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Abstract

Optimal resource management in hospitals,
particularly in critical departments such as
operating rooms, plays a pivotal role in enhancing
both economic performance and service quality.
One of the key challenges in this context is the
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efficient scheduling of surgeries, considering
resource constraints and uncertainty in surgery
durations. This study focuses on developing a
mathematical model for daily operating room
scheduling under uncertainty. The primary
objectives of the model include improving
collaboration satisfaction between surgeons and
surgical assistants, allocating surgery times based
on patient urgency, and reducing overall costs.
The main innovation of the proposed model lies
in the simultaneous consideration of staff
collaboration preferences, comprehensive cost
management, and the inclusion of personnel with
varying specialties. Moreover, by incorporating
different scenarios for surgery durations and
influential factors such as surgeon skill levels, the
model provides more realistic and applicable
outcomes. To solve the problem under
uncertainty, a novel genetic algorithm is
presented. This algorithm features an innovative
and comprehensive chromosome design and a
customized crossover operator tailored to the
specific characteristics of the problem. For
instances where the optimal solution is known,
the proposed algorithm achieves an averageerror
margin of Y,Y1Z. Additionally, for large-scale
instances where commercial solvers fail to
provide solutions within an hour, the
performance and speed ‘of the algorithm have
been thoroughly evaluated. Compared to the non-
elitism genetic algorithm, it yielded an average
improvement of ¢,Y%.in generated problems.

Keywords:  Operating « room =~ scheduling,
Resource allocation, Mixed-integer
programming model, Genetic algorithm, Elitism.

Introduction

Efficient daily scheduling of operating rooms
(ORs) is a significant issue for hospitals. The
surgical department usually takes a big chunk of
the budget and staff time. It also has a major
impact on patient outcomes and throughput. This
paper looks at OR scheduling when surgery
durations are uncertain. It has one main goal: to
maximize (i) scheduled patients' priority
coverage, (ii) surgeon—assistant collaboration
satisfaction, and (iii) operational cost efficiency.
This includes opening costs, overtime, idle time,
and penalties for unscheduled patients or

specialty mismatches. The model clearly outlines
various staff roles, including surgeons, physician
assistants, anesthesiologists, and nurses. It also
accounts for OR-specialty compatibility,
cleaning time, and bed assignments for patients
needing post-operative care. It treats uncertainty
in surgery length with a set of probability-
weighted scenarios. This approach supports
practical day-to-day planning better than purely
deterministic models.

Methodology

We formulate a mixed-integer programming
model whose decision variables include patient-
to-OR assignments, binary scheduling flags, start
times per patient per scenario, staff assignments
to ORs, sequencing relations between surgeries,
OR opening flags, overtime and under-utilization
amounts, and bed allocations. The objective is a
weighted sum-of three components: total priority
weight * of scheduled patients, aggregated
surgeon—assistant utility scores for assigned
collaborations, and aggregated operational costs
(opening, overtime, idle, mismatch, and
unscheduled penalties). Hard constraints enforce
OR capacity (per scenario), non-overlap of
surgeries, cleaning windows, staff availability
(each staff at most one OR), specialty—OR
compatibility, and bed capacity. To solve the NP-
hard scheduling problem at operational scale, we
develop an elite genetic algorithm (GA) tailored
to this representation. Each chromosome encodes
a complete feasible solution using multiple
segments: (1) patient assignment vector (length =
number of patients; gene values ‘..M where °
denotes unscheduled), (V) surgery order sequence
(a permutation-like list that preserves surgeon
multiplicities), (V) start-time matrices (per patient
x scenario, derived from order), (¢) scheduling-
status bits, (°) OR-open binary vector, (1) staff-
assignment lists for
nurses/assistants/anesthesiologists and a surgeon-
to-OR binary matrix, and (V) bed allocations. The
GA uses tournament selection (size Y), elitism
(top elites carried unchanged), a customized two-
point crossover that (a) exchanges patient-
assignment segments by classical two-point
crossover and (b) applies an order-preserving
crossover variant to the surgeon-sequence
segment to maintain correct counts per surgeon,
and two mutation operators: random



reassignment of one or more patients to different
ORs and random swap of two surgeons’ positions
in the order segment. Infeasible offspring are
repaired via domain-specific repair routines (e.g.,
opening ORs that receive patients, rescheduling
inconsistent start times, reassigning staff to open
ORs); unrepairable chromosomes are discarded.
Stopping criteria: Y+ generations. Key GA
parameters were tuned using Taguchi
experiments in Minitab. The selected settings:
Y+ generations, population size Y°+, crossover
probability *»%, mutation probability *,°, number
of elites = Y. Implementation: GA coded in
Python; exact benchmarks solved with PulP;
experiments run on a laptop (Intel Core i°-
V«YeG, A GB RAM). Testbed: Y+ randomly
generated instances increasing in  size;
commercial solver time limit = Y hour per
instance.

Results

On the six small instances where the exact
optimal solution was obtainable by the solver, the
GA produced solutions with an average relative
gap of =), Y1/ (three instances had zero gap), and
a maximum observed gap of Y,¢V/. For larger
instances where the exact solver timed out (no
feasible solution within Y hour), the GA provided
feasible, high-quality schedules with an average
runtime of ~YA4 seconds. Detailed comparisons
(objective values and runtimes) across the Y-
problems show that the elite GA reliably finds
near-optimal schedules for solvable instances and
robust feasible schedules for large instances that
are intractable for the.exact solver under the
imposed time limit. Computationally, the tailored
chromosome design, repair mechanisms, and
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order-preserving crossover were critical to
maintaining feasibility and producing high-
quality sequences. Managerial metrics derived
from GA outputs indicate reductions in OR idle
time and overtime exposure as well as fewer
specialty-mismatch penalties and unscheduled
patients compared to baseline schedules used in
comparable literature instances.

Conclusion

This study contributes (1) a comprehensive
mixed-integer model for daily OR scheduling that
jointly considers patient priorities, surgeon—
assistant collaboration. utility, detailed staffing,
bed allocation, and uncertainty via scenario
modeling; 'and (Y) .a specialized elite genetic
algorithm with a rich chromoesome encoding,
customized crossover/mutation, repair heuristics,
elitism, and Taguchi-tuned parameters. Empirical
results on synthetic testbeds demonstrate that the
GA attains near-optimal performance on small
instances (=),Y1Z average gap) and scales to
larger instances that defeat exact solvers within
practical time limits, producing schedules that
improve utilization and reduce penalty costs. For
practice, the proposed method offers hospital
managers a flexible decision-support approach to
produce realistic daily schedules under uncertain
durations while balancing human factors and
cost. Future work should (i) extend the model to
multi-stage stochastic programming to handle
emergency arrivals dynamically, (ii) integrate
machine-learning predictive models for more
accurate surgery-duration distributions from
historical electronic health records, and (iii)
validate the approach on real hospital datasets to
quantify operational benefits in live settings.
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Feature Y] ] '] [%] -] [A] [V] _ This study
Year Y.)o Yo A \ERR! Y«)4 Y«)id YoV YoY¢ —
Planning horizon Weekly Daily Daily Daily Weekly Daily Daily Daily
Strategy Open Open Open Open Open Open Open Open
Surgery time Deterministic Stochastic Deterministic Deterministic Deterministic Deterministic Stochastic Stochastic
Surgeon
assignment by X v X X x x x x
the model
Physician-
assistant &

X X X X X X X N4
surgeon
cooperation
Staff type Multiple
considered Surgeon Surgeon Surgeon Surgeon Surgeon Surgeon — types
Staff a\{ailability o v v « « o « «
constraints
Specjalty o o o o Y o v v
considered
Turnoyer ‘ o v v « < « « v
(cleaning) time
Special'.cy'ft'ask o o v o o o o v
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General-ward o o o o y « v v
beds modeled
Surgery Time First-come, " Priority- o First-come,  Priority-  Priority-
sequencing rule window  first-served based first-served based based
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(types of costs considered in the present study with other studies in the field of operating room scheduling

Costs
Research ~ Year Operating room Overtime Operating room Unscheduled Improper patient assignment
reopening idleness patients to operating room
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(The symbols used in the mathematical modeling of the problem) alluws 5L, (s5luoe ;o 0ads eslitwl slasles ¥ Jgax

Indices

yvel{,2,.,Y}

index for nurses



ueil,2,.,U}  index for physician assistants

ze{l,2,....Z} index for anesthesiologists
de{l,2,..,D} index for surgeons
seil,?2,..,S} index for scenarios
ie{l,2,.. 1} index for patients

mei{l,2,..,M} index for Operating Rooms (OR)
bei{l2,..,B} index for general-ward beds

Sets
I, set of patients of surgeon d
q; set of specialties required by patient i
Parameters

- V if OR m is compatible with the specialty required by patient 7.+ otherwise
Al. V if patient 7 must be admitted to the general ward after surgery; * otherwise
W Priority weight of patient i
0 Standard working time per OR (hours

g
H Maximum overtime per OR (hours)
OR turnover (cleaning) time after each surgery (hours
g gery

C Overtime cost per OR per hour

1 p p
C Under-utilization cost per OR per hour

2 p p
C3 Penalty cost per unscheduled patient
C 4 Penalty cost for assigning a patient to an OR not compatible with the required specialty
C Fixed opening cost for each OR at the start of the planning horizon

5 pening p g
L Surgery duration of patient i under scenario s (hours)
P’ Probability of scenario s
V., Utility/compatibility score for collaboration of surgeon d with physician assistant u
We Importance weight of the surgeon—assistant satisfaction component (and per-surgery

! importance weight) in the objective function
We Importance weight of the cost component in the objective function
2 p g p )
M a sufficiently large positive constant (Big-M)
Decision variables
X! V if patient i is assigned to OR m; + otherwise. (binary)
Scheduled. V if patient 7is scheduled; + otherwise. (binary)
N'b V if bed b is assigned to patient 7; + otherwise. (binary)
T Start time of patient i’s surgery under scenario s. (continuous)
Order” V if, in OR m, surgery of patient iy is performed after completion of surgery of patient i,; *
i

otherwise. (binary)



Open Y if OR mis opened; * otherwise. (binary)

Om Overtime of OR m (hours). (continuous)

Um Under-utilization of OR m relative to the standard time (hours). (continuous)

Nurseym V if nurse yis assigned to OR 1z, + otherwise. (binary)

Anesthetistzm \ if anesthesiologist zis assigned to OR mz; * otherwise. (binary)

Re sidentum V if physician assistant uis assigned to OR nz;, * otherwise. (binary)

Surgeondm \ if surgeon d operates in OR m during the day; * otherwise. (binary)

Workdum V if surgeon dand physician assistant # collaborate in OR m; + otherwise. (binary)

Slack® ) if surgeon d performs the surgery of patient\iy immediately after completing the surgery of
itz patient i, in OR m; * otherwise. (binary)

el oz 4 dlles g3logan wad ly slosles 4y axgi b

Max/ = Wel (z VI/,-SCheduled[ + Z VduWorkdum) - o

d.,u,m

We,(> 0,C +> U,C, +Z (1— Scheduled,)C, +Z (1-K,,)X,C,+Open,C;)

s.t.

X! <Open, ,Vi,m ™
> X} =Scheduled, Vi ™
AScheduled, =Y N, Vi (*)

D

ZNZ.,) <1,vb ©)
Z(L;+E)X;30+H,Vm,s Q)
Order;; +Order;; < @,Vlﬁz,m,il #1, @
ZOrde;;]’Z <1,Vi,m M
ZOrderill'Z <1,Vi,,m )
2 Order; =3 X, ~Open, . Ym ()

UR)

AR



ZNurseym =Open,, ,Vm
y
Z Anesthetist, = Open, ,Ym

Ym

m

Z Resident,, = Open
ZNurseym <1,Vy

Z Anesthetist,, <1,Vz
Z Resident, <1,Vu

Work, < Resident

dum um Vd’ u,m
Work,, < Surgeon, ,¥d,u,m
X! <Surgeon, ,Nd,miel,

Vd,m

m?2

Surgeon,, < ZX ;

' +L +E~T' <M(1-Order!),Yii,,m,s,i, #1,
I'+L —M(1- Slack;;2 )= (2—Scheduled, — Scheduled, Y<T ,Vi,,i,,m,s,i, #1,

°+L -M (Slack,.‘lji2 )— (2—Scheduled, — Scheduled, ) <T" ,Vi,,i,,m,s,i, # 1,

0,2 P(L+E)X, ,m

O, < HOpen,, ,Nm

U,>0=Y.P(L+E)X, . Vm

U, <O(Open,),Vm

X' e{0,1},Vi,m

m

Order{i ,Scheduled, € {0,1},V1,i,,1i,

N, €{0,1},Vi,b

Open,,,O, .U, €{0,1},Vm
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Nurse,,, € {0,1},YVy,m
Anesthetist,, €{0,1},Vz,m
Resident,, €{0,1},Vu,m
Surgeon,,, € {0,1},Vy,m
Work

dum

Slack € {0,1}

€{0,1},Vd,u,m

1° =0,Vi,s

o, U >20,Vm

m m
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L(/ algorithm- ™\
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Select two parents from the
population using tournament
selection
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Update the population

Apply crossover to the parents
with predefined probability
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No Yes
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Mutate the offspring with
predefined probability

/
p /Check h\
7" generation- \\
/\ termination
“\_condition /
¥ %
N
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Repair the offspring using the
repair mechanisms

Add valid offspring to the
population
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(chromosomes

Type of Infeasibility

Repair Mechanism

Assigning a patient to a closed operating room
Assigning an unscheduled patient to an operating room

Mismatch between surgery starting times and surgery
sequence

Assigning staff to some closed operating rooms while not
assigning them'to some open operating rooms

Assigning surgeons to unscheduled patients

Assigning beds to unscheduled patients
Over-assignment of staff
Over-assignment of beds

Total surgery time exceeding the sum of regular working
time and overtime in the operating room

Opening operating rooms with at least one patient
Scheduling the patient

Rescheduling surgeries

Reassigning staff to open operating rooms

Reassigning surgeons based on the scheduled patient
list
Reassigning beds to patients
Not repairable, the chromosome is discarded
Not repairable, the chromosome is discarded

Not repairable, the chromosome is discarded
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Sensitivity Analysis: Objective Function vs. Weight Parameters
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Sensitivity Analysis of Objective Function to Scenario Probability Distributions
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Genetic Algorithm (GA)
NP-Hard

Chromosome

Crossover

Mutation

Elitism

Repair mechanism
Open/Closed/Hybrid Scheduling
4. Tabu search

\ +. Differential Evolution

). Iterated Constructive

VY. Monte Carlo simulation

VY. Greedy algorithm

V¢, Compromise Programming

Yo, Fitness function

V1. Scenario based stochastic modeling
VY. Tournament Selection

YA, Taguchi method
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