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ABSTRACT

Purpose: The efficiency of medical staff is a fundamenidtire of healthcare
facilities quality. Therefore the better implemdiua of their preferences into
the scheduling problem might not only rise the wiifik balance of doctors and
nurses, but also may result into better patiene.cdhis paper focuses on
optimization of medical staff preferences consiagithe scheduling problem.

Methodology/Approach: We propose a medical staff scheduling algorithm
based on simulated annealing, a well-known methodmf statistical
thermodynamics. We define hard constraints, whioh lanked to legal and
working regulations, and minimize the violations sufft constraints, which are
related to the quality of work, psychic, and woifle-balance of staff.

Findings: On a sample of 60 physicians and nurses from @jogg department

we generated monthly schedules and optimized freferences in terms of soft
constraints. Our results indicate that the finalugaof objective function

optimized by proposed algorithm is more than 188nbetter in violations of
soft constraints than initially generated randonhesiile that satisfied hard
constraints.

Research Limitation/implication: Even though the global optimality of final
outcome is not guaranteed, desirable solutionwtsraa in reasonable time.

Originality/Value of paper: We show that designed algorithm is able to
successfully generate schedules regarding hardsaftcconstraints. Moreover,
presented method is significantly faster than steshdchedule generation and is
able to effectively reschedule due to the locafjhlkeorhood search characteristics
of simulated annealing.
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1 INTRODUCTION

Medical staff performance represents a significalgterminant of public

healthcare quality. Regarding the pressures toredsiction, a small number of
employed doctors and nurses negatively influenbes tork-life balance and

often results into a decrease of demanded qualisenvices, since they often
have to take consecutive shifts, or cannot takayaadf. Moreover, due to the
challenging economic conditions, not only a growmgmber of doctors and
nurses from public hospitals have migrated abrdad,lot of them are also
employed in private healthcare organizations inepritd reach higher salaries.
This tendency has caused the critical issue in cakditaff preferences, when
mostly senior doctors have more than one profeakiobligations and add
constraints into the scheduling process. The adecadisfaction of medical staff
is the fundamental part in providing the necessaing for patients (Szabo et al.
2013). Therefore the optimal implementation of thpreferences into the
scheduling problem not only increases the qualfitffe@and work-life balance of

physicians and nurses, but also leads to betteenpatare, what is a crucial part
of public healthcare facility management.

Focusing on the importance of scheduling problemon@V et al. (2014)
developed a spreadsheet-based two-stage heurigfimoaeh for the nurse
scheduling problem in a Hong Kong emergency departimEven though they
had not guaranteed the optimality, their approabtained good solutions in
reasonable time. On the other hand, Chern et @08Rfocused on the problem
of health examination scheduling. They introduced efficient heuristic
algorithm in order to minimize examinee as well @dsctor waiting time.
Considering the surgical suite occupation and tiraber of surgeries scheduled,
Marques et al. (2014) proposed a population baseddiic to solve an elective
surgery scheduling task applied to real case ins&nTheir results indicated that
developed method improved the quality of the swigmlans in light of the
intervention date, operating room and starting tiioe elective surgeries, and
required fewer resources to the construction ofpllaes. Heuristic techniques to
improve surgical schedules were also presentedéebyetral. (2010), Liu et al.
(2011), and Riise and Burke (2011). Vijayakumarakt (2013) addressed a
surgical case scheduling problem as an unequadsizeulti-bin, multi-
dimensional dual bin-packing problem. They devetbpg mixed integer
programming model and a heuristic based algorithrgenerate implementable
schedules by time-of-day and day-of-week, whilestdering various resource
constraints. They argued that proposed scheduliethod provided an efficient
tool to trade-off the patient satisfaction related wait time and the cost
effectiveness obtained through pooling. Focusing patient admission
scheduling problem, Range et al. (2014) followeel Work of Demeester et al.
(2010) and introduced method based on column geoerd hey incorporated
dynamic constraint aggregation into the approacbrder to efficiently handle
the large master problem of the method. Bruni armdti¥2014) developed a
flexible mixed integer linear programming formutati of the physician
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scheduling problem that allowed easy modificatiémis representing different
situations and scenarios regarding contractualeageats, service requirements,
and medical staff preferences.

In this paper, we airat optimization of medical staff preferences coasitj the
scheduling problem using one of the statisticalriioeElynamics methods -
simulated annealing (SAYhe remainder of this work is organized as follows.
Section 2 describes principles of simulated anngaland medical staff
scheduling, section 3 presents our empirical figdjrwhile section 4 concludes
the paper.

2 METHODOLOGY

Simulated Annealing represents one of the mosttlexand useful metaheuristic
techniques for global optimization. It is often &pp to solve complex issues
without any explicit assumptions on data, or optidi function. It emulates the
annealing process in metallurgy, where a substamckeated to very high
temperature and subsequently cooled in order tatersuperior crystals. The
characteristics of final form is a matter of vascannealing parameters, such as
cooling schedule, or primary temperature. In c&geinitial temperature is too
low, the substance might not achieve the ideal talystate, or thermal
equilibrium, i.e. the state with minimal energydepicted in Figure 1.

Figure 1 — Perfect crystal with minimum energy

Based on statistical mechanics, Metropolis et H58) designed an algorithm
that emulates the changes of energy in a substenmoeder to measure its
characteristics. Following the statistical disttibn, individual particles of every
mass have different amounts of energy. The fundtah@owest) level of energy
represents the state in which all particles oc¢uemperature &. For higher

temperatures holds that the volume of particlespecific level decreases with
growing energy. BothCerny (1985) and Kirkpatrick et al. (1983) identifie
similarity between the behavior of annealing prscaad various optimization
issues. Objective function of an optimization téskn this framework regarded
as the energy of the annealed substance. While snaai$ deformations might be
considered as local optimum, global solution cautss an ideal crystal. Initially
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was simulated annealing applied primarily to ogeret research tasks (Heragu
and Alfa, 1992; Koulamas et al. 1994; Souilah, 198&n Breedam, 1995), but
since then it has been intensively used in fing@ama and Schyns, 2003; Luo
et al. 2014; Zarandi et al. 2013), or medicine (Atht et al. 2001; Jacob et al.
2008).

Simulated annealing is a stochastic method thable to conditionally accept
worse solution of optimized task. The goal of thgproach is to escape from
possible sub-optimality and evade the local corecg. The algorithm starts in
random initial solution and at each iteration getes subsequent solution from
local neighborhood. New solution that improves thigjective function E
(decreases the energy of the substance) is alwagpied. On the other hand,
inferior solutions are adopted with probability édson the deterioration of the
objective function and current temperature of thsteam. Fundamentals of the
process are presented in Figure 2.
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E move / deterioration move

-~
//"_‘\ / N
-
Ve
/
/

Local minimum

Global minimum

Search Space

Figure 2 — Trajectory of simulated annealing algbm

AE denotes the difference between objective funabiosolution generated from
the local neighborhood of the current solution &émel actual value of objective

function. The probability that inferior solution Wibe adopted follows the
_E(n)-E(m+1)
Boltzmann distribution P(AE,©)=e © , where E(n) is the objective

function (energy) of current solutiog(n+1) is the energy of new solution from

local neighborhood an® represents the actual temperature of the systeis. |
obvious thatP decreases with temperature. How many new solutiams

explored at particular level of temperature is dateed by the researcher, but
once a stable state is reached (no progress inisw) the temperature is
usually reduced. Both actual and best achievedisnhishould be stored. Under

ISSN 1335-1745 (print) ISSN 1338-984X (online)



QUALITY INNOVATION PROSPERITY/ KVALITA INOVACIA PROSPERITA19/1-2015 5

the logarithmic cooling schedul®, = I eok,where ©, is the actual temperature,
0g

©, the primary temperature atdthe control parameter, there had been proven

the convergence of simulated annealing algorithowatds global optimum
(Aarts et al. 2007). Due to its ability to accelpe tinferior solutions, the main
benefit of SA procedure is the feasibility to esedpom local optimum. The
probability of deteriorating movement is increaswith the level of temperature

and decreasing with magnitude of degradation obtbjective functionAE. The
AE

probability of accepting the worse alternativePiAE,©) = e © > 7, whereAE is
the difference in the objective functio® the current temperaturés is the
Boltzmann constant, and is randomly generated number between 0 and 1. In
the initial phase, when the temperature of theesysis high, deterioration is
more probable, while with the temperature declime @lgorithm becomes more
rigid and allows only small downgrades of solutaurality. The cooling schedule
manages the behavior of annealing and navigatesiitgergence by determining
the movements of the temperature during iteratiohise performance of
simulated annealing is strongly dependent on visamcluded in the cooling
schedule such as initial temperature, terminatiotera and cooling function.
For instance, if the initial temperatu®, is too high, the algorithm reminds

random local search and vice versa, low temperantaieates simple search for
local improvements.

In this paper we follow the framework proposed by et al. (2014) where
scheduling constraints are categorized into hard aoft sets. While soft
constraints define medical staff preferences diemnnected to the quality of
work, physical severity, psychic, and work-life &ate, hard constraints are
linked to legal and working regulations. The gobthe optimization process is
to create a schedule that satisfies all hard caimssr and includes as many soft
constraints as possible. In case of any unexpeetlégination, the local
neighborhood search feature of simulated anneamaples the algorithm to
obtain small changes and avoids massive reschedidése 1 defines the hard
constraints of analyzed scheduling problem.

Table 1 — Hard constraints of scheduling problem
1. Standard day-offs have to be determined beforedsting

Each employee can only work one shift a day

Each employee must take one day-off after the shift

Each employee takes no more than 3 shifts duriegvirek

o > 0N

During the shifts there must be 3 doctors and 8ewur

During the shifts there must be 2 doctors at selgieel and 1 doctor on novice or
6. intermediate level
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These constraints have to be realized in orderatsfg legal and workplace
regulations. On the other hand, Table 2 introdubesproposed soft regulations
which might have significant impact on life qualdfmedical staff.

Table 2 — Soft constraints of scheduling problem

1. 2 shiftsin 3 days should be avoided

2. More than 2 Saturday shifts in month should be dei
3. More than 2 Sunday shifts in month should be awbide
4

At least one shift should be on Thursday

The objective function of the simulated annealifgpathm is a weighted sum of
violations of soft constraints:

E =Zi,il\/i'w

whereV, denotes the number of violations of soft constsain the generated
schedulew is the general importance of constraiahdN is the total number of

examined soft constraints. The complete medicdif steheduling algorithm
based on simulated annealing is presented in Figyure

At first, the necessary hard constraints are ddfilased on legal and working
regulations. Subsequently, the initial monthly wogkschedule is generated and
evaluated regarding the violations of staff prefiees and their importance. In
the next step a new schedule from local neighbath®generated, evaluated and
compared with current best solution. If the proploeevel schedule is better in
terms of objective function, new solution replaties current best solution. In

case the new schedule is worse than actual soluifioreplaces the actual
AE

solutions with above defined probabilitp(AE,®)=e* > Z The algorithm
continues until the termination temperature is heac

The study in this paper aims at medical staff imepplogy department
containing 60 doctors and nurses. Applying proposedulated annealing
scheduling algorithm we focused on monthly shiftheslules regarding the
preferences of employees in terms of soft condgakEwvery constraint has been
evaluated according to its impact on the qualitiifefof medical staff.
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Set constraints

Generate random
schedule

Evaluate objective
function
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current
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current solution

Reached
termination
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Figure 3 — Medical staff scheduling algorithm

Table 3 — Soft constraints impact

Soft constraint Weight
1. 2 shifts in 3 days should be avoided 30
2. More than 2 Saturday shifts in month should be deai 25
3. More than 2 Sunday shifts in month should be awbide 20
4. At least one shift should be on Thursday 12
5. Shift before working day in private practice atde2 times a month 10

Figure 4 introduces the results of performed opmation. Only schedules
fulfilling hard constraints were generated. Theafischedule had been created
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after 492 seconds with best objective function gadti 154 at iteration 403. The
stopping criterion was the termination temperature.
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Figure 4 — Objective function best values throudttba optimization

Curve on Figure 4 describes only best values céailwe function, but is worth

mentioning that accepted worse solutions might Hawgely exceed presented
best values. Table 4 depicts the progress of kmaes of scheduling algorithm
objective function. Significant improvements inrggons 0-100 and 200-250
were alternated with stationary periods betweeratiens 100 and 200, and
iterations 250 and 350. Final value of objectivadion is more than 18-times
better in violations of scheduling soft constraititan initially generated random
schedule that satisfied hard constraints.

Table 4 — Development of objective function bektes

Best objective

Iteration function
0 2780
50 2010
100 1232
150 1196
20C 116¢
250 615
300 584
350 562
400 265
403 154
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3 CONCLUSION

Lot of effort has been put in to the schedulingbtem in recent years. This
paper focuses on monthly shift schedules of medstaff in gynecology
department containing 60 physicians and nurses. p¥dposed a scheduling
algorithms based on simulated annealing that geeserschedules considering
hard and soft constraints following model of Won@le (2014). Hard constraints
are connected to legal and working regulationsh sag that there must be two
doctors at senior level and one doctor at novicentermediate level during the
shift, or that each member of staff must take oy-afé after the shift. On the
other hand, soft constraints determine medicaf ptaferences directly linked to
the quality of work, physical severity, and wortelbalance.

Presented algorithm optimized randomly generatedhtnfp schedule in 492
seconds and reached significantly better valuebggative function than initial
solution. Even though the global optimality of firelution is not guaranteed,
very good schedule was obtained in reasonable tMureover, compared to
standard approach, when shift schedule is usuadigted more than few hours by
senior doctor, algorithm generated better schenuligtle more than 8 minutes.
Another advantage of proposed algorithm is itsitghib reschedule, where local
neighborhood search feature of simulated anneadingbles this method to
implement frequent changes without massive altemnsitin monthly schedule.
We hope that presented technique could not onlg teathe increase of the
satisfaction, quality of life and work-life balancef medical staff, but
consequently might also improve the patient care.

REFERENCES

Aarts, E., Korst, J. and Michiels, W., 200heoretical aspects of local search
Berlin: Springer, ISBN 978-3-540-35853-4.

Albrecht, A., Steinhofel, K., Taupitz, M. and Won@,K., 2001. Logarithmic
simulated annealing for X-ray diagnodigtificial intelligence in
medicing 22(3), pp-249-260.

Bruni, R. and Detti, P., 2014. A flexible discraiptimization approach to the
physician scheduling proble®@perations Research for Health Car8(4),
pp.191-199.

Cerny, V., 1985. Thermodynamical approach to thev@liag salesman problem:
an efficient simulation algorithm.Journal of Optimization Theory and
Applications 45(1), pp.41-51.

Chern, C.C., Chien, P.S. and Chen, S.Y., 2008. #isic algorithm for the
hospital health examination scheduling probl&uopean Journal of
Operational Resear¢hii86(3), pp.1137-1157.

ISSN 1335-1745 (print) ISSN 1338-984X (online)



10 QUALITY INNOVATION PROSPERITY/ KVALITA INOVACIA PROSPERITA19/1-2015

Crama, Y. and Schyns, M., 2003. Simulated annediimgcomplex portfolio
selection problemd$£uropean Journal of operational researdb0(3), pp.546-
571.

Demeester, P., Souffriau, W., De Causmaecker,d®PVanden Berghe, G., 2010.
A hybrid tabu search algorithm for automaticallysigaing patients to
beds Artificial Intelligence in Medicing48(1), pp.61-70.

Fei, H., Meskens, N. and Chu, C., 2010. A planrand scheduling problem for
an operating theatre using an open schedulingeglyaComputers & Industrial
Engineering 58(2), pp.221-230.

Heragu, S.S., Alfa, A.S., 1992. Experimental analys simulated annealing
based algorithms for the layout probldguropean Journal of Operational
Research57(2), pp.190-202.

Jacob, D. et al., 2008. Anatomy-based inverse pignsimulated annealing
optimization in high-dose-rate prostate brachytpgrasignificant dosimetric
advantage over other optimization techniqueternational Journal of Radiation
Oncology* Biology* Physics72(3), pp.820-827.

Kirkpatrick, PP., Gelatt, C.D. and Vecchi, M., 19&3ptimization by simulated
annealingScience220(4598), pp.671-680.

Koulamas, C., Antony, S.R. and Jaen, R., 1994.mesuof simulated annealing
applications to operations research probleédmega 22(1), pp.41-56.

Liu, Y., Chu, C. and Wang, K., 2011. A new heudstigorithm for the operating
room scheduling problen€omputers & Industrial Engineerin@1(3), pp.865-
871.

Luo, Y., Zhu, B. and Tang, Y., 2014. Simulated aiimg algorithm for optimal
capital growthPhysica A: Statistical Mechanics and its Applicago408,
pp.10-18.

Marques, ., Captivo, M.E. and Vaz Pato, M., 208dheduling elective surgeries
in a Portuguese hospital using a genetic heurSferations Research for
Health Care 3(2), pp.59-72.

Metropolis, N. et al., 1953. Equation of state akdtions by fast computing
machinesJournal of Chemical Physic21(6), pp.1087-1092.

Range, T.M., Lusby, R.M. and Larsen, J., 2014. Aiom generation approach
for solving the patient admission scheduling problEuropean Journal of
Operational Researgt235(1), pp.252-264.

Riise, A. and Burke, E.K., 2011. Local search fa surgery admission planning
problem.Journal of Heuristics17(4), pp.389-414.

Souilah, A., 1995. Simulated annealing for manufasy systems layout
design.European Journal of Operational Resear82(3), pp.592-614.

Szabo, S., Ferencz, V. and Pucihar, A., 2013. Ausf[rinnovation and
prosperity.Quality Innovation Prosperityl7(2), pp.1-8.

ISSN 1335-1745 (print) ISSN 1338-984X (online)



QUALITY INNOVATION PROSPERITY/ KVALITA INOVACIA PROSPERITA19/1-2015 11

Van Breedam, A., 1995. Improvement heuristics far ¥ehicle routing problem
based on simulated annealigiropean Journal of Operational Resear8b(3),
pp.480-490.

Vijayakumar, B. et al., 2013. A dual bin-packingpeagach to scheduling surgical
cases at a publicly-funded hospitaliropean Journal of Operational Research
224(3), pp.583-591.

Wong, T.C., Xu, M. and Chin, K.S., 2014. A two-salgeuristic approach for
nurse scheduling problem: A case study in an emesgdepartmentComputers
& Operations Researclsl, pp.99-110.

Zarandi, M.H., Zarinbal, M., Ghanbari, N. and Twks|.B., 2013. A new fuzzy
functions model tuned by hybridizing imperialist ngoetitive algorithm and
simulated annealing. Application: Stock price pe#idn. Information Sciences
222 (10 February), pp.213-228.

ABOUT THE AUTHORS

Ladislav Rosocha MUDr., MPH.; University of Economics in Bratislay
Faculty of Business Economy with seat in KoSicejo¥ského 13, 041 30
Kosice, Slovakia, e-mail: unlp@unlp.sk

Silvia Vernerovd;, MUDr.; Louis Pasteur University Hospital, Rasaigbva 43,
041 90 Kosice, Slovakia, e-mail: vernerovasilvia@groom

Robert Verner; PhDr. Ing., MBA; University of Economics in Bralkava,
Faculty of Business Economy with seat in KoSicejo¥ského 13, 041 30
KoSice, Slovakia, e-mail: verner.rob@gmail.com

ISSN 1335-1745 (print) ISSN 1338-984X (online)



