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A dynamic scheduling framework is proposed to provide real-time support for managing the scarce re- 

sources of the Emergency Department. The theory of parallel machine and flexible job shop environments 

are integrated to schedule patient-bed assignments and task-resource allocations. The solution method 

incorporates dispatch heuristics, disjunctive graph methods and meta-heuristic search in order to pro- 

vide fast solutions that respond to unscheduled arrivals, competing priorities and heterogeneous patient 

care needs. The dynamic algorithm is compared against static solutions and is shown to achieve solu- 

tions within 5 percent of the best bound. The dynamic schedule updates are completed within 2 seconds 

of information updates. This level of decision support, when implemented within a patient management 

system, can reduce the clinicians’ workload by managing prioritized task lists such that the clinical staff

is more free to focus on delivering clinical care. 

© 2016 Elsevier B.V. All rights reserved. 

1. Introduction 

The Emergency Department (ED) is an important health care 

service that delivers time-critical care to unscheduled patient ar- 

rivals. Demand for ED services is increasing at a rate faster than 

population growth ( FitzGerald et al., 2012 ) and bed availability 

( Forero et al., 2010 ). This motivates our focus on the effective- 

ness and efficiency of beds and resources within the ED. The key 

challenges for the ED environment are to accommodate unsched- 

uled arrivals, competing priorities and heterogeneous patient care 

needs. The aim of this paper is to introduce a resource alloca- 

tion model that represents the ED environment and can be imple- 

mented within a real time electronic patient management system. 

Patients arrive at the ED and are triaged. The triage assess- 

ment determines the priority classification and immediate needs 

for each patient. The triage priority classes each have a recom- 

mended maximum response time to assign an ED bed or treatment 

space and commence ED care. The most urgent triage class has 

a recommended response time of zero and will bypass the triage 

stage for the immediate commencement of ED care. For all other 

triage priority classes, if the patient cannot be assigned to a treat- 

ment space then they wait until an appropriate treatment space 

becomes available. ED care starts with a medical assessment that 

develops into a treatment plan comprising of several treatment 

tasks. Each treatment task requires a staff or equipment resource 
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for processing. The tasks include investigations such as imaging 

and pathology, treatments, and a disposition processes relating to 

the discharge pan for that patient. After ED care, the patient is dis- 

charged to their usual place of residence or admitted to a hospital 

unit for further care. Fig. 1 illustrates a basic model of patient flow 

within the ED. 

Performance of the ED is measured primarily through time- 

based targets, such as response time (from arrival to bed assign- 

ment) and completion time (from arrival to discharge). 

The ED is organized into different areas, each area contains sev- 

eral treatment spaces with an identical setup and is suited to dif- 

ferent patient needs. Some areas have highly specialized equip- 

ment for monitoring and advanced life support, while other ar- 

eas have a simpler setup used for low complexity care. For sim- 

plicity we will refer to the treatment spaces as bed resources, al- 

though some treatment spaces are fitted with beds and others (es- 

pecially in the low complexity care areas) are fitted with chairs. 

Staff and equipment resources are organized into resource groups. 

All individuals within a resource group are assumed to be iden- 

tical and skilled for a particular subset of treatment tasks. Doc- 

tors, nurses, and wardies are staff resources. Doctors and nurses 

are primarily responsible for clinical tasks relating to patient treat- 

ment and wardies are responsible for transporting non-ambulant 

patients to imaging appointments and for admission to inpatient 

wards. Pathology and X-ray are equipment resources used for di- 

agnostic tasks. 

The resource allocation model receives information from the 

triage assessment and medical assessment in the form of task 
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Fig. 1. ED patient flow. 

requests. The bed assignments and treatment tasks are scheduled 

in such a way as to respect the patient priorities and maximize 

both resource efficiency and patient throughput. This model ac- 

cepts the instructions of health care professionals in terms of pa- 

tient priorities, bed requests, treatment tasks and gives as output 

an efficient resource allocation schedule. 

The modeling for this research is based on a major regional 

hospital in Australia with over 45,0 0 0 emergency presentations per 

year. The ED has 30 treatment spaces with staff numbers between 

15 and 30 depending on peak versus non-peak shift hours. Histor- 

ical data from the ED information system is used to provide infor- 

mation regarding the arrival rates and the distribution of priority 

classes and other relevant statistics to describe the patient cohort. 

The ED environment is modeled as a two-layer assignment and 

sequencing problem. The patient-bed assignment is modeled as 

a parallel machine scheduling environment with machine groups. 

The task-resource allocation is modeled as a flexible job shop. The 

two layers are interconnected since the bed assignment of each pa- 

tient must span the duration of all treatment tasks. 

The flexible job shop is defined by a set of resources and a set 

of jobs where each job consists of a set of precedence constrained 

tasks. Each task is processed by a single resource from an allow- 

able group. In the ED setting patients are the jobs with precedence 

constrained treatment tasks. The resources are separated into dis- 

tinct groups representing different kinds of staff and equipment 

resources e.g. doctors, nurses, X-ray, pathology, etc. The objective 

for the task-resource allocation is to minimize the total completion 

time for all patients. 

The parallel machine problem with machine groups consists of 

a set of jobs and machines where each job must be assigned to an 

allowable machine for the duration of processing. In the ED each 

patient requires a bed from an appropriate subset of beds. The as- 

signment of patients to beds occurs with the objective of minimiz- 

ing weighted response time. The weights are determined from the 

priority class assigned to the patient at triage and the response 

time is defined as the time between the patient’s arrival and their 

bed assignment time. 

The resultant ED scheduling model is NP-hard since both the 

parallel machine environment and the flexible job shop environ- 

ment are NP-hard ( Moslehi & Mahnam, 2011; Pinedo, 2008 ). NP- 

hard problems are often unsuitable for exact algorithms due to the 

complexity and size of the solution space and so approximate algo- 

rithms are developed to find near-optimal solutions. We have de- 

veloped a heuristic approach to generate solutions for the ED en- 

vironment that exploits domain specific knowledge. 

Since the arrivals of ED patients are not known in advance, the 

bed assignment is achieved using a priority dispatch rule. After the 

patient is assigned to a bed, the treatment tasks are scheduled us- 

ing a disjunctive graph formulation for assignment and sequencing. 

The initial solution to the task-resource allocation is improved us- 

ing a tabu search heuristic. When a new patient arrives, or when 

a bed becomes available for a new patient, these dynamic events 

trigger a new bed assignment. The treatment tasks for the new 

patient are incorporated into the disjunctive graph, which in turn 

leads to a new task-resource allocation and tabu search. This ap- 

proach provides high quality solutions in a fast timeframe and al- 

lows for implementation in a dynamic environment. 

This paper is organized as follows. Section 2 reviews the liter- 

ature related to this problem. In Section 3 the model and nota- 

tion is introduced followed by the description of the dynamic so- 

lution method in Section 4 . The computational study is reported 

in Section 5 and the paper finishes with concluding remarks in 

Section 6 . 

2. Literature review 

Quality of care in the ED is hard to measure in terms of pa- 

tient outcomes as the confirmed diagnosis and the clinical follow- 

up are rarely made within the ED. It is further complicated because 

the three key stakeholder groups (patients, clinicians, and man- 

agers) have different perspectives on quality care ( Cameron, Schull, 

& Cooke, 2011 ). Performance in the ED is often measured through 

time-based targets such as the response time (between a patients’ 

arrival and the beginning of ED care) and completion time (from 

arrival to departure). In Australia the response time targets are de- 

fined using the Australian Triage Scale ( ACEM, 20 0 0 ) and the com- 

pletion time targets are defined under the National Health Reform 

agenda ( Australian Government, 2012 ). 

There exist a large number of publications on modeling and 

analysis for the hospital in general and the emergency service 

in particular. Common quantitative approaches for health care 

tend to statistical analysis, simulation and mathematical modeling 

( Brailsford, Harper, Patel, & Pitt, 2009 ). Statistical analysis uses his- 

torical data to identify trends and patterns in the system. Stud- 

ies of this sort examine system behavior and the effect of in- 

troducing new protocols. Simulation is often used as a planning 

tool as it permits experimentation without risk to patients. It can 

be limited by the detail and accuracy included in the simula- 

tion model but is very accessible with many off-the-shelf prod- 

ucts available. Simulation models can also be used in conjunction 

with mathematical models ( Diefenbach & Kozan, 2011 ). Mathemat- 

ical models include queuing theory (QT) and mathematical pro- 

gramming models (MP). QT is used to plan system capacity and 

service levels to meet known patterns of demand. MP methodolo- 

gies are used for scheduling and allocation of scarce resources, for 

example appointment scheduling, staff rostering, treatment task 

scheduling. 

Treatment task scheduling in real time is the focus for this pa- 

per. By this we mean to create an algorithm where patients are 
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