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2022 International 
Mathematical Modeling 
Challenge (IM2C) 
The 8th annual International Mathe‑ 
matical Modeling Challenge (IM2C) 
culminated with three Outstanding 
Teams. Congratulations to these teams 
and all the teams that participated in 
the 2022 IM2C. This year, due to the 
continued effects of Covid‑19, there 
was no formal in‑person IM2C awards 
ceremony. Rather, IM2C has made 
resources available to schools and 
countries/regions of the top teams to 
fund local ceremonies scheduled as 
their situations permit. 

The IM2C continues to be a rewarding 
experience for students, advisors, schools, 
and judges. A total of 58 teams, with up 
to 4 students each, representing 31 
countries/regions competed in this 
year’s international round.  

The purpose of the IM2C is to promote 
the teaching of mathematical modeling 
and applications at all educational levels 
for all students. It is based on the firm 
belief that students and teachers need 
to experience the underlying power of 
mathematics to help better under‑
stand, analyze, and solve real world 
problems outside of mathematics itself—
and to do so in realistic contexts. The 
Challenge has been established in the 
spirit of promoting educational change. 

For many years there has been an 
increased recognition of the importance 
of mathematical modeling from universi‑
ties, government, and industry. Modeling 
courses have proliferated in under‑
graduate and graduate departments of 
mathematical sciences worldwide. 
Several university modeling competi‑
tions are flourishing. Yet at the school level, 
even amid signs of the growing recogni‑
tion of modeling’s centrality, there are 
only a few such competitions with 
many fewer students participating. 
One important way to influence second‑
ary school culture, and teaching and 
learning practices, is to offer a high‑level 
prestigious secondary‑school contest that 
has both national and international 

Plans for 2023 

We invite countries to enter up to two 
teams, each with up to four  students 
and one teacher/faculty advisor. The 
contest will begin in March and end 
in May.  During that timeframe, 
teams will choose five (5) consecu-
tive days to work together on the 
problem.  The faculty advisor must 
then submit the paper and certify 
that students followed the contest 
rules. 

The International Expert Panel will  
judge the papers in early June and 
will announce winners by late June. 
Papers will be designated as 
Outstanding, Meritorious, Honorable 
Mention, and Successful Participant 
with appropriate plaques and certifi-
cates given in the name of  students, 
their advisor, and their schools. 

Plans for the 2023 awards are still 
being finalized. Complete information 
about IM2C is at  
www.immchallenge.org

The IM2C International 
Organizing Committee 

Solomon Garfunkel,  
COMAP, USA – Chair 

Keng Cheng Ang,  
National Institute of Education, Singapore 

JunFeng Yin,  
Tongji University, China 

Alfred Cheung,  
NeoUnion ESC Organization, China Hong 
Kong (SAR) 

Frederick Leung,  
University of Hong Kong, China Hong Kong (SAR) 

Vladimir Dubrovsky,  
Moscow State University, Russia 

Henk van der Kooij,  
Freudenthal Institute, The Netherlands 

Mogens Allan Niss,  
Roskilde University, Denmark 

Ross Turner,  
Australian Council for Educational 
Research, Australia 

Jie “Jed” Wang,  
University of Massachusetts, USA 

IM2C Funding 

Funding for planning and organiza-
tional activities is provided by  
IM2C co-founders and co-sponsors: 
Consortium for Mathematics and its 
Applications (COMAP), a not-for-profit 
company dedicated to the improve-
ment of  mathematics education, 
and NeoUnion ESC Organization in 
China Hong Kong (SAR). 

recognition. With this in mind, we 
founded the International Mathematical 
Modeling Challenge (IM2C) in 2014 and 
launched the 1st annual Challenge in 2015. 

The IM2C is a true team competition 
held over a number of days, with  students 
able to use any inanimate resources. 
Real problems require a mix of different 
kinds of mathematics for their analysis 
and solution. And, real problems take 
time and teamwork. The IM2C provides 
students with a deeper experience of 
how mathematics can explain our 
world, and the satisfaction of applying 
mathematics to a real world problem 
to develop a model and solution. 

The 2022 IM2C Problem: 
Aboard! Boarding and 
Disembarking a Plane  
Background 
In air transportation, efficiency is time 
and time is money. Even small delays 
in the schedules of passenger airplanes 
result in lost time for both air carriers 
and their passengers. During any pas‑
senger flight, there are two time‑  
consuming operations that depend 
mostly on human behavior: boarding 
and disembarking the aircraft.  
In commercial passenger air travel, 
airlines use various boarding and dis‑
embarking methods from completely 
unstructured (passengers board or leave 
the plane without guidance) to struc‑
tured (passengers board or leave the 
plane using a prescribed method). 
Prescribed methods may be based on 
row numbers, seat positions, or priority 



groups. In practice, however, even when 
the prescribed method is announced, 
not all passengers follow the instruc‑
tions.  
The boarding process includes the 
movement of passengers from the 
entrance of the aircraft to their assigned 
seats. This movement can be hindered 
by aisle and seat interference. For 
example, many passengers have carry‑
on bags which they stow into the  
overhead bins before taking their seats. 
Each time a passenger stops to stow a 
bag, the queue of other passengers 
stops because narrow aircraft aisles 
allow only one passenger to pass at a 
time. Another hindrance is that some 
seats (e.g., window seats) are unreach‑
able if other seats (e.g., aisle seats) are 
already occupied. When this occurs, 
some passengers must stand up and 
move into the aisle so other passen‑
gers can reach their seats.  
The disembarking process is the oppo‑
site of boarding with its own possible 
hindrances to passenger movement. 
Some passengers are simply slow get‑
ting out of their seat and row, or slow 
moving to the exit. Passengers also 
block the aisle while collecting their 
belongings from either their seat or from 
the overhead bin forcing passengers 
behind them in the aircraft to wait.  
Requirements 
Your team is to create plane boarding 
and disembarking methods that will be 
the most time‑effective in real practice.  
1. Construct a mathematical model or 

models to calculate total aircraft 
boarding and disembarking times. 
Ensure your model is adaptable to 
various prescribed boarding/disem‑
barking methods and varying num‑
bers of carry‑on bags to be stowed, 
as well as accounts for passengers 
who do not follow the prescribed 
boarding/disembarking methods.  

2. Apply your model to the standard 
“narrow‑body” aircraft shown in 
Figure 1. 
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a. Compare the average, practical 
    maximum (95th percentile) and 
    practical minimum (5th percentile) 
    boarding times for the following 
    widely used boarding methods:  

• Random (unstructured)  
boarding.  

• Boarding by Section: Examine     
varying the order of aft section 
(rows 23‑33), middle section 
(rows 12‑22), and bow section 
(rows 1‑11).  

• Boarding by Seat: In the order      
of window seats (A and F), 
middle seats (B and E), and 
aisle seats (C and D).    

b. Analyze how these times vary 
based on the percentage of pas‑
sengers not following the prescribed 
boarding method and on the 
average number of carry‑on bags 
per flight (i.e., perform a basic sen‑
sitivity analysis). Based on your 
analysis, which of the above 
boarding methods is the best?  

c. Consider the situation when pas‑
sengers carry more luggage than 
normal and stow all their carry‑
ons in the overhead bins. How 
does this change affect the results?  

d. Describe two additional possible 
boarding methods. Explain and 
justify your recommended opti‑
mal boarding method (from your 
two and the three in part 2.a.).  

e. Explain and justify your optimal 
disembarking method.  

3. Modify your model for the follow‑
ing passenger aircraft and recom‑
mend your optimal boarding and 
disembarking methods for each 
aircraft.  
• The Flying Wing aircraft with 

relatively wide and short passen‑
ger cabins as shown in Figure 2.  

• A Two‑Entrance, Two‑Aisle air‑
craft as shown in Figure 3. 
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Figure 1. “Narrow-Body” Passenger Aircraft

Figure 2. “Flying Wing” Passenger Aircraft

Figure 3. “Two-Entrance, Two Aisle” Passenger Aircraft
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4. Due to the pandemic situation, 
capacity limitations are sometimes 
implemented on passenger airliners. 
Will your recommended prescrib‑ 
ed methods for boarding and  
disembarking of the three aircraft 
change if the number of passengers 
is limited to 70%, 50%, or 30% of 
the number of seats?  

5. Write a one‑page letter to an airline 
executive describing and explaining 
your results, recommendations, and 
rationale about passenger aircraft 
boarding and disembarking in a 
non‑mathematical way.  

Note that IM2C is aware of available 
resources and references that address 
and discuss this question. It is not  
sufficient to simply represent any of 
these models or discussions, even if 
properly cited. Any successful paper 
MUST include development and 
analysis of your own team’s model  
and a clear explanation of the differ‑
ence between your model and any  
referenced aircraft boarding and dis‑
embarking models.  
Your PDF submission should consist of:  

• One‑page Summary Sheet.  
• Table of Contents.  
• One‑page letter to an airline   

executive.  
• Your solution of no more than 20 

pages (A4 or letter size), for a max‑
imum of 23 pages with your sum‑
mary, table of contents, and letter. 
Note that your font size must be 
no smaller than 12‑point type.  

Note: Reference List and any appen‑
dices do not count toward the page 
limit and should appear after your 
completed solution. You should not 
make use of unauthorized images and 
materials whose use is restricted by 
copyright laws. Ensure you cite the 
sources for your ideas and the materials 
used in your report.  

The 2022 IM2C Expert Panel 
 

Chris Arney,  
United States Military Academy, USA – Chair  

Konstantin K. Avilov,  
Institute for Numerical Mathematics, Russia  

Ruud Stolwijk,  
Cito, The Netherlands  

Liqiang Lu,  
Fudan University, China 

Jill Brown,  
Australian Catholic University, Australia      

Daniel Long,  
Chinese University of Hong Kong,  
China Hong Kong (SAR)  

Dra. Ángeles Domínguez Cuenca, 
Tecnológico de Monterrey, Mexico
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    School, Location           Advisor             Team Members

Tom Edwards 
Toby Harvie 

Corin Simcock 
Luke Zhu 

Tanupat Trakulthongchai 
Phudit Thanakulkairid 
Kanisorn Sawangsawai 

Thitiwat 
Kosolpattanadurong 

Yunjia Quan 
Oscar Bao 

Logan Yuhas 
Anna Torstrick 

 
           St. Andrew’s College                   Phil Adams  
                New Zealand                 
 
 
 
 Kamnoetvidya Science Academy         Guntaphon      

     Thailand                    Tassanasophon 
 
 

 
   

Charlotte Country Day School 
               United States

                    Mick Stukes 
  

The 2022 IM2C Outstanding Teams

Numbers of Participating Countries/Regions and Teams 2015-2022
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Glossary  
Carry‑On Bag – a piece of luggage a 
passenger carries onto an airplane with 
dimensions such that it can fit in the 
overhead bin.   
Disembarking – leaving (an airplane).  
Overhead Bins – storage compartments 
attached to the ceilings of aircraft for 
baggage stowage during a flight. 
 
The 2022 IM2C 
International  
Judges’Commentary 
Chris Arney 

Introduction 
Although the topic of loading passen‑
gers on an airplane was a familiar one 
for some students who participated in 
this year’s IM2C, the problem was chal‑ 
lenging in both the scope of require‑
ments and the depth of the modeling. 
The problem asked teams to construct 
models for boarding and disembark‑
ing a plane, and then to use their models 
to evaluate and compare various 
boarding methods – some methods 
were provided, and others were at the 
discretion or design of the team. Ideally, 
these models would provide consis‑
tent and reliable results while accom‑
modating the realities of various aircraft 
designs and passengers carrying bags, 

stowing bags, and moving into seats. 
In addition, the problem challenged 
teams to consider human‑based situa‑
tions (e.g., some travelers not following 
a prescribed method) and societal situ‑
ations (e.g., emergency conditions 
requiring seat‑capacity limitations).   
Constructing a time‑based, passenger‑
action model led most teams to make 
use of agent‑based simulations with a 
few teams using closed‑form, probability‑ 
based models. Often, these methods 
were new experiences for students. Given 
these challenges, the IM2C judges were 
impressed by the students’ modeling 
skills, creativity, mathematical knowl‑
edge, and writing abilities. The judges 
appreciated good modeling in terms 
of explaining and justifying assump‑
tions; explaining the steps of students’ 
modeling methods; identifying strengths, 
weaknesses, opportunities, and limitations 
of models; conducting a sensitivity 
analysis of parameter values; and pre‑
senting work in a well‑organized report.  
This year’s IM2C problem asked teams 
to: 

• Compare the times and properties 
for various loading methods.  

• Discuss their models’ adaptability 
for different aircraft geometries.  

• Write a letter to an airline executive 
outlining the team’s results.  

Teams did well in identifying and 
defining the problem’s variables and 
parameters, researching the elements 
associated with airplane loading, and 
building viable models. The judges 
congratulate the teachers and advisors 
who developed modeling skills in 
their students and prepared teams for 
this year’s IM2C.   
Problem Solutions  
The teams’ reports included a summa‑
ry sheet, a restatement of the problem 
from their own perspective and in their 
own words, a discussion of the mathe‑
matical modeling processes used 
(especially, assumptions with justifica‑
tions, good mathematical notation 
with defined variables, a mathematical 

USA Participation 
In the USA, we invite all teams 
that successfully compete in the 
HiMCM contest and are awarded 
a designation of Meritorious or 
above (Meritorious, Finalist, or 
Outstanding) to compete in the 
IM2C. From these participants, 
U.S. Judges select the two top 
teams to move on and represent 
the USA in the IM2C international 
round. To  participate in HiMCM 
in November 2022, visit 
www.comap.com.

model, the application of the model to 
the problem requirements, and analy‑
sis of the results). Most teams also 
identified their model’s strengths and 
weaknesses and wrote conclusions 
with recommendations. The following 
paragraphs discuss the details of these 
elements.  
Summary:  Most papers began with a 
one‑page summary of the modeling 
methods used and the results. This sum‑ 
mary is an important part of an IM2C 
report in that it provides the first 
chance for a team to tell readers about 
their processes, results, and highlights. 
A summary should clearly describe 
the approach to the problem and the most 
relevant conclusions. Judges usually 
read the summary first to understand 
the basic approaches and the context 
for the paper’s models, results, conclu‑
sions, and recommendations. Some 
teams included too much information 
on one detailed element of their work 
or did not summarize their results and 
recommendations. The best summaries 
were both clear and concise.  
Problem Restatement: Teams often 
restated the problem in their own words 
by identifying the specific requirements 
on which they focused and the organ‑
ization of their work. Judges use this 
part of a report as a preview and 
overview of how the team approached 
the problem and the terminology and 
notation used in the the paper.   
Mathematical Modeling Processes:  
Teams explained the processes they 
used in a logical and clear manner. 
They made assumptions to clarify or 
simplify elements of the problem’s 
conditions so they could use a mathe‑
matical structure to emulate the real 
situation.  Teams defined their models’ 
variables in their reports. Some teams 
used flow charts or pseudo code to 
discuss their models and thus avoided 
overwhelming readers with coding 
details and programming facets. For 
the airplane problem, the model had 
to make sense and satisfy the following 
challenges:  
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models and successfully implement‑
ing these models for the aircraft given 
in the problem statement. Most teams 
used a simulation as the primary 
model for airplane loading processes. 
Since IM2C does not require inclusion 
of computer code in a report, success‑
ful teams often used a description of 
the code, a flowchart, or a simplified 
pseudo code to explain the model in 
their report. Some teams included 
their code in an appendix, but, as the 
IM2C’s rules state, judges do not nec‑
essarily read the code. The model itself 
is more important than the code, as are 
the steps taken in developing the 
model and calculating the results.  
 By reading the papers, the judges eval‑ 
uated the teams modeling process and 
determined how well the student teams: 

• Created and justified (i.e., through 
assumptions) their models and 
parameter values. 

 • Demonstrated creativity in the 
different elements of the model.  
In this year’s problem, this seemed 
particularly important for the 
shuffle that takes place as passen‑
gers temporarily move out of their 
seat to unblock and make way for 
other passengers to take their seats.

 
• Communicated their model to the 

reader. 
 

Some Examples of Good  
Modeling  
Of the 58 papers, 28 were judged 
Successful, 21 were awarded Honor‑ 
able Mention, six achieved Meritorious, 
and three were judged as Outstanding.  
The strongest teams demonstrated an 
understanding of the processes and 
structures involved in the problem 
and used their knowledge to build a 
viable model. Some of the innovative 
methods and assumptions in the best 
papers included: 

 
• Splitting boarding into two com‑

ponents: queuing sub‑model and 
traveling‑to‑the‑seat sub‑model.  

• Calculation of total aircraft board‑
ing and disembarking times.  

• Adaptability to various prescribed 
boarding/disembarking methods 
and various aircraft geometries.  

• Adaptability to a varying number 
of carry‑on bags per passenger.  

• Allowance for non‑rule‑following 
passengers.   

Teams used a variety of methods to 
model the behavior of passengers who 
disobey boarding instructions. In some 
models, such passengers were assigned a 
random position in the queue; in others, 
disruptive passengers were assigned by 
common characteristics. For example, 
passengers “in a hurry” went to the front 
of the queue and late passengers 
boarded the plane at the end of the queue 
or with the incorrect boarding group.  
Application of the model: Teams ensur‑ 
ed the geometry of the narrow‑body 
plane was accurately reflected in their 
model.  Then, many teams ran their model 
as a Monte Carlo simulation to deter‑
mine:  

• Boarding times for random 
(unstructured), by‑section, and 
by‑seat boarding methods.  

• Impact on the boarding time with 
respect to the percentage of pas‑
sengers not following the rules 
and with respect to the number 
and variety of carry‑on bags.   

• Boarding times for two additional 
boarding methods of the team’s 
choice.   

• Recommendation of the best 
boarding method from the five 
choices.  

• Recommendation of the best  
disembarking method.  

Recommend boarding/disembarking  
methods for new aircraft geometries:   
The teams modified their models to 
match the geometries of two addition‑
al aircraft and reran their models for 
the “Flying Wing” aircraft and a “Two‑
Entrance, Two‑Aisle” aircraft and ana‑
lyzed their data. 

Modeling of capacity limitations:   
The teams modified their models to 
handle changing capacity limitations.  
They determined the impact on board‑
ing/ disembarking when the number 
of passengers was limited to 70%, 50%, 
or 30% of capacity.  
Sensitivity, strengths, weaknesses,  
conclusions, and references:  
Note: Sensitivity analysis is an impor‑ 
tant element of modeling. The main 
idea is to determine how sensitive results 
are to variances in the parameters.  
Teams used several methods to test 
the sensitivity of their models’ param‑
eters to determine the robustness of 
the results. Some teams also included 
an error analysis and a discussion of 
the strengths and limitations of their 
models. Successful papers used the 
results of the model to provide recom‑
mendations and conclusions on loading 
and unloading the passengers and their 
carry‑on baggage. And finally, teams 
documented and identified any 
resources used.  
One‑page letter to an airline executive: 
As required, teams wrote a letter to an 
airline executive who might not want 
to read the details of the mathematical 
modeling. Good letters presented  
general principles, outlined the method‑ 
ology, and provided the results and 
recommendations in an understandable 
way.    
Goals of the IM2C and the  
Roles of the Judges  
Goals of the IM2C are to inspire student 
modelers to make appropriate assump‑ 
tions that lead to viable approaches, 
use inventive and creative ideas as 
needed, and apply the mathematics 
that students know in the models they 
build and implement. By accomplish‑
ing these goals during the IM2C, stu‑
dents develop new skills in modeling 
and refine and practice the skills they 
already possess. This year’s IM2C 
teams showed their modeling skills by 
making appropriate choices for their 
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• Altering the order of the passen‑
gers in the boarding queue to sim‑
ulate different boarding methods.  

• Researching factors such as moving 
speeds of passengers and simpli‑
fying the time increments (steps in 
their simulations) by having pas‑
sengers move one cell per time 
period.  

• Running simulations for 1000  
iterations.   

• Doing sensitivity analysis on 
parameters such as the number of 
people who disobey instructions 
(late passengers and passengers who 
jump the queue) and numbers of 
carry‑on baggage items.  

• Developing a method of boarding 
based on a loading order of window, 
middle, and aisle seat holders.   

• Identifying several types of travel‑
ing groups (e.g., a family with two 
young children) and allowing such 
groups to board together.  

• Having the simulation block the aisle 
whenever a passenger is loading 
carry‑on luggage into an overhead 
bin.  

• Using graphic displays of the 
Monte Carlo simulations, which 
were helpful for visualizing geome‑ 
tries of different aircraft and for 
understanding the flow of the 
boarding methods.   

• Assuming that once on the plane, 
passengers behave rationally and go 
to their seat with a predesignated 
path.   

• Determining the complexity of the 
boarding method. This enabled the 
simulation to adjust the parameters in 
the boarding method because the 
more complex the method, the 
more difficult it is for passengers to 
follow rules, and thus some pas‑
sengers might get frustrated and 
intentionally ignore queuing rules.  
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• Considering realistic conditions 
when choosing the best boarding 
and disembarking method (i.e., 
with a reasonable percentage of 
passengers not obeying instruc‑
tions or, preferably, based on analysis 
over a wide range of percentages). 
Many teams did this successfully, 
which enabled them to discard 
theoretically highly effective, yet 
very complex and “fragile” boarding 
methods.  

The judges had the opportunity to read 
many excellent papers that developed 
innovative algorithms for passenger 
movements and event timing. A few 
papers used a closed‑form framework 
for the loading times rather than code 
a simulation.  In particular, the team 
from Singapore’s Victoria Junior College 
had a strong model with excellent expla‑ 
nations of their work using this type of 
framework. The judges commend that 
team’s excellent work and innovation.     
Advice to Future Teams  
As a valuable tool for problem solving 
and issue analysis, modeling seeks to 
describe a real‑life situation using 
appropriate mathematics. For the IM2C, 
a team should organize into a produc‑
tive group so they can focus their 
efforts on the requirements of the 
problem and write a paper in a short 
period of time. Budgeting time is critical 
because a team needs enough time 
both to solve the problem and to com‑
municate their work and results. Judges 
do not look for papers that use the most 
sophisticated mathematics, so a team 
should not force the use of mathematics. 
A better approach is to use mathemat‑
ics that the team members understand. 
Later, as appropriate, a team can refine 
and enhance their model to increase its 
precision or adjust assumptions to find 
a more broadly applicable solution.   
A paper should list all sources used 
and document how they were used. 
Overall, the paper should present the de‑ 
velopment and analysis of the modeling 

in a manner that a wide audience 
understands. The paper should con‑
clude with a summary of results and 
recommendations. The summary should 
be a concise rendering of the paper for 
a scientific reader (who is interested in 
the assumptions, model features, meth‑
ods, and results), while the letter to an 
executive should focus on general 
principles, main results, and their 
application to real life (profits, reliabil‑
ity, risks, etc.). 
 
Conclusion 
The IM2C judges value creativity, 
innovation, soundness and appropri‑
ateness of modeling approaches, as well 
as clarity in presenting ideas, model‑
ing decisions, results, and analysis. 
The judges, who are experienced mod‑
elers and teachers from a wide range 
of countries, compliment this year’s 
teams on their efforts and the team 
members for their participation. The 
judges thank all the schools, teachers, 
and advisors for making it possible for 
students to participate. This year, the 
judges were rewarded by reading 
many excellent submissions and wish 
all the participants success in their 
future modeling and mathematical 
endeavors.   
 

For more information about the 
IM2C, including the complete 

2015–2022 results and  
sample papers, visit  

www.immchallenge.org
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