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Abstract

Admission scheduling in an intensive care unit (ICU)
poses a complex challenge that requires balancing the
optimization of resources for the post-operative care of
patients while managing the risk of capacity overload.
This process is further complicated by uncertainties
such as the unknown arrival of emergencies and the
varying length-of-stay of each patient. We model this
as a stochastic optimization problem with a planning
horizon of one week, using Monte-Carlo simulation
to approximate the uncertain and scenario-dependent
evolution of ICU occupation. Specifically, the model
aims at minimizing the risk of exceeding critical
occupancy levels, represented as chance constraints,
while efficiently utilizing available resources. The
application of this model on real-world data highlights
the potential for optimizing resource utilization without
increasing the risk of surpassing critical occupancy
thresholds by providing admission schedules that are
robust to different outcomes of the uncertainties.

Keywords:  Stochastic Optimization, Capacity
Management, Surgery Scheduling, Intensive Care,
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1. Introduction

An Intensive Care Unit (ICU) play a critical role in
providing essential medical care to patients in need. To
provide high quality of care, they rely on state-of-the-art
medical technologies such as life support systems and
monitoring devices that come with high purchase and
maintenance costs and therefore contribute significantly
to operational expenses of a hospital. As a consequence,
ICUs face significant financial challenges due to various
factors that exert cost pressures of a hospital (Augurzky
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et al.,, 2023). While being a major cost driver and
forming a large part of a hospital’s financial outlay
(Holzhacker et al., 2015), the ICU resources are
massively influenced by demand uncertainty regarding
the required capacity and medical staff. Recent events
like the COVID-19 pandemic have further put these
financial endowments to the test (Bai & Zare, 2020) and
at the same time highlighted the need for hospitals and
ICUs to be well-prepared for emergencies (Zangrillo
et al., 2020). But even in addition to a pandemic,
the ICUs in Germany are consistently operating at
their maximum capacity, making effective planning
indispensable (DIVI, 2023).

To fulfill the quality of care requirement in this
demanding environment, making efficient use of all
available resources (e.g., rooms and personnel) is a
key to minimize costs and increase the efficiency
of a hospital. Particularly, the utilization of a
resource-intensive ICU is closely linked to the number
of surgeries, as this is where the medical aftercare takes
place. From the hospital’s perspective, maximizing the
number of surgeries and thus admissions to the ICU
helps optimize resources and generate financial returns.
For patients, a higher number of admissions means
reduced waiting times for medical interventions. A
common challenge in scheduling admissions to the ICU
is the consideration of uncertainties. As the complex
environment of a hospital and therefore the occupancy
of beds is subject to exogenous factors like the arrival of
emergency patients or the course of disease of patients.
These factors affect the length of stay (LOS) and the
conditions under which capacity-related decisions such
as elective surgery scheduling are made. The LOS
may vary over time while its actual realization remains
uncertain (James et al., 2018).

The research presented in this paper is the result of a



collaboration with the planning staff of an ICU facing
these challenges on a daily basis in their admission
scheduling process. In a previous study (Witteborg
et al., 2022), we developed a decision support tool that
combines Machine Learning to obtain patient-specific
LOS distributions with Monte Carlo simulation in
order to provide a quantitative risk assessment of ICU
admission decisions. The decision support system has
been in practical use for more than a year.

In this paper, we extend the scope of the decision
support by using stochastic optimization to provide
proposals for admission decisions. Given a tentative
set of elective surgeries with target dates requiring
postoperative care in the ICU, scenarios represent
sample paths from Monte Carlo simulations to model
the uncertainty with respect to the arrival of emergency
cases and the patients’ LOS. Our approach uses
two-stage stochastic programming with (joint) chance
constraints for scheduling as many surgeries as possible
while managing the risk of exceeding a critical
occupancy threshold. Our model is evaluated using
real-world data from our partner hospital, ensuring its
applicability in actual hospital settings. In particular,
all distributions representing uncertain factors affecting
the ICU utilization, namely emergency cases as well as
uncertain and the (patient-individual) LOS are estimated
based on historical data from the hospital.

The contributions of this paper can be characterized
as follows:

* We propose a data-driven stochastic optimization
approach for supporting the daily ICU admission
scheduling process that accounts for uncertain
emergency cases and is capable of exploiting
health monitoring information for incorporating
patient-specific LOS distributions

* We propose a two-stage stochastic mixed-integer
programming model for ICU admission
scheduling augmented with chance constraints
for controlling the risk of exceeding critical
occupation thresholds

e In an experimental study based on real-world
data from a German hospital, we show the
applicability of our approach as well as its
potential to increase the overall ICU utilization
while respecting desired risk management
constraints

The structure of the paper is as follows: In Chapter
2, comparable approaches are presented, serving as
a reference for our positioning within the literature.
Chapter 3 provides a comprehensive description of the
decision problem and its modeling. Chapter 4 details

the generation of instances, followed by Chapter 5,
where the model is tested under various admission
policies. Finally, Chapter 6 outlines the conclusions and
potentials for future research.

2. Literature Overview

To put our approach into context, we refer to
literature that provide stochastic optimization models
and their application in capacity-constrained scheduling
in healthcare. ~We focus on different optimization
approaches under uncertainty used to solve capacity
constrained scheduling problems in hospitals (Shehadeh
& Padman, 2022).

These models involve planning capacity (e.g.
operating rooms, ICU beds) by deciding on elective
surgeries or admissions for each period of a planning
horizon. They account for uncertainties in surgery
duration and LOS of patients on the ICU and related
wards.  Within the realm of optimization under
uncertainty, the frameworks of stochastic programming
and robust optimization are employed to model
scheduling problems. Methodologically, the approaches
can be differentiated by how uncertainty is incorporated
into and modeled within the framework:

Robust optimization, as used by Neyshabouri and
Berg (2017), focuses on worst-case realizations of
uncertain parameters which are represented by so-called
uncertainty sets. Distributionally robust optimization
like Shehadeh and Padman (2021) stands in between
robust optimization and stochastic programming by
considering a family of probability distributions that
are plausible based on partial information or empirical
data to include uncertainty. In contrast to robust
optimization and distributionally robust optimization,
stochastic programming can incorporate detailed,
known probability distributions into the model. This
level of specificity allows for optimizing expected
outcomes, making it suitable for scenarios where
historical or empirical data provide reliable insights into
future probabilities.

In stochastic programming, the joint distributions
of uncertain parameters are typically represented
by scenarios, and the objective function consists in
optimizing the expected value or other statistical
measures. Two-stage stochastic programming
approaches in health care scheduling represent
uncertain parameters such as the duration for surgeries,
LOS or similar factors in form of scenarios that
affect the consequences of first-stage scheduling
decisions. By using specific scenarios derived from
well-established distributions, stochastic programming
enables to evaluate the impact of particular future



events or trends precisely. In particular, two-stage
stochastic programming models with recourse have
gained substantial traction for tackling problems such
as scheduling of operating rooms (Lalmazloumian
et al., 2023). In similar contexts like the placement
of observation patients, capacity-balancing algorithms
in combination with discrete event simulation (Tilson
et al., 2024) are used for patient scheduling in hospitals.

While the structure of many models from the
literature is similar, they differ with respect to the
exact scheduling problem and the resources that are
considered, with respect to the uncertain parameters
considered and with respect to the overall objective
measure. For Min and Yih (2010), patient-related
cost (e.g. waiting time) as well as overtime cost for
the medical staff are minimized while the individual
duration of surgery remains uncertain. In a similar
manner, Hashemi Doulabi and Khalilpourazari (2022)
present a model for a weekly operating problem as
state-variable model with scenarios including stochastic
surgery times. Having the opening costs of an operating
room as well as the overtime cost depending on the
surgery duration as the objective measures, they separate
the approach into two stages with the latter subject to the
uncertainty of the unknown duration of surgery times.

Jebali and Diabat (2015) further consider the LOS
of a patient due to including the capacity of beds for
postoperative care as an additional capacity restriction
in addition to the surgery rooms. As a stochastic model,
sample average approximation is then used to generating
a solution that aim for minimizing patient-related costs
and resource utilization. In a further extension Jebali
and Diabat (2017) not only integrate the possible arrival
of emergency cases but also chance constraints by
defining the risk of cancellation of patient admissions
and surgeries as a threshold. In the same setting Zhang
et al. (2019) introduce a two-level optimization model
with selecting high-priority patients from the waiting list
using a Markov decision process, while the second level
optimizes the assignment of selected patients to specific
surgical blocks through a stochastic programming
approach. While not considering chance constraints,
this approach is an example of combining uncertainty
factors with an assignment policy for admission by
using the priority driven waiting list. A two-stage
approach with multi-objective optimization from Wan
et al. (2023) for the bed allocation put uncertainties
regarding the LOS and emergency arrival into focus
while applying different algorithms for optimization
which supports the view of a risk-oriented approach
without a specific risk level or chance constraint for the
scenario generation.

We follow these two-stage approaches in a key

aspect: Identifying uncertainty regarding the length of
stay (LOS) of all relevant patient types as the central
factor determining ICU capacity. Related surgery
planning cannot occur without ensuring sufficient
downstream ICU capacity. Stochastic programming
is suitable for modeling this occupancy management
problem, as it accounts for uncertainty in patient
arrivals, LOS, and elective admissions using probability
distributions. ~ Our approach models this capacity
planning problem through stochastic programming that
considers uncertainties in probability distributions and
controls the risk of exceeding critical occupation
thresholds by adding a chance constraint.  While
previous two-stage stochastic programming approaches
consider all scheduling decisions in the planning horizon
as first-stage decisions, our approach, intended for
daily use in a rolling horizon fashion, considers only
the ICU admission decisions on the current day as
first-stage decisions. All other scheduling decisions
are considered as second-stage decisions to be revisited
in future days. By doing so, we extend related
approaches to a dynamic decision-making setting
where our stochastic optimization approach helps ICU
management make informed and effective decisions
about ICU admissions, optimizing resource utilization
under uncertain conditions.

3. Problem Description and Stochastic
Programming Formulation

Our approach supports ICU admission decisions for
the planning horizon (typically a week). At this stage,
there is uncertainty concerning future ICU occupancy
because it is unknown when current patients will be
discharged. Additionally, the number of incoming
emergencies and their subsequent LOS are unknown,
adding to the uncertainty of available capacity. While
emergencies influence capacity utilization without being
subject to planning for admissions, the scheduling
itself refers to elective patients: surgeries that can be
scheduled within a short-term planning horizon, though
their LOS remains uncertain.

As the admission of elective patients affects ICU
occupancy levels, the main advantage of stochastic
approaches lies in risk management: Ensuring safety by
keeping beds in reserve for emergencies, the scheduling
of elective admissions influences the overall number of
occupied beds. Here, the combination of optimization
and risk management is key: By setting constraints on
the risk of exceeding bed occupancy thresholds, the
optimization model can guide decisions that control
the likelihood of capacity overload while maximizing
bed utilization. By considering different realizations



Emergency Reserve

First Day

Scenario 1

Scenario 2

Scenario 3

Second Day

Mo . Tu

A

Past

Scenario 1

Scenario 2

Scenario 3

Figure 1. Simpli ed Scheduling Example

of uncertainties, the model provides a robust admission
schedule at the beginning of the planning horizon.
ICU utilization over the planning horizon involves
several stages and depends on previous decisions.
From this perspective, ICU occupancy is a multi-stage
decision process subject to these uncertainties. As
the week proceeds, the LOS of admitted patients is
realized, determining further admissions or capacity for
emergencies. In the planning process of our cooperation
partner, admission decisions are made daily, based on
actual bed availability and the status of ICU patients.
We approximate this process in a two-stage stochastic
programming model where the first stage considers
possible outcomes of the second stage. Thus, the
proposed schedule for a pool of elective patients is
robust to the uncertain LOS and emergency arrivals.
The structure of the planning process and the
two-stage stochastic ~programming approach is
illustrated in Figure 1 As exemplified at the top of
Figure 1, the decision for a free bed on Monday is
based on the scenarios taken into consideration for the
following days. In this example, one bed is initially
occupied and one patient is admitted for the second bed
while the last bed is kept as an emergency reserve. For
this decision, three scenarios of how the occupancy will
develop depending on the first-stage decision are taken
into account: Patient 1 may stay only one day (Scenario
1), three days (Scenario 2) or four days (Scenario

3), and the occurrence of emergency patients varies
from scenario to scenario. The planning process starts
again on Tuesday (see Figure 1 bottom). Assumed that
patient 1 left the ICU after a stay for one day and the
initially occupied bed has also become free, patient
2 is scheduled for admission while one emergency
arrives and one bed is still kept as en reserve for further
emergency cases. From Tuesday on, further admissions
are possible depending on the LOS of the patient and
incoming emergencies.

For each day of the planning horizon the model
proposes an admission schedule, considering scenarios
for the following days. The considered scenarios are
generated for every day when certain information (e.g.
the health status of patients in the ICU) is available and
a decision takes place. In this manner, the model is able
to provide a daily admission schedule that takes the
future uncertainty into account. The goal of the model
is to schedule every waiting patient within the current
planning horizon without making priorities between
individuals.

Parameters

The overall capacity of the ICU is denoted as C
and equals the constant number of all available beds.
Besides that, CR is a reduced overall capacity that takes
into account the practical requirement that a reserve



