < Effort pianned

Hours Engineer3 KW44 50
Hours Engineer2 KW44 390
Hours Engineert Kw44 220

Parameter Observation and Constraint Evaluation.

Figure 6 presents a snapshot of the MMD tool prototype
with focus on constraint evaluation. On the left hand side a list
of constraints (including color coding) presents the status of the
individual constraint. For instance, a red bar indicates a con-
straint violation: UC-SI: based on the number of items and
time the throughput is too low; UC-DE: the overall weight of
the planned machinery in the production hall exceeds the max-
imum possible overall weight; UC-EL: the aggregated power

consumption is to high; or UC-PM: the current working effort
of team participants exceeds the estimated effort in the project
plan. On the right hand side of Figure 6 details on the affected
parameters are presented, in the UC-PM example the current
effort of the involved engineers. In the traditional approach the
effort for constraint evaluation can be significant in case of
complex data models or data models/formats that are difficult
to process.

Step 5. Publication of Constraint Violations. The last step
of the MMD process includes an active notification of sub-
scribers (i.e., team members, who should be aware of selected
critical project constraint violations). The MMD tool prototype
provides two notification strategies, (a) an E-Mail notification
in case of constraint violations and (b) a personalized overview
on related notifications on the subscribed parameters and con-
straints. Figure 7 provides a snapshot of a role-specific notifi-
cation overview provided by the MMD.

Notifications

Inbox
Created Subject

19.03.14 23:32 Variable Hours_Engineer2_KW44 changed!

d
5}

5}

19.03.14 23:32 Constraint 'Engineer2 is not overworked' value has changed

19.03.14 21:44 Variable Hourly_Rate_Manager changed!

0 QR
E &

19.031421:44 Variable Hourly_Rate_Engineer changed!
Fig. 6. UC-PM: Notification Overview.

This approach enables stakeholders to receive immediate
feedback on critical process parameters in case of changes to
avoid possible project risks. In the traditional approach this
information often takes significant communication overhead.

B.  Cost/Benefit Considerations

To evaluate costs and benefits of the proposed approach,
we interviewed key users at our industry partner to evaluate
effectiveness and effort measures based on their expert
knowledge. Table II presents an overview of the findings for
every step of the MMD process in a selected use case, i.e., UC-
PM. We applied a Likert-Scale (++, +, o, -, --), where “++”
indicates very positive effects and “--* very negative effects.
Positive effects refer to high effectiveness of the individual
approaches and low effort for implementation and application.

TABLE II. COMPARISON OF TRADITIONAL AND MMD PROCESSES.
Process Step Effectiveness Effort
Manual MMD Manual MMD
la  Parameter definition. [ ++ + -
1b  Constraint definition [ ++ + -
2 Linking parameters to - + -- -
local representations
3 Change monitoring in - + - ++
local engin. models
4a  Parameter evaluation [ ++ 0 ++
4b  Constraint evaluation [ ++ + ++
5 Publication of param- o ++ - +
eters / constraint
Overall [ ++ 0 +




Regarding effectiveness, MMD was found very effective
by the interviewed stakeholders because they were able to ob-
serve selected critical project parameters effectively and trace-
able; following in contrast the traditional approach stakehold-
ers had to capture, transform, and aggregate the required data
with significant effort and prone to errors. However, the appli-
cation of the MMD process requires additional effort, especial-
ly during the definition and linking phase (i.e., process step la,
1b, and 2), which improves the visibility of dependencies be-
tween engineering model on the team level. A stable Multi-
Model Dashboard enables an immediate feedback on changed
parameters and constraints without any additional effort.

VI. DISCUSSION

This section discusses the evaluation results for the MMD
process and tool support as well as limitations and threats to
validity.

Multi-Model Dashboard (MMD) Process (RI-1). The
MMD process guides the definition and monitoring of MMD
parameters and constraints in order to support risk management
with early awareness on constraint violation. Discussing with
domain experts constraints that are linked to relevant risks, the
following types of needs were found: (a) monitoring of chang-
es to important parameters, which can be directly measured or
derived from measured parameters; and (b) monitoring of con-
straints for violation. Parameter monitoring is already provided
by the Decision Board approach [13][14], while constraint
monitoring was found a useful extension.

While the individual MMD process steps are straight for-
ward to conduct, the overall MMD process allows the project
stakeholders to systematically structure a complex web of de-
pendencies between engineering models. The comparison of
the MMD process to the traditional and manual process in Ta-
ble II shows that the traditional process is easier to set up but
takes more effort to conduct regularly than the MMD process
with tool support. Therefore, the MMD process seems well
suited to projects, which require the frequent observation of
parameter changes for early warnings on risks. In the evalua-
tion context the MMD process was effective to fulfill the re-
quirements to define relevant constraints, correct data collec-
tion and interpretation, and appropriate notification. In addi-
tion, the MMD enables analyzing violated constraints to see
affected parameters and stakeholders for effective and efficient
conflict discussion and resolution.

Tool support for the MMD process (RI-2). The prototypic
implementation of the MMD process revealed that in multi-
disciplinary engineering projects there is the need for integra-
tion concepts, which were chosen general enough to allow the
easy adaptation to other application and technology contexts.
Nevertheless, additional costs accrue from initial setting up and
maintaining the process in a certain technology environment.
The considerable number of different technological compo-
nents can bring in additional risks, as those tools introduce
structural complexity and need to be tested to ensure the quali-
ty of the integration. However, once testing and the initial setup
of the environment have been done, tool support ensures the
effective and efficient enactment of the process, and thus con-
tributes to quality-assurance at the collaboration interfaces of

heterogeneous engineering disciplines. Data inconsistencies are
detected once changes have been added to the team workspace
and thus help avoid expensive and time-consuming refactoring
tasks in the plant design in later project phases.

Limitations and Threats to Validity. The purpose of this
work was to present the MMD process with tool support and a
feasibility study in context of industry partner needs. However,
the current research has some limitations that need further in-
vestigation.

User acceptance of the MMD process approach. In a prac-
tical environment there may be the risk of the MMD process
not to be used, even if effective and efficient, if the MMD
would report many false positives, e.g., due to broken data sen-
sors from fundamental changes in models and the data collec-
tion environment. Therefore, a stepwise and iterative introduc-
tion of the process seems appropriate to ensure a positive bene-
fit for the domain experts. Fortunately, even a partial imple-
mentation of the MMD process can be useful for the elicitation
of dependencies between disciplines, similar to the Decision
Board [14], and to replace the manual measurement of selected
parameters.

Feasibility study. We evaluated the MMD process approach
with a focus on specific use cases in cooperation with industry
partners. The evaluation results are based on observations from
a limited sample of projects, stakeholder types, and data mod-
els. Therefore, a more detailed investigation in a wider variety
of domains and application contexts is planned. In addition, a
case study with measurement data is planned to model cost and
benefit factors of the MMD approach more precisely.

The expressiveness of specification languages, used in the
presented prototype, can be considered as a limitation. The
prototype is able to address specific values in local representa-
tions, while industrial scenario evaluations showed that value
and aggregated ranges have to be expressible in the ideal con-
straint specification language.

Parameter and constraint changes. Finally, we considered
an initial set of parameters and constraints along the project
course. In practical environments, the parameters that are rele-
vant to observe may change during the project. The capability
of the MMD process and tool support to adapt parameters and
constraint changes as needed needs to be investigated.

VII. SUMMARY AND FUTURE WORK

In this paper we introduced and investigated the Multi-
Model Dashboard (MMD) process to provide project partici-
pants in a System-of-Systems context with a systematic ap-
proach to define and efficiently monitor agreed design con-
straints across heterogeneous engineering models. The MMD
process supports both loose coupling and sufficient awareness
based on explicit dependencies between multi-model design
constraints for traceability and decision support for change
impact.

The MMD process provides a clear structure to define pa-
rameters and constraints and was found effective in eliciting
relevant design constraints and parameters. The domain experts
found it useful to make interdisciplinary dependencies explicit



in complex Systems-of-Systems engineering environments.
The data model allows the timely integration of data from het-
erogeneous data sources. Data model mappings were sufficient
to describe the parameters, constraints, and dependencies of
systems. We found the integration standards approach useful to
provide an integrated data model view. The automated tool
chain enables the efficient monitoring and analysis of parame-
ter value changes in complex models in the evaluation context.
The data sensor network was effective for monitoring multi-
model design constraints in a heterogeneous engineering envi-
ronment for typical model formats, but has limitations regard-
ing proprietary model formats. In the evaluation context the
tool-supported process was more efficient than the traditional
alternative solution approach. As a result the project partici-
pants can be notified early on changes that are likely to have an
important impact on the success of their work.

Future work. Future work is to investigate the scalability
of the approach in a real-world environment, e.g., to introduce
a negotiation process, such as EasyWinWin [10], to allow the
efficient negotiation of comprehensive model parameters, de-
rived values, and design constraints with a large number of
stakeholders and models. Further, future work will focus on the
derivation of test cases to test the MMD infrastructure. Test
scenarios show the results of all parameters after test runs,
which check the correct working of the mechanisms for each
MMD process step. Finally, future work includes the extension
and evaluation of the MMD process and tool support, applica-
ble for various domains and application areas.
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