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ABSTRACT
This paper presents configurable resource definitions based
on feature models which can be used by domain experts
without the immediate assistance of IT-experts. They are
part of an approach to ease the handling of automated con-
straint-based scheduling systems in medical facilities by non-
IT-experts with treatment process models defined in the
BPMN workflow-language. These resource objects can be
interactively configured by the end-users to describe the
available resources (rooms, devices) and staff in their en-
vironment which can then be used in activities specified in
the treatment models. The configured resource objects and
the BPMN models can then be automatically transformed
into resource scheduling CSPs.

Categories and Subject Descriptors
D.2.2 [Software Engineering]: Design Tools and Tech-
niques; F.4.1 [Mathematical Logic and Formal Lan-
guages]: Mathematical Logic—Logic and constraint pro-
gramming

Keywords
BPMN, CP, Planning, Scheduling

1. CONSTRAINT-BASED TREATMENT
PLANNING WITH BPMN

Public health care services have experienced a constantly
growing cost pressure for decades. Therefore, measures to
increase efficiency in health care are needed without reduc-
ing the patients’ safety, comfort or treatment quality. Auto-
mated planning systems can be used for optimized planning
and scheduling of medical and administrative activities such
as operation planning, dialysis-management or staff roster-
ing. One challenge is the usually high resistance of medi-
cal staff to new technology-based solutions. Therefore, new
technology has to adapt to their requirements, be easy to
use and should be introduced with the involvement of the

users to enhance user-acceptance. Many automated plan-
ning systems use finite domain constraint-solvers at their
core, which require a problem statement in the form of a
Constraint Satisfaction Problem (CSP) [1]. These CSPs
are usually modelled by IT-experts. Medical staff or hos-
pital administrators are rarely able to adapt these CSPs by
themselves when changes occur and processes have to be
updated. In recent years, Business Process Management
was introduced into health care promising an increase in
efficiency, quality as well as safety. Here, graphical nota-
tions exist to describe coordinated activities like medical
treatments as workflows. The Business Process Model and
Notation-language (BPMN) [2] offers a simple and easily
understandable notation that can be comprehended even by
non-IT-experts. We want to leverage this advantage to ease
constraint-based planning in medical facilities.
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Figure 1: Automatic transformation of BPMN
treatment models into CSPs

The overall goal of our approach is to enable domain experts
like clinic administrators or physicians to adapt or extend
their medical processes on their own when the need arises,
mainly without the help of IT-experts. The central element
is an automatic transformation from treatment process mod-
els in the BPMN-language into CSPs for time- and resource
scheduling as depicted in Figure 1, which would traditionally
have to be created and maintained by IT-experts. Through
this contribution hospitals which use automated planning
systems could react to changes faster and introduce process
improvements or new processes in a shorter time since no IT-
project would have to be set up to propagate the medical
or administrative process changes to the planning system.
which would save time and could also further increase the
popularity of constraint-based planning systems by lowering
the inhibition threshold for non-IT-experts.

1.1 Transformation of BPMN into CSPs
Our transformation takes a BPMN process description and
generates a constraint problem that contains all possible
schedules. Our current target platform is the Java-based
Choco solver although this can be changed to other finite
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domain constraint solvers as the transformation generates
constraints that are available in most solver systems.

Activities in a process instance are mapped directly to
tasks in the generated CSP. A task is comprised of three
integer variables Astart, Alength and Aend ∈ N0 ∪ {−1}
that model start- and ending time as well as the length of
the activity. A task also includes the constraint (Astart +
Alength = Aend) that binds the three component variables
together. Activities may not be executed during the pro-
cess runtime, for example when an exclusive gateway must
choose between two different branches. To reflect this fact
in the CSP, we use reification: An additional boolean vari-
able Aactive ∈ {true, false} is created for each task, that
represents it’s scheduling status. The value of this variable
is reified with the constraint (Aactive <> true)⇔ (Astart =
−1∧Alength = 0), which must hold if the task is not active.
This forces the task to the starting time −1 and it’s length
to zero when it’s activity is not executed.

The foundation of the transformation are simple local prece-
dence constraints, that take into account the predecessor
and successor elements of activities and gateways. Sequence
flows between two activities A and B are represented by sim-
ple precedence constraints (Bstart ≥ Aend). Gateways are
represented by corresponding constraints. Figure 2 depicts
two simple, exemplary process models with exclusive (1) and
parallel gateways (2), for which the following constraints are
generated:

(1) ((Bstart ≥ Aend ∧Dstart ≥ Bend ∧ Cactive = 0)⊕
(Cstart ≥ Aend ∧Dstart ≥ Cend ∧Bactive = 0))

(2) (Fstart ≥ Eend) ∧ (Gstart ≥ Eend)∧
(Hstart ≥ max(Fend, Gend))
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(1) Process with exclusive gateways. (2) Process with parallel gateways.

Figure 2: Exclusive and parallel gateways

By using the local view on predecessor and successor ele-
ments non-well-formed models can be supported, which do
not always contain a closing join-gateway for every split-
gateway. An additional generation of global constraints that
takes into account whole sub-paths for enhanced filtering
and pruning of non-solutions is also commenced.

2. CONFIGURABLE DOMAIN OBJECTS
FOR RESOURCE ABSTRACTION

In order to create schedules a constraint solver needs to know
not only about the order and relations of the process activ-
ities, but also which resources (patient and medical staff,
treatment rooms, etc.) exist and how the process activities
depend on them. Although the specification of the BPMN-
language [2] is quite extensive, it only specifies resources
abstractly as something that can be referenced by one or
more activities. The specification merely distinguishes be-
tween human and non-human resources [2, 8.3.12]. This de-
sign decision was done by choice as BPMN is extensible, but
the core language itself is “constrainted only to concepts of

modeling that are applicable to Business Processes”, meaning
that other types of modelling like data and information mod-
els, business rules or “organizational models and resources”
are explicitly out of scope of the BPMN-specification [2, 7.1].

Resources in CSPs Resources are finite and may be used
over a restricted time by each activity. However, they can be
used by several activities at the same time, where the activ-
ities must not be synchronized. Thus, the modeling of the
usage of a resource is done not only with respect to one sin-
gle activity, but with respect to the whole process or even
interconnected processes. The Cumulative Resource Con-
straint is an important global constraint for scheduling and
resource allocation [3]. It models a non-consumable resource
with a maximum capacity. Portions of this capacity can be
allocated by tasks for given time intervals. The constraint
makes sure that the capacity is never exceeded. Although
the concept of the cumulative resource constraint as such is
relatively simple, it requires a lot of detailed information. If
more complex properties such as regular breaks or cleaning
times are required for a cumulative resource the complexity
significantly increases. Modelling these resources for a con-
straint solver even on an abstract level requires at least gen-
eral knowledge about constraint-based principals and is in
no way suitable for medical staff and would therefore contra-
dict our overall goal. Nevertheless, they have to specify their
human and non-human resources required by the activities
in their treatment process models. Otherwise, automated
planning systems cannot create a valid schedule.

CDO-Abstraction Layer As one can never entirely re-
place the assistance of IT-experts, especially when special
scenarios have to be mapped to CSPs, our idea is to at least
maintain the flexibility for the majority of cases. There-
fore, we propose an abstraction layer that hides the com-
plex resource descriptions for the constraint-solver behind a
facade of configurable medical domain objects. This layer
covers the details of resource constraints definitions behind
a facade of Configurable Domain Objects (CDO) and expose
only domain relevant attributes to the end users. This ap-
proach aims to enable domain experts to plan with resource
objects that they understand (exam rooms, stationary or
mobile medical devices, etc.). Figure 3 visualizes the steps
and actors of our approach as a process model. Data objects
represent information artefacts that are created and used by
the different activities. In the first step, an IT-expert cre-
ates configurable domain objects and makes them available
to the user (domain experts). The CDOs are modelled as
special extended feature models. Their design is discussed
in Section 2.1. The user can then instantiate and config-
ure the CDOs according to the resources available in their
environment. This configuration is done interactively with
the help of the FdConfig tool. Section 2.1.1 covers this part.
Then they can create treatment process models with BPMN
or adapt existing ones. In this step, the activities in the pro-
cess models are associated with the CDO-instances that rep-
resent the resources required to execute the respective activ-
ities. The next step is performed during the daily operation
of the medical facility. For each patient a treatment process
instance is created. Then, the transformation uses the pro-
cess instances and the associated CDO-instances to generate
a CSP which is passed to the constraint solver. From the
CSP the solver can calculate a valid schedule. Optimization



towards a certain goal (e.g., minimal patient waiting times)
can also be performed in this step.
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Figure 3: Process model of our approach

2.1 CDOs based on extended Feature Models
The first step in our approach, the creation of the CDOs,
has to be performed by IT-experts as knowledge about con-
straint programming is required. The CDOs are based on
feature models with numerical attributes. They are the in-
terface through which the user can comfortably configure
their CDO-instances. We extended them with CSP-elements
that have an effect during the transformation phase.

Extended Feature Models A feature model [4] is a hi-
erarchical structure of features, which are named parts, ca-
pabilities or properties of a product which the user can con-
figure to be included (selected) or excluded (removed) in
the product. Features can have optional or mandatory sub-
features, which may be or respectively must be included in
the product if their parent feature is included. Furthermore,
feature groups describe that exactly one (XOR-group), at
least one (OR-group), all or an arbitrary set of sub-feature
have to be included, if the group’s parent feature is included
in the product. Furthermore, a feature model can also con-
tain so-called cross-tree-relations, that link features across
the feature hierarchy. The most common relations are re-
quirement and mutual exclusion. In the first case, a feature
A can only be part of a product if a second feature B is also
included. Two mutually exclusive features can not both be
part of a product. Extended feature models may also contain
Feature Attributes with numerical values. They may also
be affected by additional numerical constraints. A feature-
model describes all possible products variants of a product
line by a combination of product features and attribute val-
ues, which can be interrelated by additional constraints. In
order to configure an actual product variant, the user must
decide all features and valuate all attributes.

CSP-Elements For our approach we have extended the
textual feature model language of the product configurator
FdConfig [5]. Features can now additionally contain CSP-
elements in the form of variables, constraints, resources def-
initions, tasks and resource requirements. Figure 4 specifies

a simple cardio examination room. CSP-elements are pre-
ceded with the CSP-keyword. These elements have no effect
when the user configures the CDO-instances and they are
invisible to him. Their effects are carried out later, during
the transformation phase (cf. Section 2.1.2). The normal
feature model parts (features, groups, attribute, product
constraints) represent the set of possible product variants,
which the user can configure to define their CDO-instances.
In this example, the user can configure the number of pa-
tients that the cardio room can hold (line 2). As an optional
sub-feature (lines 5-13) he can decide to let the room have
cleaning times, when the room is blocked. The cleaning in-
terval can be specified by integer attributes cleaningStart
and cleaningEnd in lines 6 and 7. A feature model con-
straint in line 8 makes sure that these values are in the right
order.

feature CardioRoom {
  int nbrOfPatients in [0..10];
  CSP: public task[] patientsTasks;
  CSP: cumulative CardioRoomRes {capacity = nbrOfPatients;};
  feature CleaningTime : optional {
      int cleaningStart in [0..23];
      int cleaningEnd in [0..23];
      constraint {cleaningStart < cleaningEnd};
      CSP: task CleaningTask { 
          start = cleaningStart; end = cleaningEnd;}
      CSP: CleaningTask requires nbrOfPatients of
          CardioRoomRes from cleaningStart till cleaningEnd;
  }
}
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Figure 4: FdConfig-notation of a cardio room-CDO

2.1.1 Interactive product configuration
A product variant is only valid if all constraints hold. There-
fore, the user must consider the implicit rules imposed by
feature-subfeature relations as well as explicit constraints
defined in the feature model. To make the configuration
more user-friendly, a product configurator can assist the
configuration process. In our approach we use FdConfig [5].
It provides interactive, backtracking-free product configura-
tion. The backtracking-freeness property [6] reduces frus-
tration in the configuration process. It means, that users
can perform configuration steps in any order while it is as-
sured that only valid options are offered so that the user
can always get to a feasible configuration without reverting
earlier decisions. To ensure this, FdConfig may respond to
user decisions with Consequence Decisions. If, for example,
two mutually exclusive features A and B existed in a feature
model and the user would select feature A, then the config-
urator would automatically remove B as a consequence, to
ensure the model is always valid. If the user reverts his de-
cision, the configurator will re-check the constraints in the
feature model and do the same.

2.1.2 Transformation Phase
In the transformation phase, the configuration decisions (rep-
resenting the CDO-instances) are used to generate variables,
tasks and constraints that represent the resources from the
CDOs. These are then added to the CSP along with the
elements generated from the BPMN-workflows. The trans-
formation only generates CSP-elements which are inside se-
lected features. When feature attributes are referenced from
inside CSP-elements (cf. line 4 in Figure 4), these are re-
placed by the values configured by the user.



The example contains an array of public tasks in line 3.
They are placeholders which can later be referenced by the
activities in the treatment process models. Line 4 holds the
actual cumulative resource definition. It’s maximum capac-
ity comes from the integer attribute nbrOfPatients which
the user can set during product configuration. If the user
selects the CleaningTime feature (line 5), an additional task
is created in the CSP (lines 9-10) with its start- and ending-
times fixed to the values defined in the integer attributes
cleaningStart and cleaningEnd. In order to block the car-
dio room during cleaning times, the cumulative resource rep-
resenting the cardio room is allocated to this CleaningTask
with it’s full capacity by the statements in lines 11-12. This
statement is a Resource Requirement. It allocates a resource
or parts of it’s capacity to tasks. This element can also be
used to assign the activities to their required CDO-instances.

This exemplary configurable domain object hides the com-
plexity of the underlying cumulative resource which may
be subject to optional cleaning times. Further types of re-
sources supported by our approach are, among others, exclu-
sive resources (one resource for one activity at a time) and
alternative resources (chose an exclusive resource from a set
of alternatives), which also can be combined with boolean
or numeric constraints to define more complex CDOs.

3. RELATED WORK
There are other approaches considering the combination of
business process modeling and resource descriptions: Stroppi
et. al. [7] extend BPMN with notations for resource mod-
elling and visualization aiming at user-friendly task and re-
source modelling for non-it-experts, which is similar to our
goal. Instead of UML-like notations our approach uses fea-
ture models for their clarity and explicitness as resource
descriptions which can be interactively configured by end-
users. [8] presents resource assignment constraints for BPMN
defined in OCL, which are propagated to the process execu-
tion. Both papers [7, 8] evaluate their approaches with re-
spect to the coverage of certain workflow resource patterns
(WRP). This is not in the focus of our work; however, the
transformation of the resource requirements onto a general
constraint language (as in our approach) allows the realiza-
tion of such WRP. Moreover, the WRP definitions in [8] are
mainly based on boolean constraints and the OCL defini-
tions are difficult to read and understand by non-IT-experts.
Our approach builds on finite-domain and real interval con-
straints, and it is in principle generic and would allow to
integrate any constraint solving tool. The constraint defi-
nition is supported in a user-friendly form. The constraint
propagation takes place not only at execution time but be-
fore, interactively at modeling time to directly exclude in-
admissible models at an early stage.

Wolf [9] presents constraint-based modeling of clinical path-
ways and task scheduling, Bartak [10, 11] focus workflow
verification in a more general context. The approaches of
mapping resource requirements to constraint problems are
similar to ours. The resource constraints considered are typ-
ically exclusive, alternative and cumulative resources which
are directly transfered to the scheduling problem. In con-
trast, we aim at non-IT-expert modeling such that we allow
many forms of resource constraints (including FD and in-
terval constraints) and in particular their configuration by

the end user, such that certain invalid configurations can
already be excluded interactively at modeling time.
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