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ABSTRACT

In this paper, by investigating and analyzing the actual demand of disinfection
tasks in isolation areas during the epidemic, a strategy of optimal scheduling and path
planning for multiple disinfection robots in isolation areas is proposed. Based on
Vehicle Routing Problem (VRP), the optimal scheduling model of multiple
disinfection robots is established through comprehensive consideration of the power
consumption of disinfection robots, tasks levels and starting positions. Based on this,
genetic algorithm (GA) is used to determine the minimum number of robots required,
the assignment of disinfection tasks and the sequence of disinfection. Then, global
path planning and real-time dynamic obstacle avoidance are realized by A*-dynamic
window algorithm (A*-DWA) for disinfection robots in isolation areas. This provides
an effective optimal scheduling strategy and dynamic path planning algorithm for the

disinfection of multiple robots in large and complex dynamic environment.

Finally, taking the actual maps of the isolation areas in several hospitals as
research objects, numerical simulations and the simulation experiments in
three-dimensional physical environment are carried out by MATLAB and Webots,
respectively. The simulation results verify the effectiveness and applicability of the

proposed strategy.

Key Words: Multiple disinfection robots, isolation areas, optimal scheduling, path

palnning, real-time dynamic obstacle avoidance
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Optimal scheduling and path planning of multiple robots for
disinfection in isolation areas

Zhili Liu, Tianyou Xie
1. Shandong Experimental High School, Jinan, 250061, P. R. China

Abstract: In this paper, by investigating and analyzing the actual demand of disinfection tasks in isolation areas during the
epidemic, a strategy of optimal scheduling and path planning for multiple disinfection robots in isolation areas is.proposed.
Based on Vehicle Routing Problem (VRP), the optimal scheduling model of multiple disinfection robots is established through
comprehensive consideration of the power consumption of disinfection robots, tasks levels and starting positions. Based on this,
genetic algorithm (GA) is used to determine the minimum number of robots required, the assignment of disinfection tasks and
the sequence of disinfection. Then, global path planning and real-time dynamic obstacle avoidance are realized by A*-dynamic
window algorithm (A*-DWA) for disinfection robots in isolation areas. This provides an effective optimal scheduling strategy
and dynamic path planning algorithm for the disinfection of multiple robots in large and complex dynamic environment.

Finally, taking the actual maps of the isolation areas in several hospitals as research objects, numerical simulations and the
simulation experiments in three-dimensional physical environment are carried out by MATLAB and Webots, respectively. The
simulation results verify the effectiveness and applicability of the proposed strategy.

Key Words: Multiple disinfection robots, isolation areas, optimal scheduling, path planing, real-time dynamic obstacle avoid-
ance

1 Research background and practical require-
ments

hypochlorite disinfectants threatens the disinfection worker-
s’ safety. Meanwhile, the high frequency spraying in isola-
tion areas brings heavy workload to the disinfection workers.
With the development of intelligent robot technology,
robot systems in complex environment have played an in-
creasingly important role in military, industry, agriculture,
medicine, to name a féfv'! . Particularly, in the medical
field, a variety of medical service robots, such as the targeted

CoronaVirus Disease2019 (COVID-19) hasrapidly
swept acrossthe globe since its emergencen December
2019.By August 19, 2021, the COVID-19 hascausedmore
than210 million infectionsandover 4.4 million deathsand
has become a global epidemic threatening hu-man

securityl. According to the authoritative assessmenthe
damageof COVID-19 will be far more harmful than the
economiccrisis or terrorisn¥ 3. Although hugeresources
havebeenputinto the preventionandcontrol of the epidem-
ic, the explosivelyincreasinginfectionsleadto a growing
shortage on healthcare, especially medical staff. Even
worse, medical staff on the front lines are not only
overworked,but also at greatrisk-of beinginfectedat any
timel*l. Accordingto the WHO report,medicalstaff account
for about 10% of the total-infections (about 1.4 million
caseshll aroundthe world, and seriously,until September
2, 2020, thereare over 7 thousandmedical staff died from

therapy micro-robdi, the disinfection robt”, the guiding
robot and the indoor delivery rodt, have played a crucial
role in the disease diagnosis, as well as the epidemic pre-
vention and control. According to a study of the Artificial
Intelligence Industry Alliance, intelligent service robots, as
the most commonly used intelligent products in the preven-
tion and control of COVID-19, have been used to solve many
problems exposed in the fight against COVID-19, such as the
lack of medical staff and the untimely delivery of medical
supplies. Particularly, as a representative kind of intelligen-
t service products, the disinfection robots have been widely
used in the isolation are&8. With the high mobility, low

covmygdl19 owns the characteristics of rapid spread, energy consumption and high fault tolerance, disinfection
high infectivity and wide transmission, for which there is no robots can not only alleviate the heavy workload but also
confirmed effective treatment currerfly Whereas, what's  reduce the infection rates of medical staff in the disinfection
clear, the Corona Virus mainly spreads through the air, andproces8?. At the same time, compared with manual op-
the disinfection of risk areas (especially isolation areas) careration, the robot can effectively improve the efficiency of
prevent its spread effectively. Therefore, disinfection is onedisinfection work. Therefore, it is of great significance for
of the most important works to prevent and control COVID- the prevention and control of COVID-19 to deeply investi-
19 in isolation areas. In practice, the main disinfection gate the disinfection robots and their optimal operation.
methods include ultraviolet irradiation and hydrogen perox- In recent years, the intelligent disinfection equipment
ide/sodium hypochlorite disinfectant sprayifigand more-  have been gradually used in practi¢g’l. Specifically, in
over, the traditional disinfection is mainly accomplished by 2012, Shatalov et & designed a ultraviolet emitter with
manual operation. It is necessary to point out that ultravi-effective disinfection ability. The feasibility of portable ul-
olet irradiation disinfection requires the evacuation of peo-traviolet devices and intelligent disinfection robots was ver-
ple on the scene and makes many sterile blind areas are leffied in [15, 16]. In 2015, an ultraviolet disinfection robot
due to the limited exposure range. In addition, the highly produced by Chenix disinfection services (U.S.) has already
corrosive and high-concentration hydrogen peroxide/sodiunbeen applied to the front line of the fight against Ebola,
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which can protect the medical staff from infection. More- experiments of multiple disinfection robots are carried out
over,Chanprakon developed an ultraviolet disinfection robotrespectively to verify the feasibility and effectiveness of the
with autonomous obstacle avoidance ability to accomplishproposed control method.
the 360 disinfection of operating rooms or waktfs, 2 Description of disinfection task for multiple

In our country, intelligent disinfection robots have been robots
applied in the fight against COVID-19. For example, by in-
tegrating hydrogen peroxide spraying, ultraviolet irradiation This paper aims at investigating the optimal scheduling
and plasma air filtration, the disinfection robot developed byand path planning of multiple disinfection robots in isolation
Shanghai Timi Robot Technology accomplished the disin-aréas under the architecture shown in Figure 1. Each dis-
fection work in multiple scené$l. The disinfection robot infection robot starts from the charging station, and returns
produced by Shanghai Fantong Biological Technology hasfter completing the assigned disinfection task. Besides, ac-
been successfully applied to the wards and operating roomg&ording to the disinfection standards of hospitals, each sin-
by combining the hydrogen peroxide disinfection and arti- 9le disinfection task should be completed within prescribed
ficial intelligence technology. The robot developed by the time. Then, under the constraints of each robot on the load,
State Key Laboratory of Hunan University and Hunan Aimi- the remaining power and the disinfection task in key areas,
jia Intelligent Technology Company can realize the ward dis-the optimal scheduling strategy is proposed to render the
infection through ultraviolet light and disinfectant spraying, Number of required robots minimum-and the moving paths
as well as owning autonomous navigaft8h The ultravio- shortest in the task, and to determine the sequence of disin-
let disinfection robot developed by Hangzhou University of fection wards for each robot.
Electronic Science and Technology can achieve efficient ul- === na e ronment 7 N
traviolet sterilization and automatic path planrfiy The ; A~
disinfection robot developed by DalLuZhiYuan Technology |
with sodium hypochlorite as the disinfectant can automat-
ically adjust such parameters as disinfection concentration
and spray form according to the environmental information,
which has been applied to the front line of anti-epidemic
in Huanggang Maternal and Child Health Hospital, Central v
Hospital of Huanggang and Wuhan Union Hospital. Figure 1. Optimal scheduling and path planning of disinfection robots.

Although disinfection robots have achieved some field
applications during the epidemic, according to the survey In what follows, the location and required disinfectan-
just completed, most of the existing robots cannot effectivelyt amount of each ward, the walking speed and power con-
solve the disinfection task of the isolation wards, and thereSumption per unit distance of the robots, and the locations of
are common problems such as low intelligence level andcharging stations are all supposed known. In addition, sup-
poor adaptability. The robot operation mode is mainly singleP0se that in one disinfection period, each ward is disinfected
machine operation and fixed path. It is difficult to deal with By one robot only once. Then, the multi-robot disinfection
multiple machine cooperative tasks'in large complex scenetask can be taken as a typical problem of optimal schedul-
especially lack of effective solutions for the daily multiple ing with multiple constraints and path planning in complex
frequency disinfection tasks with time constraint required in €nvironment. According to the disinfection requirements in
the actual disinfection operation; and the real-time processisolation areas, the optimal scheduling strategy of multiple
ing of dynamic obstacles in the working environment. disinfection robots is proposed under the constraints on en-

Under the urgent situation of the rapid spread of the €9y consumption, ward environment and disinfection task.
new crown virus, aiming at the practical problems such asBased on this, a novel strategy of path planning is presented
single disinfection mode, high energy consumption and longPy A*-DWA to achieve the global optimal dynamic obstacle
disinfection time of COVID-19 anti-epidemic robots, after avoidance for multiple robots in disinfection process.
considering the remaining power of the disinfection robots,3 Optimal scheduling of multiple disinfection
disinfection tasks in key areas and initial positions compre-  robots
hensively, this paper proposes an optimal scheduling strat-
egy for multiple disinfection robots in isolation wards with
multiple constraints based on the VRP model. In view of
the particularity of the isolated ward environment, a mul-
tiple robot path planning control algorithm combining A*-
DWA is proposed to realize global path planning in known
environment and local real-time dynamic obstacle avoidanc
in unknown environment. According to the actual data of 3.1 Modeling of optimal scheduling of multiple disin-
the isolation ward map of Wuhan Huoshenshan Hospital and fection robots
RHWU, a 3D simulation environment was built. The global The optimal scheduling problem of disinfection robot-

path planning, dynamic real-time path planning and trackings yjth multiple constraints in isolation areas is modeled by
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This section is devoted to the modeling and analysis
of the optimal scheduling of multiple disinfection robots.

Specifically, the model of the optimal scheduling of multi-

ple disinfection robots with multiple constraints is first es-

tablished by using VPR model. Based on this, the optimal
escheduling problem is solved by using GA flexibly.
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VRP?Y, The main objective of the optimal scheduling is to

determine the minimum number of robots required and the
optimal scheduling in the isolation areas, that is, to render ¢
the assigned disinfection task completed within the specified
time by using as few robots as possible while the total path @

is the shortest.

Based on the graph theory, define an undirected graph

G = (V,E), whereV = {0,1,...,n} denotes the set of all
the nodes in isolation areas, willbeing the charging station
node and(1,...,n} =: V' being the set of all the isolation
ward nodesF is the set of edges, that i8, = {(¢, j)|¢,Jj €

Table 2. Interpretations of parameters
Parameterq Interpretations
The weight of edges, i.e., the shortest path
from node: to j, (i,5 € Vi # j)
The disinfectant capacity of each robot
(maximum load capacity)
The amount of disinfectant required
for isolation ward:
Py The remaining power of robdt
The amount of power that a robot consumes
for moving a unit distance
The amount of power that a robot consumes

d;

1

A . . . .
V,i # j} with the weight of each edge; (i,j € V,i # 7) 2 for d|§|nfect|ng an isolation ward .
denoting the shortest path from node node;j. Moreover, " The time that a robot spends on moving
the following assumptions are made: a unit distance
. The time that a robot spends on disinfecting
Requirement: 2 an isolation ward
The amount of disinfectant; required for isolation T The time specified for robots to complete
wardi is fixed, and there is enough disinfectant at the nurse disinfection task in isolation areas
station.
Multiple robots:
The set of robots required for disinfection task is denot- min F = Z Z Z CijTijk )
ed byK = {1,...,m}, where all the robots are of the same keK icV jev
type and have the same disinfectant capagitpesides, the s.t.
remaining power of robot is denoted byP;,, k = 1,...,m. Z zom =1,k €K, 3)
Constraint conditions: & 4
(D Each robot starts from the charging station and re- Z Tik = Z Tyl € Vi k € K, (4)
turns after completing all the assigned disinfection task. i€V i€V
@ The whole disinfection task of each isolation ward > wjor =1Lk €K, (5)
is completed by only one robot in a disinfection period. jev
_@ The total amount of dlsmfectar)t needed in thg _task Z injk —1jeV, (6)
chain doesn’t exceed the robot capacity, and each disinfec- ik v
tion task chain has at least one isolation ward node. ) ,
@ The total power consumption. for the disinfection kz;( z‘;z”’“ =lieV, ()
work on the task chain is less than or equal to the remain- crie
ing power of the robot. S wipdi <Q k€K, (8)
® The disinfection work on each task chain is complet- €Sk JESk
ed within the specified time. 3> Meimije + AolSk < Pk € K, (9)
€Sk JESK
The parameters and variables involved in the optimal o
scheduling problem are defined in the following Tables 1 and Z Z ijk < |Sk] — Lk € K, (10)
2. 1€SEK JESK
ticiixin +ta |SE| < T,k € K, (12)
Table 1. Interpretations of sets ZEXS: ezs: R 15
Sets Interpretations kI
zin €{0,1},i,j €V, k€ K. (12)

The set of all the nodes in isolation areas,
(0 denotes the charging station node)

vV = {1;...,n} The set of all the isolation ward nodes
K={1,...,m} The set of the disinfection robot

The set of all the isolation ward nodes
that on the assigned task chain of rokot

vV ={0,1,...,n}

Sk

Decision variables:

1)

{1, if robot £ moves from node i to node j,
Lijk =

0, else.

Objective function:
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Equations (3)-(5) indicate that each robot starts from
the charging station and transfers to the next ward after dis-
infecting one isolation ward node on the task chain, and re-
turns to the charging station after completing all the disin-
fection works on the task chain. Equations (6) and (7) mean
that each isolation ward is disinfected only once by one robot
during a disinfection period. Equation (8) means that the to-
tal amount of disinfectant for isolation wards on each task
chain doesn’t exceed the maximum capacity of the robot. E-
quation (9) indicates that the power amount that the robot
consumes for the disinfection work on the task chain is less
than or equal to its remaining power amount. Equation (10)



is a branch elimination constraint. Equation (11) indicatesof the objective function (2) as fitness function. That is,
that he total time required by the robot to complete the dis- 1

infection work on the task chain cannot exceed the specified fit(i) = . (13)
time. Equation (12) represents the attribute of decision vari- ,E:K Z.;/ J;/ CijTigk

ables.

Moreover, it is necessary to determine whether the power
3.2 Optimal scheduling strategy of multiple disinfec-  ¢onsumption (for disinfection and walking) of the robot ex-
tion robots ceeds the total power. If the power consumption exceeds the
The common algorithms of optimal scheduling include total power, then the disinfection path is infeasible, and the
Ant Colony Optimization (ACO¥?, Generic Algorithm  corresponding solution is called an infeasible one, which can
(GA) 2% etc. ACO is a greedy heuristic algorithm with be eliminated by increasing the target value via the penalty
the disadvantage of slow convergence speed and the soldiunction.
tion obtained by it is usually local optimal, rather than glob- _ )
al optimal. GA can effectively achieve the global search in G€netic operation:
the sense of probability, with the advantages of inherent par- (1) Seléction and copy
allelism and global optimization. Moreover, GA can also By using the roulette selection-method, we replace the
optimize search space and adjust the search direction ada}/0rst chromosome of offspring.by the best one of the pa-
tively. For the system model proposed in Section 3.1, GA isternal. Then, calculating the sum of fitness functions of all
adopted to solve the optimal scheduling problem under in-chromosomes in the current population, it gives
vestigation. The calculating steps are as follows:

Coding scheme design: sum P z; Fit(e). a9
Note that VRP is a discrete optimization problem.

Then, combining constraint conditions (6) and (7), we code

the wards by natural numb&%2%%: Let 0 denote the charg-

ing station node], ..., n denote the isolation ward nodes, ' fit(i) '

and if the number of disinfection robots requiredjsorre- pli) = sum fit@Q) EN. (15

spondingly, the chromosome lengthuist & + 1.

Calculating the selection probability of each chromosome in
the current population, we have

Furthermore, calculating the cumulative probability of each

Population initialization: chromosome in the current population, it follows that
We first randomly line up all the ward codes, and let
q; represent the power consumption of thke ward node ps(i) = Zp(i)- (16)

) a a+1 . iEN
in chromosome. IfY" ¢; < Q and > ¢; > @, then0 is

=1 =1
inserted behind thath position of chromosome, and after 0,1]
inserting0, repeat the calculation until the last code. Subse—Otherwise choose théth chromosome. where satisfies
guently, we inserf at both the first and the last positions of ) ' . '
I . ps(i—1) < r < ps(i).
chromosome to generate an initial. chromosome. Repeating (i) Chromosomes crossover

Et;e. qu\ée Slt epdy times, the ges'Led |r1|t|al DOprt'oan'th Two sub-routesA and B are first randomly selected on
individuals are constryglad, veheis the number of in- paternal chromosomesand 2, respectively. Then, the s-

dividuals in initial population: elected sub-routes are put forward, and the sub-rduts
Constraint handling and fitness function: the paternal chromosome 1 is taken as a part of the offspring
Under constraint conditions (3)-(5) and (8)-(9), we de- chromosome 1. Meanwhile, the code that does not appear
code the chromosome into the disinfection paths of robotsin the sub-routed of the paternal chromosonieis added
Based on the disinfection paths, once the first robot reache@€hind the sub-routd according to the order of the pater-
the first ward and completes the disinfection task, it shouldn@l chromosome 2, and the code 0 is added at the end of the
be determined that whether the remaining power of the robofhromosome. Finally, for the offspring chromosome 1, the

can make sure that the robot can return to the charging staR@rt after sub-routel is randomly interrupted many times.
tion. If this condition is still satisfied after addingwatinto ' n€ fitness of all cases is calculated respectively, and the

the path of the first robot, the path of the first robot will be largest fitness value is taken as the offspring chromosome
0 — 1 — 2 — 0. By analogy, once the conditions are violated, 1. In the similar way, the offspring chromosome 2 can be

one new robot is added to the task, that is, the second routgbtained.

from the charging station will be designed. (iif) Chromosome mutation .
According to the decoded disinfections path of robots, ~ 1he 3-éxchange mutation operator is used to mutate the

the objective function given in (2) is calculated. Since the chromosome. Specifically, three randomly selected position-

fitness function is the larger, the better, we take the reciproca¥ I the paternal chromosome are exchanged, and five off-
spring chromosomes are then obtained. By calculating the

fitness for all cases, the offspring chromosome with highest

For a real number randomly generated in interval
, if ps(i) > r, we choose the first chromosome, and
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fithess enter the offspring population. heuristic function, and can ensure the global optimal solu-
o - tion sough®?l. Moreover, compared with D algorithm, the
Terminating conditions: search efficiency of A* algorithm is significantly enhanced.

_Since GA is a random search algorithm, certain termi- g motivates us to seek the desirable path for disinfection
nating rule must be pre-set to terminate the evolutionary ¢y qpqtg by using A* algorithm.

cle of the algorithm. There are three common terminating

rules: (i) A prescribed goal is achieved:; (i) The optimal indi- A* algorithm principle:

vidual in the population is no longer improved in successive The path search space is first divided into a grid, and the
generations, (iii) The preset number of evolutions has beemext path location is gradually determined by comparing the
reached. To guarantee the accuracy of solutions and the rurcost functions of eight adjacent points of the current location.
ning time of the algorithm effectively, the pre-determined As shown in Figure 2, the blue circle represents the current
evolutionary times is chosen as the termination rule in thislocation node, numbers . . ., 8 represent the eight adjacent
paper. nodes of the current location, and the blue arrows represent

4 Path planning of multiple disinfection robots in possible choices from the current location to the next one.

isolation areas

Path planning is the premise of the efficient and au-
tonomous robot operation, which aims at making the robot
move along the optimal path in a complex environment. Ac- 1 2 3
cording to the information acquired from the environment,
path planning can be divided into static global path plan-
ning and local path planning of dynamic obstacle avoidance.
Global path planning is, based on the established global map, 8 « @ » 4
to provide a static optimal path from the starting point to the
end point. Local path planning of dynamic obstacle avoid-
ance is, based on the detection of local surrounding environ-
ment through sensor, to enhance the real-time adaptability 7 6 5
and the capacity of obstacle avoidance. Therefore, it is of
great theoretical and practical significance to integrate the
strategies of static global path planning and local path plan-
ning of dynamic obstacle avoidance.

Figure 2.  Seart procedure of A* algorithm.

4.1 Static global path planning algorithm for multiple

robots Algorithm flow:

In the implementation of practical task, static glob- The flow of A* algorithm is shown in Figure 3. Specif-
al path planning is required for ensuring the shortest pathcally,
for disinfection robots from the initial position to the target (i) Initialize related parameters; generate the open list
one. The common algorithms on static global path planningang close list; set the range of search space.
include ones based on sampling and ones based on graph (i) Based on the open list, check whether the target lo-
search, where the former include probabilistic road map al¢ation is included. If so, finish the path planning, and other-
gorithm (PRM) and rapidly-exploring random tree algorith- \yise, execute the next step.
m (RRT algorithm), and the latter include Dijkstra algorithm (iii) Calculate the cost function of each pointin the open
(D algorithm) and A* algorithm. The precision of PRM al- |ist: find out the point corresponding to the minimum value;
gorithm depends on the number of randomly selected nodesset the point as the current node; add the node to the close

when the number of nodes is large, the optimal solution canjs;  The expression of the cost function is in the following
be obtained, but the calculation amount would be increasegqym:

and the efficiency would be redud&l RRT algorithm, ap-
plicable to the path planning in the multi-dimensional space,
determines a path by randomly sampling the road points
in the space, through which, however, the path obtained is
seldom optima#’l. D algorithm can find the shortest path
from the starting point to the outer layer and then to the end
point, but with a blind search strategy adopted, makes manyheren is the current pointg(n) is the actual cost value
meaningless points involved in the search process so as tsom the initial location of the path to the current poihtn)
result in the high time complexity and low computational is the estimated cost value (i.e., heuristic function) from the
efficiency?®l. A* algorithm, as a classical heuristic search current point to the target location of the path.

algorithm, is to find the global shortest route in the stat- (iv) Analyze and calculate the eight adjacent points
ic environment by expanding the node with the minimum around the current one.

F(n) = g(n) + h(n), 17
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is to search the optimal control command to maximize the
objective function group. Particularly, by sampling multiple

will cause the breakdown of the robot. The idea of DWA

Generate open list

Generate close list groups of speeds in the speed space and simulating the tra-
— jectories of the robots with these speeds in a certain period of
v time, multiple groups of trajectories can be obtained. Then,
\ Yes evaluating these trajectories yields the optimal one, and the
Whether open . . . . .
list is empty? robot is driven with the speed corresponding to the optimal

trajectory to achieve dynamic obstacle avoidance. Remark
that DWA can achieve the environmental detection in real-

The minimum time and the selection of appropriate forward strategy based
node U on its own sensors, which owns the advantages of low cal-
v culation amount and high real-time performance, and can be

Add it into close list flexibly combined with other path planning algorithms.

In this paper, we employ DWA to realize local dynamic
obstacle avoidance. In the 2-dimensional plane, the robot
position can be translated into'a function of linear velocity
and angular velocity.

4 In the continuous case:
Add it into close list

Reverse search
node
Optimal route

hether is
he last node2

Add all the
adjacent nodes of
U into open list

|

o(ty) = x(to)+/nv(t)cost9(t)dt, (18)

to

Yt = ulto) + / u(t)sinb(d,  (19)

to

tn
o) = Oto)+ [l (20)
to
Figure 3. Flow block diagram of A* algorithm. wherew(¢) is the linear velocityp(t) is the heading angle;
w(t) is the angular velocity.
In the discrete case:

) Ifbthe poin(; is a:jn obztacr:e, orisin the clohse list, it will Az = wv,Atcosf; — v,Atsin by, (21)
not be considered, and otherwise, turn to.the next step. .
@) If the point is not in the open list, add it into the opsn Ay = veltsing; + v, At cosy, (22)
list; set the current node as the paternal'node; record the Ay = wiAt, (23)
cost function of the point.
® If the point is in the open list, check whether it is the
optimal path to move to the point (the smaller ¢e),
the better the path). If so, keep the point and set the pater-
nal node of the node asthe current node; recalculate the Constraint conditions:
cost function of the point. (D The maximum and minimum velocities constraints.
(v) Return to'step (ii). The linear velocity and angular velocity of robots satis-
In the above search process, the open list records all th& the corresponding constraints. Based on this, define
points that the robot possible passes through, and the close
list records the location points that the robot passes through .Vm

4.2 Localdynamic obstacle avoidance algorithm for ~Whereéuvmin andvmay are the minimum and maximum lin-
disinfection robots ear velocities of robots, respectivelyyin andwmax are the

minimum and maximum angular velocities of robots, respec-

In the isolation areas, there are inevitably dynamic ob-
stacles such as medical staff and temporary stacking objec vely. ) ,
s. Therefore, the disinfection robots in this area should be @ The acceleration and congtramts. o
able to realize dynamic obstacle avoidance. The common . Durl_ng the robot forward period, the dynamic window
dynamic obstacle avoidance algorithms include artificial po-vd is defined as follows:
tential field (APFF%, DWABRY, fuzzy (_:ontroLBZ] and neu- Vi = {(,w)[v € [ve — DAL, v, + 9AY)
ral network®, to name a few. APF is frequently used in Aw € [we — DAL, we + wAt]}, (25)
the path planning because of its simple algorithm, but the
selection of gravitational field and repulsion field in the al- wherev. andw,. are the linear velocity and the angular ve-
gorithm makes the robot fall into the local optimum, which locity of robots, respectivelyy andw are the acceleration

wherev,, andv, are components of the linear velocity along
the z-axis andy-axis, respectively, is the heading angle;
wy is the angular velocity.

= {(U,CU)|U S [Uminvvmax] ANw € [Wminvwmax]}v (24)
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action time of acceleration and angular acceleration

and angular acceleration of robots, respectively;is the
node

(® Braking distance constraints. F— Sample velocity |
To ensure safety, the robot should reduce the current initialize parameters T
speed to zero with the maximum deceleration before hitting Il E T
. rajectory based on
the ObStacle. Deﬂne ) Choose calculation motion model
nodes
v
_ . N . N § l Select optimal
Va— ('U,OJ)|'U§ (QdZSﬁ(U,OJ)'Ub)Q ,UJS (2d28ﬁ(v7W)UJb)2 ) ) trajectory based on
N St v yaluation fi i f
(26) Bt | [ [ bt opmatpain
determine the search +
direction.
wheredist(v,w) is the closest distance from the robot to the Move robots along
b tac|e l optimal trajectory
obs .
Calculate /., 2.7 of
. . nodes
Evaluation function: 7
Since there are several groups of feasible sampling
. . . . Update search node Yes
speeds in the velocity space, it is necessary to design an e-

valuation function to select the optimal trajectory. The de-
sign criteria of the evaluation function is to make the robot
move towards the target as fast as possible with the premise
of avoiding obstacles. Correspondingly, the evaluation func-
tion is given in the following form:

Optimal route

Figure 4.  Seart procedure of A*-DWA.

G(v,w)=0(ahead(v,w) + Bdist(v,w) + yvel(v,w)), Accordingly, the evaluation function can be rewritten as
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@7 G(v,w)=0(aPHead(v,w) + Bdist(v,w) + yvel(v,w)),
whereo (-) is a smooth functiomyead(v, w) is the evaluation (28)
function of azimuth, which represents the azimuth deviation
between the end direction of trajectory and the target undevhich can not only ensure the local path planning to follow
the current velocityiist(v, w) denotes the nearest distance the global optimal path, but also render the robots to achieve
from the obstacle to the trajectory (corresponding to the ve-dynamic obstacle avoidance along the global optimal path.
locity); vel(v,w) is the evaluation function of the current

velocity anda, 3. ~ are the weighted coefficients, 5 Simulation and verification of multiple disinfec-

tion robot system
4.3 Dynamic path planning for multiple disinfection

robots based on A*-DWA According to the maps of the isolation areas of Hu-

) _ : ) oshenshan Hospital and RHWU, the simplified simulation
~ Despite being the the most effective algorithm of stat- jyahs are designed correspondingly, as shown in Figure 5.
ic global path planning, A* algorithm cannot cope with the e |ength and width of each ward in isolation areiis

obstacles that may arise at any time. DWA is equipped withanqo,,  the width of ward corridor ig.5m, and the width
the ability of obstacle avoidance, but apt to fall into the fatal ¢ hail corridor is6.4/m. The simulation experiment environ-
problem of local optimum,-without taking the requirement ,antis designed based on the above data.

on static global optimal path into account. Combing with the disinfection tasks of four isolated ar-

A* algorithm is one of the most effective search algo- eas, MATLAB and Webots+Python are used to verify the
rithms to plan the shortest path in static environment, but,o;4sed algorithm. It should be pointed out that All the fol-
it is hard to deal with dynamic obstacle avoidance. DWA |4ying simulation experiments are carried out on the 16GB

can achieve online real-time planning path based on locakam Intel Coré™ i5-8265U CPU. Windows 10 64 bit op-
window environment information detected by mobile robot- erating system.

s, hence it owns the ability of obstacle avoidance. However,
DWA can not make sure the achievement of global optimal®-1 Simulations of optimal scheduling strategy of mul-
path planning, which makes the planned path local optimal,  tiple disinfection robots in isolation areas
rather than global optimal. Therefore, this paper develops In this experiment, by considering the constraint condi-
a novel dynamic path planning strategy combing A*-DWA tions of remaining power, disinfection tasks in key areas and
to ensure the global optimization of dynamic planning path.initial positions, GA is applied to solve the optimal schedul-
The algorithm flow is shown in Figure 4. ing strategy of multiple disinfection robots. In GA based on
We now transform head(v,w) in (27) into  the natural number coding, we suppose that the initial pop-
PHead(v,w), where PHead(v,w) is the azimuth de- ulation size is 100, the maximum iteration time is 200, the
viation between the current target position and the endcrossover probability’. is 0.9, and the mutation probability
position, and the current target point is the sequence poinf, is 0.1. We also suppose that the Huoshenshan Hospital
on the global optimal path closest to the current position.isolation area is assumed to be composed of four units: A,
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B, C and D, and each area has 12 wards with the same struc-

ture. In Figure 6, the black point in the center represents the

starting point (and the ending point at the same time) of the
= robot (i.e., the charging station), and each other points rep-
resent the central positions of different wards. The closed
graph with the same color represents the scheduling strate-
gy of a robot, and the closed graph represents the optimal
scheduling strategy of the robot planned by GA under the
constraint conditions with the closed graphs, with different
colors being the disinfection paths of different robots.
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(c) Task allocation of robot with 60Ah remaining power.

(d) Sketch of the isolation area.

Figure 6. Optimal scheduling with different remaining powers.

Figure 5. Designed maps of isolation areas. Experiment I:
We assume that each disinfection robot is equipped

with a power lithium battery and the power consumption
for the disinfection of each ward is fixed: 1Ah. It is sup-
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posed that the robot walking path is linear with the pow- that the initial positions of the robots (i.e., the positions of
er corsumption, and the preset ratio is 1:1. In three cas-charging stations) changes. Suppose that the two charging
es that the remaining powers of the robots are both 20Ahstations are set between units A and B and between units C
40Ah and 60Ah, by using GA, the minimum number of the and D, respectively, and then,when the remaining power of
assigned disinfection robots and the corresponding disinfecthe robots is 20Ah, the optimal scheduling is redesigned, as
tion sequences are determined. The results of the optimathown in Figure 9. It can be seen that the principle of prox-
scheduling under the same disinfection task but under the dimity is adopted to ensure the optimal fithess function.
ifferent initial remaining powers of the robots are shown in

Figure 6, which indicates that the optimal numbers of robots

in the three cases are7, 4 and 4 respectively. PN FEE———
The iteration processes of the optimal scheduling are 201 ”
shown in Figure 7, where the blue and red lines represent e - &
the values of the minimum and average objective function- P e
s in each generation, respectively. It is easy to see that the = o s
. . . . . . . © obot
increase of iteration times, the objective function array de- £ 101 Rt
. . -@- Robot7
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Figure 9. Optimal scheduling when charging stations are located in
different positions.
1500

5.2 Simulations of path planning and dynamic obstacle
avoidance strategy of disinfection robots

Experiment | In this experiment, under the condition
that the global map is known, A* algorithm is used for the
p % 160 %0 2600 path planning of a single disinfection robot in the maps of

Iterations isolation areas of Huoshenshan Hospital and RHWU (shown
in (b) and (d) of Figure 5). To show the advantages of A* al-

gorithm, a comparative experiment is carried out in Figure 5
Experiment II: When the remaining poweroftherobot (b) by using RRT algorithm. It is assumed that size of the
is 40Ah, itis assumed that the 9 wards of isolation unit A androbot is 0.4*0.4n?; the running speed of the robot isnd/s;

the 6 wards of isolation unit C need to be disinfected emphatthe turning radius id.5m and the sampling time T i8.1s.
ically, that is, the power consumption of each ward in units|_et the initial state of the robot in the map shown in Figure
A and C is doubled. The optimal scheduling result of the 5 (b) is: Xstart = [19, 11, 0], Ygoal = [31, 16, 0] and the
robots with the same initial power but different disinfection global search scope #8 x 22m?. Let the initial state of the
tasks is shown in Figure 8. It can’be seen that, compared witliobot on the map shown in Figure 5 (d) is: Xstart = [270,
Figure 6 (b), the optimal'scheduling strategy is redesigned. 120, 0], Ygoal = [90, 110, 0] and the global search scope is

500 x 200m?2. The global optimal paths planned are shown
in Figure 10, where the green points are the starting positions
+ A A A a4 4 of the robot and the red point represents the preset objective
position of the robot. Particularly, Figure 10 (a) shows that
P Fan e e aaa the global path planned by A* algorithm is smooth and colli-
sion free. As shown in Figure 10 (b), RRT algorithm first tra-
! verses all the global random path points, and then determine
10 va N the optimal path, which makes the amount of calculation is
. N large, and the path path is not optimal and not smooth.
5 Experiment Il: The optimal path planning of two dis-
ko infection robots A and B are achieved by using A* algorithm
B EEEE e e Lo . .
5 s o o on the map shown in Figure 5 (b). It is assumed that size of
Length/m the robot is 0.4*0.4?2; the running speed of the robot is
Figure 8. Task dlocation of key disinfection wards. 1 m/s; the turning radius id.5m, the sampling time T is
0.1s and the global search scope3® x 22m?. By setting
Experiment Ill: Noting that the actual situations of d- the starting positions of the robots A and B: Xstartl = [19,
ifferent isolation areas are different, the initial positions of 11, 0] and Xstart2 = [19, 10, 0], respectively, and the tar-
robots are usually different. Therefore, we consider the casget positions: Ygoall=[31, 16, 0] and Ygoal2 = [13, 2, 0],

1000

Objective function value

500

Figure 7.  Optimal scheduling iterative process of GA.
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Figure 11. Obstale avoidance paths of two disinfection robots planned
A* algorithm.

A* Path Planner

planning three times, while robot B performs path planning
four times.

Suppose that a new obstacle appears on the walking
path of robot a after its first-time obstacle avoidance, and
then the disinfection robot will plan the optimal path once
again, as shown'in-Figure 12 (b). At this time, robot A has
0 100 2°°X[meters]3°° 400 s00 completed five times of optimal path planning from the ini-

tial position to the target position.

From the above simulation experiments, it can seen that
A* algorithm can effectively realize the global path planning

Y [meters]

50

(a) Optimal path planned by A* algorithm. based on the known map. However, when dynamic obstacles
appear, the robot needs to replan the global path to avoid
RRT Path Planner collision. This indicates that the real-time performance of

A* algorithm is poor.

N
S

JII1 115
7 A
557 5.3 Simulations of global dynamic path planning based

on A*-DWA in isolation areas

The simulation of physical components such as sensors
in MATLAB is somewhat cumbersome. Therefore, the fol-
lowing experiments are carried out in the 3D physical simu-
lation platform Webots + python. Webots is an open source
X [meters) physical simulation environment with physical simulation
components close to the actual situation and rich sensor type-

Y [meters]

(b) Optimal path planned by RRT algorithm. S.
In this experiment, 3D simulation experiments were

carried out under the simplified map of the isolation areas of
Huoshenshan Hospital and RHWU. First, the physical mod-
el of some isolation wards in Huoshenshan Hospital is con-
respectively, the planned optimal paths are shown in Figurestructed, as shown in Figure 13 (a). In the design drawing
11. It can be seen from the figure that A* algorithm real- of Huoshenshan Hospital, the starting point of disinfection
izes the global collision-free optimal path planning for two robots is located in the nurse station in the center of the iso-
robots with different starting and end positions. lation ward. In the picture, the gray column in the center of
Experiment Ill: Suppose that the obstacles appear onthe isolation ward is the charging station, and the four cyan
the map after the robot has been running for 1 second, wittsquares are the disinfection robots. The whole simulation
the same parameters as in Experiment Il of Subsection 5.2nodel includes 16 wards, which are located in the four cor-
the optimal path planning of robots A and B are obtainedners of the map. The walls are used to isolate the wards. As
as shown in Figure 12 (a). Particularly, the blue and yel-shown in Figure 13 (b), The physical model of the isolation
low areas are the vision fields that can be reached by tharea of RHWU is irregular the other data are the same as
distance sensors of disinfection robots A and B, respectiveHuoshenshan Hospital.
ly (the darker the color, the closer the visual range). It can Experiment I: This experiment verifies the path plan-
be seen from the figure that when two disinfection robotsning and tracking without dynamic obstacles. It is assumed
encounter one obstacle respectively, robot A performs pathhat the remaining power of four disinfection robots is 40Ah.

Figure10. Optimal path of one robot.
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(b) Obstacle avoidance paths of two disinfection robots planned by A*
algaithm second times. Figure 13. Physical model of hospital isolation area.

Figure 12. Obstacle avoidance paths planned by A* algorithm.

disinfection robots has been achieved under different task re-
Figure 14 shows the disinfection path from the starting pointquirements. Besides, recognizing the particularity of the iso-
to the target ward of four robots planned by A* algorithm. lation area environment, a novel A*-DWA algorithm of mul-
It can be seen from the figure that the robot can completdiple disinfection robots path planing has been presented, to
the disinfection tasks of the assigned wards in sequence a@&chieve global path planning in the known environment and
cording to the prescheduling, and the motion trajectories oflocal real-time dynamic obstacle avoidance in the unknown
different robots are represented- by different colors. environment.

Experiment Il: Supposing that a dynamic obstacle ap- With the proposed model and algorithm, simulation ex-
pears in the environment, by using the same parameters as {periments have been carried out based on the actual map da-
Experiment | of Subsection 5.3, the dynamic obstacle avoid+a of Huoshenshan Hospital and RHWU. By MATLAB, the
ance of disinfection robots are achieved by using A*-DWA, simulation experiments on global path planning via A* al-
as shown in Figure 15. It can be seen from the Figure 15 (bgorithm and RRT have been performed, which demonstrates
that when dynamic obstacles (two persons) appear, the disirthat the optimal path planned by the former is smoother than
fection robot can use its own laser sensor to detect obstaclg$e latter. The simulation experiment on dynamic obstacle
and hence complete dynamic obstacle avoidance. avoidance merely via A* algorithm has also been performed,
which exhibits that A* algorithm can achieve dynamic ob-
stacle avoidance, but requires multiple path planning so as

Through analyzing the actual data from several hospi-to result in the increasing of computation load. By combin-
tals during the period of COVID-19, this paper has distilled ing Webots and Python, the A*-DWA of dynamic obstacle
general criteria and operation requirements for the disinfecavoidance has been testified, which shows that the algorith-
tion in isolation areas. Facing the cooperative disinfectionm can well achieve path planning and obstacle avoidance in
task of multiple robots in large and complex environment, dynamic environment. By integrating the multi-constraint
and combining the requirements of the related national staneptimization scheduling model with A*-DWA, the dynamic
dards, a strategy of multi-constraint optimal scheduling hasscheduling and finite-time path planning problem of the mul-
been proposed based on VRP model under the constraintiple cooperative disinfection robots in large and complex
on remaining powers, disinfection tasks in key areas and senvironment is effectively solved, which provides effective
tarting positions. Then, the optimal scheduling of multiple theoretical basis and technical support for the equipment de-

6 Conclusion
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(b) Paths of robots for the disinfection of RHWU. (b) Dynamic obstacle avoidance local enlarged drawing.

Figure 15. Dynamic obstacle avoidance paths planned by A*-DWA.

Figure 14. Paths of robots for disinfection task. India and Brazil Sina Techno|ogysinalcom[OL].
https://tech.sina.com.cn/roll/2020-09-04/doc-
iivhuipp2489030.shtml. 2020.9.4.

ployment and task scheduling of unmanned disinfection in[6] XuB L, Guan J L, Shu C, et al. Advance in research on nov-
hospitals. el coronavirus[J]. Chinese Journal of Nosocomiology, 2020,

Accordingly, by simulation, the optimal scheduling of 30(6): 839-844.

multiple robots has been accomplished under three differ{7] DingZH, Hu G K. Application of Intelligent Robot in Hospital
ent conditions, and global path planning and dynamic real-  Disinfection[J]. Medical Information, 2020, 33(5): 28-29.
time path planning and tracking of disinfection robots are[8] Dong C R, Guo X, Li N, et al. Multi-robot dynamic path plan-
achieved based on the actual map data of two isolation areas. Ning based onimproved A* algorithmslJ], Chinese High Tech-

These verify the feasibility-and effectiveness of the proposed
control method.

nology Letters, 2020, 30(1): 71-81.
[9] Wang T T. Multi-Mobile Robot Path Planning Research[D].
Master Dissertation, Xi'an: Xi'an University of Technology,
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