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Introduction

In retail environments, customer
satisfaction is strongly influenced by waiting
times at service points such as supermarket

checkout counters. Long queues are
associated  with  decreased customer
satisfaction, potential loss of sales, and
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Abstract

This paper studied the modeling and assessing
queueing systems for improved service delivery in
supermarket checkout environments, over selected
Nigerian supermarkets. Efficient checkout operations
are crucial to supermarket service quality and
customer satisfaction, especially in developing
countries with unpredictable demand and limited
resources. This paper analyzes a case study of selected
Nigerian supermarkets to design and test queueing
algorithms for better service delivery in supermarket
checkout areas. A multi-server queuing system with
stochastic arrival and service rates is used to simulate
customer arrivals and services. Analytical queueing
models are used in conjunction with Python-based
discrete-event simulations to evaluate system
performance under various demand and staffing
scenarios. The average waiting time, queue length,
server utilization, throughput, and customer
satisfaction metrics based on waiting-time criteria
were all examined as key performance indicators. The
results reveal that appropriate server allocation and
dynamic staffing during peak periods significantly
reduce customer wait times while increasing perceived
service quality. The findings have practical significance
for supermarket managers and policymakers in terms
of data-driven checkout system design, as well as the
use of queueing theory and simulation tools to
optimize retail services in developing countries.

negative brand perception (Rahaman, Bello,
Abdulganiyu, & Eebo, 2025). Efficient queue
management is therefore essential to
improve service delivery, reduce congestion,
and enhance operational efficiency.
Queueing  theory provides a
mathematical framework to analyze and
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optimize service systems characterized by
stochastic arrivals and service processes
(Pathak, 2024). It allows managers to model
customer arrivals, calculate expected waiting
times, determine optimal server allocation,
and improve overall operational
performance. While this approach has been
widely applied in industrialized contexts,
there is limited application of queueing
theory and simulation to  Nigerian
supermarket environments, where variability
in demand and constrained service resources
present operational challenges.

This study aims to model and assess
gueueing systems for supermarket checkout
operations in Nigeria using a combination of
analytical models and discrete-event
simulation. The research addresses the
following objectives:

e To measure and analyze customer
arrival rates and service times at
selected Nigerian supermarkets.

e To model supermarket checkout
operations using M/M/s queueing
models.

e To simulate checkout performance
under various staffing and demand
scenarios using Python.

e To evaluate the impact of dynamic
staffing on waiting times, queue
lengths, and server utilization.

e To provide practical recommendations
for managers to optimize service
delivery.

Literature Review

Queueing Theory in Service Operations
Queueing theory is a mathematical

approach to study waiting lines or queues in

service systems. It has been extensively used

to model systems where customer arrivals

exceed immediate service capacity, including
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hospitals, call centers, transport systems, and
retail environments (Pathak, 2024).

Classical queueing models such as
M/M/1 and M/M/s provide insights into
system performance metrics including:

i. Average waiting time in queue (Wq)
ii. Average number in queue (Lq)
iii. Server utilization (p)

The M/M/s multi-server model, which
assumes Poisson arrivals, exponential service
times, and a first-come-first-served discipline,
is particularly suitable for supermarket
checkout operations (Pathak, 2024).

Analytical Formulas for M/M/s Queue
1. Server utilization (p):

p=A

PH

Where:
A = average arrival rate (customers per minut
e)
I = service rate per server (customers per mi
nute)
s = number of servers

2. Average number of customers in the
system (L):
L=Lg+ A
1}

3. Average waiting time in the queue (Wq):
Wq =Lqg
A

4. Probability that an arriving customer
waits (Pw):
(sp)®

(1-
Pw= std7p)

f—l (sp)*
k=0 k!

These formulas form the analytical
foundation for estimating performance under
different server configurations and arrival
rates.

(spy
+=(Ip)
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Supermarket Checkout Queue Studies

Priyangika and Cooray (2015) applied
multi-server gueueing models to
supermarket checkout systems and observed
that increasing the number of checkout
counters reduced waiting times and queue
lengths significantly. Similarly, Vasconcelos
Pereira Junior et al., (2020) used discrete-
event simulation to model supermarket
checkout operations, testing dynamic staffing
policies to optimize service performance.
Their study demonstrated that reallocating
servers during peak periods reduced average
waiting times by up to 30%, highlighting the
importance of flexible staffing strategies.

In Nigeria, Rahaman et al. (2025)
studied Grocery Bazaar in Port Harcourt and
reported that limited staffing and inefficient
gueue design led to excessive congestion
during peak hours. Their findings underscore
the need for data-driven approaches,
including analytical modeling and simulation,
to improve checkout efficiency.

Simulation Approaches in Retail Queues
Simulation  methods, particularly
discrete-event simulation, allow for realistic
modeling of complex and variable systems
that are difficult to analyze analytically.
Simulation enables testing of:
i. Dynamic staffing strategies
ii. Single versus multiple
configurations
iii. Peak-hour demand scenarios

queue

Python libraries such as SimPy and
Ciw facilitate the implementation of discrete-
event simulations for service systems,
allowing the measurement of waiting times,
gueue lengths, and server utilization under
stochastic conditions (Vasconcelos Pereira
Junior et al., 2020).
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Methodology
Research Design

This study employed a mixed-
methods approach, combining analytical
queueing models and discrete-event
simulation to assess supermarket checkout
performance. The analytical component uses
M/M/s queueing models to establish
theoretical baselines for waiting time, queue
length, and server utilization. The simulation
component accounts for real-world variability
in customer arrivals, service times, and staff
efficiency, which cannot be fully captured by
analytical models alone (Vasconcelos Pereira
Junior et al., 2020).

Study Sites

Primary data were collected from
three Nigerian supermarkets: two in Lagos
and one in Abuja. These supermarkets were
selected based on their high customer traffic,
availability of multiple checkout counters,
and willingness to participate. Data collection
occurred over 14 consecutive days, covering
both weekdays and weekends to capture
peak and off-peak variations in customer
arrivals.

Data Collection Procedures
Field observations were conducted to
record:

i. Customer arrivals: Timestamped
when customers joined the queue.

ii. Service times: Duration from initiation
of checkout to completion of
transaction.

iii. Queue lengths: Number of customers
waiting at regular intervals (every 5
minutes).

iv. Server utilization: Number of active
cashiers serving customers at any
given time.

A total of 2,000 customer
observations were recorded across the three
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sites. Arrival patterns were found to be
stochastic, consistent with Poisson
distribution assumptions, and service times
approximated an exponential distribution,
justifying the application of M/M/s models
(Pathak, 2024).

Analytical Queueing Model
The M/M/s multi-server queueing
model was applied to the data to derive key
performance measures:
Server utilization (p):
p=A
pU
Where A is the mean arrival rate, u is the
mean service rate per server, and s is the
number of servers.
Average number in queue (Lq):
Lq = (SP)SI; Py
s!(1—p)
Where Py is the probability that zero
customers are in the system.
Average waiting time in queue (Wq):
Wq =Lg
A
The M/M/s analytical model provided
initial insights into how varying the number
of checkout counters affects waiting times,
gueue lengths, and utilization.

Discrete-Event Simulation

Discrete-event simulation (DES) was
implemented using Python's SimPy library to
model customer arrivals, queue dynamics,
and service processes. DES allowed for
flexibility in simulating dynamic staffing,
peak-period variability, and stochastic service

times. The simulation was structured as
follows:
Simulation Algorithm
1. Initialization: Define simulation
environment, number of servers

(cashiers), and total simulation duration
(e.g., 12 hours per day).
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2. Customer arrival process: Generate
arrivals using a Poisson process with
observed mean arrival rate (A).

3. Service process: Assign service times to
customers using exponential
distribution based on observed mean
service time ().

4. Queue management: Implement first-
come-first-served  (FCFS) discipline;
customers join the queue if all servers
are busy.

5. Dynamic staffing: Allocate additional
servers during peak hours based on
predefined thresholds for queue length.

6. Data collection during simulation:
Record average waiting times, queue
lengths, server utilization, and
throughput.

7. Replication: Run simulation 30 times to
ensure statistical validity and calculate
mean performance metrics.

The simulation outputs were then
compared to analytical results to validate the
model and identify scenarios where dynamic
staffing significantly improved performance.

Performance Metrics
The following
indicators were analyzed:

1. Average waiting time (Wq): mean
time a customer waits before being
served.

2. Average queue length (Lq):
number of customers waiting.

3. Server utilization (p\rhop): proportion
of time servers are busy.

4. Throughput: number of customers
served per hour.

5. Customer satisfaction
inferred based on waiting
thresholds: <5  minutes  (high
satisfaction), 5-10 minutes
(moderate), >10 minutes (low
satisfaction) (Rahaman et al., 2025).

key performance

mean

metrics:
time
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Ethical Considerations

Permission was obtained from
supermarket management before data
collection. Customer identities were not
recorded to ensure anonymity and
confidentiality. Data collection was

observational, posing no risk to participants.

Model Architecture

Results
This section presents the findings of

the study, including model architecture,
descriptive statistics, analytical queueing
outcomes, simulation results, and a

comparison of static vs dynamic staffing
scenarios.

Queueing System for Supermarket Checkout

Dynamic Staffing
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Figure 1: Comparison of Average Waiting Time — Static vs. Dynamic Staffing

The supermarket checkout queueing
system begins with customer arrivals, which
are modeled as random events following a
Poisson process to reflect variable demand
throughout the day. Upon arrival, customers
join a first-in, first-out (FIFO) queue, where
they wait for service at the checkout
counters. The checkout counters, or servers,
provide service to each customer based on
an exponential service time distribution, and
the number of active counters determines
the system’s throughput and efficiency. Once
service is completed, customers exit the
system, marking the successful completion of
their transaction.
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To handle peak-hour congestion, the
system incorporates dynamic staffing, where
additional servers are activated when the
queue length exceeds a predefined
threshold. A monitoring and evaluation
component continuously tracks queue length
and waiting times, feeding this information
into the dynamic staffing mechanism to
ensure timely deployment of extra servers.
Arrows in the model represent the flow of
customers through the system, while dotted
lines indicate the feedback loop that
activates dynamic staffing. The model also
labels key parameters, including the arrival
rate (A) and service rate (u), highlighting the
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underlying mathematical structure of the
queueing system.

Overall, the model illustrates how
combining queue management, server
allocation, and real-time monitoring can
optimize supermarket checkout operations,
reduce customer waiting times, and improve
perceived service quality, particularly in high-
demand, resource-constrained environments
like Nigerian supermarkets.

1. Customer arrival patterns: Arrival rates

were highly variable, with peak periods
occurring between 4 PM and 7 PM,
averaging 12 customers per 10 minutes
during these periods and 6 customers
per 10 minutes during off-peak hours.

Service times: The mean checkout time
per customer was 2.1 minutes, with a
standard deviation of 0.8 minutes,
indicating some variability likely due to

different transaction sizes.

3. Queue lengths: Observed queue
lengths ranged from 1 to 15 customers,
with longer queues during peak hours.

4. Server utilization: Cashiers were
observed to be busy 75-95% of the time
during peak hours.

Descriptive Statistics of Customer Arrivals
and Service Times

Data collected from the three selected
Lagos, Port Harcourt and Abuja supermarkets
revealed the following:

Table 1: Summary of Observed Checkout Data

Metric Peak Hours (4-7 PM) Off-Peak Hours
Average arrival rate (A, cust/10 min) 12 6

Mean service time (p, min) 2.1 2.0

Standard deviation of service time 0.8 0.6

Average queue length 10 4

Average server utilization (%) 92 78

Note: Data were collected over 14 consecutive days at three supermarkets in Lagos and Abuja.

Analytical Queueing Model Outcomes (servers). Calculations considered the mean
The M/M/s multi-server model was arrival rate (A) and service rate (u) derived

applied to evaluate performance under from field observations.

varying numbers of checkout counters

Table 2: Analytical M/M/s Model Performance Metrics

Number of Average Waiting Time Wq (min) Average Queue Server Utilization p
Servers (s) Length Lq (%)

3 8.4 10 92

4 5.7 6 85

5 4.2 4 78

Observations: ii. Server utilization decreased with

i. Increasing the number of servers more servers, indicating diminishing
reduced waiting times and queue returns beyond four counters.
lengths. iii.  These findings align with prior studies

emphasizing optimal server allocation
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to balance efficiency and cost (Pathak,
2024; Priyangika & Cooray, 2015).

Discrete-Event Simulation Results

A Python-based SimPy simulation was
developed to validate the analytical model
and assess dynamic staffing scenarios. Each
simulation was replicated 30 times to ensure
statistical reliability.

Static Staffing Scenario
i. Servers remained fixed throughout
the simulation.
Average waiting time: 7.8 minutes
iii. Average queue length: 9 customers
iv. Average server utilization: 88%

Dynamic Staffing Scenario

i. Additional servers were activated
when queue length exceeded 5
customers.

Figure 1: Comparison of Average Waiting
Time — Static vs. Dynamic Staffing

ii. Average waiting time: 5.6 minutes
(28% reduction)
iii. Average queue length: 5 customers

iv. Average server utilization: 81%

Figure 1: Comparison of Average Waiting
Time - Static vs Dynamic Staffing
Description: A line chart showing waiting
times over a 12-hour simulation period.
Dynamic staffing reduces peak waiting times
by approximately 2-3 minutes, with more
consistent service during peak periods.

Figure 2: Queue Length Variation Over Time
Description: A bar chart illustrating queue
lengths across different hours of operation.
Dynamic staffing significantly lowers queue
lengths during peak periods, while static
staffing shows a sharp increase between 4-7
PM.

Figure 2: Queue Length Variation Over Time -
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Comparison Between Analytical and Simulation Results
Table 3: Analytical vs Simulation Results for 4 Servers

Metric Analytical Model  Simulation (Static)  Simulation (Dynamic)
Average Waiting Time Wq (min) 5.7 7.8 5.6
Average Queue Length Lq 6 9 5
Server Utilization p (%) 85 88 81
Observations: impact of queue optimization on customer
i. The  analytical model  slightly perception (Rahaman et al., 2025).
underestimates waiting time

compared to static simulation, likely

due to real-world variability not

captured by exponential assumptions.
ii. Dynamic staffing in the simulation
aligns  closely  with analytical
predictions while providing
operational flexibility to handle peak-
hour surges.
These results confirm prior research
indicating that combining analytical
models with simulation provides a
robust framework for optimizing
supermarket checkout performance
(Vasconcelos Pereira Junior et al.,,
2020; Priyangika & Cooray, 2015).

Customer Satisfaction Metrics
Customer satisfaction was
based on waiting time thresholds:
i. High satisfaction: Wq < 5 minutes
ii. Moderate satisfaction: 5 < Wq < 10
minutes
Low satisfaction: Wqg > 10 minutes

inferred

Table 4: Estimated Customer Satisfaction

Levels
Scenario High | Moderate | Low
(%) | (%) (%)
Static staffing 30 50 20
Dynamic staffing | 55 40 5
Observation: Dynamic staffing increases
high-satisfaction experiences by 25

percentage points, highlighting the practical
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Sensitivity Analysis

A sensitivity analysis was conducted
to test system performance under 10-20%
higher customer arrivals. Findings:

i. Dynamic staffing maintained waiting
times below 7 minutes, while static
staffing exceeded 10 minutes.

ii. Queue lengths during peak hours
were 50% lower in dynamic scenarios.
This demonstrates that dynamic
staffing strategies are more resilient
to fluctuations in customer demand, a
critical consideration in Nigerian retail
environments.

Summary of Results

Analytical M/M/s models provide
baseline estimates but do not fully capture
real-world variability.

Simulation complements analytical
modeling and validates performance under
stochastic conditions.

Dynamic staffing significantly
improves service delivery by reducing waiting
times, queue lengths, and improving inferred
customer satisfaction.

The combination of queueing theory,
simulation, and empirical observation offers
a practical framework for supermarket
managers.

Discussion
The results of this study provide

robust insights into the application of
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queueing  theory and  discrete-event
simulation for optimizing supermarket
checkout operations in Nigeria. Both

analytical modeling and simulation results
highlight the importance of server allocation,
dynamic staffing, and real-time monitoring
for improving service delivery and customer
satisfaction.

Interpretation of Findings
Waiting Time and Queue Length

The analytical M/M/s model indicates
that increasing the number of checkout
counters reduces both average waiting time
and queue length, consistent with classical
gueueing theory (Pathak, 2024). However,
when compared with simulation results, the
analytical model slightly underestimates
waiting times. This discrepancy is expected
because real-world arrivals and service times
are not perfectly exponential; factors such as
variable transaction sizes, payment methods,
and human operational behaviors introduce
additional stochasticity (Vasconcelos Pereira
Junior et al., 2020).

The dynamic staffing simulation
demonstrates that adding servers during
peak hours drastically reduces average
waiting time by 28%, decreases queue length,
and improves inferred customer satisfaction.
This supports the assertion that flexible
operational strategies are more effective
than static staffing in handling peak-period
surges, aligning with the findings of
Priyangika and Cooray (2015) and Rahaman
et al. (2025).

Server Utilization

The study shows a trade-off between
high server utilization and customer service
quality.  Increasing servers  decreases
utilization but improves waiting times and
customer satisfaction. This mirrors findings in
service operations literature, which highlight
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that maximizing utilization without
considering service delays can compromise
customer experience (Pathak, 2024). For
managers, this underscores the importance
of balancing efficiency and service quality
rather than focusing solely on resource
utilization.

Managerial Implications

1. Optimized Staffing: Managers can use
analytical queueing models as a first
step to determine minimum staffing
requirements, and then apply
simulation to test dynamic staffing
strategies during peak periods.

2. Real-Time Queue Monitoring:
Implementing digital counters or loT-
enabled queue sensors can provide
real-time data on queue length and
waiting times. This allows managers
to reallocate staff dynamically,
minimizing congestion.

3. Customer Satisfaction Enhancement:

Reducing waiting time directly
improves perceived service quality.
Simulation results show that dynamic
staffing can increase high-satisfaction
experiences by 25 percentage points,
which can translate to repeat
business and  higher  revenue
(Rahaman et al., 2025).
Cost-Benefit Optimization: The
diminishing returns observed in server
utilization when increasing counters
suggest that overstaffing is inefficient.
Managers must balance labor costs
with service benefits to achieve an
optimal operational configuration.

Policy Implications
1. Retail Service Standards: Policymakers
can use these findings to establish
service-level guidelines, such as
maximum acceptable waiting times in



Domaka Nanwin Nuka

supermarkets, particularly in high-
traffic urban centers.

2. Training and Human Resource
Management: Encouraging flexible

staffing policies and cross-training
staff to serve as checkout operators
during peak hours can improve
efficiency without incurring excessive
labor costs.

3. Integration of Technology:
Incorporating queue management
software and predictive analytics can
enhance operational planning. The
combination of data-driven staffing,
gueueing models, and simulation can
serve as a benchmark for retail
operations in emerging economies
like Nigeria.

Comparison with Literature

This study’s findings
existing research:

Priyangika and Cooray (2015) found
that multi-server queueing reduces waiting
times and congestion in supermarkets, which
is consistent with the analytical results of this
study.

Vasconcelos Pereira Junior et al.
(2020) demonstrated that simulation-based
dynamic staffing significantly improves
service efficiency, reflected in the current
study’s simulation findings.

Rahaman et al. (2025) highlighted the
negative impact of high congestion on
customer satisfaction in Nigerian
supermarkets, reinforcing the practical
relevance of implementing flexible staffing
strategies.

Additionally, this study extends the
literature by combining empirical data from
Nigerian supermarkets with both analytical
and simulation models, providing an
operational framework tailored to resource-

align  with
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constrained, retail

environments.

high-demand

Limitations

Despite its contributions, the study
has some limitations:
Scope of Data Collection: Data were
collected from only three supermarkets over
two weeks, which may limit generalizability.
Future research could include a broader
range of locations and longer observation
periods.
Assumptions in Analytical Models: The
M/M/s model assumes Poisson arrivals and
exponential service times, which may not
fully capture real-world variability. Although
simulation partially addresses this, other
stochastic processes could be explored.
Customer Behavior: The study does not
account for customer abandonment (leaving
the queue without purchase), which could
influence service efficiency and satisfaction
metrics.

Recommendations for Future Research

1. Integration with Machine Learning:
Predictive models could forecast peak
periods and automatically adjust
staffing levels.

2. Hybrid Queue Systems: Combining
single-line queues with express lanes
for low-item purchases may further
reduce waiting times.

3. Technology Adoption:

Implementation of automated
checkout kiosks and mobile payment
options could complement staffing
strategies.
Policy-Oriented Research: Investigate
the impact of standardized waiting-
time policies on operational efficiency
and customer satisfaction across
multiple retail formats.
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Summary

The study confirms that dynamic
staffing and optimal server allocation are
crucial for improving supermarket checkout
performance in Nigeria. Analytical models
provide a baseline for decision-making, while
simulation allows operational flexibility in
handling peak-hour variability. The findings

have significant implications for retail
managers,  policymakers, and service
operations researchers, offering a data-

driven framework for enhancing service
quality, efficiency, and customer satisfaction.

Conclusion

This study examined queueing systems
in selected Nigerian supermarkets, integrating
analytical M/M/s models, Python-based
discrete-event simulation, and empirical
observational data to assess service delivery at
checkout counters. The findings demonstrate
that efficient queue management is critical to
improving customer satisfaction and
operational efficiency in resource-constrained
retail environments.

Major conclusions include:

i.  Optimal Server Allocation: Analytical
results indicate that increasing the
number of checkout counters reduces
waiting times and queue lengths but
may lower server utilization. A
balanced approach is necessary to
avoid excessive labor costs while
maintaining service quality.

ii.  Dynamic Staffing Effectiveness:
Simulation results show that dynamic
staffing strategies where additional
servers are deployed during peak
periods significantly reduce waiting
times and queue lengths, leading to
improved  customer  satisfaction.
Dynamic staffing also offers
operational resilience against
stochastic demand fluctuations.
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iii.  Empirical Validation: Observed data
confirm that customer arrivals are
highly variable, especially during peak
hours. Incorporating empirical
patterns into simulation models
allows for more accurate predictions
of system performance.

Managerial and Policy Implications:
Supermarket managers can leverage

the combination of queueing theory

and simulation to make informed
staffing decisions, design efficient
checkout systems, and enhance

service quality. Policymakers can

establish service-level standards to

improve operational efficiency across
retail outlets.

v. Research Contribution: By combining
analytical modeling, simulation, and
field data in a developing country
context, this study provides a
comprehensive framework for queue
optimization that can be applied to
other service-oriented industries in
Nigeria and similar  emerging
economies.

Future research should explore
machine learning-based predictive staffing,
hybrid queue designs, and technology
integration such as automated checkouts and
mobile payment systems to further enhance
service delivery.
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