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Abstract. The efficient use of health care ressources requires the use of Informa-
tion and Communication Technology (ICT). During a treatment process, patients
have often been tested and partially treated with different diagnoses in mind be-
fore the precise diagnosis is identified. To use ressources well it becomes nec-
essary to adapt the prescribed treatments to make use of the tests and partial
treatments already performed, rather than always starting from square one. We
propose to facilitate this through the design of declarative process models ac-
counting for the involvement of distributed groups of medical specialists and
the adaptation of treatments, and through the evaluation of the trustworthiness
of models taking account of test results and actual treatments compared to the
clinical guidelines.

Keywords: Clinical guidelines, declarative and stochastic process models,
adaptability, trustworthiness.

1 Challenges and Project Hypothesis

Health care is a fundamental service offered by the society, and as a consequence of
the demographic development and the discovery of new medical treatments there is an
increasing pressure on getting more and better health care from a fixed budget. A key
trend is the use of better work flow in order to reduce errors [47] and make more efficient
use of health care resources, and this increasingly dictates the use of Information and
Communication Technology (ICT) powered Health Care Processes.

A particular challenge in the health care sector is that the needs of patients are indi-
vidual and do not directly fit standard work flows (or pathways) as seen in e.g. originally
developed for mass production of consumer goods. The patient may have a number of
general or specific symptoms, some of which may be variations over normality, whereas
others could point to different diagnoses requiring different treatments or tests.
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Seen from the point of view of the traditional organization of health care, the general
practitioner performs an initial screening of the symptoms before patients are referred
to more specialized treatment; each group of specialists will focus on one particular
type of diagnosis, making further tests and examinations, and carry out treatment only
if the hypothesized diagnosis is confirmed.

Seen from the point of view of the patient, this may lead to a sequence of partial
treatments and re-referrals before end of treatment. Even more challenging are the needs
of patients with co-morbidities — patients suffering from several illnesses at the same
time and where symptoms may overlap and there may even be conflicts between the
treatments offered by different groups of specialists.

We therefore see the Electronic Health Record (EHR) as giving a record of both
tests and partial treatments, representing (multiple) diagnosis, that change with executed
experiments and tests and, therapies given to reflect these (multiple) diagnoses. As new
tests are made, and as the recovery of the patient is evaluated, the treatment plan may
be adjusted to focus on alternative or more specialized diagnoses. There is a need to be
able to exploit previous tests and treatments, and to match them to the new prescribed
treatment as well as possible, rather than starting out all over again.

The processes of diagnosis and treatment of these multimorbid conditions are, seen
in their entirety, thus generally spread between GPs, hospitals, specialty doctors and
maybe combined with social service or nursing by the local municipal health units.
This makes control, coordination, communication and compliance a special challenge.

Also, a very intensive trend in the e- and mHealth agendas, is the active involvement
of the patient via cooperation active roles within the processes or direct patient control.
The patient, with the rights of a citizen, takes an active role as an extra provider of
own healthcare services and executes (sub)segments of the clinical procedure, reports
data directly to the EHR or enters them via telemonitoring equipment or a telemedicine
communication channel [8].

This project will study these challenges in the area of cancer treatment, in collab-
oration with Region Hovedstaden (one of the key Danish health care providers and
responsible for the treatment of all Danes living around Copenhagen). In the words of
the Danish National Board of Health 2008 (translated by Naja Holten Møller):

A significant number of patients may not follow the course of a pathway from
start to finish. These are, for instance, patients with other diseases or conditions
that will affect the diagnosing and treatment. These also include patients where
the picture of suspected or [later on] confirmed cancer is unclear. Or it may be
patients with relapse after end of treatment.

As described here, it is necessary for the formulation and ICT support of such dis-
tributed health care processes to not only reflect the clinical content and data, but also
to represent coordination, initiation and assignment of roles to the different steps in a
procedure. Examples are

– elective, booked procedures and/or services, incl. self-booked,
– time-slot procedures and/or services (come when you like),
– self service, self initiated or self managed procedures and/or services.
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This nature of cross-sectorial cooperation, handover of control, patient empowerment
and online medicine makes it necessary to widen the scope of procedure definition
beyond traditional flow models.

The main hypothesis of the project is that ICT powered process models, as studied in
embedded, workflow management and service oriented systems, can be adapted to fit
these challenges better than techniques based on procedural workflows and pathways.
This involves the difficult question of how to design declarative process models to ac-
count for the involvement of distributed groups of specialists that need to collaborate
in a virtual manner in confirming the diagnosis (or diagnoses) of the patient, adapting
and carrying out treatments that are both cost-effective and of high quality. It also in-
volves the difficult question of how to evaluate the trustworthiness of models of both
the data representing test results, of the diagnoses that may fit the symptoms in varying
degrees, and of the conformance of the actual treatment to the one prescribed in clinical
guidelines.

The results of this project are likely to benefit the future organization of health care
and to lead to new ICT systems that may be developed by software companies. As part
of the project we will prepare researchers to take part in working with both health care
providers and software companies in achieving these goals.

2 Theoretical Foundations

Process calculi and algebras [30] have been developed to describe the higher-level
functioning of modern IT systems, which are to a large extent distributed and operating
concurrently. More recent process algebras focus on coordination mechanisms between
distributed agents, on the orchestration of a number of distributed services offered by
various agents, and on the choreography of a number of distributed and independent ser-
vices performed by agents that are not under central control; many of these development
have been funded by European Union projects, mentioning just Software Engineering
for Service-Oriented Overlay Computers (SENSORIA) [45] in which we participated.

Declarative specifications expressed using adaptations of mathematical logic, such
as Linear Temporal Logic and Computation Tree Logic [1], provide the basis for model
checking hardware components and software systems against specifications and are
used extensively by major companies like Intel and Microsoft. During the last five years
declarative process notations with implicit control flow, including our own work on Dy-
namic Condition Response Graphs [33], have been researched as a means to provide
support for flexibility in execution [51] and dynamic adaptability of business process
and workflow management systems in general [32–34, 40, 41], and health care pro-
cesses in particular [27, 35, 36]. Currently, a working group under the Object Manage-
ment Group (OMG) is preparing a proposal of a declarative case management modeling
notation [54] to extend the Business Processing Model and Notation (BPMN 2.0) [39],
the current industrial standard for business process modeling defined by the OMG. In
the proposed project, we aim to research to which degree declarative models allow to
adapt the prescribed operation by adding and removing new activities and constraints,
as may result from initiating a new concurrent diagnosis or treatment subprocess within
a treatment process.
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Trustworthiness is a problem well known from ICT systems where security chal-
lenges include both confidentiality (or privacy) and integrity (or trust) of the data. In
particular, the notion of trust seems relevant for tagging data bases and EPRs with in-
formation about the extent to which test results, diagnoses and treatments can be trusted.
During the last two decades there has been numerous work on type systems for the con-
fidentiality of data, and type systems for integrity of data are often dual to these (in a
precise formal sense); examples include the Decentralized Label Model [37] developed
for the programming language Java. The challenge will be to formulate type systems
for process models that can accurately propagate trustworthiness information through-
out the processes so as to make qualified decisions about the quality of treatment. A
recent addition is our own Quality Calculus [16] addressing the problems of how to
prescribe actions when insufficient guidance has been received and how to determine
the quality of the actions performed under such circumstances. In particular, we aim
to research the extent to which a given sequence of partial treatments live up to the
expectations as may be prescribed in clinical guidelines. For the latter we anticipate
that important insights may be obtained from constraint solving (of both hard and soft
constraints [2]) as well as stochastic model checking [1] (using reward and cost struc-
tures). In short, given a process model one may construct the set of acceptable traces
and consider whether the process model is consistent with a given specification.

Supplementary Methods and Techniques. Along the primary project dimensions of
Declarative Process Models and Trustworthiness of Models we anticipate incorporat-
ing a number of cross-cutting methods and techniques, in particular Type and Effect
Systems [38], Session Types [20], Stochastic Model Checking [1] and Constraint Solv-
ing [2].

Type and Effect Systems is a method for annotating software programs with high-
level information about their behavior, which can be verified by performing type check-
ing before the program is executed. Type systems traditionally just focus on making
sure that data types are used consistently like not trying to add integers to character
strings. They have been extended also with considerations from security like confiden-
tiality and integrity levels. Effect systems go one step further and provide summaries of
the communications performed by the software programs (see e.g. [38]). Session Types,
also referred to as behavioral types, is a refinement of type and effect systems for an-
notating distributed process models with the behavioral patterns of interaction between
the individual actors and ICT systems (see e.g. [20]). That is, in addition to ensuring
that the interchanged data has the correct format, the behavioral types also guarantee
that each participant follows the same protocol. In this way, session type checking can
sometimes guarantee that actors will never end in a deadlock situation, waiting for each
other and not being able to progress. Stochastic Model Checking is a set of fully au-
tomatic techniques for determining whether process models live up to expectations as
expressed using mathematical logic (see e.g [1]). The consideration of stochastic mod-
els and logics makes it possible to deal with probabilities (including probabilities of
events that are not stochastically independent) as well as expectations of waiting times.
Recent work has extended models and logics with reward (or cost) structures that make
it possible to obtain information about the expected quality of behavior (like waiting
times exceeding the recommendations from the clinical guidelines). Constraint Solving
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traditionally focuses on hard constraints that must be met [2]. More recent work also in-
corporates soft constraints that express preferences and where the objective is to obtain
as high a score as possible while adhering to the hard constraints. This is made more
challenging in the presence of multiple optimization criteria in which case the identifi-
cation of Pareto frontiers (as studied in Economics) may be the best one can hope for.
Solvers are often developed using the framework of Satisfaction Modulo Theories [9].

3 Work Packages and Milestones

WP1: Processes and Practice Cases. This work package is mainly to be conducted by
a postdoc hired for one year and should start as soon as possible after the project has
been granted. The purpose of WP1 (Processes and Practice Cases) is to identify a set
of representative and critical healthcare processes within cancer treatment, and to study
the challenges in the current workflows for handling these processes. Focus will be on
previously identified challenges related to ad-hoc initiated pre-diagnosis processes, co-
morbidities, and distributed collaboration [31]. This will likely involve some amount of
interviewing health care professionals in order to describe workflows, the challenges in
existing workflows, and the challenges in interactions between existing cancer treatment
packages. In addition to a description of the study itself, an important delivery of the
work package is a number of representative cases of healthcare processes and current
medical practice in the primary and/or secondary health care sector. These need to be
described in such a way that they can be approached by the PhD students; they will
mainly have a background in Information and Communication Technology, and will
approach the cases with the more technically oriented techniques of declarative process
models (the topic of WP2) and trustworthiness of models (the topic of WP3). This work
should start well before the other work packages and should terminate during the first
year of work packages WP2 and WP3.

Milestones of WP1: 1) Survey of previously identified challenges related to ad-hoc
initiated pre-diagnosis pro- cesses, co-morbidities, and distributed collaboration 2) A
set of representative and critical healthcare processes within cancer treatment.

WP2: Declarative Process Models. This work package is mainly to be conducted by
a PhD student who should be hired within six months of commencing the project and
should work for three years. Based on the cases of processes and practice from work
package WP1, a PhD student will in this work package be guided towards a background
in declarative process models. The initial focus of WP2 (Declarative Process Models)
will be on extending and modifying existing technologies for declarative process mod-
els [7,18,21,44,48,51,52] to be able to deal with the challenges offered by the cases. The
subsequent focus will be on extending and modifying existing methods and techniques
for distribution [11,17,19,24,43,50,53], adaptation [10,25,40,49] and analysis [13,29]
of declarative process models in order to provide qualitative (and perhaps quantitative)
information about the quality of service. Especially in the initial phase we foresee con-
siderable interaction with work package WP3; in the later phase we foresee interaction
with work packages WP4 and WP5.
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Milestones of WP2: 1) PhD student trained in declarative process models. 2) Existing
technologies for declarative process models extended to be able to deal with the chal-
lenges offered by the cases identified in WP1. 3) Existing methods and techniques for
distribution, adaptation, and analysis of declarative process models extended to provide
qualitative (and perhaps quantitative) information about the quality of service.

WP3: Trustworthiness of Models. This work package is mainly to be conducted by a
PhD student who should be hired within six months of commencing the project and
should work for three years. Based on the cases of processes and practice from work
package WP1, a PhD student will in this work package be guided towards a background
in trust models and their formalisation [6]. The initial focus of WP3 (Trustworthiness
of Models) will be on extending and modifying existing formalisms for trust models [6]
to be able to deal with the challenges offered by the cases. The subsequent focus will be
on extending and modifying existing methods and techniques for the analysis of trust
process models in order to provide qualitative (and perhaps quantitative) information
about the quality of service. Especially in the initial phase we foresee considerable
interaction with work package WP2; in the later phase we foresee interaction with work
packages WP4 and WP5.

Milestones of WP3: 1) PhD student trained in trust models and their formalisation. 2)
Existing technologies for trust models extended to be able to deal with the challenges
offered by the cases identified in WP1. 3) Existing methods and techniques for anal-
ysis of trust process models extended to provide qualitative (and perhaps quantitative)
information about the quality of service.

WP4: Stochastic Analysis or Constraint Solving. This work package is mainly to be
conducted by a postdoc hired for one year during the second half of the project; the
exact time will depend on the needs of the project and the availability of the right per-
son (likely a PhD graduate or postdoc from the MT-LAB research centre). The focus of
WP4 (Stochastic Analysis or Constraint Solving) is to apply techniques for stochastic
analysis and constraint solving to the models resulting from WP2-WP3 We anticipate
that our consideration of probabilistic and stochastic phenomena may present new chal-
lenges beyond those normally studied in embedded and service oriented systems. We
also anticipate that our consideration of hard and soft constraints may require solution
techniques beyond our current repertoire of techniques. We therefore intend to hire a
PhD graduate or postdoc with expertise in one of these areas. This work should interact
with work packages WP2 and WP3.

Milestones of WP4: Demonstration of Stochastic Analysis or Constraint Solving for
process models identified in WP 2-3.

WP5: Prototype Development. This work package is mainly to be conducted by a post-
doc hired for one year during the second half of the project; the exact time will depend
on the needs of the project and the availability of the right person (likely a PhD graduate
from an industrial PhD programme). Towards the end of the project we would like to
assess the feasibility of the results coming out of primarily work packages WP2 and
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WP3. To facilitate assessing the feasibility of the results coming out of in particular
WP2 and WP3 we have created a special work package (WP5) for prototype develop-
ment, and decided to allocate a postdoc with experience in the field, to make sure that
there is enough focus and man power on this important part of the project. This work
should interact strongly with our end users as well as work packages WP2 and WP3.

Milestones of WP5: Prototype(s) demonstrating ICT-powered Health Care services
based on WP2 and WP3.

4 Conclusion

We have described a research project proposal focussed on the design of declarative
process models and formal models of trustworthiness for healthcare treatment pro-
cesses, accounting for the involvement of distributed groups of medical specialists,
dynamic adaptation of partially completed treatment processes, and evaluation of the
trustworthiness of models by applying techniques for stochastic analyasis and/or con-
straint solving, taking account of test results and actual treatments compared to the
clinical guidelines.

We have so far established a collaboration with the SOAMED graduate school in
Berlin. In addition to the IT, Medico and Telephony (IMT) section in the capital region
of Denmark, we have identified an industrial partner who has experience in collaborat-
ing with universities and is specialized in developing case and knowledge management
systems base on declarative process models. We are currently applying for funding for
the research project and we are continuously looking for potential collaborators and
related projects.
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(eds.) FACS 2012. LNCS, vol. 7684, pp. 188–204. Springer, Heidelberg (2013)

17. Hildebrandt, T., Mukkamala, R.R., Slaats, T.: Designing a cross-organizational case manage-
ment system using dynamic condition response graphs. In: 2011 15th IEEE International on
Enterprise Distributed Object Computing Conference (EDOC), August 29-September 2, pp.
161–170 (2011)

18. Hildebrandt, T., Mukkamala, R.R.: Declarative event-based workflow as distributed dynamic
condition response graphs. In: Post-proceedings of PLACES 2010 (2010)

19. Hildebrandt, T., Mukkamala, R.R., Slaats, T.: Declarative modelling and safe distribution of
healthcare workflows. In: International Symposium on Foundations of Health Information
Engineering and Systems, Johannesburg, South Africa (August 2011)

20. Honda, K., Yoshida, N., Carbone, M.: Multiparty asynchronous session types. In: POPL, pp.
273–284 (2008)

21. Hull, R.: Formal study of business entities with lifecycles: Use cases, abstract models, and
results. In: Proceedings of 7th International Workshop on Web Services and Formal Methods.
LNCS, vol. 6551 (2010)

22. Rahmanzadeh, A., Fox, J., Johns, N.: Disseminating medical knowledge: the proforma ap-
proach. Artificial Intelligence in Medicine 14, 157–182 (1998)

23. Kawamoto, K., Houlihan, C.A., Andrew Balas, E., Lobach, D.F.: Improving clinical practice
using clinical decision support systems: a systematic review of trials to identify features
critical to success. BMJ 330(7494), 765 (2005)

24. Kindler, E., Martens, A., Reisig, W.: Inter-operability of workflow applications: Local criteria
for global soundness. In: van der Aalst, W.M.P., Desel, J., Oberweis, A. (eds.) Business
Process Management. LNCS, vol. 1806, pp. 235–253. Springer, Heidelberg (2000)

25. Klein, M., Dellarocas, C., Bernstein, A.: Introduction to the special issue on adaptive work-
flow systems. Computer Supported Cooperative Work 9(3-4), 265–267 (2000)

26. Lenz, R., Blaser, R., Beyer, M., Heger, O., Biber, C., Baumlein, M., Schnabel, M.: It support
for clinical pathways–lessons learned. International Journal of Medical Informatics 76(suppl.
3), S397–S402 (2007); Ubiquity: Technologies for Better Health in Aging Societies - MIE
2006



ICT-powered Health Care Processes 67

27. Lyng, K.M., Hildebrandt, T., Mukkamala, R.R.: From paper based clinical practice guide-
lines to declarative workflow management. In: Proceedings of 2nd International Workshop
on Process-oriented information systems in healthcare (ProHealth 2008), Milan, Italy, pp.
36–43. BPM 2008 Workshops (2008)

28. Lyng, K.M.: Clinical guidelines in everyday praxis, implications for computerization. Journal
of Systems and Information Technology (2009)

29. Maggi, F.M., Montali, M., Westergaard, M., van der Aalst, W.M.P.: Monitoring business
constraints with linear temporal logic: An approach based on colored automata. In: Rinderle-
Ma, S., Toumani, F., Wolf, K. (eds.) BPM 2011. LNCS, vol. 6896, pp. 132–147. Springer,
Heidelberg (2011)

30. Milner, R.: Communicating and Mobile Systems: the Pi-Calculus. Cambridge University
Press (1999)

31. Møller, N.H., Bjørn, P.: Layers in sorting practices: Sorting out patients with potential cancer.
Computer Supported Cooperative Work 20, 123–153 (2011)

32. Montali, M.: Specification and Verification of Declarative Open Interaction Models: A
Logic-Based Approach. LNBIP, vol. 56. Springer (2010)

33. Mukkamala, R.R.: A Formal Model For Declarative Workflows - Dynamic Condition Re-
sponse Graphs. PhD thesis, IT University of Copenhagen (March 2012) (forthcomming)

34. Mukkamala, R.R., Hildebrandt, T., Tøth, J.B.: The resultmaker online consultant: From
declarative workflow management in practice to ltl. In: Proceedings of the 2008 12th Enter-
prise Distributed Object Computing Conference Workshops, EDOCW 2008, pp. 135–142.
IEEE Computer Society, Washington, DC (2008)

35. Mulyar, N., Pesic, M., van der Aalst, W.M., Peleg, M.: Towards the flexibility in clinical
guideline modelling languages. BPM Center Report (Ext. rep. BPM-07-04) 8 (2007)

36. Mulyar, N., Pesic, M., van der Aalst, W.M.P., Peleg, M.: Declarative and procedural ap-
proaches for modelling clinical guidelines: Addressing flexibility issues. In: ter Hofstede,
A.H.M., Benatallah, B., Paik, H.-Y. (eds.) BPM Workshops 2007. LNCS, vol. 4928, pp.
335–346. Springer, Heidelberg (2008)

37. Myers, A.C., Liskov, B.: A decentralized model for information flow control. In: SOSP, pp.
129–142 (1997)

38. Nielson, F., Nielson, H.R., Hankin, C.: Principles of program analysis (2. corr. print).
Springer (2005)

39. Object Management Group BPMN Technical Committee. Business Process Model and No-
tation, version 2.0. Webpage (January 2011),
http://www.omg.org/spec/BPMN/2.0/PDF

40. Pesic, M., Schonenberg, M.H., Sidorova, N., van der Aalst, W.M.P.: Constraint-based work-
flow models: Change made easy. In: Meersman, R., Tari, Z. (eds.) OTM 2007, Part I. LNCS,
vol. 4803, pp. 77–94. Springer, Heidelberg (2007)

41. Pesic, M.: Constraint-Based Workflow Management Systems: Shifting Control to Users. PhD
thesis, Eindhoven University of Technology, Netherlands (2008)

42. Quaglini, S., Stefanelli, M., Lanzola, G., Caporusso, V., Panzarasa, S.: Flexible guideline-
based patient careflow systems. Artificial Intelligence in Medicine 22(1), 65–80 (2001);
Workflow Management and Clinical Guidelines

43. Reichert, M.U., Bauer, T., Dadam, P.: Flexibility for distributed workflows. In: Handbook
of Research on Complex Dynamic Process Management: Techniques for Adaptability in
Turbulent Environments, pp. 32–171. IGI Global, Hershey (2009)

44. Robertson, D.: A lightweight coordination calculus for agent systems. In: Leite, J., Omicini,
A., Torroni, P., Yolum, p. (eds.) DALT 2004. LNCS (LNAI), vol. 3476, pp. 183–197.
Springer, Heidelberg (2005)

45. SENSORIA. Software engineering for service-oriented overlay computers (2010),
http://www.sensoria-ist.eu

http://www.omg.org/spec/BPMN/2.0/PDF
http://www.sensoria-ist.eu


68 M. Carbone et al.

46. Smith, T.J., Hillner, B.E.: Ensuring quality cancer care by the use of clinical practice guide-
lines and critical pathways. Journal of Clinical Oncology 19(11), 2886–2897 (2001)

47. Terenziani, P., Montani, S., Bottrighi, A., Torchio, M., Molino, G., Correndo, G.: The glare
approach to clinical guideline: Main features. Symposium on Computerized Guidelines and
Protocols 101, 62–66 (2004)

48. van der Aalst, W., Pesic, M., Schonenberg, H., Westergaard, M., Maggi, F.M.: Declare. Web-
page (2010), http://www.win.tue.nl/declare/

49. van der AAlst, W.M.P., Jablonski, S., Jablonski, S.: Dealing with workflow change: identifi-
cation of issues and solutions. International Journal of Computer Systems Science & Engi-
neering 15(5), 267–276 (2000)

50. van der Aalst, W.M.P., Lohmann, N., Massuthe, P., Stahl, C., Wolf, K.: Multiparty Contracts:
Agreeing and Implementing Interorganizational Processes. The Computer Journal 53(1), 90–
106 (2010)

51. van der Aalst, W.M.P., Pesic, M., Schonenberg, H.: Declarative workflows: Balancing be-
tween flexibility and support. Computer Science - R&D 23(2), 99–113 (2009)

52. van der Aalst, W.M.P., Pesic, M.: DecSerFlow: Towards a truly declarative service flow lan-
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