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Patient coordination in emergency departments
using visualization of operation behavior

Kristofer Bengtsson, Bengt Lennartson

Abstract—It is challenging to get an overview and under-
standing of the activities and their relations at an emergency
department (ED). This is due to the complicated relations among
activities — called operations in this paper — and the always
changing system behavior. This paper presents a method to
represent and visualize operations during the actual work at the
ED that enables flexibility during modeling and actual care. By
specifying operation behavior using only execution restrictions
in transition conditions for each operation instead of fixed
sequences, the method and related visualization tool can describe
the ever changing and complex ED flows. Using the proposed
approach, the ED staff will therefore have the possibility to in
a better way coordinate the operations due to the increased
overview.

I. INTRODUCTION

The problem of overcrowded emergency departments (EDs)
[7] has led to increasing interest from the healthcare sector
in studying industrial production methods and ideas, such as
lean production philosophies [9], though the impact has so
far been limited [12]. One of the main reasons for this is
that production ideas assume a repeatable process and static
operation behavior but where the ED operation behavior is
highly changeable and variating. Therefore, this paper presents
a method to give personal and patient an overview and
understanding of the complex operation behavior during the
actual care as well as when planning and improving the work.

When trying to model health care behavior using a number
of workflow tools, Mans et al. [19] saw that these tools’
inability to describe flexibility made it difficult to apply them
in practice. Malhotra et al. [18] stated that: “an attempt to
represent visually the workflow of a complex work environ-
ment such as that of a critical care setting is like working on
a jigsaw puzzle with no pictures to guide you.” A number of
papers have tried to utilize information and control technology
to model and automate the control of operations in healthcare
systems, e.g. [11], [6], [4], but most solutions had problems
handling the need for flexibility.

Instead this paper focuses on how to visualize and give
an overview of the current and future situation at an ED,
especially for the nurses working with the actual care. This
overview and understanding is crucial when trying to co-
ordinate the work. A method is presented in this paper
that describes operations and automatically visualizes them
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history. The method is an adaptation of the modeling method
presented by Bengtsson et. al [3], [16]. That modeling method
initially targeted the design process to develop automation
system and control code, but is also useful for keeping track
of all the patients at an emergency department as will be
presented here.

Operations are referred to by various names in literature,
like activities, tasks or actions. In the rest of this paper, the
name operation is used to comply with previous work by the
authors. Hence, operation, task, action or activity can be used
interchangeable in this paper.

The modeling in [3] includes a set of operations and their
transition conditions, together with entities, resources and
variables - where the execution restrictions are specified using
transition conditions for each operation. This enables the pos-
sibility to create multiple projections or multiple visual views
of the operation relations to enable better understanding. This
is accomplished by creating various Sequences of Operations
including a multiplicity of sequences and operation relations.
The key discoveries that accomplishes this, are the state-based
operation relation identification and visualization methods.
Most of the presented models and algorithms presented in
this paper have been implemented in an prototype tool called
sequence planner, see fig 1.

This paper defines a generalization of the modeling method
to also include the “online” execution behavior that will be
used at an ED. In the next section, related work is discussed
together with a synthesis of the fundamental challenges. The
extended modeling method is presented in Section III together
with the visualization methods in Section IV. A case study
from an ED is presented in Section V.

II. MODELING OPERATION PROCESSES

The most widespread tool for specifying operations is
probably the Gantt chart [27], which is easy to use and under-
stand and intuitive to work with [14]. However, it was soon
recognized that planning complex, large-scale systems was
too complicated for the Gantt chart [27]. The chart does not
really represent logical relations among system elements, but
rather their durations and start and stop times. For example,
Gantt charts cannot handle alternatives and arbitrary order or
represent interdependent and network-like relations.

Since the relation among operations are fundamentally
logical, planning using Gantt charts alone can worsen planning
and execution problems. This lack of flexibility is also found
in other process planning tools, such as PERT charts [17],
statecharts [10], sequential function charts (SFCs) [13], Petri



Fig. 1. The prototyp tool sequence planner

nets (PNs) [28], and workflow management tools [8]. All of
these attempt to describe operation behavior using process
models in various ways. However, as will be argued in this
paper, that is an inflexible and limiting approach.

Many workflow management tools are based on Petri nets
[23] and are used to model and manage business processes.
They are commonly used to automate information handling in
computer systems [8]. Numerous tools are available for mod-
eling and executing workflows, tools such as Tibco Staffware,
IBM Websphere, YAWL, and SAP Workflow (compared in
van der Aalst et al. [25]).

A workflow describes the routing of a case by means
of a sequence of tasks [24]. The term “case” refers to a
specific instance of a workflow model representing a job,
product, service, or item, and “task” refers to a “logical unit of
work™ [24] carried out by one resource. The challenge when
modeling workflows is modeling the many possible routing
behaviors. Van der Aalst et al. [25], [1] identify workflow
patterns expressing numerous routing behaviors, for example,
branching, synchronization, iteration, cancellation, multiple
instances, resource, and data interaction.

The main advantage of workflow models is that routing
behavior can be expressed graphically by adding lines and
arrows. This is very attractive for small systems, since an
explicit routing is shown graphically, enabling easy under-
standing. Unfortunately, these graphical descriptions soon be-
come messy, due to the complexity of real routing behaviors.
This is evident when considering the increasing number of
“discovered” patterns [1].

These modeling approaches have three main problems:
missing design rationale, inflexible during planning and exe-
cution and third — single view. The design rationale describes
the reasoning underlying decisions made during planning
and actual execution of the process [2], i.e., why a specific
operation ordering is defined. However, when modeling the
routing behavior, the design rationale is often not explicitly
stated, making it impossible to understand why one particular
operation is executed after another. This occurs because the
sequence of operations is related to something external to the
graphical model, meaning that the routing behavior is also
related to something external.

Most modeling languages explicitly represent every possi-
ble route. However, during the planning the number of possi-

ble routes is enormous and, moreover, these routes frequently
change during execution. This either makes the modeling
tools unusable during the planning process or leads to design
restrictions so that the plan fits the model. The latter is actually
the most common outcome, which is evident when trying to
follow the planned operation sequence in practice.

The last problem with modeling tools is that usually the
modeler needs to decide what “view” to use, for example,
whether the model displays the patient routing or the working
order of a resource. However, to design complex systems, it
is necessary to consider multiple views of various entities,
resources, functionalities, etc.

These problems arise because the routing behavior is an
indirect consequence of the requirements to start executing an
operation, which involve, for example, the state of a resource,
entity, or another operation. These operation requirements can
result in many types of routing behavior, which will be almost
impossible to describe in a graphical model. A better approach
is therefore needed when planning and executing operation
and routing behavior.

All these modeling challenges becomes even more evident
during the actual execution of the operations. At an emergency
department, the number of possible patient routes through the
system are enormous and many operations are going on at
the same time [5], [15]. Therefore it is important to have an
overview and understanding of the operation behavior during
the actual care.

The proposed approach is to specify the operations and their
execution constraints and not explicitly specifying all possible
operation sequences. This retains full flexibility during the
planning phase and allows the design rationale to be tracked,
since the reason for a specific execution order is available in
the specifications. This flexibility will also be available during
the operation execution.

The problem though, with this flexible approach is that it
makes it difficult or even impossible to understand the routing
and operation behavior. Therefore, methods and tools that can
automatically create various views of current behavior based
on the constraints are presented in this paper.

II1. MODELING OPERATION BEHAVIOR

The presented modeling approach is an extension of the
work by Bengtsson et. al [3], [16]. Some parts of the approach
is still the same as in these papers, for example how the
operations can be translated into an extended finite automaton
(EFA) [21], a generalized automaton including variables,
guards, and actions, and is therefore left our of this paper.
Formal EFA tools are available (see [22], [20], [26]). Hence,
both formal verification and synthesis can be applied directly
in the suggested EFA models.

The behavior of an operation model, O, can be represented
by the state model depicted in Fig.2. The initial location
is denoted O?, the executing location O°, and the finished
location O. The start transition between O' and O° is
indicated by the start event, e, and the precondition by OT.



Finally, the stop event and the postcondition are denoted et
and OY, respectively.
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Fig. 2. A model of operation O

An operation can also be defined by a set of sub-operations
describing the detailed behavior of the operation. These op-
erations are included in a sequences of operations (SOP)
structure, which will be discussed later. Before presenting
more details of the operations, let us first discuss entities and
resources.

A. Entities and resources

Operations describe the behavior of a system, where the
system is specified by entities and resources. Entities (e.g., pa-
tients, components, documents, blood samples, or customers)
are objects that need to be transformed by operations to
reach a complete state. Resources are defined as objects
that aid in the transformation of entities; resources include
machines, people, tools, computers, and places. Resources that
can perform operations have a set of abilities defining what
type of operation they can perform, where an ability is defined
as an operation model.

An entity or a resource, F, can be represented by a set of
state variables, i.e., E = {x1,...,2z,}. A single state variable
represents a specific aspect of F, for example, a door can
have a state variable x, where the domain of x is denoted
X with the values X = {opened, closed}), representing the
positioning aspect of the door. A door can also have state
variables representing other aspects, for example, whether it is
mounted, in what manufacturing step it is located, or whether
it is locked. What state variables to use and what values they
can take depend on the intended use of the system model.

The purpose of a system is to transform the state variables
of the relevant entities such that a completed state is reached.
A completed state is reached when every state variable is
assigned a marked value, where one or many of the values in
the variable domain can be marked. The marked value of state
variable = is denoted XM, where X™ C X. State variables
that are not relevant to a completed state are called unmarked,
though all their values are actually marked. This requires a
clear definition to avoid confusion:

Definition 1 (Marked and unmarked state variables):
State variable « is referred to as marked if
XM c X, XM +£ (), ie., at least one but not all variable
values are included in the marked set. State variable y is
referred to as unmarked if Y™ = Y, YM £ (), ie., all
variable values are marked. O

The difference between entities and resources related to
their marked values are that all the state variables of a resource
are unmarked. Observe, though, that in some cases a resource

can be an entity as well, and therefore have marked state
variables, for example, a room that needs to return to empty
state at the end of a cycle, which can be modeled by a marked
state of the room.

A state variable can also be shared among entities and
resources when it represents a shared aspect or interaction.
Shared state variables are specified by an interaction, defined
by I =< IV, I¥ >, where I" is a set of state variables and
I¥ is a set of entities and resources that receives the state
variables.

B. Operation modeling using transition conditions

The pre- and postconditions, i.e., OT and O+, of opera-
tion O constitute the core of the operation. Requirements
and constraints related to the operation are specified using
these transition conditions. A guard expression can contain
statements including state variables or operation states. The
state variables used in the statement can refer to both the
current value, z, and the next value, ’. The statements are
separated by A (AND) or V (OR), where a statement can
include standard operators such as =, #, and <. A statement
that refers to the state of an operation can be expressed using
the current location of an operation, O*, O°, or OF.

The conditions also includes transition actions that updates
state variables. A state variable can be assigned a direct value
(e.g., position := closed, x := 4) or the value of a function
or another variable (e.g., x := y + 2).

C. Resource abilities

A transformation operation is an operation that directly
changes the value of a marked state variable. But to execute a
transformation operation, it must be matched and merged with
a resource ability. Then, a transformation operation instance
is created. During this matching process, multiple operation
instances can be created, since many abilities may be matched
with the same transformation operation. For example, multiple
resources may be able to weld two parts together, so one
operation instance per resource will be created.

The created operation instances will also have other types of
requirements and constraints. They will, for example, require
that before examine a patient, the patient needs to be in a
examination room. Therefore, other types of operations are
also needed by the system, such as transportation, registration,
resource motions, safety tasks, and communication. Each
transformation operation instance requires a set of these other
operations, based on what the instance has specified in its
transition condition.

By attempting to satisfy requirements in the transition con-
ditions, new operations can be recursively added to the system.
When all requirements are satisfied by at least one other
operation, it is possible to execute the operation. However,
since it is difficult to completely understand what is going,
it is necessary to use a graphical representation to better
understand the system and its operations.



IV. VISUALIZATION

Each operation will start in its initial location and wait for
its precondition to be fulfilled. If there are no preconditions,
all operations will execute unrelated to each other. In practice,
a number of conditions will restrict this behavior. If an
operation includes the state of another operation in a transition
condition, for example, Og ES O,’; , then the two operations
are directly related. For example, it is obvious from studying
the two operations that Oy, will always execute before O.
In addition, if O] 2 # = 0;2 := 1 and O] £ = 1, then
Oy, and O, will be directly related. However, most operations
will not be directly related to each other, even though they are
related in some way. Consider, for example, Oy, Oy, and O,,,
where Og = O]{ and Of = O{ . Then Oy, will always precede
O, even though this is not obvious from examining only O,,
and Oy; these are indirectly related.

A. Operation relations and sequences of operations

To analyze and reason about the relations among operations,
one approach is to examine the possible locations of an
operation, related to when an event is enabled. An operation
Oy, will be located in one of its three locations when operation
Oy starts. By identifying the states where ez is enabled,
theT possible locations of Oj can be found. A set denoted

OZ"’ is created, which can be one of the following seven
location combinations {Og}, {0]}, {0i,0¢}, {0L,0]},
{05, 0]}, and {0}, 0%,0/}. For example, if OzZ = {0]},
then operation O, will only start when operation Oy, is in its
final location.

To define the possible relations between operations Oy, and

. . ET 6l ET E’L
Oy, all four location sets, ie., O, O, O,*, arTld O.",

must be identified and compared. Observe that OZ"' is the
set of possible locations of O when the start event e} of
Oy is enabled, i.e. when Oy has the possibility to start. The
possible combinations of these state sets can be grouped into
the following relation types:

Definition 2 (Relations between Oy, and Oy):

o Always in sequence: Oy = Oy

o Sometimes in sequence: Oy, - Oy

o Parallel: O[Oy

o Alternative: Oy + Oy

o Arbitrary order: Oy @ Oy

o Hierarchy: Oy C Oy

o Sometimes in hierarchy: Oy C Oy

o Other: Oy A Oy

O

When the relations have been pairwise identified, these
relations needs to be visualized in some way. Here, a graphical
language called Sequences of operations, SOP, is used. The
SOP, SOP is a model that represents a set of operations,
SOP® C 0O, their relations, SOP, and a set of sequences,
SOP®. The SOP® operations are grouped into a SOP for
various reasons, for example, that they are executed by the
same resource, related to a specific patient, or related to a

Fig. 3. Two sequences of SO P;. Examples of SOP language
notations: (a) sequence, (b) hierarchy, (c) parallel, and (d)
alternative

diagnosis. A single operation can also be included in multiple
SOPs. The main reason for grouping these operations is to be
able to consider the relations among the included operations,
which are defined by relations SOPE = {< O1,rel, 05 >,
< 0q,7rel,03 >, ..., < Op,rel, Op,—1 > {, where rel is
a relation from Definition 2, which represents the pairwise
relation between operations. The final part of the SOP is the
sequences. Sequence s € SOP?® is a graph that connects set
s© C SOP© of operations to visualize their relations, which
is done using arrows, lines, and Boolean expressions.

In Fig.3, SOP; is shown including two sequences. The
arrow at (a) corresponds to the sequential relation, always in
sequence, between Oy and O3. Operation O; consists of two
sub-operations, Oy and O3, denoted by the gray box (b). Pre-
and postconditions can also be shown as Boolean expressions,
for example, as the postcondition p := type for O3, which is
an action that assigns variable p the value of another variable,
or like the precondition O{O for Og.

The parallel lines at (c) represent a parallel relation, mean-
ing that O4 and Og have a parallel relation and that they are
both always in sequence with O;. An alternative branch is
shown at (d), where either Og or Oy is executed. The same
operation can occur in multiple sequences, but only once per
sequence, for example, O2. More details of the SOP language
and notations can be found in [16], where also the graphical
notation for arbitrary order and loops is defined. Algorithms
to create sequences based on operation relations are presented
in [3].

V. PATIENT COORDINATION STUDY

An emergency department at the hospital in Trollhdttan,
Sweden, was studied during one week. The conclusion was
that it was hard but important to get an understanding of
the operation behavior and that the care of patients at an
emergency department includes an aspect of development, i.e.
the care of a patient needs to be developed uniquely for that
patient.

The ever repeating design and improvement cycle consist
of four stages; planning, doing, checking and adjusting. Cur-
rently different tools and operation behavior representations



are used in each stage, often with limited interconnection
between the representations. To better understand the oper-
ation behavior during the planning phase of the ED work,
sometimes value stream mapping [9] or workflow models are
created. But due to the limitations of these tools, the created
models are hard to use for aiding the actual work with the
patients in the doing stage. And the few tools that can be
used during the doing phase, they are not subtitle to use
for follow up and improvement work in the checking and
adjusting phase.

In the following example, which is a modified real life
situation, the operation model and the projection tools are
used in all four stages.

Planning: The emergency department (ED) at the hospital
in Trollhittan receives around 150 patient per day. This study
was conducted at the internal medicine specialty consisting
of the three sections Purple, Blue and Yellow. Each section
has two physicians, two nurses and a set of rooms. A section
examines the patients, initiate treatment and conducts testing
and patient care until the patient either is discharged from
the hospital or admitted for hospital care. Before a patient is
assigned to a section, a triage team tests the vital parameters
of the patient and assign an emergency priority. There are two
triage teams at the ED.

During the planning phase, managers and ED coordinators
plan for the coming months and updates and improvements of
the work. Various patient types are considered and assigned a
set of fundamental operations. For example, most patients will
always have the operations registration, triage, examination,
and discharge or admittance. To these fundamental operations,
a large set of other operations are also added or updated, like
tests, X-ray, patient care, and various treatments, based on the
decisions taken by the ED personal.

All the resources and their abilities are also defined and
updated during the planning phase. Based on the defined data
it can be possible to simulate the patient flow in the ED by
assigning estimated operation durations. But most importantly,
the model can be used by the personal at the ED when they
are doing the real work.

Doing: One of the most obvious observations during the
study at the ED, was the challenge for the personal to get
an overview of the patient flow, especially when the ED was
overcrowded with patients. During the peak time of the day,
each of the three sections could have 10-15 patients at the
same time, making the work very fragmented. Getting an
overview of the all these patients, not only by the personal
at each section but also the coordinators at the ED, is
important both for current work and for improvements. It is
also important for the patients to better understand what is
going on and why they are waiting.

In Fig.4 various projection are shown. The top left SOP
represents the possible route for patient P, when arriving
at 11:40. On arrival, the patient is registered and assigned
an exam operation and the alternative discharge or admit-
tance. These are matched and merged with resource abilities.
New operations are automatically added based on the exam

Patient P; Doctor Dy time 13:30
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Fig. 4. Overview of Yellow section and Patient P

transition condition, for example that triage is needed due to
overcrowding, and that the patient needs to be transported to
one of the sections.

The trige.* operation is marked red to show that the patient
is waiting for that task and the * define that the task can
be executed by multiple resources, i.e. the task consist of
the alternative between the two operation instances trige.T'1
(Triage Team 1) and trige. T2 (Triage Team 2). This SOP
will evolve with the patient and operations will be added and
removed based on the patient examination. The SOP below
show the status at 12:20 and at the bottom at 13:30. The
green marked operations have been completed and their start
and stop time is shown below. The patient was placed in the
yellow section, which removes the other possible routes in the
first SOP.

In the 13:30 SOP, the patient is currently being examined
by doctor D;, who has just written an referral to an x-ray
examination and is currently dictating the examination. When
the referral was written two new operations were added, X -
ray and check X-ray, and based on the X-ray requirements,
also to X-ray was added. Since D is not currently with the
patient, it is possible to start to X-ray directly.

The SOP at the top right shows the current and coming
operations for D;. To understand why a specific operation is
not started, it is necessary to understand what the various
resources are doing. The SOP will also give the personal
guidance on what to do next. But maybe the most important
projection to give an overview is the SOP in the lower right
showing the patient in each room.

It is also possible to identify why an operation is not
starting by studying its transition condition. By visualizing
the relations between the studied operation and the sequences
of operations that satisfies these condition, it is easy to
understand what a patient is actually waiting for.

Checking and Adjusting: When something happens at the
ED, for example if the waiting time dramatically increased a



specific day, it is important to be able to go back and check
all the operations. By storing the start and stop times for each
operation, it will be possible to generate gantt charts based
on patient flow or resource work. It is also important to be
able to “play-back” the changes over time in the same format
used during the doing phase.

Since the same format are used in all phases it is easier for
the working personal to understand and improve their work by
updating the model and their working routines. This has not
be tested during the study since it requires a well developed
user interface and interconnected tool with other information
systems. But the study seem to confirm that it will be possible
to use the methods and tools presented in this paper.

VI. CONCLUSIONS

One important tool to handle overcrowding in emergency
departments is to visualize the current system state and the
future possible operation behavior. This visualization is highly
complicated because the routing behavior is an indirect con-
sequence of the requirements to start executing an operation,
which involve, for example, the state of a resource, patients,
or another operation. These operation requirements can result
in many types of routing behavior, which will be almost
impossible to describe in a graphical model.

This paper presents a flexible modeling and online execu-
tion model that only defines operations and their execution
constraints. The operation sequences and routing behavior are
then automatically visualized from multiple perspectives, e.g.
the operation sequence related to a specific patient or the
operations available for a doctor.

The next important step is to have a good user interface
and intuitive tools. Therefore this research will continue with
developing a tool called Sequence Planner, which already have
implemented most of these methods.
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