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Abstract

This paper suggests an architecture for supporting
discrete event simulations that is based upon using
executable process definitions and separate
components for specifying resources. The paper
describes the architecture and indicates how it might
be used to suggest efficiency improvements for
hospital Emergency Departments. Preliminary results
suggest that the proposed architecture provides
considerable ease of use and flexibility for specifying a
wider range of simulation problems, thus creating the
possibility of carrying out a wide range of
comparisons of different approaches to ED
improvement. Some early comparisons suggest that the
simulations are likely to be of value to the medical
community and that the simulation architecture offers
useful flexibility.

1. Introduction

Healthcare delivery can be very expensive and is
often subject to delays that can be costly as all
dangerous to patient health. In our view both the
problems of cost and delay might be addressed by
devising superior approaches for evaluating the
utilization of resources. The resources used in
delivering health care include both equipment, sagh
beds, radiographic imaging equipment, and operating
suites and people, such as doctors and nursesfAll
these resources are very costly. Accordingly these
resources tend to be allocated sparingly in moalttne
care settings. This can lead to a lack of sufficien
resources that can be at least partly to blaméddtays
in delivering health care. Adding resources of anhg
type (e.g. more doctors) is rarely sufficient tauee
delays, however, as patient care typically requihes
use of many types of additional resources (e.gs,bed
nurses, and equipment). Increasing resources in an
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unbalanced way can thus lead to underutilization of
some resources and increased expense, but no
improvement in service.

Effective approaches to studying how to balance
resources in clinical settings thus seems to dffer
opportunity to demonstrate how to reduce delays in
treating patients, while still maintaining efficten
utilization of expensive resources. This paper satg
such an approach, namely the use of discrete event
simulation of clinical processes that are defined
sufficiently precisely and completely to make cléze
ways in which resources are used at every protegs s

Our approach emphasizes careful attention to both
process details and resource issues. We note hbat t
delivery of health care is not always straightfamva
and may proceed in many different ways. Thus the
description of a process for delivery of healthcare
seems to us to require the use of a powerful psoces
description facility. Describing the resources uged
healthcare delivery is very challenging as wellirese
are many different types of resources, and therelraa
a considerable amount of flexibility in how differte
resources may be used to support the performance of
different steps under different circumstances. Thus
example, medications are typically given by nurbes,
under unusual circumstances, doctors may do this.
Moreover, the most critically ill patients are tyally
given medical care first, but in the case of a stea
the most critically ill patients may be bypassedider
to deliver care to those for whom the care is most
likely to be most effective. Thus, an important &fén
of our discrete event simulation approach might be
enabling the study of the effects on both realisrd a
efficiency that might result from allowing resource
substitution flexibility.

There are considerable challenges in dealing with
these issues of process and resource specifidatign
13]. Our view, however, is that meeting these
challenges can lead to a discrete event simulation
facility that could be an effective basis for



experimenting with resource mixes and utilization
strategies.

corresponding impacts on patient throughput and
resource utilization. A second area of focus in ED

This paper describes such an approach using thesimulation studies has been to look at processgasan

delivery of Emergency Department (ED) care as an

and their impact. McGuire studied [10] the use of

example. The paper indicates very early results and simulation to test process improvement alternatfees

some directions for future research.

2. Prior Related Work

reducing the length of stay for ED patients. Amoth
study [15] shows the use of ED simulation studas t
perform ‘what-if' analysis regarding the effect of
process change and staff level change on patients’

We note that there have been other attempts to uselength of stay. A recent study by Hoot et al. [Zsh

discrete event simulation as a vehicle for expbprin
ways to increase efficiency and reduce waiting time
a hospital ED. Connelly and Bair [2] present a idite
event simulation model named EDSim developed
using Extend, a general purpose commercial
simulation tool, to investigate the ability to pied
actual patient care times using simulation. Theshott
simulation tool [8] is primarily queue based and
provides an interactive modeling environment with a
compiled modeling language, modL [8], to facilitate
building of reusable and hierarchically decomposabl
components.

The study by Connelly and Bair looked at the effect
of two different triage methods on patient sentiose
in the ED. The authors collected real-life patidata
from an academic ED to drive the simulations ofrthe
modeled ED activities. They modeled such ED
activities as physical examination, nursing acfivit
imaging and laboratory studies, and bedside
procedures such as suturing, casting, and intuhdtio
addition to individual patient care paths, EDSirmoal
considered continually updated job queue priottiiza
and mid-task preemption capabilities for ED staff.
staff activities were prioritized according to et
acuity. According to the study, this model was able
predict average patient service time within 10% of
actual values. For individual patient paths, howeve
only 28% of individual patient treatment times red

absolute error of less than one hour. The authors

suggest that one of the reasons their results dtd n
accurately predict the actual timings of real esemhs
because their simulation did not support making
changes in resource levels (specifically staffienels)
at different times of the day. Moreover, it appetis
their simulation did not allow for the possibilityf
specifying complex constraints on resource utiiizat
and task interruption.

Other simulation studies have focused on staff
scheduling in hospitals in general and EDs in paldir
[4]. A couple of studies have been done to analyze
alternative nurse scheduling techniques in ED9][3,
A study by Rossetti et. al [14] looked at the ug$e o
computer simulation to test alternative ED attegdin
physician-staffing schedules and to analyze the

used discrete event simulation in forecasting inemin
crowding in the emergency department based on
changes in waiting room counts. This simulationktoo
past and present patient-level data as input and
produced future patient-level data as output. Mahy
these studies [4, 15] used Arena [5], a commercial
simulation tool, to obtain their results. Arenaan
object-based, hierarchical modeling tool that isdus

a wide range of applications. Like Extend [8], Amen
simulations are driven by queuing models, wheregs o
simulations are driven by process and resource
definitions.

Another area of research that has received attentio
lately is that of scheduling ED staff under differe
constraints. Chun describesSaff Rostering System
[1] for creating nurse rosters for the Hong Kong
Hospital Authority that manages over 40 public
hospitals. The system defines different constraiats
be satisfied while creating the roster. For exampie
constraint assures that an adequate number andrenixt
of staff are present all the time to maintain an
acceptable level of service quality. Other constsi
are used to ensure that no staff member is either
overworked or underutilized according to their term
of appointment. This type of scheduling is don¢hat
macro level of shift assignment, whereas we are
primarily concerned with more micro level task lwhse
resource assignment in our work.

All of these simulation studies have taken a factor
view of the ED, where patients come in like orders
queued on a factory floor, often with fixed prigriand
drive the process by requesting resources. Many of
these studies were concerned with only one type of
resource, i.e. either the attending physician aiseu
and focused on only one issue of resource
management, such as scheduling. A recent study [6]
has identified this issue and proposes a diffeveay
of modeling and studying ED processes. The study
argues that with only a factory view of the worliohy
acuity patients will continually be starved from
receiving services and many will not receive treatm
at all. The study also argues in favor of modelimg
skill hierarchy of ED staff, using skill-based regt
specification, and allowing an ED agent to priastits



tasks. By modeling changing request priorities and
resource mapping based on requested skill sets, thi
study was able to produce simulation results thgha
more closely with how resources in a real ED are
actually used. This work is closer in philosophy an
approach to our own work, in that it places a great
emphasis on modeling resources. Our work

resource type specification in the step, followgdhe
evaluation or execution of the pre-requisite. ¥ fire-
requisite does not throw an exception (details of
exceptions are discussed shortly), step execution
proceeds by first acquiring the agent instancethed
acquiring all other specified resources, bindinghe
step’s formal parameters a corresponding set of

incorporates a similar focus on resources and also arguments, and then remanding execution of thetstep

seems to support more generality in resource
substitutability. But our work complements the fecu
on resources with a focus on process as well. In
particular, our approach, which builds on our poesi
research [12], suggests that closely correlating th
specific need for resources with specific detailed
process steps should lead to simulations that are m
accurate and potentially capable of better preatictif

the effect of making changes. In the next sectien w
detail this approach.

3. Our Approach

In our work we use the Little-JIL process defimiti
language to specify processes used in delivering
medical care in an ED. We then couple these psoces
definitions with specifications of resources and
constraints in order to drive discrete event sitimites
of how different configurations of process steps,
resource mixes, and constraints handled diffetewnisf

the assigned agent. The step’s execution concludes
with the evaluation of the step’s post-requisitefiy).

Assignment of a step to an agent is done by placing
that step on the agent's agenda (each agent resourc
has an agenda consisting of agenda items, each of
which is an instance of a step that the agent ligexb
to carry out), a complete specification of the gtepe
performed, including (but not limited to) specifiicen
of its arguments, available resources, its pagend, its
children.

Typically, a step has substeps, in which case its
execution consists of coordinating the executiothef
substeps. It is often the case that the agerguon a
step is anAutoAgent, which means that execution of
the step is sufficiently clear and bureaucratid tha
Little-JIL execution system is best qualified tafpem
it. In Little-JIL, substep execution sequencing is
specified as part of the step definition and may be
specified as being sequential, parallel, or as @ceh
among the substep alternatives. Execution of a leaf

and mixes of patients. This approach features the Step is at the discretion of the step’s agent, hewe

separation of various key simulation concerns vnédl

Of particular interest is the fact that Little-JIL

defined components that can support considerable assumes that execution of a step may fail andtrésul

flexibility and precise specification detail, as skall
now describe.

3.1. Process Definition

Little-JIL is an executable process definition
language with a well-defined semantics. A Little-JI
process definition is a hierarchy of steps, eachtoth
is best thought of as a method invocation. Each ste
defines a set of resource types needed to supigort i

the throwing of a typed exception, where the type
indicates the nature of the exception. Thus, for
example, failure of a pre- or post- requisite caube
throwing of an exception. But other failures maisar

as well. To handle exceptions arising within theps

of a step, each step can specify a set of exception
handlers, each annotated with the type of exception
handles. Each exception handler is also a steprthgt

be hierarchically decomposed. Thus exception
handlers define the subsequent actions when

execution. One of these resource types, called the ©XCeptional events occur as a result of a stepuéirec

agent, is distinguished from the others in that it
specifies the characteristics of the resource resta
that is to be responsible for carrying out the exea

of the step. Each step can optionally also be piete
by a pre-requisite and/or followed by a post-reitglis

within the sub-tree under the handling step. Sintida
the exception handling mechanism, Little-JIL also
allows specification of reactions that define cohtr
flow as a result of out-of-scope events such abailo
messages. Reaction handlers are also steps thatcan

Each requisite can be defined to evaluate a booleand€composed. Space limitations prevent describihg al

expression or decomposed into hierarchical step
structure. Each step also specifies a set of formal
parameters that is analogous to the argumentfliat o
method. Execution of a runtime instance of a step
begins with the identification of the agent thatl Wi
made responsible for executing the step based en th

the features of Little-JIL. Details of the languacgn
be found in [17] and an example of a Little-JIL pees
is shown in Figure 1, which we describe next.



Figure 1 shows a part of the definition of a pdtien
care process in an ED. In addition to the coordbnat
specification provided by the step hierarchy, this
diagram also shows yellow boxes that describe the
types of resources required by some of the difteren
steps. The yellow boxes are annotations, and do not

show the more precise language used to make thesebe placed inside the ED, where treatment starts.

specifications. To avoid visual clutter, the diagra

MOTE: These Post-it notes are not semantic part of
Little-JIL process definition. Some of the Information
that require locking inside the steps or the edges are
being shown here as comments using these notes,

Typically, when a patient arrives in an ED, the
patient is first triaged outside, assigned acugtel by
a triage nurse and then registered by a clerk, evtier
patient’s insurance information is collected and@n
band is generated and placed on the patient. At thi
point the patient waits for a bed to become avlad
I
some cases, a high acuity patient may be immediatel

VTreatPatlentIn 5|deEDA Resource Acquisition:

- Agent Resource: ProcessAgent (Auto Agent)
- NoenAgent Resource: Bed

\V/ L

PIacePatienﬂnBedA v 3 /_\

_ \_f InternaIRegistrationScopeA pEchargeOidmit
Handler Continuation: _

Resource Acquisition
- Agent Resource: Nurse

The pre-requisite checlt:sv InsideEDScope /—\‘

if the registration for this
patient has been done

vTreatP atientScop eA

* MOTE: There is a parameter named
'patientInfo’ that passes through
every step of this process

VIn itialAssessmentInAnyOrd er&

v PerformTests /_\.

L 4
MDAssessment RMNAssessment PerformProcedures

Resource Acquisition (patientlnfo.getTria

- Agent Resource: Doctor
Reource Constraint: Patient

Resource Acquisition
- Agent Resource: Nurse
Resource Constraint: Patient

Figure 1. A simplified ED

does not show the parameters for each step.

The root step of this diagram,
TreatPatientsinsideED, represents the process of
providing care to an individual patient once thégrd
has been placed in a bed inside the main ED. The
TreatPatientinsideED step is connected to its paren
(not shown in this figure), whose responsibilitytis
instantiate the process shown in Figure 1 for each
patient arriving at the ED. As a result, at anynpo
during the simulation, there may be many instarfes
the process shown in Figure 1 running in parallel.

(!pat\enﬂnfc.isRegistratiCﬂQ?

(p atienﬂnfc.getTriageAcuiW
A

Resource Acquisition
- Agent Resource: Nurse

Restart InsideEDScope

4
VP erform Qui(kRegistrationA

Resource Acquisition
- Agent Resource: InternalClerk

()

CompleteRegistrationé Perform this step if

Registration is not
Complete yet,
Resource Acquisition
- AgentResource: Internal Clerk

) @ ]
d L(i:ti]o nalTreatm entA vFi nalMDAssessm ent/_\.

Resource Acquisition
- Agent Resource: Doctor
{ The same cne that
first saw the patient )

Resource Acquisition
- Agent Resource: Doctor

Perform the steps above and
below only for patients with
triagedcuity higher than 3

AN

geAcuity() > 3)(1)
IntermediateAssessm entA

Resource Acquisition:

- Agent Resource: Doctor

{ The same doctor that
performed initial assessment )

process in Little-JIL

placed inside the ED, bypassing the outside
registration process. Thus, the process in Figure 1
shows how the registration of such patients is
coordinated into the flow of treatment inside tH2. E
Figure 1 shows that the agent resource responsible
for the step TreatPatientinsideED is AumtoAgent, as
the main purpose of this step is to create a sclope.
this case, thé&utoAgent starts the patient care process
for an individual patient and immediately requeats
Bed as a resource. Once the bed resource has been
acquired by TreatPatientinsideED a resource instanc
of type Bed then becomes available to steps within



TreatPatientinsideED’s scope. THaitoAgent then
carries on with the process by activating
TreatPatientinsideED’s children from left to right,

(RNAssessment) and a doctor (MDAssessment). Both
of these steps have been placed under a parafe| st
InitialAssessmentinAnyOrder. This specifies that a

starting with PlacePatientinBed to be executed by a patient must be assessed both by a nurse and by a

Nurse agent.

doctor, but that these two assessments can not take

Throughout this process, there is a parameter namedplace simultaneously. This is achieved by defirtimg

patientinfo (not explicitly shown in the figure) that

patient as a resource, which implies that the phtie

passes through each step. This parameter carriesinstance must be acquired as a resource by both

information related to the current state of theiguet
for whom treatment is being provided. As agentsycar
out different steps, they may use information eakin

the patientinfo parameter coming into a step as well as
set values inside the parameter that are thenadeil

to latter steps (and their agents) subsequentlgoine
cases such as AdditionalTreatment, state informatio
within the patientInfo parameter is used to determine if
the step needs to be carried out or not. As shawn i
Figure 1, once the patient is placed in a bedp#tent
treatment part of the process begins with the atitia

of non-leaf steps InternalRegistrationScope and
InsideEDScope respectively. Notice there is a pre-
requisite (indicated by a green downward arrowtead
the left of the step bar) defined at the InsideEd)ec
step, whose execution checks fatientlnfo parameter

to determine if some form of registration (exteroal
quick) has been performed for this patient. If ki
high acuity patient who has been placed insideEtibe
without external registration and if an ID band has
yet been generated through a quick registratiop, ste
the pre-requisite step of InsideEDScope will thramv
exception of type RegistrationNotDone. The exceptio
will propagate up to the parent step, InsideEDScope
which has been specified to be able to handletypis

of exception by activating a handler step named
PerformQuickRegistration. This exception handlepal
specifies how to continue execution once the exaept

MDAssessment and RNAssessment steps.
constraining the patient resource to be the sarienpa
for both steps the resource manager can then ensure
that the patient cannot be acquired simultaneoasi,

thus that the two steps take place sequentially.

The TreatPatientScope sub-process ends with
FinaIMDAssessment step, where the process specifies
that the same doctor who saw the patient earliér wi
revisit the patient to decide whether to dischange
admit the patient to the hospital. Finally, basedtoe
decision the doctor makes as part of completing the
FinaIMDAssessment, a nurse agent will be assigoed t
carry out the DischargeOrAdmit step.

By

3.2. Process Execution

The simulation capability we are using for this kwor
differs from most simulation capabilities in thatiro
simulations are driven by a Little-JIL process
definition that is rigorously defined, can be quite
detailed, and is indeed executable. The simulation
capability has been created by making relatively
modest modifications and enhancements to the Little
JIL process execution capability that already exist
Thus the simulation architecture is best describgd
first summarizing the Little-JIL process execution
architecture. Figure 2a provides a high-level dqic
of the Little-JIL execution architecture. The Step

has been handled, namely by restarting execution of Sequencer is a central feature of this systemjviage

InsideEDSceope. An agent of type internal clerk is
specified to perform the QuickRegistration stepteNo
that whenever a quick registration is performed, it
needs to be followed by another step to complete th
registration. This step, CompleteRegistration, tzdke
place in parallel with other treatment activitiesiriy
performed on the patient. This potential concurydac
captured by defining CompleteRegistration and
TreatPatientScope, two child steps, under a paralle
non-leaf step.
both define treatment of a patient inside the Elaas
series of tasks that include initial assessmera byrse

InsideEDScope and TreatPatientScope

requests for execution of the process (in this @ase
notification of a patient arrival), and then supsing
the forward progress of process execution as steps
complete. The Step Sequencer performs its work by
accessing the Little-JIL process to determine which
step(s) are to be executed next (based upon
information about step(s) that have completed), and
then assembles the items needed to get the step
executed.

Most specifically, the Step Sequencer consults the
Resource Manager to convey requests for resources
(an agent resource and other supporting resoutitas)

and a doctor, performance of tests and treatment are instances of the types defined as being neleyed

procedures, followed by more
(IntermediateAssessment) and additional treatnfents
higher acuity patients. In this process definitiire
initial assessment is performed by a nurse

assessments the step being executed. The Resource Manager is

responsible for searching its internal repositofy o
resource instances and selecting those that seem
particularly well-suited for meeting the needs bé t



requesting step. Determination of which resource is would be a system that could be of use in training
best suited often requires understanding the individuals to be agents of the type not simulatéal.
circumstances under which the step is being any case, note that the main additions to the eicu
performed. Information about circumstances is system are a simulation TimelLine, facilities for
generally obtained through an inquiry about théesté simulating the behaviors of all of those agents #ra
the process execution. Once the Resource Manager habeing simulated (Agent Behaviors), and a facility f
identified the needed resource instances, the istep collecting the results of a simulation run. In gide,
placed as an item on the agenda of the selectett age the Step Sequencer has been modified (e.g. sdtthat
resource. This agenda item also includes the iapdt accepts instructions about when to proceed to ¢xé n
output arguments for the step. These arguments arestep from the TimeLine), and the user now provides

accessed through a Parameter Manager. information about the distribution of patient aals.
Briefly, the JSim simulator works as follows. A
o simulation begins with the user providing an arriva
o distribution specification, and specifications afeat
- \ - Resource| Parameter

Wlarager behaviors, through the Agent Behaviors module. To
begin, JSim initializes the TimeLine to zero torstHf
a simulation run, initializes the root step of thdle-
JIL process to be the step currently being executed
and places a start event for that step in the TimeL
The simulation then proceeds as an iterative laop i
which the most proximate event in the TimeLine is
acquired and simulated. The perpetuation of the
f f EE simulation results from the fact that each step is
responsible for placing in the TimeLine one or more
events that represent such key activities as step
completion, spawning of substeps, etc. Each suehtev
During execution each agent must monitor its has a designated simulated time at which it isctmun
agenda, select a step to be performed, perforstépe ~ Thus, for example, a step completion event is
and signal step completion once result values have generated at the start of the simulation of thp,sted
been bound to the appropriate output arguments Not the time of this event reflects how long it is eseel to
that the monitoring of an agenda of a non-humamtage take for the step’s agent to complete the perfooman
(e.g. an MRI or an electronic health record systim)  Of the step. The TimeLine module keeps all evemts i
probably done by automatic polling. Live agentgy(e. sorted order, so that the Step Sequencer can easily
doctors, nurses, and registration clerks) must tooni ~ determine which event is to be simulated next.
their agendas themselves. In all cases, an agept ma

Manager

o
Which step What is 1l
done (o7

Agenda
Manager

Patient
Arrivals

Human Agents Non-Human Agents

Figure 2a. Little-JIL Runtime Architecture

| Simulation Results |

have the capacity to perform more than one stegp at ry
i i i 3 R W Resource Parameter]
t|me, and so may have mpltlple agenda. items open — = = Vanager] A Manager
simultaneously. An agent signals completion ofep s e\ = T
py placing an a_mnotanon in the_ step instance’sxdge — B mm%w outputs
item, and passing the agenda item through the Agend e Sep |- foreied Agenda
Management system back to the Step Sequencer, S Sequencer|—>|Agenda ftem Manager
which proceeds with execution of subsequent steps. /x fNex‘

Arrivals Event
3.3. The JSIM Simulation Architecture User | Timeline v

T LCICT LT
. . . - Agent Agent
As noted above, the JSim simulation capability has Benaviors\d Behaviors S

been built by making relative modest additions and
modifications to the Little-JIL process execution
system just described. Figure 2b shows the siiulat

system a_lrchitecture. This architecture allows any The Step Sequencer then proceeds very much as it
combination of human and non-human agents to be does when executing the process. In particulaicks

sr:mulated. In E'gufe 2|b redd workstation "?O”ISWE event consults the Resource Manager to obtain the
the agents to be simulated. Note in particulat bya  heegeq resources (including the agent) and the
choosing to simulate all agents except one, theltres

Non-Simulated imulated

Simulated Human Agents Non-Human Agents

Figure 2b. JSim Simulation Architecture



Parameter Manager to obtain the needed

arguments. Once all needed resources and argumentbetween step assignment,
have been obtained, the Step Sequencer packages the execution.

into an agenda item and delivers the agenda itetimeto

input allows for estimation and modeling of the lag time

and initiation of step
For now, these formulas are estimates

based on interviews with ED professionals, and

Agenda Manager for placement on the agenda of the analysis of statistical data. These formulas vaNé to

agent assigned to perform the step up the everiis to
simulated in order and for each. Performance of the
step, in turn, results in more events being plandte
TimeLine. To determine the times at which different
events, such as starting or completion of a taskt@

be improved and sharpened as our work progresses.
For the ED simulation example, specification of the
transformation of parameters is made easier by
restricting the number of parameters used by thpsst
of the simulation. The only parameter type of

be performed by an agent, JSim uses the Agentimportance in these simulation runs is fhaientinfo

Behaviors module, which has been initialized with
information about how to model agent behaviors. To
specify simulated agent behaviors in a flexible wag
have developed an XML based rule language [16]
called the JSim Agent Behavior Specification larggua
(JABS). Examples of how agent behaviors are
specified using JABS is briefly discussed in settdo
This Agent Behaviors specification replaces theact
interaction with live agents in a JSim simulatid8im
allows the specification of agent behavior to be&alo
primarily in two ways:

« Stepwise: There is a specification for how a
step execution is to be simulated, and the
specification does not vary with different
instantiations in the process or for different
agents that may perform the step.

« Agentwise: There is a specification for how to
simulate the behavior of each different agent
that may be assigned to carry out each of the
steps to which it might be assigned. Thus, for
example, this type of specification allows the
possibility that different agent instances may
require different amounts of time to perform
the same step.

JABS also allows nested specification of agent
behavior in order to allow combinations of the abov
two approaches. In both cases, if the step usas inp

packet that represents a patient to whom health isar
being delivered. Thus each step takes ghigentinfo
descriptor packet as input and sends it as outipert a
having added to or modified information inside the
packet according to the Agent Behavior Specifiggtio
discussed above.

The patientinfo packets are initialized with patient
information such as acuity level, and other items
needed to accurately reflect the Patient Distrdouti
specification input by the user of the simulatidBim
supports the definition of parameters that defimis t
distribution, and is potentially capable of addimegs
such issues as arrival rates and distributionscaoity
levels and symptoms. Using these parameters JSim
generates patient arrivals according to the Patient
Distribution specification parameters. Each patient
arrival signal causes the instantiation of a nesteince
of TreatPatientinsideED, as shown in Figure 1.

Finally, note that it is quite challenging to adske
the need to model the selection of resource instanc
(especially the agent resource instance) to be umsed
responding to a resource request from a step. i§his
the subject of ongoing research in developing a
flexible resource manager that can support resource
requirements during the execution or simulation of
complex processes [11, 12]. As already noted, the
problem here is to select a resource instance whose

parameters or produces output parameters, the Agentcharacteristics and current situation most closgljch

Behavior Specification must define how the ageesus
and converts its input arguments into outputs.

the needs of the step to be executed, under thentur
circumstances. Considerable literature on resource

The Resource Manager contains summary data allocation indicates that there are many reasong wh

about the capabilities agent resources, such &$ af |
the types of steps that each agent resource céoriper
This information supports the Resource Manager in
selecting the agent to be assigned responsibitity f
performing a step whose execution is to be simdlate
Execution time is estimated by means of a formula
that takes into account the max, min, and mean
execution times along with a distribution function,
agent skill level, agent task load, agent capaeihd
inquiry into various execution state parameterg.(e.
amount of crowding and threat level). In additian t
estimating and modeling execution time, JSim also

this is a very difficult problem. In the case of ED
resource allocation the problem is made even more
difficulty by our sense of the desirability of
incorporating additional flexibility from resource
substitutability. Our experience suggests that riogle
resource substitutability could help identify stgits

for facilitating patient flow and improving the
utilization of scare resources.. The details of hosv
have approached this problem are beyond the sdope o
this paper. But it is important to note that Reseu
Management is a well-defined separate component in
our simulation architecture, and thus changes in



resource assignment strategies and substitutability studies is their ability to fix one area of concéerg.
policies should be readily incorporated into new the process), and then evaluate it against vanstio
simulations by either modification or replacemefit o various other areas of concern. Thus our goal is to

an existing Resource Manager (e.g. by new Resource
Managers specialized for different domains).

Indeed, a key feature of the architecture of this
simulation system is separation of concerns suadk as
exemplified by having Resource Management
comprise a separate component. The architecture
incorporates a separate component for the defindfo
processes, a different component for dealing with
resources, and still another component for reptaggn

explore the efficacy of our factored approach te th
creation of simulations.

4. Experience

We have implemented a system having the
architecture depicted in Figure 2b, and have uséd i
create simulations that are driven by a range of
processes defined in Little-JIL. While we have pet

the behaviors of the various resources/agents undercompleted many of the studies that we have outlined

different circumstances. In creating this separatiee
have created a simulation facility with an unusuall
large amount of flexibility. In particular we expgebat
it should be quite feasible to use it to relativesily
carry out the following kinds of comparative stuglie

For a given process, run different simulations with
different resource mixes. A goal in doing this

might be to determine which mixes of resources
best fit the process that is currently in use.

For a given process, modify the resource mix over
time. Our approach should be better able to
produce simulation results that are consistent with
observed ED performance by enabling replication
of how ED resource mixes change over time. This
approach would also be useful in studying how
different changes in resources mixes could effect
better resource utilization and reduced delay in
treating patients.

For a given resource mix, run different ED process

the previous section, we have completed some
prototype simulations and done some preliminary
evaluation of their results. This section preseats
representative sample of some of these simulations.
We started out with a simplified ED process such as
the one shown in Figure 1. We modeled patient
arrivals as specific patient arrival events placed
initially in the TimeLine. We specified agent belwg
by using JABS to specify the type of agents aneroth
resources required for carrying out each process. st
For example, the Ileaf-steps QuickRegistragtion
MDAssessmentand RNAssessment require as agents
registration clerks that work inside the ED, a doct
and a nurse respectively. TreatPatientinsideED
specifies the need forBed resource.

4.1. Specifying Scenarios and Agent Behavior

For initial simulations, we first populated the
TimeLine with a fixed set of patient arrivals togie

variations.  Studies of this sort might be the simulaton run. Later we used a Poisson
particularly useful in cases where there are severe distribution of mean 10.0 to generate the times at
constraints on resource availability. These studies which different patient arrivals are simulated. &y

should be able to suggest how best to utilize the that a set of patient arrival events makes up the
resources that are available. The simulations scenario for a simulation run. Figure 3 shows an
might, for example, suggest how an ED might example of the specification of one such scenario,

modify its procedures in periods of congestion.

For a given resource mix and a given process, use
different resource substitution rules. Studies of

this sort might complement studies of how to

modify processes when resources are highly
constrained by suggesting how to modify the

priorities that agents (especially human agents)
attach to the handling of their tasks. Thus, for

example, these studies might suggest the possible
benefits of having physicians and nurses cover
some of each other’'s tasks under certain exigent
conditions.

Other types of simulation studies suggest
themselves as well. But a particular feature ok¢he

namely one in which there are three patient amsjval
and they occur at times, 8, 17, and 23.

<scenario>
< message
type="edpar ans. Pati ent Arri val Message"
t ime="8"/>
< message
type ="edpar ans. Pati ent Arrival Message"
time ="17"/>
<message
type ="edparans. Pati ent Arri val Message"
time ="23"/>

</ scenario >

Figure 3. Example of patient arrival specification



Figure 4 shows an example of part of an Agent 4.2. Summarization of Simulation Output
Behavior specification.

. : . The most basic form of output from a JSim
< step name="Pl acePatient| nBed">

<started > simulation run is a trace. Simulation run tracedude
<complete > such information as when each instance of a step
o ngmepcl'ete"i'“e ='10" /> became ready to be executed (entered the “initial’
</ started > state), when it was assigned to an agent's agenda
</ step > ' ' (entered the “posted” state), when the agent starte
< Sﬁgrtegamfz"conp' eteRegistration®> performing that step (entered the “started” staaej
<group> when it completed the step’s execution (entered the
< set-field parameter ="patientlnfo"> “completed” state). From this basic trace outputcar
<2e'goolegﬁme§;|'u2'?i’9;fL;,‘?‘t '/>°”D°”e"> then compute a range of summary information. In
</ field > particular, in our early work we have computed the
</ setfield > following kinds of summary information:
< complete >
</ EJQS%rterar;ge min=rA0T maxe 207 2 ¢ Length-Of-Say (LOS for patients. This is the
<<//9r0;g?ted N Lime a Fa;[jieqt spends from arrival to discharge or
</ step > ospital admission.
< agena name="ha001- doct or " > * Resource Utilization: The fraction of time
< Stfgtan’;%mej MAssessment * > resource instances are actually being used (ee. ar
<complete > assigned as agents or other resources for the
<linear-range min="10" max="20"/> execution of one or more steps) as opposed to

</ complete >

< started > waiting for steps to be assigned to them.

</ step >
</ agent > Changes in Avg LOS and Doctor Utilization
Figure 4. Example of Agent Behavior Specification 400 45.00%
350 4 -+ 40.00%
In Little-JIL, each step is formally defined usiag 200 1 7 300

= 30.00%

finite state automaton. During the execution or
simulation of a Little-JIL process, a step goestigh 1 1 oo &
the states posted, started, completed, and/or 150 1 |

c
+ 25.00% 2
T
N

Average LOS
~
5
S

terminated. Although not required, for very fine- 100 1 1 1000%
grained control JABS supports specification of the 501 1 5.00%
behavior of an agent upon entry into each of these 0 0.00%
states. Figure 4 shows examples of how such betsavio ’ ’ ) oo ’ . *
can be specified upon entry into the “started”

execution state for some of the steps in the psoces Figure 5. Sample result of simulation runs

shown in Figure 1. In this example, once the o ) -
PlacePatientinBed step is started, any agent made This simulation capability has allowed us to explor

responsible for carrying out the step, will generte how variations in resource mixes and allocatioresrse
complete event on this step after 10 simulation time t0 affect such key measures as LOS. Thus, for
units. Similarly, the second rule in Figure 4 sfiesi example, we have run a number of simulations in

the time it takes for any agent assigned to thp ste Which the ED process was fixed (using the process
CompleteRegistration to be computed using a uniform shown in Figure 1), but with different resourcexesi
distribution between 10 and 20 simulation time sinit ~ Figure 5 shows some of the summary results. In this
The agent behavior Specified as part of Comp|atm case, all resources except the number of availadids
CompleteRegistration step also sets the value of aWwere kept fixed, and the number of beds was varied
boolean field inside the ‘patientinfo’ parameter to from 2 to 10. As expected, the average length @f st
become true. The third rule, which is a nested,rule (the blue line in Figure 5) shows a decrease with
specifies that a specific doctor agent, with id G0’ increasing numbers of beds. However, we see less
takes somewhere between 10 to 20 simulation time reduction in the average LOS as more beds are added

units when assigned the task of performing In general, this is to be expected as we have &épt
MDAssessment. other resources fixed. We see a diminishing eféect



reducing length of stay as a result of adding st we suggest two future thrusts for this work: vdiioia
type of resource. In the same graph, we have plotte and prediction.
(red line) the average utilization of doctor resms.
We can see that, with the given resource mix, the  Validation of our simulation facility: Simulations
doctor utilization increases steadily with increasi of a simplified ED process with minimal resources
numbers of beds. This is also an expected behasgor, have usually shown output results that are in Viita
doctors were underutilized when there were fewer our expectation, although, as shown in Figure feso
beds, and more beds allowed more patients to beresults may appear to be counterintuitive, at ledst
brought in to be seen by doctors, thus reducing idl first. Thus we have immediately encountered thd-wel
time for doctors. However, the doctor utilizatiooed known problem of validating a simulation. While we
not improve in a straight line or a smooth curvhisT are testing our simulations, we understand thaintgs
unexpected outcome could be a result of the péaticu is of limited value, as software testing typically
scenarios or resource mixes we have used. ltlglear assumes the existence of an ‘“oracle”, which
underscores the need for careful validation of encapsulates information about what comprises
simulation output results, an issue that we address “correct” output. Especially in view of the factatha
shortly. simulation is intended to make predictions and poed

In our very early work, we have modeled different results that are not previously known, such oraates
mixes of resource instances such as doctors, nursesdifficult to devise. One type of oracle that we are
clerks, beds etc. inside the Resource Manager exploring, however, is actual practice. To gain enor
repository, all using the same ED process. We have confidence in our simulation results, we plan to
also created different ED processes (with a lotemor compare our simulated models with actual EDs of

details than is shown in Figure 1), and run sinfouhet various size and complexity to see how our results
using the same fixed resource mix. We have also run compare to actual patient lengths of stay.

simulations with various numbers of patients, défe In addition, we are carefully examining our
arrival distributions, and different simulation jmets. simulation trace output to be sure that the sinutaits

This work has reinforced our view that the sepamati  carrying out process steps in the right order, airqu

of concerns supported by the JSim architecture make resources that are appropriate, and modeling agent
it quite easy to carry out a wide range of commeris  behaviors in ways that are consistent with our ispu
studies, where the analyst can focus on processThese simulation validation efforts will continug i
changes, resource mix changes, patient mix changes, parallel with our increasing attempts at predictfon
various combinations of these factors. For exantpke, the foreseeable future.

simulation results for this paper were obtained by

simplifying a process that we had been using Prediction: Our well-modularized simulation
previously, but that is too large for the spaceilabie infrastructure  architecture provides considerable
in this paper. To create and simulate the process flexibility in performing different types of simutians.
described here, we simply modified the process by As suggested above we plan to use this capability f
deleting a few steps and abstracting out the |dexasl predicting effects of changes in a) process, Dues
details of others such as PerformTests and utilization, c) priorites of steps, d) resource
PerformProcedures. Then we made minor substitution policies, and e) various combinatiohall
modifications to the agent behavior specification t these. We plan to perform different ‘what if' types
support this modified process. The changes in the studies related to changing resource mixes, patient
resource mix specification, as it is dealt with &y  arrival patterns, and changes in process. For ebeamp
separate component, were easy and largely we want to study the effect of allowing certainpstén
independent of the process changes. All changes wer the ED process that are usually performed sequigntia

completed in less than one hour. to run in parallel.
We are also very interested in studying effects of
5. FutureWork dynamic changes in the process definition or remour

assignment based on the state of the running system
The early results obtained using this simulation For example, usually a nurse is the type of ageat t
facility seem encouraging. But much work remains to performs the patient discharge activity. We wotke |
be done if we are to have enough confidence in this to study the impact of starting to assign this siep
capability to use it as a predictive tool to sugges doctor agents when patient waiting time crosses a

improvements in the performance of actual EDs. Thus certain threshold. Simulating this sort of dynamism
seems to be difficult for many existing simulation



systems, but seems relatively straightforward usimg
approach. Thus, attempting this kind of simulatiowl
determining whether it yields results that are rtriee
actual observed practice should help us to determin
whether the modularity and flexibility of our JSim
architecture does indeed offer the benefits of tgrea
accuracy that we have been suggesting.

In general, our future experimentation will be ailme
not only at attempting to improve the performanée o
EDs, but also at coming to understand better the

[6] Hay, A. M., E. C. Valentin, et al. (2006), “Meling
Emergency Care In Hospitals: A Paradox - The Pttien
Should Not Drive The Process”, Proceedings of tBéh 3
Conference on Winter Simulation, Monterey, Califarn

[7] Hoot, N. R., Leblanc L. J. et al. (2008), “Foasting
Emergency Department Crowding: A Discrete Event
Simulation”, Annals of Emergency Medicine, Vol. 3. 2.

[8] Krahl, D. (2003), “Extend: an interactive simatibn tool:
extend: an interactive simulation tooProceedings of the

software architectural choices that seem to support 35th Conference on Winter Smulation: Driving innovation,

greater experimental flexibility and improved
simulation accuracy. Clearly this work is only just
beginning.
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