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Abstract: With the increasing trend of the aging population, nursing homes have gradually
become more and more important in society. Nursing work has the characteristics of
"multiple shifts, high time-varying demand, hierarchical and collaborative". Multiple shifts
indicates multiple shifts can cover the same time period in 24h of a day; high time-varying
demand means the demand in each period may change greatly in a day; hierarchical
indicates nurses have different levels; collaborative means employees with different levels
cooperate to serve the elderly. This paper involves the shift design problem(SDP) and
hierarchical staffing problem, and a two-stage modeling method is adopted. We will design
shifts and determine the number of nurses needed for each shift in the first stage and the
number of nurses with different levels for each shift is further determined in the second stage.
Besides, we also made some sensitivity analysis about the impacts of different matching ratios
on the total costs, which obtained some useful conclusions. The results can provide effective
enlightenment and rich significance to solve practical problems.
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1 Introduction
With the increase of the aging population in society, the number of the elderly people is also
increasing fast in our country. The primary choice for the elderly is home-based care and
nursing homes, but it is obvious that the home-based care can’t meet the current increasing
demand, and the nursing institutions have gradually developed into the rigid needs of the
society. However, the workload of nursers who are specialized for the elderly is very heavy
and their wages are low. Therefore, many young people, especially those with education, are
not willing to work in nursing homes. As a result, it is difficult to recruit employees in nursing
institutions, and there is often a shortage of staff when allocating employees. On the other
hand, it’s also very hard for the elderly employees to bear such a heavy workload. Therefore,
the service quality will be declined due to the poor service and staff shortage, which will
further reduce the number of customers and the incomes of the nursing homes. This will also
lead to the reduction of wages paid to employees, and the nursing homes will fall into the
dilemma of recruitment difficulties, and then form a vicious circle.
According to our investigation, the professional nurses who take care of the elderly in nursing
homes also have the following characteristics: (1)the number of nurses required within 24
hours a day will fluctuate greatly according to different time periods; (2)multiple shifts can
cover the same time period in a day; (3)employees will be classified according to their
responsibilities and abilities, and employees with higher levels cost more; (4)due to the
different levels of nurses can provide different service, we need different levels of nurses to
cooperate to serve the elderly people, and there is a matching ratio between senior employees
and junior employees, which means the number of junior employees that a senior employee
can lead can’t exceed the matching ratio. According to the above characteristics, we can find
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that the nursing staff problem in nursing homes is a complex combination optimization
problem. However, most of the nursing institutions are still manual scheduling at present,
which not only takes more time, but also has low efficiency. Moreover, manual scheduling is
easy to cause lacking of employees in peak period and surplus of employees in low peak
period, which usually leads to the waste of human resources and cost. Unreasonable staffing
has become a common problem in most nursing institutions, and it will aggravate the problem
of recruitment difficulties in nursing homes. Therefore, an efficient and systematic method is
urgently needed to solve the staffing problem in nursing homes.
Shift design problem involves in many fields, such as bank, call center, etc. Musliu et al.
studied the shift design problem according to the working characteristics of call center and
bank respectively. They divided a day into multiple periods according to the time period, and
considered the problems of overstaffing and understaffing in each period. There are also some
shift design problems including break windows, Aykin et al. designed flexible rest windows
to meet employees' rest time and reduce cost. However, these shift designs seldom consider
that employees can be divided into different levels, and the situation that senior employees
can lead junior employees was not considered, which must be involved in our problems.
Personnel scheduling problem and task scheduling problem have similarities, and they are
also very common in real situations. Seckiner et al. divided the employees into different levels,
but their problems didn’t consider the high time-varying demand factors, and the rest was
scheduled according to the daily needs. Moreover, these problems only considered the
situation that the senior employees can substitute for junior employees, but not vice versa.
However, our problems should consider the cooperation of employees at different levels to
work for the elderly. Noberto et al. studied the task scheduling problem, and these problems
classified employees according to their abilities. But a task should be completed by
employees with the same ability instead of the cooperation between employees with different
abilities, which is also different from our problem.
The shift design problem was first proposed by Dantzig and was solved by set covering
method, and then some researchers used the implicit modeling method to solve the problem
and made comparisons with the set covering method. The results showed that the implicit
modeling method was much better than the set covering method. With the complexity of the
problems, more and more scholars used two-stage modeling method to solve problems. Sana
et al. showed how to use a two-stage method to solve the shift design problem and task
scheduling problem in detail. Two-stage modeling method can simplify the problem and
presents the model more clearly. Among these papers, Lequy et al. used heuristic rules in two
stages, and Pakpoom suggested to use genetic algorithm to solve personnel scheduling
problem. Besides, Sana also proved the advantages of the method in terms of the quality of
the solution and the calculation time.
To sum up, the nursing work in nursing homes has the characteristics of high time-varying
demand, multiple shifts, hierarchical and collaborative. In this paper, we will solve the
staffing problem under these characteristics, and analyze the impact of different matching
ratios on the total costs. This paper will be carried out according to the following sections.
Section 2 describes the problem of nursing staffing in nursing homes and puts forward some
assumptions. Section 3 establishes a two-stage model to solve the problem according to the
nursing characteristics, and introduces the two-stage method and the models in detail.
According to different demand distribution situations, some cases about different matching
ratios will be tested in section 4, and the experimental results are displayed. Some practical
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management enlightenment is obtained according to the results. Finally, section 5 concludes
this article and puts forward some prospects.

2 Problem definition
At present, nursing homes are facing a difficulty of recruitment due to the characteristics of
nursing work, which further leads to a poor service quality and the reduction of customers,
and then decrease the incomes. At the same time, manual scheduling is aggravating this
problem, so the main problem that the nursing institutions need to solve is the unreasonable
staffing problem. Here are some assumptions about this problem:
1. The shift must be started and ended within the specified time, and shifts have different
types according to start time, such as morning shift, day shift, afternoon shift and night shift.
2. Each shift has a shift length which should be within 4h-8h, and an employee can only work
one shift a day.
3. Multiple shifts are needed and can cover the same time period each day.
4. Different demands of 24 hours may be different, but the demand of each time period should
be met to avoid understaffing.
5. Employees have different levels, and the service quality that a senior worker can provide is
better than that of junior employees.
6. Junior employees can not be arranged if the shift only has one employee, and they must be
led by the employees with the highest level. However, the number of junior workers that a
senior worker can lead should be limited.
7. Since different employees have different levels and abilities, hierarchical collaboration
should be considered to provide services for the elderly.
8. Different employees have different costs. The cost of an employee includes the part of shift
length and the part of the level of the employee, the employee whose level is higher and shift
length is longer needs more cost.
It can be seen from the above assumptions that the nursing staff problem belongs to a more
complex combinatorial optimization problem. Firstly, because the nursing work has the
characteristics of high time-varying demand and multiple shifts, the demand will change
dramatically according to different time periods within 24 hours a day, which usually causes
poor service quality due to staff shortage and waste of cost and human resources on account
of overstaffing. Therefore, we need to design reasonable shifts. On the other hand, due to the
characteristics of hierarchical and collaborative, the workers will be divided into several
levels according to their abilities, and different levels of employees will cooperate with each
other to serve the elderly, which means there have many different collocations when staffing
employees. Manual scheduling is obviously inefficient. Therefore, we also need to consider
the constraints of hierarchical allocation for staffing. Although these problems are very
prominent in nursing homes, they still haven’t found an effective way to solve them.

3 Two-stage modeling

3.1 Two-stage method
In this paper, according to the characteristics of nursing workers in nursing homes, a two-
stage modeling method is proposed to solve the problem, because the two-stage model can
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express the problem more clearly. On the one hand, due to the high time-varying demand and
multiple shifts characteristics, it is necessary to design shifts to reduce the waste of personnel
resources. In this stage, the shifts will be designed by using genetic algorithm, and the
detailed time arrangement and the number of employees in each shift will be determined. On
the other hand, the characteristics of hierarchical and collaborative require us to consider the
cooperation and collocation of employees at all levels to reduce costs as much as possible. We
will take the shift arrangement designed in the first stage as an initial condition, and further
determine the final specific staffing of employees at all levels according to the constraints of
hierarchical collocation by using heuristic rules. Finally, this paper also tests the influence of
different matching ratios of senior employees and junior employees on the total costs under
different demand distributions, and obtains some management enlightenment for practical
decision-making through sensitivity analysis.

3.2 Parameter definition
For the problem in this article, we have the following definitions:
1. t stands for the start time of each shift, t=0,1,..., 23. The shift should be started within the
specified time. Besides, we use h to represent the shift length, whose value is between 4 and 8.
If t is 0 and h is 4, it means the shift starts at 0 o 'clock in the evening with a length of 4 hours.
2. S represents each shift, and Sth means a shift whose start time is t and shift length is h.
3. K stands for the shift type, when k takes 1, 2, 3 and 4, it means morning shift, day shift,
afternoon shift and night shift respectively. Besides, dk means the total number of the shift
type corresponding to k.
4. Each time period of a day in 24 hours were represented by i, i =0,1..., 23. For example,
when i takes 0, the time period it represents is from 0 p.m. to 1 a.m.
5. We use B to represent the personnel demand, and Bi stands for the demand in each time
period, where i =0,1..., 23, and Bimax represents the maximum demand in 24 periods of a day.
6. m stands for the level of employees, m=1,2, ... ,mx. There are mx levels among employees
in total, and the smaller the value of m, the higher the level of the employee. That means
when m takes 1, it represents that the employee is in the highest level. In addition, we assume
that ma is the lowest level of the employee.
7. W represents the number of employees, Wth means the total number of employees in the
shift whose start time is t and shift length is h, and Wmth means the total number of workers in
the level m and in the shift whose start time is t and shift length is h.
8. C represents the cost, Ch represents the cost of a worker whose shift length is h, and Cmh

means the cost of a worker whose level is m and the shift length is h.
9. The matching ratio of senior and junior employees is represented by n, and only the
employees with the highest level can lead junior employees. Besides, the number of junior
workers that a senior worker can lead is limited. For example, when n takes 3, it means a
senior worker can lead at most 3 junior workers.

3.3 Models
According to the characteristics of the problem, a two-stage method is adopted and the
problem is divided into two parts, which means the models are established in two stages. In
the first stage, the shift design is mainly carried out to reduce the cost of human resources as
much as possible under the condition of meeting each time demand. In this stage, the cost is
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only related to the shift length, and the main consideration is the start time and the length of
the shift. In the second stage, the shifts designed in the first stage should be taken as an initial
condition, and the hierarchical collaboration should be considered on this basis to reduce the
total cost as much as possible. The total cost in this stage is not only related to the shift length,
but also related to the level of employees. The costs required by high-level employees and
low-level employees are different, and the model is established by combining the constraints
of different levels of personnel cooperation. The detailed two-stage models are as follows:
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In integer programming model IP1, the objective function is to minimize the total cost of
personnel resources, and the level of the employee isn’t considered at this stage. While in
integer programming model IP2, although the objective function also aims to minimize the
total cost of human resources, different levels of employees are considered in this stage, and
the total cost of an employee is also different from the first stage. Among these constrains,
constrains (1) means that the arrangement of shifts must meet the need of each time period to
avoid understaffing in peak period. Constrains (2) means that the number of different shift
types has to be limited. Different values of k stand for different shift types, and the number of
shift type which is corresponding to k can’t exceed dk. Constraint (3) shows that the total
number of employees in each shift has a upper limit, which cannot exceed the maximum
value in 24 periods of a day. Constrains (4) means that the total number of employees at
different levels should be equal to the total number of employees on the same shift designed
in the first stage. Constrains (5) indicates that there must be at least one employee in each
level when the shift has enough employees. Constrains (6) indicates that junior employees
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can’t be arranged if the shift only has one employee. Constrains (7) means that the number of
junior employees that a senior employee can lead is limited, which can’t exceed n.
In the first stage, we use genetic algorithm to design shift and determine the number of
employees in each shift by generating a matrix composed of the start time and the length of a
shift. Each value in the matrix stands for the number of the employees in corresponding shift,
and iteration is carried out to find the optimal solution. In the second stage, we use heuristic
rules to determine the number of employees at different levels in each shift, such as giving
priority to the lower cost collocation. For the two problems in different two stages, we use
different methods to solve and iterate between the two stages to find a better solution.

4 Experiments

4.1 Parameter setting
According to the models, we set some parameters to test:
1. The shift length of one hour is 10, and then four hours cost 40 and so on.
2. The number of each shift type shouldn’t exceed 3, including morning shift, day shift,
afternoon shift and night shift. Table 1 shows the detailed time arrangement of the shift type.
3. Employees are divided into three levels: senior, intermediate and junior, which means the
value of mx is 3. When m takes 1, it represents the senior employee, which is also means the
highest level. When m takes 3, it represents the junior employee, which means ma is 3. The
cost of a junior, intermediate and senior worker is 50, 70 and 100 respectively, and the total
cost of a worker (Cmh) is equal to the sum of the worker’s level cost and the shift length’s cost.
4. We assume that the number of junior employees that a senior employee can lead could be 1,
2 or 3, which means there are 3 different situations. A senior employee can be allowed to lead
at most 1, 2 or 3 junior employees respectively.
5. The demand of each time period(Bi) is irregular, and we will test the demand curves with a
slow and sharp fluctuation in the case of unimodal, bimodal and trimodal respectively. In
addition, we also test the case that the demand fluctuation satisfies Poisson distribution and
binomial distribution, and analyze the impact of different matching ratios on the total costs
under these different demand conditions.

Table 1: Time arrangement of each shift type

Shift type Min-start Max-start Min-length Max-length
Morning shift 06:00 08:00 04:00 08:00

Day shift 09:00 11:00 04:00 08:00
Afternoon shift 12:00 16:00 04:00 08:00

Night shift 22:00 00:00 04:00 08:00

4.2 Results
Since the demand of each time period must be an integer, and the characteristics of high time-
varying demand may lead to different needs in different periods. In addition, the different
cases of demand can be divided into unimodal, bimodal and trimodal according to the number
of peaks, and the fluctuation of each peak situation can be different. We keep the maximum
peak value and the minimum peak value fixed in different peak conditions, which is 30 and 5
respectively. The fluctuation situation can be divided into two types: slow and sharp. We will
test the impact of different matching ratios on the total costs under different peaks and
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fluctuations. At the same time, the demand curve with constant fluctuation is taken as the
reference curve, and the results are compared and analyzed. In addition, Poisson distribution
and binomial distribution are often used to solve the problem of meeting customer demands in
reality, so we also test the influence of different matching ratios on the total costs when the
demand satisfies Poisson distribution and binomial distribution.
When the fluctuation is sharp or slow, the results of the total cost affected by the matching
ratios under different peak conditions are shown in Figure 1 and Figure 2 respectively.

Figure 1: The influence of different matching ratios on the total costs under different peak conditions
when the fluctuation is sharp

Figure 2: The influence of different matching ratios on the total costs under different peak conditions
when the fluctuation is slow
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According to the changes of the total costs in the above figures, the following conclusions can
be drawn:
1. When the fluctuation differs greatly, the total costs of unimodal demand changes more
obviously, and the growth rate of total costs of bimodal is larger than that of trimodal.
2. No matter what the fluctuation is, the total cost of unimodal demand is almost unchanged
with the increase of the matching ratio. That means there is tiny differences among the total
costs with the increase of matching ratio in the case of unimodal.
3. With the increase of the matching ratio, the total costs of bimodal and trimodal both show a
decreasing trend. However, when the fluctuation is slow, the decreasing trend is nonlinear,
and the total costs of bimodal and trimodal decrease more obviously when n increases from 2
to 3. While when the fluctuation is sharp, the decreasing trend is almost linear. The total costs
of bimodal and trimodal decrease almost linearly when n increases from 1 to 3.
When the demand satisfies the Poisson distribution, we test the impact of different matching
ratios on the total costs under different mean values. The results are shown in Figure 3.

Figure 3: The influence of different matching ratios on the total costs when the demand satisfies the
Poisson distribution

From this figure, we can find that in Poisson distribution, with the increase of the mean value,
the total costs will gradually increase, but under the same mean value, the total cost does not
differ significantly under different matching ratios. Moreover, with the increase of the mean
value, the influence of different matching ratios on the total costs doesn’t show an obvious
change trend. In other words, even if the mean value is changed, the total cost is almost not
affected by different matching ratios when the demand satisfies Poisson distribution.
When the demand satisfies the binomial distribution, we test the influence of different
matching ratios on the total costs under two situations. One situation is different mean values
with a fixed variance of 0.5, and the other situation is different variances with a fixed mean
value of 30. The results are shown in Figure. 4 and Figure. 5 respectively.
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Figure 4: The influence of different matching ratios on the total costs when the demand satisfies the
binomial distribution and the variance is 0.5

Figure 5: The influence of different matching ratios on the total costs when the demand satisfies the
binomial distribution and the mean value is 30

We can draw the following conclusions according to the above figures:
1. When the demand satisfies the binomial distribution and the variance remains unchanged
value of 0.5, the total cost will increase with the increase of the mean value, but the impact on
the total costs is more obvious when the matching ratio is 1, and the difference is tiny when
the matching ratio increases from 2 to 3.
2. When the demand satisfies the binomial distribution and the mean value remains
unchanged with a value of 30, the total cost will increase when the variances increase, and
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with the increase of variance, the influence of different matching ratios on the total costs
becomes more and more prominently.
From the above conclusions, we can find that although the different matching ratios have a
certain degree of impact on the total costs. However, when the demand situations are different,
the impacts on the total costs are also different. In the case of unimodal, bimodal and trimodal,
the fluctuation has a greater impact on the unimodal demand, and the bimodal demand was
affected more obviously compared with the trimodal. However, when we change the
matching ratio, the unimodal is the least affected by the matching ratio, while the bimodal and
trimodal are greatly affected by the matching ratio, and when the fluctuation is different, the
decrease trend of the bimodal and trimodal also differs. when the fluctuation is slow, the
decreasing trend is nonlinear, while when the fluctuation is sharp, the decreasing trend is
almost linear. In addition, when the demand satisfies the Poisson distribution, changing the
matching ratio has little effect on the total costs under the same mean value. When the
demand satisfies the binomial distribution with a fixed variance, the total costs are less
affected by different matching ratio when changing the mean value. Only when the matching
ratio is one, the total costs will differ from the other two situations prominently. On the other
hand, when the demand satisfies the binomial distribution with a fixed mean value, changing
the variance and the total costs are greatly affected by different matching ratios. What’s more,
with the increase of variance, the influences of different matching ratios on total costs are
more and more significant. This shows that under the condition of binomial distribution,
changing variance has a more obvious impact on the influence of different matching ratios on
total costs than changing mean value. These conclusions are quite different from those
summaries obtained under general conditions. We can determine which matching ratio has a
greater impact on the total costs according to the distribution and fluctuation of an actual
demand, which also has rich practical guiding significance for us to solve the real problems.

5 Conclusion
This paper mainly describes the current situation of recruitment difficulties in nursing homes,
and illustrates the characteristics of nursing work and points out that the unreasonable staffing
problem aggravates the recruitment difficulties in nursing homes. Therefore, we puts forward
some useful methods to solve the staffing problem in nursing institutions. According to the
characteristics of multiple shifts, high time-varying demand, hierarchical and collaborative, a
two-stage modeling method was adopted. Genetic algorithm and heuristic rules were
respectively used to resolve the problem of shift design in the first stage and hierarchical
collaboration in the second stage. Finally, according to different demand fluctuations and
distributions, this paper analyzes the impact of different matching ratios on the total costs and
carries out a series of tests. The results show that there exists differences between the final
experimental conclusions and the general conclusions, which have certain enlightenment and
rich significance to solve practical problems. But in the future, we will continue to improve
the model and find better methods to further study the problem.
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