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Abstract: During the current epidemic, it is necessary to ensure the rehabilitation
treatment of children with serious illness. At the same time, however, it is essen-
tial to effectively prevent cross-infection and prevent infections from occurring
within the hospital setting. To resolve this contradiction, the rehabilitation depart-
ment of Nanjing Children’s Hospital adjusted its bed allocation based on the
queuing model, with reference to the regional source and classification of the chil-
dren’s conditions in the rehabilitation department ward. The original triple rooms
were transformed into a double room to enable the treatment of severely sick chil-
dren coming from other places. A M/G/2 queuing model with priority was also
applied to analyze the state of patient admissions. Moreover, patients in Nanjing
were also classified into mild and severe cases. The M/M/1 queuing model with
priority was used for analysis of this situation, so that severely ill children could
be treated in time while patients with mild symptoms could be treated at home.
This approach not only eases the bed tension in the ward, but also provides sui-
table conditions for controlling cross-infection.
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1 Introduction

It was on December 26 2019 when Zhang Jixian, Director of the Department of Respiratory Medicine at
the Hospital of Integrated Traditional Chinese and Western Medicine in Hubei Province, reported the first
case of viral pneumonia (later confirmed as new coronavirus pneumonia) known as the Coronavirus
Disease 2019 (COVID-19). On January 23, 2020, the epidemic prevention and control headquarters in
Wuhan issued the announcement that the city would be closed; this included buses, subways, ferries,
long-distance buses and all flights being forced into emergency shutdown. The government issued
specific rules ordering that citizens of Wuhan could not leave the city without a special reason. A total of
11 million Wuhan citizens were at risk due to the new coronavirus pneumonia vortex [1]. Moreover, at
8:30 on January 23, 574 people had been diagnosed across the country, 17 of whom had died; most of
those had either lived in Wuhan for a long period, were in Wuhan briefly to visit relatives or friends, or
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were just on a leisurely travel. After the first-level emergency public health response was implemented on
January 23 in the Hunan and Guangdong provinces of Zhejiang, 22 other provinces and municipalities of
the country were subsequently placed under level one major public health emergency response
conditions, with the exception of five autonomous regions, two special administrative regions and the
Taiwan Province. Three days later, other provinces, cities, districts, counties and townships closed their
roads; as a result, locals could not leave, and visitors coud not get in [2–4].

At the same time as these restrictions were in effect, there were also children with serious illnesses
requiring rehabilitation treatment (such as post-brain trauma surgery, heart disease surgeries, small
mandibular surgeries, and encephalitis recovery treatment). If a child is infected with COVID-19, any
accompanying persons or medical workers in hospitals are also susceptible to being infected in the closed
hospital environment. Accordingly, controlling the source of infection and cutting off transmission routes
are important and difficult tasks that all hospital management teams and doctors must pay attention to.
This article will analyze and conduct research into this issue.

2 Related Works

2.1 Coronavirus Disease 2019

In Geneva on February 11, WHO director-general Tan Desai announced that the disease caused by the
novel coronavirus had been officially named Coronavirus Disease 2019 (COVID-19). Since December 2019,
Wuhan City has identified multiple cases of viral pneumonia, all diagnosed as viral pneumonia/pulmonary
infection. Due to the new type of pneumonia which exists interpersonal transmission, National Health
Commission of the PRC decided to include the COVID-19 as the legal class B infectious disease, and
implemented managements as a legal class A infectious disease [5,6].

On January 20, Xi Jinping provided important instructions regarding the COVID-19 pneumonia
epidemic. He emphasized that the safety and health of the people should be the priority, along with
resolutely curbing the spread of the epidemic. On January 30, 2020, WHO released guidance stating that
the new coronavirus infection pneumonia epidemic was a public health emergency of international
concern, while emphasizing that travel and trade restrictions were not recommended. Meanwhile, the
WHO agreed with China’s strategic and tactical approach to the epidemic. On March 11, the director-
general of the WHO announced that the new coronavirus constituted a global pandemic [7].

At 11:00, 2020-04-12, there were a total of more than 1.7 million confirmed cases worldwide, with
532,879 confirmed cases in the United States. In China, there were 83,482 diagnosed persons, of whom
3,349 were dead and 78,028 were cured and discharged; 67,803 of these cases were diagnosed in Hubei [8,9].

2.2 Nanjing Children’s Hospital

Nanjing Children’s Hospital, affiliated with Nanjing Medical University (Jiangsu Children’s Medical
Center, Nanjing Children’s Hospital), is a large-scale third-class comprehensive children’s hospital
integrating medical treatment, rehabilitation, and healthcare. The annual number of outpatients and
emergency admissions is 2,929,700, while the daily number of outpatient visits sits at about 800. The
Rehabilitation Department, which is a key focus of development in Nanjing, is a standardized training
base for rehabilitation therapists of the Jiangsu Provincial Health Commission. This department not only
undertakes the rehabilitative medical care of children from all ethnic groups across the country, but also
administers a large number of clinical internships and teaching positions. Children admitted include those
with various types of cerebral palsy, comprehensive developmental delay and other delayed
developmental indicators, various post-traumatic and brain trauma-related conditions, those requiring
neurological rehabilitation, those in need of various types of encephalitis recovery treatment, those being
treated for and recovering from heart disease, and those with orthopedic needs. The child patients come
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from all regions of the country, including Jiangsu, Anhui, Zhejiang, and Xinjiang. The average number of
hospitalizations is 2,000 people/year, and the bed utilization rate is 100%.

The rehabilitation department of Nanjing Children’s Hospital implemented an online appointment
queuing system for patients during the epidemic. Each patient is discharged from the hospital after a
treatment course of 21 days, and the hospital discharge service department registers the discharge time.
However, the closure of cities and roads in each province made it impossible for children there to come
after appointment, which caused these children to lose some of their valuable treatment time. Moreover,
the requirements for rehabilitating children after post-traumatic brain injury surgery, post-cardiac surgery,
small mandibular surgery, and encephalitis recovery have not diminished during the outbreak.

To deal with this issue, the hospital implemented the “Administrative System and Regulations for
Children with New Coronavirus Pneumonia,” stating that it would strictly conduct screening, diagnosis,
and treatment of the children. Moreover, depending on the regional origin and condition classification of
the children in rehabilitation wards, the hospital increased prevention and adjusted bed positions. These
new policy decisions ensure that rehabilitation treatment for seriously ill children can be carried out
actively and normally, while also effectively preventing cross-infection and ensuring that zero new
infections occur in the hospital during the outbreak.

2.3 Ward Allocation

The hospital bed is one of the most important resources in a hospital. Some empirical articles have been
published that investigate how hospital bed usage impacts on the length of hospital stay and mortality. Kuntz
et al. [10,11] analyzed the relationship between in-hospital mortality and bed occupancy rate using a discrete-
time survival model and found that when the bed occupancy rate exceeded 92.5%, the patient mortality rate
increased dramatically. Similarly, Berry et al. [12,13] explored the relationship between bed occupancy and
the length of hospitalization in the inpatient department. By modeling the length of hospitalization using a
piecewise linear spline model, these authors found that the bed occupancy rate and the patient’s
hospitalization time exhibited an N-shaped curve when plotted. Once the bed occupancy rate passed the
second critical point of −93%, an increase in bed occupancy rate would lead to an increase in
hospitalization duration.

The relevant literature on hospital bed capacity planning mainly uses simulation, queuing theory and
optimization theory. Zhu et al. [14,15] used simulation models to estimate ICU (Intensive Care Unit) bed
capacity via discrete event simulation. Thomas et al. [16–18] used discrete-time simulation models to
analyze the impact of different emergency bed allocation schemes on system performance, which reduced
the number of patients overflowing in the system. Finally, simulation experiments were used to verify the
model robustness and the applicability of the conclusions.

Domestic scholars primarily study the arrangement and allocation of hospital beds by constructing
mathematical programming models. Li et al. [19,20] established a linear programming model to address
the bed arrangement problem by considering the costs incurred by patients waiting for admission and
surgery. Jiang et al. [21] used queuing theory to establish an optimal model for the rational allocation of
ophthalmic beds. Xu et al. [22,23] used the mixed-integer programming model to solve admission
scheduling for gynecological patients. Cao et al. [24] analyzed the current situation and problems
associated with the allocation of bed resources in medical institutions in Shanghai. An et al. [25,26]
established a non-linear programming model for ophthalmology bed arrangement, which was scored
using the established evaluation indicators. Finally, the Monte Carlo method was used to test the
robustness of the model.

Normal bed allocations in the rehabilitation department.
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Before the outbreak occurred, all children in need of rehabilitation were admitted to the hospital for
treatment regardless of their race, gender or region of origin. The waiting time for severely ill children
was slightly less than that for mildly ill children. Moreover, there are three beds in each ward of the
rehabilitation department, and 27 wards overall, for a total of 81 beds. Accordingly, the priority M/G/
3 queuing theory model is used to analyze this case, as shown in Fig. 1.

There are two types of severe and mild patients in children patients, and the arrival process of the ith

patient Ni tð Þ; t � 0f g conforms to the Poisson process. Thus, the service time is Bi,E Bið Þ ¼ 1

li
,

D Bið Þ ¼ r2i . The priority of patients in category i is higher than that of patients in category
iþ 1 i ¼ 1; 2ð Þ; moreover, patients of the same type need to follow the first-come-first-served (FCFS)
treatment as well.

Moreover, a non-preemptive model is utilized; this means that under circumstances when severe patients
with high priority arrive at the ward, the treatment of mild patients with low priority is not terminated. Based
on the assumption that the arrival process of the two types of patients is independent of each other, the
treatment time of patients of the same type is believed to have the same distribution.

� ¼
X2
i¼1

�i; qi ¼
�i

li
; q ¼

X2
i¼1

qi (1)

where qi is the service strength of the system, while Wi is the waiting time of the ith patient; moreover, Ji is
the arrival interval of the ith patient, and xiq is the queue length of the ith patient when the new patient arrives
i ¼ 1; 2ð Þ.The hospital treatment system is stable, meaning that q < 1. The waiting time for critically ill

patients can be broken down into two parts. The first part is the time remaining before patients are treated
by the medical system, W0. If patients are being treated, then W0 > 0; if there are no patients, then
W0 ¼ 0. Considering that in patients are treated in parallel within the system, moreover, another part is

one-third of the total treatment time required for all critical patients; that is,
Pxiq=3
j¼1

B1j, where B1j is the

service time of the jth critical patient in the critical patient cohort. Furthermore, all B1j j ¼ 1; 2 . . . . . . nð Þ
are independent of each other and have the same distribution as B1. Finally, hi is the remaining treatment
time of the ith patient. Thus, we can obtain the following formula:

Figure 1: Rehabilitation bed allocation model based on the priority M/G/3 queuing theory
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E hið Þ ¼ E Biþð Þ
3

¼ E B2
i

� �
6E Bið Þ ¼

E B2
i

� � � mi

6
; i ¼ 1; 2 (2)

Accordingly, the probability that a patient arriving at any moment will belong to the category of the
ith patient is P Ji < min J1; J2ð Þf g ¼ �i

�
. The probability that the bed is occupied by the ith patient is

therefore as follows:

P B ¼ Bif g ¼ �i

�
: (3)

�E Bð Þ ¼ �
X2
i¼1

EðBjB ¼ BiÞP B ¼ Bif g ¼ �
X2
i¼1

E Bið ÞP B ¼ Bif g ¼ �
X2
i¼1

1

mi
� �i

�
¼ r (4)

Thus, we obtain the following result:

E Bð Þ ¼ r

�
¼ 1

�

X2
i¼1

ri: (5)

E B2
� � ¼X2

i¼1

EðB2jB ¼ BiÞP B ¼ Bif g ¼ �
X2
i¼1

E B2
i

� �
P B ¼ Bif g ¼

X2
i¼1

s2
i þ

1

m2
i

� �
�i

�
(6)

The following results can thus be obtained:

E W0ð Þ ¼ rE W0jnumber of machines occupiedð Þ ¼

r
E B2
� �

2E Bð Þ ¼
1

2

X2
i¼1

�is
2
i þ

ri
mi

� �
¼
X2
i¼1

�iE B2
i

� �
2

¼
X2
i¼1

riE hið Þ (7)

1) For critically ill patients, the waiting time is W1 ¼ W0 þ
Px1q=3
j¼1

B1j. Therefore, the average waiting time
for critically ill patients is as follows:

E W1ð Þ ¼ E W0ð Þ þ E x1q
� �

E B1ð Þ ¼ E W0ð Þ þ 1

3m1
E x1q
� � ¼ E W0ð Þ þ r1

3
E W1ð Þ ¼ 3E W0ð Þ

3� r1
(8)

2) For mild patients, their priorities are lower than those of severe patients. Thus, we have the
following formula:

W2 ¼ W0 þ
Xx1q=3
j¼1

B1j þ
Xx2q=3
j¼1

B2j þ
XN1 WGð Þ

j¼1

u1j (9)

Set WG ¼ W0 þ
Px1q=3
j¼1

B1j þ
Px2q=3
j¼1

B2j, W0 is the remaining treatment time in the system when the mild

patient arrives in the system, while
Px2q=3
j¼1

B2j defines treatment volume for mild patients in the system. h1

means that the arrival time is N1 tð Þ; t � 0f g; while the service time is the busy period in the M/G/
3 system. Each of the elements in u1j j ¼ 1; 2; . . . ; nð Þ are independent of each other and all have the same

distribution as u1, which is W2 ¼ WG þ PN1 WGð Þ

j¼1
u1j.
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Thus, the following can be concluded from the above derivation:

E WGð Þ ¼ E W0ð Þ þ r1
3
E W1ð Þ þ r2

3
E W2ð Þ ¼ 3þ 2r1ð ÞE W0ð Þ

3� r1
þ r2

3
E W2ð Þ (10)

E
XN1 WGð Þ

j¼1

u1j

 !
¼ �1E WGð ÞE u1ð Þ ¼ �1E WGð Þ

m1 � �1
¼ r1E WGð Þ

1� r1
¼ r1 3þ 2r1ð ÞE W0ð Þ

1� r1ð Þ 3� r1ð Þ þ r2E W2ð Þ
3 1� r1ð Þ (11)

The average waiting time for the mild patients, as obtained by the simultaneous formula, is
as follows:

EðW2Þ ¼ 3 3þ 2r1ð Þ
3� r1ð Þ 3� 3r1 � r2ð ÞE W0ð Þ (12)

Through calculation, it can be concluded that the waiting time until hospitalization for relatively severe
children is about 21 days, while the waiting time until hospitalization for relatively mild children is about
45 days. These data are consistent with the actual situation.

3 Bed Allocation in Rehabilitation Department during the COVID-19 Epidemic

3.1 Each Ward Allocates Two Beds

During the epidemic, the children who can enter the hospital for treatment are all critically ill children in
urgent need of treatment due to the COVID-19 restrictions implemented in various regions. In order to
prevent cross-infection, the three beds A, B, and C previously available in each original ward were
adjusted to beds A and C, with the bed B in the middle of ward being temporarily left vacant. Therefore,
the queuing theory model based on priority M/G/2 is used. This process is illustrated in Fig. 2.

We define the patient input process N tð Þ; t � 0f g to be a Poisson process with the parameter �, meaning
that the inter-arrival time series fJk; k � 0g is an independently identically distribution (i:i:d) random
variable sequence, while J1�� 1; �ð Þ. Because there are two beds, the treatment process for each bed is
independent and has the same distribution of treatment time B,B� 1;mð Þ; that is, the patient’s treatment
time series Bk; k � 1f g is a sequence of i:i:d random variables. B1�� 1;mð Þ, while Bk; k � 1f g and
Jk; k � 1f g are independent.

Figure 2: Rehabilitation bed allocation model based on the priority M/G/2 queuing theory
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pk ¼
p0 2rð Þk

k!
; k ¼ 1

22rkp0

2!
; k ¼ 2; 3; . . .

8>><
>>: (13)

p0 ¼
X1
k¼0

2rð Þk
k!

þ 2rð Þ2
2! 1� rð Þ

" #�1

(14)

where pk represents the probability of k patients entering the system after the system is in balance. When the
distribution of the system is stable, r < 1; here, ρ is referred to as the treatment intensity of the system. From
this stable distribution, several quantitative indicators based on the M/M/2 system can be obtained: namely,
the average captain and the average waiting captain.

We use X to represent the captain of the system when r < 1, while Xq is the waiting captain of the
system. Thus, the following formulas can be obtained:

E Xð Þ ¼
X1
k¼0

kpk ¼ ½2rþ
X1
k¼2

k22rk

2!
�p0 ¼ f2rþ 2rð Þ2 rþ n 1� rð Þ½ �

2! 1� rð Þ2 gp0 (15)

P Xq ¼ k
� � ¼ p2þk ¼ 22r2þk

2!
p0; k ¼ 1; 2; 3 . . . . . .

P Xq ¼ k
� � ¼P2

j¼0
pj ¼

P2
j¼0

2rð Þj
j!

p0

8>><
>>: (16)

If we introduce p0 ¼
P1
k¼0

2rð Þk
k!

þ 2rð Þ2
2! 1� rð Þ

" #�1

into the above formulas, the following formula can
be obtained:

E Xq

� � ¼X1
k¼0

k
2rð Þ2rk
2!

p0 ¼ rp2

2! 1� rð Þ2 : (17)

Moreover, W denotes the waiting time of the next patient under the steady distribution condition
r < 1. Thus,

P W ¼ 0f g ¼ p X, 2f g ¼ 1� p2

1� r
: (18)

As for 8t > 0, the distribution function of W is as follows:

Fw tð Þ ¼ P W < tf g ¼ P W ¼ 0f g þ Pf0 < W < tg (19)

According to the probability theory, the following can be obtained:

P 0,W, tf g ¼
X1
k¼2

P 0,W, tf gX ¼ kfPjX ¼ xg ¼ kjpk ¼
X1
k¼2

pk

Z t

0

2mð Þk�1xk�2

� k� 1ð Þ e�2mxdx

¼ p2

1� r
1� e�2m 1�rð Þt
h i (20)
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The distribution function of time is therefore as follows:

Fw tð Þ ¼
0; t � 0

1� p2

1� r
e�2m 1�rð Þt; t. 0

(
(21)

Since Fw tð Þ is discontinuous at t = 0, W is not a continuous random variable; moreover, the graph of
Fw tð Þ is not stepped, which is further evidence that W is not a discrete random variable. Thus, the density
function of W is as follows:

fw tð Þ ¼
0; t, 0

1� p2

1� r

� �
d tð Þ þ 2lp2e�2m 1�rð Þt; t � 0

8<
: (22)

where d tð Þ is the Dirac function. And the properties of this function are as follows:

(1) When t 6¼ 0, d tð Þ ¼ 0; when t ¼ 0, d tð Þ ¼ 1.

(2) d �tð Þ ¼ d tð Þ.
(3) For any function ’ tð Þ, there is R1�1 ’ tð Þd tð Þdt ¼ ’ 0ð Þ.
d tð Þ can be seen as a unit jump function: m tð Þ ¼ 1; t. 0

0; t � 0

�
. Thus, d tð Þ ¼ dm tð Þ

dt
.

From the density function of time, the expected time is as follows:

E Wð Þ ¼
Z 1

0
tfw tð Þdt ¼ p2

2m 1� rð Þ2 ¼
E Xq

� �
�

: (23)

From the above calculations, it can be concluded that the waiting time for the hospitalization of
relatively serious child patients in the field is about 18 days, which is three days shorter than the waiting
time before the outbreak. This is because all of the child patients who come to Nanjing for treatment
from other places are seriously ill enough that they cannot be treated effectively in their cities. The
rehabilitation department of Nanjing Children’s Hospital (affiliated with Nanjing Medical University) is a
medical institution with good medical conditions and advanced technology located in East China. To
prevent cross-infection, the department reserved two beds (specifically the A and C beds) out of the three
beds available in each ward for these critically ill children, which both reduced the number of beds and
negatively impacted the ability to treat the local children of Nanjing.

3.2 Treating Local Children

According to the disease classification system, local children are categorized into two patient types:
Severe and mild patients. Severe children have the right to priority treatment. To prevent cross-infection,
the local children with moderate and severe illness can use only bed A or C on the ward. This situation
can therefore be analyzed using the above M/G/2 queuing model.

For children with relatively mild illness in Nanjing who require rehabilitative services, the rehabilitation
department of the Children’s Hospital is still the preferable choice. A small number of the B beds can be
opened after both the A and C beds have been filled during the epidemic. The priority level of relatively
mild patients is lower than that of the severe patient. Based on the above, the queuing theory model with
priority M/M/1 was utilized to analyze the children with mild illness requiring rehabilitation. This process
is illustrated in Fig. 3 below.
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The following formula can thus be obtained:

W2 ¼ W0 þ
Xx1q
j¼1

B1j þ
Xx2q
j¼1

B2j þ
XN1 WGð Þ

j¼1

u1j: (24)

Assuming WG ¼ W0 þ
Px1q
j¼1

B1j þ
Px2q
j¼1

B2j, W0 denotes the remaining treatment time within the system

when the mild patient enters the system.
Px2q
j¼1

B2j is the treatment volume for mild patients in the system.

u1 indicates that the arrival time is N1 tð Þ; t � 0f g; while the service time is the busy period of the M/M/

1 system. Similar to
Px1q
j¼1

B1j; u1j j ¼ 1; 2; . . . ; nð Þ are independent of each other, and are all distributed in

the same as W2 ¼ WG þ PN1 WGð Þ

j¼1
u1j.

Thus, the following formulas can be obtained from the above derivation:

E WGð Þ ¼ E W0ð Þ þ r1E W1ð Þ þ r2E W2ð Þ ¼ E W0ð Þ
1� r1

þ r2E W2ð Þ (25)

E
XN1 WGð Þ

j¼1

u1j

 !
¼ �1E WGð ÞE u1ð Þ ¼ �1E WGð Þ

m1 � �1
¼ r1E WGð Þ

1� r1
¼ r1E W0ð Þ

1� r1ð Þ2 þ
r2E W2ð Þ
1� r1

(26)

The average waiting time for mild patients is as follows:

EðW2Þ ¼ 1

1� r1ð Þ 1� r1 � r2ð ÞE W0ð Þ: (27)

It is concluded that the waiting time for local children with relatively mild conditions is about 78 days.

3.3 Discussion

During the epidemic period, the waiting time in Nanjing for children with severe cases has not been
extended; meanwhile, the waiting time for hospitalization of children with relatively mild illness who
require rehabilitative services is 78 days.

In addition to rehabilitation treatment in outpatient clinics, children with a relatively mild illness can also
undergo home rehabilitation treatment. Internet technology can be used to provide rehabilitation guidance to
these children. Under this approach, the child’s parent reports recent details of the child’s condition to the

Figure 3: Rehabilitation bed allocation model based on the priority M/M/1 queuing theory
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medical team through a remote consultation system, after which doctors, nurses and therapists in the hospital
determine the child’s short-term rehabilitation goals. Moreover, documents pertaining to various
rehabilitation training guidance programs and department dynamics have been published on the
undergraduate department’s consultation platform. Furthermore, the treatment group in hospital actively
interacted with the parents of the children to alleviate the parents’ anxiety, achieving good social benefits.

During this epidemic, it is vital to improve the level of rehabilitation specialist knowledge possessed by
child rehabilitation professionals in first- and second-level medical institutions. Among the group of children
who are usually hospitalized, some children with growth retardation and generalized developmental delays
can early enter the first- and second-level medical institutions for rehabilitation training after being diagnosed
by the third-level medical institutions. For various reasons, these patients still enter into the queuing system
of the third-level diagnosis and treatment institution’s rehabilitation ward, as this results in the best use of
medical resources. If this problem is to be solved, it will also be necessary to design an advanced
diagnosis and treatment model that will classify the child’s condition in detail, as this will also enable the
limited medical resources to be utilized more reasonably.

4 Conclusion

The new coronavirus spreading rapidly all over the world is transmitted through respiratory droplets and
via contact transmission. Moreover, as a hospital is a relatively centralized environment, it is important to
control the sources of infection and cut off the transmission routes in these locations. During the
epidemic, to prevent cross-infection between children, the rehabilitation department reduced the number
of beds and controlled the number of caregivers in hospital, which enabled expansion of the bed space
between each hospitalized child. It is a difficult business to appropriately treat children and configure the
beds under these circumstances. In this paper, a queuing model with priority was applied to analyze the
state of patient admission. This approach not only ensures that children with serious illnesses will get
timely, effective and safe treatment, but also enables the occurrence of infections on the ward to be
effectively controlled.
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