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Abstract: Coronavirus Disease 2019 (COVID-19) has emerged as a global pandemic since late 2019
and has affected all forms of human life and economic developments. Various techniques are used
to collect the infected patients” sample, which carries risks of transferring the infection to others. The
current study proposes an Al-powered UAV-based sample collection procedure through self-col-
lection kits delivery to the potential patients and bringing the samples back for testing. Using a
hypothetical case study of Islamabad, Pakistan, various test cases are run where the UAVs paths
are optimized using four key algorithms, greedy, intra-route, inter-route, and tabu, to save time and
reduce carbon emissions associated with alternate transportation methods. Four cases with 30, 50,
100, and 500 patients are investigated for delivering the self-testing kits to the patients. The results
show that the Tabu algorithm provides the best-optimized paths covering 31.85, 51.35, 85, and
349.15 km distance for different numbers of patients. In addition, the algorithms optimize the num-
ber of UAVs to be used in each case and address the studied cases patients with 5, 8, 14, and 71
UAVs, respectively. The current study provides the first step towards the practical handling of
COVID-19 and other pandemics in developing countries, where the risks of spreading the infections
can be minimized by reducing person-to-person contact. Furthermore, the reduced carbon foot-
prints of these UAVs are an added advantage for developing countries that struggle to control such
emissions. The proposed system is equally applicable to both developed and developing countries
and can help reduce the spread of COVID-19 through minimizing the person-to-person contact,
thus helping the transformation of healthcare to smart healthcare.

Keywords: healthcare; COVID-19; self-testing kits; unmanned aerial vehicles (UAVs); route optimi-
zation; delivery systems; artificial intelligence (AI); smart healthcare

1. Introduction and Background

Coronavirus Disease 2019 (COVID-19) has taken the world by surprise due to its
faster spread. It has emerged as a life-threatening disease, affecting people from all age
groups. The number of cases is rapidly increasing globally. According to worldome-
ters.info (https://www.worldometers.info/coronavirus/, accessed on 4 July 2021), more
than 184 million people were registered as being infected. More than 168 million are re-
covered patients out of the reported cases, around 12 million are currently active, and

Sustainability 2021, 13, 10426. https://doi.org/10.3390/su131810426

www.mdpi.com/journal/sustainability



Sustainability 2021, 13, 10426

2 of 21

sadly, more than 3.9 million lives have been lost [1]. The presence of many active cases
and the potential of losing lives makes the management of COVID-19 very critical if the
world is to get out of this pandemic.

Accordingly, various testing clinics, sites, pop-up hospitals, and mechanisms have
been introduced worldwide to get information about COVID-19 and instigate proper re-
sponses to deal with it [2]. However, the situation is still critical, and the virus is quickly
spreading globally, with more and more potential for life-threatening scenarios, especially
for the vulnerable and elderly population [3]. Thus, the vulnerable populations, such as
those of 70 years of age or over, those with organ transplants or immunosuppressive ther-
apy, those who have had a bone marrow transplant in the last 24 months, those who are
on immunosuppressive therapy for graft versus host disease, those having blood cancer
such as leukemia, lymphoma or myelodysplastic syndrome and those having chemother-
apy or radiotherapy are at the highest level of risks that can lead to deaths in case they are
affected by COVID-19.

Among the measures introduced by the countries worldwide, international border
closures to travelers from other countries are commonly implemented by countries such
as Australia, the USA, the UK, and others [4]. Other steps include a state-wise curfew
imposition, such as in Australia or the USA, which have restricted its residents from trav-
eling interstate, and in some cases, residents are confined to their homes due to localized
lockdowns [5]. Figure 1 shows the current statistics of COVID-19 cases in different states
of Australia. Similarly, mandatory hotel quarantine measures for returning locals are also
imposed in many countries worldwide, where travelers from other countries are subjected
to a minimum of 14 days quarantine in local hotels [6].
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Figure 1. Number of COVID-19 cases in different states.

Pakistan is a neighboring country to India, where the highest COVID-19 cases were
recently recorded. India has emerged as the country with the highest reported daily cases
of COVID-19 in the last month. However, unlike its neighbors, Pakistan has successfully
tackled or, in other words, managed the pandemic in a much better way, with significantly
lower cases, higher recoveries, and much lower deaths. Figure 1 shows the distribution of
active and recovered COVID-19 cases in Pakistan and their associated deaths. Figure 2 is
developed by the authors based on the data provided by the government of Pakistan’s
official portal (covid.gov.pk, accessed on 4 July 2021) [7]. Accordingly, 95% of the COVID-
19 patients in Pakistan have recovered, with only 3% active cases and 2% deaths. This is
thanks to effective strategies, such as the smart lockdowns, which reduced the increasing
cases from 13.14% to 6.5%, effectively halving the number of cases and the spread of the
virus, resulting in more time to deal with existing patients and reduce the burden on the
country’s medical resources [8]. The current positivity rate is less than 2% per 100 COVID
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tests in Pakistan. Based on its successful strategies, the government aims to be extra vigi-
lant about the situation before it gets out of hand like its neighboring countries. Accord-
ingly, researchers are encouraged to investigate various strategies that can help the gov-
ernment effectively manage the COVID-19 situation and keep the cases to a minimum. To
help materialize this goal, the current study proposes using Al-powered unmanned aerial
vehicles (UAVs) to deliver self-testing kits to potential Pakistani patients for reducing, if
not eliminating, the virus spread in Pakistan.

3% 2%

H Recoveries = Active Cases Deaths

Figure 2. Pakistan COVID-19 statistics (data source: covid.gov.pk).

Among the techniques used to track and combat COVID-19 in the healthcare sector,
industry 4.0 technologies [9], Internet of things (IoT) [10], artificial intelligence (AI) [11],
machine learning [12], and other techniques are used worldwide [13]. However, the use
of Al-powered UAVs in combating COVID-19 has not been explored to date for delivering
the self-testing kits. This provides a research gap targeted in the current study.

UAVs are increasingly utilized in the world for addressing various needs and re-
sponding to disasters in the world. With the advent and utilizing of disruptive digital
technologies, such as Big9 technologies, including virtual and augmented reality, drones,
robotics, Al, and others, UAVs and other aerial vehicles are increasingly investigated in
the world for pertinent applications [14-18]. Accordingly, UAVs have been explored in
disaster management, such as flood detection and response planning [19-21], smart real
estate and city management [14,22-25], agriculture, and others [26]. Similarly, in smart
city applications, Al-powered UAVs have been used in smart transportation and new mo-
bility options [27]. In health care, UAVs have been used for preventing cyber-attacks [28],
information distribution [29], medical supplies dispatch, and others [30]. In healthcare,
these Al-powered UAVs have been used for surveillance to combat pandemics [31], block-
chain-envisioned security framework for Al-enabled IoT-based drone-aided healthcare
services [32], and smart communication systems [33]. Other studies have proposed using
mixed 5G and Al-powered UAVs for various applications in healthcare as means for
transformation into a smart healthcare sector [34].

However, UAVs have not been explored for dispatching and collecting self-testing
COVID-19 kits to potential patients to date, which is a novelty of the current study. The
closest study is Euchi [30], who proposed delivering health care systems to patients using
UAVs. Similarly for delivering materials to others, Ullah et al. [35] proposed UAV based
delivery mechanism for delivering advertisement materials to customers, but a sophisti-
cated Al-powered system for delivering self-testing kits and bringing them back to the
testing clinic has not been explored to date. The current study targets this gap and pro-
vides a holistic mechanism for delivering such self-testing kits to potential patients in a
target region of Islamabad, Pakistan. Another aspect related to the novelty of the current
study is that it targets a developing country and proposes a cost-effective and affordable
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solution for the government and private organizations to dispatch and collect COVID-19
samples. Alternate options, such as developing special function facilities or using mobile
sample collection vans, may burden the economies of the developing countries that are
already struggling to manage their expenses. Thus, such a simplistic, cost-effective system
for sample collection may help reduce the cases in developing countries with minimum
investments. The UAV path is optimized using four key path optimization algorithms,
and the results are presented and discussed to propose a sophisticated delivery and col-
lection system. Furthermore, the reduced carbon footprints due to such UAVs are the
added advantage that can tackle the air pollution concerns in developing countries such
as Pakistan.

Due to brick kilns, older unmaintained cars, and transport systems in Pakistan, air
pollution is rising. Accordingly, Pakistan was second among 98 countries with the worst
air quality, with an average 156 air quality index in 2020. As of 2021, it is ranked at the
fourth position in terms of the countries having the worst air quality, and the air quality
has deteriorated further to an average of 167 [36]. This calls for reduced air pollutants and
carbon footprints to be focused on a priority basis. The challenges are increased due to
COVID-19, where patients use more personal transport, contributing to environmental
pollution and poor air quality for getting tested or generally avoiding mixing with others.
Similarly, the older type of delivery vehicles with poorly performing engines having in-
creased carbon content emission adds to the deteriorating air quality. Therefore, it is im-
perative that in all the delivery mechanisms suggested for different deliveries in Pakistan,
the impact on air and associated carbon footprints are considered. Accordingly, this study
humbly contributes to lowering carbon footprints associated with delivering COVID-19
kits and other deliveries made through cars and trucks. It proposes an Al-powered UAV-
based delivery mechanism to deliver COVID-19 kits to potential patients and bring them
back to the hospital. The UAV paths are optimized using four key vehicle routing algo-
rithms, greedy, intra-route, inter-route, and tabu, to minimize time and optimize the
routes. Four cases with 30, 50, 100, and 500 patients and subcases involving 10, 20, 30, 50,
and 100 UAVs are investigated for delivering self-testing kits to the patients in Islamabad,
Pakistan. The depot and UAVs launching ground are established in the PIMS hospital
Islamabad. This will reduce human-to-human contact along minimizing the spread of
COVID-19 with a reduction in air pollution associated with deliveries, which is another
humble contribution of the proposed delivery system.

The rest of the paper is structured as below. Section 2 investigates the techniques
used for collecting potential COVID-19 patients’ samples worldwide. Section 3 provides
the methodology adopted in the current study and explains the proposed system. The
algorithms and their pseudocodes are also presented in this section, along with the pro-
posed model. Section 4 discusses the results obtained from the path optimization and the
number of vehicles required in various cases to dispatch and collect the test kits. Finally,
Section 5 concludes the study and presents a future direction for expanding upon this
study.

2. Techniques for Collecting COVID-19 Patient Samples

Multiple methods have been explored to collect potential COVID-19 samples from
infected patients. Three methods are widely used throughout the world: collecting sam-
ples in special hospitals or pop-up clinics, drive-through clinics, or self-collections at home
by the patients. The advantages, risks, and limitations of these methods are presented in
Table 1. A nasal swab is inserted about an inch into the patients’ nostrils in all the tests. In
some trial cases, saliva samples are collected for testing. Blood-based tests are under trials
as well. These samples are processed in labs, where COVID-19 may be detected in the
samples. The results are available to the patients in 1-3 days.
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Table 1. Methods used to collect COVID-19-infected patients’ samples.

S. No Method Advantages Risks and Limitations
Special Hospitals or Qualified staff collecting samples; Re- Risk of spread to other patients and staff; Long
Pop-Up Clinics liable results wait and queues
. . Qualified staff collecting samples. . . .
Drive through Clin- ) Long wait and queues; Potential infection from the
. Lower risk of spread from other pa- )
ics . . collection staff
tients; Reliable results
Th h ; Lack of
. No risk of spread from other patients. © process may be t.o ugh to understand; acko
3 Self-Collections qualifications of patients; Improper handling of

Speedy collection test kits may result in public health risks

Owing to the significant growth of COVID-19 cases, many countries have set up spe-
cial hospitals and pop-up clinics to collect samples of potentially infected patients. These
are administered by qualified staff equipped with proper personal protective equipment
(PPE). However, such setups risk spreading the virus to other patients and staff, especially
due to the long queues, more exposure time, and sharing of the same space by the patients
[37,38]. Other methods include the drive-through clinics introduced in developed coun-
tries such as the USA, UK, and Australia. An advantage of these setups is that the risk of
spread from other patients is significantly lowered due to patients using their private ve-
hicles. Qualified staff equipped with PPEs can collect the sample for reliable results. How-
ever, there is a risk of potential infection from the collection staff [39]. Furthermore, this
method is constrained by long wait times and queues. Some patients may have to wait
hours, and in some cases, they are asked to come back another day to get their samples
collected. In addition to this, cars and other transportation sources used by these patients
add to air pollution, resulting in increased carbon footprints that can otherwise be con-
trolled using alternate COVID-19 testing methods.

Self-collection of patient samples at homes is changing the COVID-19 sample collec-
tion procedures. It is an effective way of collecting samples with a very low risk of spread-
ing the virus. According to Nagura-Ikeda et al. [40], the earlier the sample is collected, the
more reliable the results will be. According to the authors, COVID-19 was detected at sig-
nificantly higher percentages (65.6 to 93.4%) in specimens collected within nine days of
symptom onset than in specimens collected after at least ten days of symptoms (22.2 to
66.7%) and in specimens collected from asymptomatic patients (40.0 to 66.7%). Thus, the
samples must be collected as soon as possible. However, such self-collection methods are
not common, especially in developing countries presenting a gap targeted in the current
study. Accordingly, the current study explores the application of UAV-based COVID-19
self-collection test kit delivery and sample collection in a developing country (Pakistan).

For self-collection at home by the patients, different self-testing kits are available on
the market. This includes the Nomad coronavirus antibody self-test kits, which cost £60
per person in the UK. The kit includes a blood test kit, online video consultation with a
Nomad clinician, and the information on accessing the results [41]. In the USA, similar
kits are made available by Johns Hopkins Medicine to be collected through an appoint-
ment [42]. These kits can be delivered by different means to the patients, which adds to
air pollution and may not be ideal for developing countries. The EverlyWell COVID-19
test home collection kit was made available by the EverlyWell corporation in the USA.
This kit costs around US $109 and involves a lower nasal swab sample collection. The
results are available after 72 h once the sample is received. Another USA-based saliva test
is available through the organization known as HERS, with a base price of US $150.

Similarly, Kroger Health, another USA-based pharmaceutical company, has pre-
pared self-testing kits available throughout the country. Their process involves gathering
the kits, a video call, washing hands, specimen collection, labeling the sample, packing
the kit, and shipping it to the lab [43]. While these organizations have made it accessible
and easy for the patients to obtain and use the self-testing kits, the shipment and
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dispatching process is a bit complicated and may involve virus spread risks. Furthermore,
the added pollution due to transportation method is also concerning for developing coun-
tries with older and unmaintained cars and delivery trucks. Furthermore, as previously
discussed, the earlier the sample is collected, the more reliable the results will be. Owing
to this, the current study streamlines the process of testing kits dispatch and collection
using Al-powered UAVs to dispatch and collect the samples from the patients within
minutes. This is helpful for tackling the air quality issues due to transportation in devel-
oping countries. Table 2 lists some kits used globally for self-collection of COVID-19 sam-

ples and their prices.

Table 2. Self-collection kits manufacturers, collection process, location, and price.

Collection Kit Manufacturers

Method and Name Collection Process and Results

Location Price

Everlywell COVID-19Kits shipped to patients with instructions; Return instructions

Test Home Collectionmentioned; Results available online within 72 h when the lab re- USA $109
Kit ceives the sample.
Pixel by LabCor Test mailed out after the survey; Collection instructions mailed;
C OVI}IID 19 Testp Samples must be shipped back that same day; Results available USA  $119
within 2448 h of the lab’s receipt of the sample.
LetsGetChecked Online assessmen.t marks eligibility; The pat1er.1t will collec’f the
. sample and send it back to the lab; Results available on online ac- USA  $119
Nasal Swab  Coronavirus Test ,
counts in 24 to 72 h.
Picture’s COVID-19 Eligibility assessment 'de?termmes k1t' dlspatch.; samPles are s.ent in
a pre-labeled box; A digital report will be available in an online
test by Fulgent Genet- . . . . USA  $119
ics portal in 1 to 2 days; Optional telehealth consultation to discuss
the results.
Kruger Health  Telehealth visits to determine eligibility; Test kit shipped; Collec-
COVID-19 Test Hometion and return explained; In-person drop-off available; Results USA -
Collection Kit  available within 72 h of the lab receiving the sample.
For Hims & Hers Sa- In1t1al.quest10nna1're to determine ehgl?blhty,' Test kit shl.pped
. . overnight; Collection and return explained; Results available USA $150
liva Test Kit o .
within 3 to 5 days of the lab receiving the sample.
Order test and complete online medical screening; At-home sam-
Phosph ID-
osphorus COV ple collection kit shipped; Test results available within 72 h from  USA  $140
19 PCR Test .
the lab’s receipt of the sample.
Risk factors and symptoms described online; A test kit sent to the
Vault COVID-19 Test patient; An online telehealth provider guides sample collection;
. . . . . USA  $150
Kit Sample sent back via overnight shipping; Test results available 48
to 72 h after the sample arrives at the lab.
Saliva-Based Vitagene COVID-19 Aftera question.naire, a.test kit is sent via express mail; Samp'le
Saliva Test Kit collected as per instructions; Sample returned via express mail; USA  $129
Results available within 72 h of the lab receiving the sample.
Initial questionnaire to determine eligibility; Test shipped out; Pa-
P23 Labs Unsuper- tients should send back the sample within 24 h of collection; An
. . : USA  $142
vised COVID-19 Test email sent when test results are ready; An opportunity to talk to a
physician about the result.
Receive an activation link for MyTMB; Visit the site and complete
TMB Coronavirus the request form; Sample collected as per instructions; Post your Ireland  £160

Self-Test Kit pre-addressed package in any post box; Patients contacted when
results available.
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Blood-Based

Nomad Coronavirus Kit ordered online; Video consultation with a physician to deter-
Antibody Home Test mine eligibility; Kit shipped; Sample collected through video as- UK £60

Kit

sistance; The results are explained on a video call.

HIVE Coronavirus Blood test kit ordered online; Test strips provide indications of
COVID-19 Test-  COVID-19 biomarkers; Used for secondary diagnosis of COVID- UK £110
Home Self-Test Kit 19

The key advantages of using Al-powered UAVs for self-collection kits include sig-
nificant COVID-19 spread risk reductions due to no contact with other patients or having
to share the same space for an extended amount of time. The speed of collection is another
advantage of such setups. Additionally, the reduced carbon footprints and air pollution
due to less reliance on motor vehicles is a key advantage. However, self-testing kits are
banned in some countries such as Australia, and unauthorized usage may result in heavy
fines; hence, COVID-19 self-collection kits cannot be advertised to consumers in Australia
[44]. Thus, for a global application, new laws and regulations or significant changes to
current laws may be needed.

3. Method and Material

In Pakistan, potential COVID patients must visit the nearest hospitals to deliver their
samples to be checked for coronavirus. This process is dangerous, as a person who is not
infected is more likely to catch a virus if they visit the hospital and share the same space
with an infected person. Similarly, the older and lesser maintained cars and transportation
means add to air pollution and associated carbon footprints, which is already a challenge
for Pakistan. This indicates the need for an automated procedure consisting of UAVs that
visit each person’s house and deliver a COVID-19 self-testing kit. The patient can take
their sample and attach it to the Al-powered UAYV so that it can be brought back to the
hospital for further testing and reporting. This will minimize the risk of people catching
the virus or transferring it to others due to minimum interactions.

As mentioned in Section 2 of the current study, any available testing kits can be used
for this purpose. UAVs can automate the procedure through Al, and each UAV will visit
the house of each suspected patient and deliver a kit to them that can be attached to the
UAYV and taken to the hospital to be tested by a medical expert. The advantage of this
approach is that no human resources, such as drivers or self-visits of potentially infected
patients, will be required. Hence, human contact can be minimized, thus reducing the
risks of spreading the virus. Additionally, the additional time consumed due to heavy
traffic can be reduced, thus reducing the environmental footprints and burden on
healthcare facilities and saving precious time.

The limitation is that the UAV is a battery-operated vehicle; the battery can expire
after a particular time duration. Hence, each UAV has a specific flight duration during
which it must complete its mission. For most commercially available UAVs, the flight time
is between 45 min to 2 h. Since there is no specific UAV used in the current study, the
details about study-specific UAV cannot be shared; however, most commercial UAVs that
can be used for similar objectives have the characteristics shown in Table 3. Table 3 shows
six commercially available UAVs that can be used for delivering COVID-19 test kits.
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Table 3. Commercially available UAVs for delivering packages.

S.No Name Characteristics Link Official Website
It can deliver packages up to 3.3 pounds. Customers do not in-
1 Win teract directly with the delivery drone. It hovers around 20 feet https://wing.com/
& above the ground. It has conducted more than 100,000 flights (accessed on 4 July 2021)
across three continents
. ) . . https://www.amazon.com/Ama-
Amazon It can deliver packages up to 5 pounds in 30 min. In addition, . .
2 Prime Air customers can interact with it zon-Prime-Air/
' (accessed on 4 July 2021)
It can dellYer }‘)ackages. welghlng more than 55 pounds. Suita- https://www.ups.com/us/en/ser-
. ble for delivering medical kits. UPS Flight Forward has teamed . .. . .
UPS Flight . . vices/shipping-services/flight-
3 with Matternet, an autonomous drone logistics platform, to de-
Forward . . . D . forward-drones.page
liver medical supplies to WakeMed hospital in Raleigh, North
. . (accessed on 4 July 2021)
Carolina. It can operate at night.
It provides services for commercial and humanitarian applica-
tions, including medical air services, logistics, and others. It can https://wingcopter.com/
4  Wingcopter carry weights up to 6 kg. Its flight range is up to 110-120 km, ps: SO
. . . . (accessed on 4 July 2021)
the wind resistance is 15 m/s on average with 20 m/s gusts, and
the cruise speed is between 100-240 km/h.
It has been used in global healthcare, retail and e-commerce,
o and defe.nse and dls.aster responses. It can fly at any time of the https://flyzipline.com/
5 Zipline  day or night. Its cruise speed is 101 km/h and can carry up to (accessed on 4 July 2021)
1.75 kg (3.9 Ib) of cargo. The flight time is 45 min, and an alti- y
tude of 80-120 m can be attained above ground level.
https://www.dhl.com/dis-
DHL Parcel- It can carry a payload of up to 4.4 pounds and travel at speeds  cover/business/business-eth-
copter  of around 43 miles per hour. ics/parcelcopter-drone-technol-

ogy (accessed on 4 July 2021)

As shown in Table 3, the drones have limited battery time; thus, the UAVs need to
complete the trip within their battery time and return to the base point. This calls for the
need to solve the vehicle routing problem (VRP) for the UAVs to complete their tasks in
the minimum possible time and find the shortest travel distance for dispatching and
bringing the samples. As time constraint is inherent in this scenario, the solution will be
based on VRP with time windows (VRPTW). Different routing techniques can be used for
scenarios such as Chinese postman problems, ant colony optimization, traveling salesman
problems, and others [45,46]. However, the current study is based on VRPTW. Similarly,
multiple algorithms exist for solving VRPs, such as the Multi-population memetic algo-
rithm [47], firefly algorithm [48], genetic algorithm [49], multi-objective multi-factorial
memetic algorithm [50], hybrid swarm intelligence algorithm [51], and modified discrete
glowworm swarm optimization [52]. Among the hybrid swarm intelligence algorithm, the
four key algorithms that are commonly used are inter-route, intra-route, greedy, and tabu
[35]. These have been used in recent studies related to materials, kits, or package delivery
[35]. For example, the greedy algorithm has been used by Mat et al. [53] for waste collec-
tion VRP issues. Inter- and intra-route algorithms have been used by Mourad et al. [54]
for solving VRP related to ontology-based reasoning systems for logistics applications de-
ployment. Tabu was used by Montané and Galvao [55] for the VRP with simultaneous
pick-up and delivery service. Similarly, Ullah et al. [35] used all four algorithms for real
estate advertisement material in the COVID era. Based on these studies, the current case
study paper uses these four algorithms for VRP related to delivering and collecting
COVID-19 kits in Pakistan. Figure 3 shows the general flowchart of the methodology
adopted in the current study, where the key processes of calling the UAV dispatch team,
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gathering patients coordinates, initiating VRP algorithms, delivering kits, collecting sam-
ples, and returning to the base are presented.

Online

Calls ) ) Messages
Resources

Patient Request & Locations -~

v

\ Patient’s Database

Locations data
VRP Resolution for UAV’s |

Assign Tasks to UAV's |

Return and restart the process

Deliver Self Testing Kits to Patients

¥

Collect Patient’s Sample

If the battery is low, transfer it to another UAY

Return UAV to Hospital !

Figure 3. Methodology flowchart.

3.1. Case Study Area, Sample Delivery, and Collection

The case study area in the current study is Islamabad, the capital of Pakistan, as
shown in Figure 4. The number of COVID-19 cases is relatively controlled in this area, and
the government can keep it that way by introducing sophisticated sample collection tech-
niques. Islamabad is the capital of Pakistan, which is situated in the northern part of the
country. The total population of Islamabad is 1,014,825 as per the 2017 data. The total
confirmed COVID-19 cases to date are more than 82,000, with 780 deaths recorded as of 4
July 2021 [7].

“0 IsIaTabad

(b)
Figure 4. Maps of the target area. (a), Islamabad Area; (b), The PIMS Hospital area.



Sustainability 2021, 13, 10426

10 of 21

The UAVs are proposed to be launched and controlled from one of the main hospitals
in Islamabad, named the Pakistan Institute of Medical Sciences (PIMS). It is one of the
region’s leading tertiary level hospitals and includes 22 medical and surgical specialist
centers. The hospital is in the G8 sector of Islamabad, situated at the center of Islamabad;
thus, UAVs launched from G8 can have a minimum distance to all points within the Is-
lamabad region.

There must be at least one depot for dispatching and collecting the samples where all
the UAVs reside. In the current study, the helipad present at the PIMS hospital will be
used as the launching and landing ground for the UAVs. After completing their missions,
the UAVs will land on the same depot, and the samples can be taken for analysis to the
testing lab at the PIMS. Each house of each patient submitting a sample is considered a
node. The paths connecting the nodes and the depot are called edges in the path planning
literature. Each UAV follows a particular route, starting and ending at the same depot,
that consists of a set of nodes and edges. The mission of a UAV is completed when it
completely follows the assigned route and reaches back to the depot safely. This is
achieved through Al Figure 5 shows such a sample network in the vehicle path, consist-
ing of three distinct routes. Each route starts and ends at the same depot and consists of
nodes to be visited by UAVs. The arrows are the edges that connect different nodes and
the depot. Each edge represents a particular distance to be traveled by the UAV. In the
current research, the PIMS helipad is considered the central depot location, where all the
UAVs are kept, while each node represents a single patient location that is to be visited
by the UAVs.

o

-
el e

Figure 5. Sample network in VRPTW —numbers represent the costs (distance) associated with the
edge.

Proposed Model

The VRP is proposed for a route, R; for each drone, D; in the set of available drones
D. The constraints are given as below:
Each route starts and ends at the same location
the depot and node 0, i = 0, i.e., i; = i|Rj| = 0,and {i,, ...,i|Rj|_1} C N\{0}, and

Each node is visited by one drone, i.e., njl.ill Ri=0n UJI_le R; =N.



Sustainability 2021, 13, 10426

11 of 21

The drones’ travel cost is given as:

costyy = Z Z CrsXrs

T€EN SEN

where x,; is 1 where the route R; isa connection between nodes r and s and 0 otherwise.
The overall goal is to minimize the cost with the application of the above fitness function.
The focus would be on the drone with the highest travel time or cost that is last to finish

the route:
COSligse = MAXj\ jey Z Z CrsXrsj

TEN SEN

where x,; is 1 when the route R; for drone j is a connection between nodes r and s, and 0
otherwise. The added variable, j, calculates each route individually. To optimize the total
time for all drones to finish their routes and for the last drone to finish its route is given
as:

minfo(z X €oStygee + (1 —2) X cost‘%| ,zl0 £z <1

where z focuses on optimizing the total travel time versus the time taken to complete the
field tasks.

3.2. The Proposed UAV-Based COVID-19 Kit Dispatch and Collection System

Figure 6 shows the overall framework designed to optimize routes for UAVs to en-
sure timely delivery and collection of COVID-19 self-testing kits to the patients to move
towards smart healthcare. It is a five-step process whereby the potential patients initiate
a sample collection request, UAV is dispatched, and the sample is collected. The pertinent
steps are explained in Figure 6.

\ﬁﬁ‘q& . D

= .
as,
o —~e
o ‘(C'-'«\(&,d
- - A2 ~ [f‘)r y)
-_— —— > uf"”l’)n\_
N |

Sample Attached

Service Request Initiated

Route Optimized

72“*! P N
€y,
“ Ce Se »
t
Covid-19 Self Testing Kit Delivered "O.ﬂaf’,
- e
- e
- - - Ll
A — o= e .

< '\" GPS Coordinates Finalized
Data Fed to UAV L

<
- 4

ﬁ Self Testing Kit Attached

UAV Prepared & Initial Tests Conducted

Pamphlet Attached

Figure 6. Framework designed for route optimization of UAVs for the delivery of COVID-19 self-
testing kits.
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3.2.1.5tep 1

In this step, a request is initiated by the potential patient demanding a self-test
COVID-19 kit. An immediate consultation or a questionnaire is required for qualifying
the patient as eligible for delivering the kit. This can be done via a video call with the
medical experts’ panel in the UAV dispatch section or through Al-based automated ques-
tionnaires. Once a patient is determined to be eligible for the service, a service initiation
request is sent to the UAV dispatch department. The personnel in the dispatch department
ensures that the UAV, sample collection box, and self-testing kits are sanitized before dis-
patching to the patient. This way, it is ensured that UAVs do not carry the virus and, thus,
do not spread it to the community.

3.2.2.Step 2

In this step, the patient location details are acquired from the dispatch team either
directly or through the patient database stored in hospital records using Al Once the rec-
ord is obtained, the route-optimizing algorithms are run to find the best possible and
shortest route to delivering the kits to the patient location and bringing the sample back
to the hospital. In this step, the four proposed algorithms are run: greedy, intra-route,
inter-route, and tabu, which are subsequently explained in the next section of the method.

3.2.3.Step 3

In this step, after the route is optimized using Al and the four algorithms, the opti-
mized path GPS coordinates are fed into the UAV. A self-testing kit is added to a sealed
box attached to the UAV. Care is taken to ensure that the box is sealed and cannot be
affected by the environment while being transported through the UAV. The pamphlets
and written guidance information about collecting the samples at home are added to the
box, and UAYV initiations and launch checks are performed for dispatching it to the target
area. Finally, a text message is sent to the patient, informing them about the kits’ arrival
so that they can collect it from the UAV.

3.2.4. Step 4

In this step, the kit is delivered to the patient, and the UAV hands over the box with
all details. The UAV lands in a safe location, puts the box down, waits for the patient to
collect the sample, and puts the box in the same place as the COVID swabs. The UAV is
equipped with cameras and sensors to interact with the patients, avoid risks to the UAV,
and get everything on record. The UAV is further equipped with a microphone to interact
with patients and ask any questions directly. Instructions are provided through the UAV
speaker to the patient about how to collect the sample and leave the box safely. Once the
sample is ready, the UAV sprays the box with sanitizing fluid and lifts it for delivery to
the hospital. During this process, if the UAV battery runs low, it sends a signal to other
UAVs that can replace it for the current operation, and the current UAV can return safely
without extensive waits. The next UAV can collect the sample and take it back to the hos-
pital. The primary UAV waits until the next UAV arrives to take over its job. A safety
factor is kept in this case, where the UAV informs other UAVs in the swarm well in ad-
vance before its battery runs out. At the end of this step, the sample is taken back to the
hospital.

3.2.5. Step 5

In this step, the UAV, depending upon its battery status and holding capacity, asks
for permission to return to the depot or collect other samples, especially if informed by a
nearby UAV whose battery is going down using Al In this case, all the UAVs must have
multiple sample collection capabilities with separate boxes and sanitizing abilities to
avoid cross-contamination of samples. At the end of this step, the UAV can safely return
to the depot or be rerouted to another location.
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3.3. The Algorithms and Their Pseudocodes

As discussed in step 2 of the proposed dispatch system, four key vehicle routing al-
gorithms are utilized in the current study: tabu search, greedy search, and intra-route, and
inter-route heuristics [35]. A tabu search uses a nearest neighbor-based approach to find
the most optimal solution in each iteration until the best one is achieved. The greedy
search algorithm finds the current best solution without considering its viability in the
next iterations. In the intra-route scheme, two edges from a route are removed, and two
more edges are added to make a connected path. An inter-route scheme is used to reduce
the number of vehicles. In this heuristic, two edges are selected from two unique routes,
and their end parts are exchanged, resulting in two new routes. Figure 6 presents the
pseudocodes of the four algorithms. Different algorithms exist for solving similar VRPs;
however, as previously discussed, the current study is limited to the four mentioned al-
gorithms.

4. Results and Discussion

The four algorithms are applied to solve the routing problems for UAVs in the cur-
rent study. Different cases have been proposed to test the algorithms and plot their opti-
mized paths. Four cases of patients have been considered, with the number of patients
being 30, 50, 100, and 500. Five different sets of UAVs are used for each case: 10, 20, 30, 50,
and 100, as shown in Table 4. The resultant number of UAVs used, the run time taken by
the computer, and the optimized distance are shown for each case in Table 4. The results
show that increasing the number of patients increases the overall distances to be covered
and will need more UAVs. This also brings an increase in the total run time for all four
algorithms. However, increasing the total number of UAVs in the depot does not guaran-
tee a significant difference in the distances covered. Inter-route and intra-route heuristics
bring noticeable improvements when compared to the greedy search results as shown in
Table 4. The results generated by these methods take a lesser computational time and give
a more optimized distance than the greedy search. However, the tabu search-based ap-
proach generates the most optimized solutions for all input parameters among the four
considered algorithms. Hence, the tabu search heuristics can provide the best solution for
the UAV routing and path optimization in the current study.

Table 4. Pseudocodes for (a) Greedy algorithm, (b) Tabu algorithm, (c) Intra-route algorithm, (d) Inter-route algorithm.

Algorithm Pseudocode
Start
1. Set an initial solution ‘s” and a neighborhood function “x’
2. Setbest=s
3. Setiterations =0
4. REPEAT UNTILL (Depth condition) DO
5. SetC=0
6. Generate the next neighbor i € x(s)
(a) Greedy Algorithm 7. Setc=c+1
8. If fitness (i) > fitness (best) Then
Set best =1
End if
9. SetI=best
10. Set iterations =iterations + 1
11. End Do
End
Start
(b) Tabu Algorithm 1. Produce an IniSol (Set of routes) using a nearest node rule, s represents distance, k

denote demand and i is the solution. IniSol represents the initial solution
2. Determine fitness of IniSol as:
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Si = Sroute1 + Sroutez +...+ Srouten

Ki = Krouter + Kroutez +. ..+ Krouten

Sroutei = 501+ S12 +...+ Sn-1n

Kioutei = K1+ K2 +...+ K
3. Piis the fitness of the solution route

Pi=Si+Ki
4. Set best solution
BstSol = IniSol;

Loop for n iterations, where in each iteration:
Create a new random solution RndSol applying a nearest rule between nodes.
Determine fitness of the RndSol
Check fitness of RndSol
If RndSol is better than BstSol, then BstSol = RndSol;
Stop Loop
10. Output each route stored in the BstSol

0O 0N oG

End

(c) Intra-Route Algorithm

Start

1. Perform Greedy Search to generate solution graph
2. Reverse one path
3. Exchange paths of two consecutive nodes

End

(d) Inter-Route Algorithm

Start

1. Perform Greedy Search to generate solution graph
2. Select 2 distinct nodes
3. Exchange their edges

End

In some cases where the number of patients is much higher than the number of avail-
able UAVs, such as 500 patients covered with 10, 20, 30 or 50 UAVs5, the system could not
reach any possible solution. Such cases have been observed when the total number of pa-
tients is 100, and there are only 10 UAVs in the depot. More such scenarios are observed
when the number of patients was raised to 500, and only 10, 20, 30, or 50 UAVs available
in the depot. The cases with no viable solution are represented by N/A (Not Applicable)
notation in Table 5. This also shows the limitation of UAVs, where each UAV cannot cover
more than seven patients at a time. This limitation is due to the battery time of the UAVs
and the distances covered within the stipulated time. In these cases, a battery time of 1 h
and a UAV speed of 100 km/h are assumed. Furthermore, the UAVs are assumed to travel
between 20-30 feet above the ground. The obstacles in the form of high-rise buildings,
bridges, and mountains are automatically avoided through an Al-based intelligent system
that extracts these features from the map and integrates them into the routing mechanism
for constructing the travel path. Another assumption is that a UAV takes seven to eight
minutes on average to dispatch, collect, and return the COVID kit. Other variables, such
as wind speed and energy loss due to high heat, are not considered.



Sustainability 2021, 13, 10426

15 of 21

Table 5. Experimental results for solving VRP using Greedy Search, Tabu Search, Inter-Route, and Intra-Route Search

Heuristics.
Patients UAVs Utilized Distance Distance
(ms) (ms) (ms) tance (ms) tance
10 5 343 39.65 100 31.85 114 32.2 117 38.05
20 5 355 39.65 53 31.85 35 32.2 48 38.05
30 30 5 352 39.65 55 31.85 35 32.2 52 38.05
50 5 412 39.65 39 31.85 42 32.2 59 38.05
100 5 353 39.65 49 31.85 29 32.2 85 38.05
10 8 525 58.95 204 51.1 111 51.8 110 56.8
20 8 383 58.95 161 51.4 61 51.8 66 56.8
50 30 8 359 58.95 156 51.15 63 51.8 62 56.8
50 8 406 58.95 188 51.2 78 51.8 78 56.8
100 8 402 58.95 169 51.35 94 51.8 109 56.8
10 N/A
20 14 355 102.45 266 83.75 109 89.8 94 99.55
100 30 14 360 102.45 274 85.05 79 89.8 78 99.55
50 14 421 102.45 240 88.2 89 89.8 108 99.55
100 14 391 102.45 249 85 110 89.8 94 99.55
10 N/A
20 N/A
500 30 N/A
50 N/A
100 71 458 369.1 1148 349.15 366 349.4 203 361

Furthermore, the distance is calculated using the values generated by the UAVs mul-
tiplied by the unit value and divided by 1000 to convert into kilometers. For example, in
the case of 30 patients and 10 UAVs, the distance calculated by UAVs is 793 units. In the
current study, the unit distance is 50 m for plotting purposes. Hence, 793 x 50 m and di-
vided by 1000 gives 39.65 km. Using these data, the total area of Islamabad, which is 220
km?, can be easily covered with 15 or more UAVs if daily patients remain around 100. If
the number of patients increased to 500, the number of UAVs needed would be 71 or more,
as evident from Table 5.

Tabu may not be the ideal solution for computation times, as evident from Table 5.
Instead, the balance shifts towards inter-route and intra-route algorithms when computa-
tion time is a priority. However, as the computation times are in milliseconds, this does
not affect the response time and delivering a test kit to the patient. Thus, tabu is still the
preferred technique for VRP in this case. For other studies where complex computations
are involved and computation time is a concern, inter-route or intra-route algorithms may
be more suited. Examples of such a scenario may include responding to disasters such as
fires, evacuations, and locate and rescue services. Nevertheless, the current computations
are performed on a core i7 laptop and has yielded speedy results. Given that such com-
puters are installed in almost all modern smart healthcare facilities, computation speed
remains a minor issue and not a significant concern.

Figure 7 shows the VRP graphs for four sample cases. Figure 7 “a” to “d” shows the
graphs for the UAV routes generated by the four algorithms for a case of 30 patients and
20 UAVs. Figure 7 “e” to “h” shows the graphs for the UAV routes for a case of 50 patients
and 20 UAVs. Figure 7 “i” to “1” shows the graphs for UAV routes for a case of 100 patients
and 20 UAVs. In comparison, Figure 7 “m” to “p” shows the graphs for the UAV routes
for a case of 500 patients and 100 UAVs. The graphs show that the lowest number of over-
lapping paths are obtained using the tabu search method. Additionally, the tabu search
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solutions are the simplest among all four methods. The solution graphs become more
complex as the number of patients is increased from 30 to 500. This is because the number
of nodes is increased, resulting in more corresponding edges and more routes.
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Figure 7. VRP Graphs Generated for sample cases.

Figure 8 shows the patient numbers (nodes) and the UAV dispatching and collecting
the self-test kits for two sample cases. Figure 8a—d present the greedy, intra-route, inter-
route, and tabu paths, respectively, for a case of 30 patients and 20 UAVs. Five UAVs are
utilized in this case, pointing to the fact that only four UAVs can address the needs of 30
patients. Thus, the routes are optimized, and the UAV utilization is also smartly ad-
dressed. This is in line with the fact that a single UAV can address the needs of up to seven
patients. Furthermore, not all UAVs are required to address seven patients. For example,
as seen in Figure 8a, UAV4 (the last UAV) only attends two patients, i.e., Patient 7 and 2,
and then returns to the depot. UAV3 (V3) attends six patients and returns to the depot,
whereas UAV1 (V1) attends the maximum number of patients, i.e., seven patients. In this
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way, the batteries of some UAVs are saved to help the other UAVs in the swarm and share
their loads.

—pm\/) =g/l w=gusV) emgumV3 e=gusV4 V0 eVl ®V2 V3 V4 @V5 eV6 eV7

(b) Intra-Route Algorithm: Patients = 30, UAVs =20 (f) Intra-Route Algorithm: Patients = 50, UAVs =20

V0 eVl eV2 eV3d eV4 eV5 eVe eV/

1 2 3 s 6 7 8 9

(c) Inter-Route Algorithm: Patients = 30, UAVs =20

-8-V0-e-V1-e-V2-9-V3-8-V4

(g) Inter-Route Algorithm: Patients = 50, UAVs =20

V0 eVl #V2 eV3 V4 eV5 eV6 eV7

-G

(d) Tabu Algorithm: Patients = 30, UAVs =20 (h) Tabu Algorithm: Patients = 50, UAVs =20

Figure 8. Patient numbers and the UAVs utilized for two sample cases.

Similarly, as shown in Figure 8e-h, the results of paths planned by the four algo-
rithms are presented when the number of patients is 50 and the UAVs available are 20.
Again, not all UAVs are utilized; in fact, eight UAVs are used to address the patients’
needs, deliver the kits, and collect the samples. As seen in Figure 8e, UAV7 is used for just
one patient, followed by UAV6 and UAVS5 for six patients and UAV3 and UAV4 for seven
patients, whereas UAV2 and UAV1 are used for eight patients, as they have shared their
workload with two other UAVs after completing their shifts. Hence, using the proposed
sophisticated system, COVID-19 self-testing kits can be delivered and collected with ease
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from the potential patients without the risk of spreading the infections. This can help flat-
ten if not eliminate the COVID-19 curve if adopted in smart healthcare globally.
However, UAVs’ legal challenges, users’ privacy concerns, security threats to the
UAVs, being prone to hacking, or a system fault causing sanitization failures, where the
UAYV may spread the virus rather than control it, are some issues that need to be looked
at in the future. Nevertheless, the proposed system is a dynamic addition to the practical
steps for curbing COVID-19 and similar viruses and moving towards smart health care
systems. This can also be used to collect patients’ urine and other samples, which do not
require a medical specialist. In addition, these systems reduce carbon footprints and the
associated air pollution as the deliveries are made through smokeless vehicles.

5. Conclusions

This study presented a hypothetical, sophisticated system for delivering COVID-19
self-testing kits to potentially infected patients and bringing the samples back to the test-
ing centers to minimize the delivery and reception time as well as curbing the spread of
the virus by minimizing the person-to-person contact. It uses Al to decide when deliver-
ing the test kits intelligently. Such sophisticated systems will help move towards smart
healthcare. In addition, the reduced carbon footprints are the advantages of the proposed
system, which are especially helpful for developing countries that struggle to control their
carbon footprints due to the usage of outdated cars and delivery trucks.

The UAV paths are optimized using four key vehicle routing algorithms, greedy, in-
tra-route, inter-route, and tabu algorithms, to reduce their flight time and optimize the
distances. Four cases with 30, 50, 100, and 500 patients and subcases involving 10, 20, 30,
50, and 100 UAVs are investigated for delivering self-testing kits to the patients in Islam-
abad, Pakistan. The depot and UAVs launching ground are established in the PIMS hos-
pital Islamabad, which is in central Islamabad. The results show that UAVs can be effec-
tively used to deliver self-testing kits to potential patients, and the samples can be col-
lected with ease without spreading the virus and minimizing the contact risks. Tabu
shows the best results among the routing algorithms, covering an optimized distance of
31.85, 51.35, 85, and 349.15 km when a total of 30, 50, 100 and 500 patients are to be at-
tended within the region, respectively. Tabu may not be the best alternative when com-
putation speeds are the main concern; instead, inter-route and intra-route algorithms
carry more speed advantages. However, in the current study, computation speed is not
the main concern; hence, tabu is preferred as a routing algorithm.

The algorithms further optimize the number of UAVs to be used in each case: 30, 50,
100, and 500 patients are addressed with 5, 8, 14, and 71 UAVs, respectively. This high-
lights the limitation of the UAVs in the current study, where a single UAV can only cater
to the needs of seven patients. This is mainly due to its limited battery power and testing
kit handling capabilities. This can be addressed in the future using solar-powered larger
UAVs capable of longer operations and more handling capabilities. Furthermore, these
UAVs do not rely on sources that can increase the carbon footprints, thus reducing the air
pollution generated by cars or delivery trucks.

Multiple variables limit the current study. First, the VRPTW technique of hybrid
swarm intelligence is used, and others, such as the Chinese postman problem, are not
considered. Second, the algorithms are restricted to four well-established algorithms, and
as such, no new algorithm is developed. Third, some variables, such as wind speed and
battery energy losses due to heat, are not considered. These can be considered by future
studies to improve upon the current study and add more to the body of knowledge. Sim-
ilarly, in the future, the legal implications, user’s security, the hackability of the UAVs,
maximum area coverage with minimum drones, performance optimization, fail coopera-
tion probability between UAVs and patients as well as the astray probability of UAVs,
and failure of the sanitization system of the UAV are potential risks or aspects that can be
investigated.
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