
IM2C promotes 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 power
of mathematics to help better understand, analyze, and solve real world problems outside of math-
ematics itself –and to do so in realistic contexts. The Challenge has been established in the spirit of
promoting educational change.
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2020 IM2C

The 6th annual International Math-
ematical Modeling Challenge (IM2C)
culminated with two Outstanding
Teams. Congratulations to these teams
and all the teams that participated in
the 2020 IM2C. Due to the closing of
venues caused by Covid-19 there was
no formal IM2C awards ceremony in
2020. Rather, IM2C made resources
available to schools and countries/
regions of the Outstanding and Meri-
torious teams to allow them to fund
local ceremonies that they could
schedule as their situations permitted.

The IM2C continues to be a rewarding
experience for students, advisors,
schools, and judges. A total of 54
teams, with up to 4 students each, 
representing 30 countries/regions
competed this year. 

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
undergraduate and graduate depart-
ments of mathematical sciences world-
wide. Several university modeling
competitions are flourishing. Yet at the
school level, even amid signs of the 
growing recognition of modeling’s 
centrality, there are only a few such
competitions with many fewer stu-
dents participating. One important way
to influence secondary school culture,
and teaching and learning practices, is to
offer a high-level prestigious secondary-
school contest that has both national
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Plans for 2021

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 2021 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

Fengshan Bai, 
Tsinghua 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). 

and international 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 team-
work. The IM2C provides students
with a deeper experience of how
mathematics can explain our world,
and the satisfaction of applying math-
ematics to a real world problem to
develop a model and solution.

The 2020 IM2C Problem:
Flash Sale
The 2020 problem statement is printed
here for reference. To view the complete
problem, go to

http://immchallenge.org/Contests/202
0/2020_IMMC%20_Problem.pdf

The tradition of massive flash sales
at “brick and mortar” retail stores 
is spreading around the world. Originally
these big sales were scheduled in the
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United States to target consumers at the
start of a holiday season and on a day
they did not go to work (e.g. Black
Friday sales). Now, nearly 20 different
countries have some form of flash
retail sales in attempts to have con-
sumers shop locally and not go online
to purchase products. 

During these flash sales, stores adver-
tise huge discounts on sale items,
along with expanded operating hours
(usually opening very early in the
morning), to attract customers hoping
these customers will buy more than
just the discounted products. 

At the start of these sales, numerous
eager shoppers gather at the store
entrance to rush in at the store’s open-
ing, grab their desired item(s), run to a
cashier to quickly make their purchas-
es, and then leave to perhaps travel to
another store for more deals. In the
process, the over-agitated shoppers
are likely to stampede and create
“human traffic jams,” sometimes hurt-
ing each other and damaging the sur-
rounding goods. Additionally, some
shoppers may not get an item they
want due to the item being sold out
when they arrive at the item’s location
in the store.

In preparing for the next flash sale, the
manager of an electronic and appli-
ance retail store has asked your team
for assistance. The manager is plan-
ning a store renovation and has the
opportunity to reorganize the layout
of the store. The store sells a wide vari-
ety of products to include televisions
of all sizes, as well as small to large
electronics (e.g. cell phones, cameras,
home theater equipment) and small to
large appliances (e.g. coffee makers,
vacuum cleaners, washing machines,
gas and electric cooking stoves). The
manager has provided you a list of
store departments and major cate-
gories of products offered in the store,
as well as a list of some of the actual
items offered during the flash sale to
include flash sale pricing, availability,
and consumer rating data 
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The 2020 IM2C Expert Panel

Frank Giordano,
Naval Post Graduate School, 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    

Yang Wang, 
The Hong Kong University of Science 
and Technology, China Hong Kong (SAR)

Dra. Ángeles Domínguez Cuenca,
Decana Asociada de Desarrollo de la
Facultad Escuela de Medicina y Ciencias de
la Salud Tecnológico de Monterrey, Mexico

The 2020 IM2C Outstanding Teams

School, Location           Advisor Team Members

Anglo Chinese School Hong Lee Kiat Matthew Tham Yong'an
(Independent) Tan Wei Xuan, Keane
Singapore Jeong Min Lee

Ng Jun Kiat, Derek

Canford School Henry Bishop Yuanze Xia
The United Kingdom Yichen Dong

Numbers of Participating Countries/Regions and Teams 2015-2020

The store manager wants to minimize
levels of damage to products and
believes a store’s floor plan and the
layout of different departments and
categories of products on that floor
plan will help to meet these objectives.
Figure 1 provides an example of a pos-
sible floor plan.

Requirements

1. The Event. 

a. Describe the various ways in 
which products at the store might

be damaged during the sale event
due to careless and accidental 
actions of the customers.

b. Consider the items included in 
this flash sale event. Which sale 
items do you think will be most 
popular (most desired) by the 
shoppers and why? 

2. Store Layout.

a. Use your responses to
Require-ment 1 to identify and
describe the store layout fac-
tors that impact possible dam-
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age to products and other
measures you deem important
during a flash sale event. 

b. Use the factors you identified
in part 2.a. to develop a math-
ematical model or models to
quantitatively predict both the
behaviors of the flash sale cus-
tomers that potentially result
in damage to products in the
store and the level of that dam-
age. Your model(s) should incor-
porate floor plan characteris-
tics, location of departments,
specific flash sale products,
and arrangement of cashier
stations.

c. Based on your factors and
model, discuss the optimal
locations of the store’s depart-
ments and the most popular/
desired sale items. Indicate
these locations on the floor
plan in Figure 1. In other
words, label the various areas
of the floor plan with your
team’s choice for the loca-
tions of departments and
displays of the most popular
sale products. 

d. Using your analysis and the
model you developed, create
and evaluate a new and better
floor plan for this flash sale sce-
nario. The store dimensions,
scale, location of the entrance/
exit, and the items for sale
remain the same, but your
team can now create its own
layout. Justify why your floor
plan is better than the one
given in Figure 1. (Note: Your
new floor plan can be hand-
drawn or computer created.
Include an electronic version or
a photo of your floor plan in
your submission.)

3. Letter.

Write a one-page letter to the store
manager supporting your floor
plan layout and discussing any
additional strategies for a success-
ful flash sale.

The 2020 International Judge’s
Commentary
By Frank Giordano

The IM2C judges wish to congratulate
all students who took part in IM2C
2020. The judges were impressed by
the efforts of all participating teams,
the mathematics shown in the solu-
tions, and the high quality of the final
submissions. All of the 53 papers sub-
mitted (from 30 different countries/
regions) showed great creativity in

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
2020, visit www.comap.com.

International Mathematical Modeling Challenge  

working on the Challenge. While the
Expert Panel judges see only two
papers from each participating coun-
try or region, we recognize that many
more students participate in the
Challenge. It is exciting to know that
so many students are engaging in, and
successfully completing, this mathe-
matical modeling opportunity. We
encourage students to continue to
form teams, compete to represent their
country, and aspire to be named
among the top teams at the interna-
tional level Expert Panel judging.  

This year’s challenge was to develop a
mathematical model to minimize the
damage to personnel and goods dur-
ing a “flash sale” as described in the
presentation of the challenge problem
above. The “flash sale” scenario was
especially challenging as several major
issues needed to be resolved before an
optimal layout could be constructed
and defended. These issues could be
resolved either by making assumptions
and, if necessary, building submodels
based upon the assumptions made.

Figure 1. Store Floor Plan
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Among the issues to be resolved are
the following:

1. How does damage occur?
2. How do people behave?
3. What are the “popular sale items” to

which customers would be attracted?
4. What store layout is optimal for the

objective criteria you have identified?
We will describe how some of the
teams answered the questions listed
above as we address the requirements
of the challenge.
Summary Sheet: This should be an
overview of the problem and your
solution techniques. It should excite
the reader sufficiently to want to read
your paper in detail. Yes, it is a snap-
shot of your work but also an invita-
tion to read the paper carefully.
Starting the Modeling Process
Introduce the problem to your audi-
ence. From the scenario given, careful-
ly identify the problem you will solve
in this paper. Restate the problem
identifying all important assumptions
that you use to solve the problem you
identified. Help the reader understand
the tasks and justify (or document) the
assumptions you have made.
Restatement of the Problem
Most teams identified a problem simi-
lar to “minimize total damage” (per-
sonnel and goods) by designing an
optimal floor layout that provides
optimal pathways based upon prod-
uct locations which consider:
• The popularity of the goods,
• The crowd behavior based upon

the popularity of the goods, and
their location, 

• The damage to the goods based
upon their fragility, location, size,
weight, crowd behavior, and other
factors,

• An “optimal floor plan” based upon
the above considerations.

Thus, the floor layout ultimately rec-
ommended requires the consideration
of several major issues before deriving
a layout that minimizes damage. Let’s
now consider how teams answered
the above issues.

Popularity of the Sale Items
What affects the popularity of the var-
ious products listed? Does the popu-
larity increase or decrease as the quan-
tity on hand decreases? Do customers
pay more attention to the amount of
the discount (money saved) or the per-
centage of the discount (good deals)?
Are they more interested in the
amount saved or getting the “best
deal” as measured by the percentage
of the discount?

Most teams considered the following
ideas or a subset of these ideas:

• The customer rating of each sale
item as stated in the problem data.
While teams recognized that brand
names would make a difference in
popularity, they assumed the
brands were constant due to lack
of data.

• The total amount of the discount in
dollars: the regular price minus the
sale price.

• The percentage of the discount: the
amount saved divided by the reg-
ular price.

• The quantity of that particular sale
item available: Does the popularity
of the item increase or decrease as
the amount of the item available
changes?

Damage Submodel
Among other possibilities, damage to
the sale item may have occurred at the
production site, in transit from the
production site to the store, stocking
the item on shelves, during arguments
between customers fighting over pos-
session of the sale item, and/or by one
or more customers in route to the sales
counter. Another important consider-
ation is the fragility of the item. For
example, an electric dryer versus a
laptop computer. 

Most students made assumptions on
the above factors. Several teams
researched data sites to find indexes of
fragility.

Since damage often occurs while the
customer transports the chosen sale
item from the display area to the check
out area, most teams assumed that the

probability of damage increases in
proportion to the distance between the
display area of the item and the check-
out area. Most teams used the
Euclidean distance to measure the dis-
tance travelled. Other teams used the
more appropriate “Manhattan dis-
tance”: the sum of the vertical and
horizontal distances between the dis-
play area and the checkout area.

Crowd Behavior
Teams used a variety of methods to
model crowd behavior.  Some teams
built on the idea of the sale items cre-
ating a “gravitational pull” that would
attract customers. Some then identi-
fied “heat maps” and “hot spots”
based upon the items’ popularity and
resultant crowd behavior. To measure
the effect of various pathways, some
teams treated the customers as a fluid
to measure the effect of turning cor-
ners and merging with other lanes. 

Store Layouts
When the teams had built models to
measure the popularity of the items
and models to measure the crowd
behavior as a function of the popular-
ity of the items, they were then pre-
pared to predict the probability of
damage of the various sale items for
different layouts. Since the models of
damage were probabilistic, most
teams built simulations to statistically
predict the amount of damage for the
current layout and compare that with
the predicted damage for several lay-
outs. A few teams built “genetic algo-
rithms” that would reduce the damage
estimate in an iterative process.
Among the key decisions to be made
and tested in their layouts were:

• Where to place the most popular
items: near the entrance and check
out or as distant as possible?

• Where to place the fragile items
versus the much more stable items?

• How to accommodate the size and
weight of the sale items?

Most teams then built layouts and
considered various locations of both
the entrance and the checkout areas
and tested various sale item layouts
with their damage model.

International Mathematical Modeling Challenge  
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Sensitivity
Many assumptions have been made to
reach the layout that you recommend
to the store manager. Suppose he can’t
meet all your recommendations in the
time and budget available. How sensi-
tive are the conclusions of your model,
total damage, to the controllable fac-
tors?  If there are budgetary problems,
which expenditures provide the great-
est return for the next dollar spent?

Letter to the Store Manager
At this point teams have used a lot of
powerful mathematics to justify their
layout which minimizes damage to
goods and personnel. The letter
should be convincing yet easily under-
stood by the typical store manager.

Results and Recommendations
From the 53 papers judged, two were
judged to be Outstanding and two
were designated Meritorious. We con-
gratulate these top teams and encour-
age you to read those 4 papers as they
have very different effective ways of
modeling the various aspects of this
challenging scenario.

In these papers, teams made good
choices for the factors considered cru-
cial. The explanation of the factors,
and their interdependence, was quite
crucial with all four teams doing a
good job addressing this aspect of the
problem. Also, these teams appropri-
ately justified their choices and uses of
particular information, facts, figures,
and graphs found on the Internet. This
is quite an important issue for the
IM2C judging: always justify the infor-
mation you choose to use and what
you do with it! Additionally, teams
must document where they found
their information by providing a refer-
ence to the source. 

Finally, the use of appendices is very
suitable for both computer code and
(big) data sets, since putting these
items in appendices helps to increase
the readability of the paper itself.
Please realize it is hardly likely the
Judges will read all computer code in
the appendices, so the working of any
computer program used must be suc-

cinctly, but fully, explained in the paper
itself. Of course, a very important aspect
in IM2C is lucid and coherent explana-
tion of the mathematical model that
includes the presentation of underlying
concepts and assumptions. Teams must
make decisions about what to include in
the main body of the paper and what to
include as supporting material in the
appendices.

High-level sophisticated mathematics
is not required to make a good model.
Teams should make sure they use
appropriate mathematics and that
they explain their modeling processes
and procedures. 

Suggestions and Advice for Future
Participants

• As stated above, the summary is
the reader’s introduction to the
paper. The summary must not
only describe the way the problem
is solved, it must also invite the
reader to continue to read the full
paper. The summary is not the place
for complex mathematical descrip-
tions, but instead a general intro-
duction to the problem, your solu-
tion process, and your final conclusion.

• As teams have only a short time to
do the Challenge they must make
assumptions to focus and simplify
their work. Teams should make
only assumptions that actually
impact their model and they
should justify their assumptions.

• The most important part of a
team’s submission is their model.
All other parts of their paper sup-
port the development, use, and
analysis of the model. The mathe-
matics used must always be
explained in a logical manner,
since this is the heart of modeling! 

• Make sure as you model you
always stay in touch with reality.
Since the problem is a real-life-prob-
lem, it is quite essential that teams
reflect and critically judge their
mathematical solution as calculated. 

• Since even a good model cannot be
perfect, especially when developed

in only five days of work, an analysis
of the strengths and weaknesses
is required.

• Ensure that your paper concludes
with a short summary of the actual
solution or findings to the require-
ments of the problem.

• With only 20 pages to introduce
the problem, state assumptions
and justifications, develop, solve,
and apply the model, and do some
analysis to include identifying
strengths and weaknesses, there is
not much room for tables of data
or code. While you might include a
short section of code or a small
subsection of a data spreadsheet,
computer code and (big) data sets
should not be in the paper itself
but in an appendix. 

• Teams must properly document
and reference all information
taken from the Internet or other
sources, including graphs, illustra-
tions and pictures. Teams can use
in-line documentation, footnotes,
or endnotes and also include a
Reference List.

• Teams should also take notice of
the page limitation of 20 pages, and
the rules for font size and margins.

Finally, the IM2C judges would like to
compliment all teams on their effort,
and thank them and their teachers/
advisors for joining IM2C 2020. All
teams did a great job in diving into a
very complex problem for five days.
The result was quite a number of very
creative papers. The judges (all mathe-
maticians and teachers) had some
stimulating discussions about the
papers, as it was clear that the students
gave some very thought provoking
analyses. This shows that in many
countries and schools, mathematical
modeling is a growing field of interest
that students enjoy and are very capable
of doing. Well Done!
General Advice to Teams
Participating in Future IM2C

The IM2C is definitely a challenge.
Teams have to organize themselves,

Page 30
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address all requirements of the prob-
lem, and write a report all in a short
period of time. Budgeting time
becomes critical so that you leave
enough time to effectively communi-
cate your work and results to the chal-
lenge judges.

Our advice is to allow plenty of time to
construct your report. In fact, consider
outlining the report as soon as you
begin working on the problem. This
outline will guide your team in its
work and provide a logical path to
your solution for readers of your
report. Remember, you are communi-
cating with judges from many coun-
tries of the world. The judges are not
necessarily familiar with the curricula
of your school, so present the develop-
ment of your model in a logical and
easily understood fashion. Judges are
not looking for the papers that use the
most sophisticated mathematics. Do
not force the mathematics upon a
given scenario. Rather, begin with the
simplest mathematics that solves the
problem you have identified. Later, as
appropriate, refine and enhance your
model to increase its precision, or
adjust your assumptions to find a
more broadly appropriate solution.

Pictures, graphs, tables, and schedules
can be quite effective and efficient in
communicating your ideas. The use of
relevant pictures and graphs can make
a report clearer and more pleasant to
read. Your report should include a
combination of various representa-
tions: symbolic, graphical, and text
that best present your model and solu-
tion. Realize, however, that large
tables and extensive code or data
might be better as supporting material
located in an appendix. 

The use of symbolic formulae and
algorithms are quite essential in a
mathematical modeling assignment.
The use of unexplained formulae,
however, will not make the report
more convincing. The reader needs to
believe that the writers themselves
understand the formulae used. This is

done through explanations and analy-
ses of your modeling processes. The
readers of your report, while experi-
enced mathematicians, are not experts
in all parts of the great world of math!

Appendices are very useful, but do
not expect the judges to read them.
While judges may refer to an appendix
to check a reference or to get a general
idea of your computer code, they will
not fully read the appendices.
Therefore, do not place anything criti-
cally important to the development of
your model in an appendix.

Remember to list any sources you
used during your work on the Chal-
lenge and to document in your paper
where you used these sources (e.g. a
graph or picture from a particular web
site). Follow the rules of completing
your solution report within the speci-
fied number of pages and in a font size
of no smaller than 12-point type.

Overall, present the development and
analysis of your model in a manner
that a wide audience could under-
stand. Consider who might be using
your model and explain your model to
that audience, as well as the judges.
Ensure you close your report with a
conclusion and a summary of your
results. 

International Mathematical Modeling Challenge  

For more information about the
IM2C, including the complete

2015–2020 results and 
sample papers, visit 

www.immchallenge.org
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Summary 

Flash sales are increasingly becoming the norm for brick-and-mortar stores, mainly in an 
effort to redirect sales away from online stores. These strategies cause surges of shoppers 
during these sales, resulting in many accidents that both damage products and injure 
people as they rush to purchase their target goods. The importance of store layouts to 
minimize the degree of such damage in stores has thus emerged, like in this problem. 

For our model, we sought to minimise the financial losses to the store from these item 
damages, referred to as the total loss, the dependent variable. We first identified the 
main factors in the surge of shoppers: the positions of the most desirable goods, the 
cashiers, and the presence of bottlenecking physical elements. The desirability of the goods 
was assessed based on an index coined the Gross Happiness Index (GHI), which took 
into account discounts, consumer rating and quantity remaining of each product. This 
formed the basis of our model's functionality. 

The layouts were converted into a 48x48 matrix to simplify computations, with each tile 
representing a 1m by 1m square.  

We then explored various ways in which consumers may damage items, such as knocking 
them out of their shelves, fighting for the last remaining stocks and walking through the 
crowd with the items. We realised that these were all related to shopper density in the 
store. We thus derived a formula relating shopper density, item fragility, number 
of unsold goods and the discounted price of the item to obtain the monetary loss 
of one tile resulting from the damage of items. The sum of monetary loss of all the tiles 
in the store was taken as the total loss. 

To simulate the passage of shoppers through the various layouts, we used the a* 
pathfinding algorithm to construct an agent-based model. The likelihood of a good being 
the desired good of each shopper was based on the GHI of the good. Each agent, 
representing an individual shopper, would go from the entrance to the shelf with the 
desired good, the cashiers, and finally the exit. The various paths were then merged onto 
one matrix to find the shopper density per tile and thus the total monetary loss.  

A modular function was created to test large numbers of different item arrangements to 
arrive at the optimum item arrangement based on GHI, which was determined to be one 
with decreasing GHI from the cashier. The optimum “prominence” threshold (0.9), 
which indicated the range of popular goods which should be displayed separately from 
their department to minimise total loss, was also obtained.  

Different floor plans were tested using these metrics. The optimal item arrangement 
from above was used in different layouts hand-created by the team. Without changing 
the size and shapes of shelves given, an optimal layout was found. However, given liberty 
to modify shelves completely, the grid layout format was then determined as the most 
optimal layout type and variants of it were tested to select the optimum layout which 
minimised total loss. 

Summary

sales Flash 
redirect to effort 

these during 
people as 
minimize the degree of 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

ummary

becoming increasingly are sales 
from away sales redirect 

sales, these many in resulting 
purchase to rush they 

minimize the degree of such damage 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

brickfor norm the becoming 
stores. online from strategies These 

accidents many that both 
goods. target their The 

such damage in stores has thus emerged, like in this problem.

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

brick-and- mainly stores, mortar 
of surges cause strategies 

damageboth products and
of importance The store layouts 

has thus emerged, like in this problem.

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

mainly an in 
shoppers 

and injure
layouts to 

has thus emerged, like in this problem.

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

ourFor model
damages,
main factors 
cashiers, and 
was assessed 

account into 
formed the bas

T layoutshe 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

model, swe ought minimise to 
the as to referred total 

factors shoppersof surge the in 
the and bottlenecking of presence 

coined index an on based assessed 
discountaccount s consumer , 

formed the basis of our model's functionality.

layouts into converted were 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

minimise losses financial the 
loss dependent the , 

shoppers of positions the : 
elements. physical bottlenecking 

the coined Happiness Gross 
remainingquantity and rating consumer 

is of our model's functionality.

simplify to matrix 48x48 a 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

from store the to losses these
variable. We identified first 

goodsdesirable most the of 
of desirability The elements. 

IndexHappiness (GHI) which , 
remaining product. each of 

with computations, simplify 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

these item 
the identified 

goods the , 
goods the 
took which 

product. This 

tile each with 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

T layoutshe 
representing a 1m by 1m 

W explored then e 
out them 
with crowd 

store. We 
unsold of 

tile one of 
in the store was taken as the 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

layouts into converted were 
representing a 1m by 1m square.

in ways various explored 
fighting shelves, their of 
realised We items. the with 
formula a derived thus We 

goods unsold discounted the and 
tile damage the from resulting 

n the store was taken as the total loss.

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

simplify to matrix 48x48 a 

may consumers which in 
remaining last the for fighting 

thesethat realised were related all 
relating formula density, shopper 

itemthe of price discounted 
items. of damage sum The 

total loss.

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

with computations, simplify 

as such items, damage may 
and stocks remaining through walking 

to related densityshopper 
density, fragilityitem ,

item the obtain to monetary 
of sum monetary all of loss 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

tile each with 

knocking 
the through 

density in the 
number 

lossmonetary 
tiles the all 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

in the store was taken as the 

T simulate o 
pathfinding 

desired the 
representi

good, desired 
one matrix to find the shopper density per tile

A modular 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

n the store was taken as the total loss.

shoppers of passage the simulate 
algorithm pathfinding to construct 

shopper each of good desired 
representi shopper, individual an ng 

finally and cashiers, the good, 
one matrix to find the shopper density per tile

functionmodular was created 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

total loss.

various the through shoppers 
agentan construct - modelbased 

the on based was shopper 
the from go would shopper, 

exit. the finally various The 
one matrix to find the shopper density per tile and thus the total monetary loss. 

ofnumbers large test to 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

used we layouts, various 
model. good a of likelihood The 

goodthe of GHI . Each 
shelf the to entrance the 

paths various were merged then 
and thus the total monetary loss. 

of arrangements item different 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

a* the used 
being good 

agent, Each 
the with 

onto merged 
and thus the total monetary loss. 

arrangements to 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

A modular 
arrive at the optimum 
with decreasing 

iwhich ndicated 
their department 

Different 
above from 

and size the 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

functionmodular was created 
at the optimum item arrangement based on GHI, which was determined to be one 

the from GHI decreasing 
popular of range the ndicated 

their department to minimise total loss

tested were plans floor 
in used was above different 

given, shelves of shapes and 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

ofnumbers large test to 
item arrangement based on GHI, which was determined to be one 

cashierthe The . optimum 
should which goods popular 

to minimise total loss, was also obtained

metrics. these using The 
layoutsdifferent hand-created 

was layout optimal an given, 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

of arrangements item different 
item arrangement based on GHI, which was determined to be one 

optimum “prominence” threshold
displayed be should separately

, was also obtained. 

The arrangementitem optimal 
bycreated the team. Without 

given However, found. was 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

arrangements to 
item arrangement based on GHI, which was determined to be one 

threshold (0.9),
separately from 

arrangement
changing 

liberty given 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

modify to 
optimal layout 
minimised total loss

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

tcompletely, shelves modify he
type layout variants and 

minimised total loss.

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

he formatlayout grid was 
to tested were it of variants select 

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

was then determined as 
the select optimum layout

 

! !

 

   
 

  

    
   

 
  

 
 

 
  

    
 

  
 

 

 

 
  

  

   
 

 

 
   

    
  

 

most the 
layout which 

C119 IMMC 32-64 _Layout 1  10/18/20  11:31 AM  Page 39



International Mathematical Modeling Challenge  40

 

! !

TTaabbllee ooff CCoonntteennttss 

Summary!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#!

Table of Contents!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!$!

Introduction!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!%!

Model!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!%!

4.1! Operationalization of Consumer Preferences!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!%!

4.1.1! Discount offered .......................................................................................... 4!

4.1.2! Consumer rating ......................................................................................... 5!

4.1.3! Quantity available ...................................................................................... 5!

4.1.4! Gross Happiness Index (GHI) ..................................................................... 5!

4.2! Encoding Schema for Store Layout!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!&!

4.2.1! Fundamentals ............................................................................................. 5!

4.2.2! Layout components ..................................................................................... 6!

4.2.3! Data representation .................................................................................... 7!

4.3! Simulating Consumer Behaviour!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!'!

4.3.1! Behavioural Assumptions ............................................................................ 7!

4.3.1.1! Assumptions with regard to desired items .................................................. 7!

4.3.1.2! Assumptions with regard to other shoppers ................................................ 8!

4.3.1.3! Assumptions with regard to item damage .................................................. 8!

4.3.2! Simulation Principles .................................................................................. 8!

4.3.2.1! Fundamentals ............................................................................................. 8!

4.3.2.2! In-store Pathfinding .................................................................................... 8!

4.3.3! Crowd Avoidance ........................................................................................ 9!

4.4! Estimating Monetary Loss!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!(!

4.4.1! Causes ......................................................................................................... 9!

4.4.2! Factors Affecting Loss .............................................................................. 10!

4.4.3! Item Fragility ............................................................................................ 10!

4.4.4! Total Expected Loss ................................................................................. 11!

4.5! Model Evaluation!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#$!

elbaT

Summary

Table of Contents

Intro

Model

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

stnetnoCfoe

Summary """"""""""""""""""""""""""""""""

Table of Contents """"""""""""""""""""""""""""""""

duction """"""""""""""""""""""""""""""""

Model """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

""""""""""""""""""""""""""""""""#

"""""""""""""""""$

"""""""""""""""""""""""""""%

""""""""""""""""""""""""""""""""""""""%

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

4.1 Operationalization of Consumer Preferences

4.1.1

4.1.2

4.1.3

4.1.4

4.2 Encoding Schema for Store Layout

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

Operationalization of Consumer Preferences

Discount offered ................................

Consumer rating ................................

Quantity available

Gross Happiness Index (GHI)

Encoding Schema for Store Layout

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

Operationalization of Consumer Preferences """"""""""""""""""""""""""""""""

................................................................

................................................................

................................................................

Gross Happiness Index (GHI) ................................

Encoding Schema for Store Layout """"""""""""""""""""""""""""""""

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

..........................................................

.........................................................

......................................................

................................................................

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

""""""""""""""""""""""""""""%

.......................... 4

......................... 5

...................... 5

..................................... 5

""""""""""""""""""""""""""""""""""""""""""""&

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

4.2 Encoding Schema for Store Layout

4.2.1

4.2.2

4.2.3

4.3 Simulating Consumer Behaviour

4.3.1

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

Encoding Schema for Store Layout

Fundamentals ................................

Layout components

Data representation

Simulating Consumer Behaviour

Behavioural Assumptions

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

Encoding Schema for Store Layout """"""""""""""""""""""""""""""""

................................................................

Layout components................................................................

Data representation ................................................................

Simulating Consumer Behaviour """"""""""""""""""""""""""""""""

umptions................................

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

.............................................................

.....................................................

....................................................

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

................................................................

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

""""""""""""""""""""""""""""""""""""""""""""&

............................. 5

..................... 6

.................... 7

""""""""""""""""'

............ 7

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

4.3.1.1

4.3.1.2

4.3.1.3

4.3.2

4.3.2.1

4.3.2.

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

4.3.1.1 Assumptions with regard to desired items

4.3.1.2 Assumptions with regard to other shoppers

4.3.1.3 Assumptions with regard to item damage

Simulation Principles

4.3.2.1 Fundamentals ................................

4.3.2.2 In-store Pathfinding

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

Assumptions with regard to desired items ................................

Assumptions with regard to other shoppers

Assumptions with regard to item damage ................................

Simulation Principles ................................................................

................................................................

store Pathfinding................................................................

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

..................................................

Assumptions with regard to other shoppers................................................

..................................................

..................................................

.............................................................

....................................................

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

.................. 7

................ 8

.................. 8

.................. 8

............................. 8

.................... 8

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

4.3.3

4.4 Estimating Monetary Loss

4.4.1

4.4.2

4.4.3

4.4.4

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

Crowd Avoidance................................

Estimating Monetary Loss

Causes ................................

Factors Affecting Loss

Item Fragility................................

Total Expected Loss

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

................................................................

Estimating Monetary Loss""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

................................................................

Factors Affecting Loss ................................

................................................................

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

........................................................

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

................................................................

..............................................................................

............................................................

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

........................ 9

"""""""""""""""""""""""""""(

......................................... 9

.............. 10

............................ 10

11

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

4.4.4

4.5 Model Evaluation

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

Total Expected Loss

Model Evaluation """"""""""""""""""""""""""""""""

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

Total Expected Loss ................................................................

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

.................................................

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

   

! ! !

! ! !

! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

!   !

! ! ! !

!   !

!   !

!   !

!   !

! ! ! !

................. 11

""""""""""""""""""""""""""""""""""""""""#$

C119 IMMC 32-64 _Layout 1  10/18/20  11:31 AM  Page 40



41International Mathematical Modeling Challenge

 

! !

4.5.1! Validation Against Real-world Behaviour ................................................ 12!

4.5.2! Robustness ................................................................................................ 13!

4.5.3! Limitations ................................................................................................ 14!

Model-guided Design!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#&!

5.1! Approaches!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#&!

5.1.1! Computational .......................................................................................... 15!

5.1.2! Human-guided ........................................................................................... 15!

5.2! Experiments (Note: in each experiment, the dependent variable was the 
monetary loss)!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!#'!

5.2.1! Independent Variable: Item Placement in Original Layout ...................... 17!

5.2.2! New possible layouts ................................................................................. 19!

5.2.2.1! Independent Variable: arrangement of shelves ......................................... 19!

5.2.2.2! Independent variable: Modifying the shelves (changing their dimensions) 20!

Conclusions!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!$$!

6.1! Recommendations!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!$$!

References!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!$%!
)*++*,!+-!.+-,*!/0102*,!"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!$&!

Appendix!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!$3!

9.1! Code!""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!$3!

9.1.1! Release of Code & Data ............................................................................ 26!

9.1.2! Image Processing ....................................................................................... 26!

9.1.3! Core Simulation Routine .......................................................................... 27!

9.1.4! Item Placement ......................................................................................... 32!

4.5.1

4.5.2

4.5.3

Model

5.1 Approaches

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

Validation Against Real

Robustness ................................

Limitations................................

Model-guided Design """"""""""""""""""""""""""""""""

Approaches""""""""""""""""""""""""""""""""

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

alidation Against Real-world Behaviour ................................

................................................................

................................................................

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

................................................

................................................................

................................................................

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

................ 12

................................ 13

................................ 14

""""""""""""""""""""""""""""""""""""""""""#&

"""""""""""""""""""#&

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

5.1.1

5.1.2

5.2 Experiments 
monetary loss)

5.2.1

5.2.2

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

Computational ................................

Human-guided................................

in (Note: Experiments 
monetary loss) """"""""""""""""""""""""""""""""

Independent Variable: Item Placement in Original Layout

New possible layouts

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

................................................................

................................................................

experiment, each in the 
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

Independent Variable: Item Placement in Original Layout

New possible layouts................................................................

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

..........................................................

...........................................................

variable dependent the 
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""

Independent Variable: Item Placement in Original Layout ......................

.................................................

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

.......................... 15

........................... 15

the was 
"""""""""""""""""""""""""#'

...................... 17

................. 19

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

5.2.2

5.2.2.1

5.2.2.2

Conclusions

6.1 Recommendations

References
)*++*,!+-!.+-,*!/0102*,

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

New possible layouts

5.2.2.1 Independent Variable: arrangement of shelves

5.2.2.2 Independent variable: 

Conclusions """"""""""""""""""""""""""""""""

Recommendations """"""""""""""""""""""""""""""""

References""""""""""""""""""""""""""""""""
)*++*,!+-!.+-,*!/0102*,

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

New possible layouts................................................................

Independent Variable: arrangement of shelves

Independent variable: Modifying the shelves (changing their dimensions)

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

.................................................

Independent Variable: arrangement of shelves ................................

Modifying the shelves (changing their dimensions)

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

................. 19

......................................... 19

Modifying the shelves (changing their dimensions)20

""""""""""""""""""""""""""$$

"""""""""""""""""""""""""""""""""""""""$$

"""""""""""""""""""""""""""""$%
$&

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

)*++*,!+-!.+-,*!/0102*,

Appendix

9.1 Code

9.1.1

9.1.2

9.1.3

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

)*++*,!+-!.+-,*!/0102*,""""""""""""""""""""""""""""""""

Appendix """"""""""""""""""""""""""""""""

Code """"""""""""""""""""""""""""""""

Release of Code & Data

Image Processing................................

Core Simulation Routine

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

Release of Code & Data................................

................................................................

Core Simulation Routine ................................

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

............................................................................

.......................................................

................................................................

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !

"""""""""""""""""""""""""""""""""""""""""$&

""""""""""""""""""""""""""""""$3

""""""""""""""""""""""""""""""$3

............ 26

....................... 26

.......... 27

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !9.1.4

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !Item Placement................................

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !................................................................

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !.........................................................

 

! !

!   !

!   !

!   !

! ! !

! ! ! !

!   !

!   !

!
! ! !

!   !

!   !

!   !

!  !

! ! !

! ! ! !

! ! !
! ! !

! ! !

! ! ! !

!   !

!   !

!   !

!   !......................... 32

Page 35

C119 IMMC 32-64 _Layout 1  10/18/20  11:31 AM  Page 41



International Mathematical Modeling Challenge  42

 

! ! !
!

! Introduction 

Black Friday is an annual tradition that has been held in the US for decades (Pruitt, 
2015). Held the day after Thanksgiving, the holiday sees retailers slashing prices on many 
products in a bid to turn a profit. Consequently, many Americans hit the shops on Black 
Friday every year, with 135.8 million Americans indicating that they would spend the 
day shopping in 2015 (Pruitt, 2015). However, this rush for goods has resulted in many 
accidents, injuring over 100 people from 2006 to 2018 (Crockett, 2019). Not only has this 
resulted in injuries, but it has also resulted in the damage of many consumer goods, either 
due to shoppers knocking over goods through carelessness or through consumers fighting 
over them (Katz, 2019). Due to shoppers rushing to obtain a particular good and 
scrambling to pay for it so as to save time to buy more goods from other retailers, 
stampedes may even occur, causing injuries and damage to goods. Thus, Black Friday has 
caused many producers to suffer losses instead of turning over profits. 

Furthermore, in this digital age, more and more consumers are turning to online shops 
like Amazon instead due to reasons such as convenience. As a result, more brick-and-
mortar shops are implementing flash sales in a bid to attract customers to purchase from 
them instead of from online department stores, increasing the risk of suffering losses due 
to damaged goods as a result of an uncontrollable influx of consumers. 

Therefore, it has become increasingly essential to manage such instances of ‘human traffic’ 
so as to ensure that the endangered brick-and-mortar shops can achieve the intended 
effect of turning a profit rather than suffering losses. The model developed by our team 
aids this by manipulating store layout and product distribution to redirect shoppers in a 
manner as to reduce the number of accidents. 

Although similar studies have been done in the past where methods like Dijkstra’s 
algorithm and Bellman-Ford’s algorithm were used to find the shortest path to obtain 
goods in a store (Dela Cruz et al., 2016), the model developed by our team uses a novel 
method as it involves manipulating both the store layout and the customer path, which 
enhances its effectiveness. 

! Model 

4.1! Operationalization of Consumer Preferences 
Examining the store data provided, we identified the discount offered, consumer rating, 
and quantity available as factors likely to affect consumer preferences toward an item. 

4.1.1! Discount offered 
A consumer’s perception of the “value” of a discount is based on two factors: the absolute 
monetary value of the discount (i.e. price −  discounted price ) and the percentage 
discount (i.e. price–discounted price

price × 100% ). Intuitively, as the discount amount and 
percentage discount increases, the consumers' perceived gain from purchasing that good 
would increase as they save more money from the original price. We hence “double-count” 
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the discount in our modelling of consumer preferences by taking into account both 
discount amount and percentage—this is necessary to reflect consumers’ tendency to place 
more significant weightage on the extent of the discount offered than other factors in the 
context of a flash sale situation. This is corroborated by Fam et al. (2019) who found that 
'discounts and coupons are the two most highly ranked SP (sales promotion methods) 
across the sampled countries' in their study. 

4.1.2! Consumer rating 
Consumer rating is taken as a baseline measure of product attractiveness, which represents 
how consumers see an item regardless of whether it is on sale. Accordingly, consumers are 
more likely to buy a more highly rated item. 

4.1.3! Quantity available 
Conversely, the lower the quantity of an item offered, the higher its perceived rarity. As 
consumers are more likely to perceive their purchase as a better deal if they are among 
the few able to get the item, goods with a lower stock will be more attractive to consumers. 
This is a valid relationship. In fact, this is why many consumers are willing to queue up 
for hours in harsh conditions just to purchase limited edition products from US brand 
Supreme (Clifton, 2016). 

4.1.4! Gross Happiness Index (GHI) 
Taking into account all three factors above, we defined a Gross Happiness Index (GHI), 
a measure of the total pleasure or utility derived by consumers from successfully 
purchasing one unit of a given product. GHI was calculated with the following formula: 

GHI(item) =
amount discounted × percentage discount × consumer rating

quantity available

To verify that our operationalization is reasonable, we examined the GHI of a number of 
items in the provided dataset. The most popular goods were the 5.3cu ft Slide-In Electric 
Range, Stainless Steel (GHI = 212), the 30” Combination Double Electric Convection 
Wall Oven with Built-In Microwave (GHI = 330), and the 24.7cu ft French Door 
Refrigerator, Black Stainless Steel (GHI = 398). 

This index could alternatively be interpreted as the relative desirability of an item—as 
such, we calculated the probability that someone will aim to buy a specific item as: 

P(!"#$%&'(')(*+$,"-(*'item) =
GHI(./'+0(+'item)

∑ GHI

4.2! Encoding Schema for Store Layout 
4.2.1! Fundamentals 

In order to run a simulation of customer behaviour in a store, we had to encode its layout 
and item positions in a format which can be interacted with programmatically. As the 
problem statement provides us with a 123 4 123 floor plan, we chose to use a 48x48 grid 
as the environment for our simulation, where each grid unit had dimensions of 1m by 1m. 
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! !

In order to faithfully recreate the given store layout, we extracted the original image and 
converted the picture to black and white, removing all annotations and arrows. We then 
downscaled the image to a 48x48 pixel bitmap (.pbm) and inverted the colours. This 
process is shown in Figure 1. 

With reference to Figure 1, the leftmost image is the original given image of the layout, 
the centre image is the image in black and white, and the rightmost image is the image 
converted to a bitmap. 

4.2.2! Layout components 
Hereafter, we refer to each pixel in the bitmap as a tile, representing a 1x1m area of the 
store. 8 different tile types were identified, and each assigned a unique colour. Our final 
encoding scheme for a store’s layout is displayed below: 

With reference to Figure 2, traversable spaces refer to the black tiles. These are the areas 
where shoppers can move. They include empty spaces and corridors between shelves. The 
shelves are illustrated as the white tiles where items are placed, and the walls are the 
purple tiles. They are just walls to divide/block shoppers from passing through, and no 
items will be placed on them. We made this distinction as large items like those listed in 
the provided spreadsheet (e.g. 85” TVs) are rarely placed along cashier queues or other 

!"#$%&'()'!"#$%%&'()*($+"#+,#(-.#/)+0.''#1.'0)$2.1#*2+3.4!
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! !

inconvenient locations. This also provides us with a utility to manually influence the 
placement of items—though this was generally performed programmatically, as will be 
elaborated upon later. Cashiers are illustrated as blue tiles, where people make their 
payments. The cashier entrance is illustrated by the maroon tiles, and the cashier exit is 
illustrated by the dark blue tiles. This allows us to optionally indicate where a queue for 
a cashier will start and end. The rationale for needing to define queues in this manner 
explicitly will also be elaborated upon further in later parts of the report. Finally, the 
entrance and exit to the store are the bright red and bright blue tiles respectively. 

4.2.3! Data representation 
Our custom simulation software imports a bitmap of a store layout via the function 
read_img_map(), separating each set of tiles of a given colour into its own 48x48 matrix, 
as shown in Figure 3. By primarily dealing with the store’s layout as a set of matrices, 
most computations in our simulation are reduced to matrix operations, maximizing 
efficiency and minimizing simulation runtime. This is especially important due to the 
large number of layouts which need to be tested. 

4.3! Simulating Consumer Behaviour 
4.3.1! Behavioural Assumptions 

A number of assumptions about shopper behaviour were made, which informed the design 
of our models and simulation. 

4.3.1.1!Assumptions with regard to desired items 
Firstly, we assumed that consumers desired only one good and knew what the desired 
good was before entering the store. This also meant that the consumers did not impulse 
buy goods other than the originally desired good. This is not an unreasonable assumption, 
given that considering how crowded retail stores can be during retail sales, consumers will 
often strategise to target a specific item of interest, and rarely stick around after 
purchasing their desired good. This was a necessary assumption in simplifying the 
movement of the agents towards the desired shelf. 

Secondly, it was assumed that the shoppers have no prior knowledge of the item positions 
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in the store. This is a valid assumption, considering that the store’s layout is changed just 
before the flash sale begins. Hence, this meant that the shoppers needed to perform a 
search through the store to find their desired item. We used a*star search as an 
approximation of human pathfinding. 

Thirdly, we assumed that consumers do not know if the good that they 401+*5!406 already 
out of stock before they *1+*,*5 the store. Even if a particular good is already out of stock, 
consumers would still make their way towards the particular aisle. This is also a valid 
assumption—this is the underlying reason why fights occur in the first place, as shoppers 
try to snatch goods from other people. This was a necessary assumption because it allowed 
us to simplify the code involved in modelling the behaviour of the agents. 

4.3.1.2!Assumptions with regard to other shoppers 
As shoppers have physical volume, they are unlikely to fit into the same region of space. 
This phenomenon is responsible for congestion and jam formation as shoppers try to 
squeeze past each other while moving through corridors, entrances and exits, drastically 
slowing movement in those areas. Hence, shoppers would, as far as possible, avoid these 
regions of congestion so as to get to their desired items quickly. This was a necessary 
assumption because it improves the accuracy of the model by more realistically simulating 
the behaviour of shoppers in real life. 

4.3.1.3!Assumptions with regard to item damage 
One final assumption is that the frequency of accidents and fights between consumers is 
assumed to follow a power law with respect to the density of people. This is because the 
more packed a particular walkway is, the more likely that shoppers would accidentally 
knock over a particular good due to carelessness. Moreover, the more crowded a particular 
aisle is, the more people there would be fighting over a particular good, hence the higher 
the frequency of fights occurring. These probabilities would only start increasing in 
extremely packed situations, because in moderately packed situations the likelihood of 
these accidents is still reasonably low—for example, if only 10 people walked past an item 
a day, the probability of an accident is negligible. Without a doubt, the frequency of fights 
is also dependent on factors like the temperament and personalities of the shoppers. 
However, it was not possible to take into consideration these subjective factors when 
designing the model; besides, as the model intends to estimate the average loss, these 
variables are unlikely to affect the final estimated loss in any case drastically. 

4.3.2! Simulation Principles 
4.3.2.1!Fundamentals 
7*!05-8+*5!0n agent-based approach for behavioural simulation, with parameters chosen 
so that each agent roughly represented 10 real-world shoppers. Each agent followed a 
simple set of rules based on the aforementioned assumptions of shopper behaviour, as 
described below:!

4.3.2.2!In-store Pathfinding 

Page 9
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Each agent was initialized with a stored list of target coordinates to a specified entrance 
tile, desired item tile, cashier tile, and exit tile. The likelihood of a good being selected as 
the desired item was based on its GHI, as described above, while specific entrance, cashier, 
and exit tiles were selected from their respective matrices with equal likelihood. 

Agents travelled between these tiles in a set sequence (i.e. entrance!target 
item!cashier!exit), with routes between the tiles calculated via the a* pathfinding 
algorithm. Briefly, a* is a graph traversal algorithm which performs a heuristic search for 
the shortest path between nodes. It saves time by only checking a limited set of adjacent 
nodes (the “open set”) to the current node at each step: for each of these nodes, it 
estimates the total path cost by summing the distance travelled to that node and the 
expected remaining distance to the target, as calculated by a distance heuristic (in this 
case, the Euclidean distance between a node and the target node), then designating the 
node with the lowest total path cost as the new current node. 

We chose a* search as it is a better approximation of a human search for the shortest 
path (where we are limited by possible paths within our lines of sight) and time-optimality 
compared to other search algorithms, such as Dijkstra’s or Bellman-Ford. 

4.3.3! Crowd Avoidance 
This process also meant that individual agents did not interact in a shared world every 
simulation tick; instead, interactions were iteratively computed between agents’ complete 
paths through the shop, making the model “approximate”. 

To compute these “interactions”, a shared density matrix was instantiated, and the 
drawing of paths commenced. Every time an individual path included a tile, that tile’s 
density was incremented by 1. As previously assumed, people seek out areas of lower 
pedestrian density while searching for a path through an environment. Therefore, we 
defined an avoidance coefficient (A) based on the density in a tile. We used this coefficient 
to increase the distance to tiles with higher densities. For example, the distance to an 
adjacent tile of 0 density is simply the Euclidean distance (1), but the distance to an 
adjacent tile of density 1 would be the Euclidean distance +  density ×  A, which would 
be (1+A). Hence, this coefficient has the effect of artificially increasing the distance 
travelled in more crowded routes, so that the agents would avoid them and take less 
crowded paths instead. We used A=0.1 for all our simulations. While the avoidance 
coefficient was arbitrarily determined, it does have a physical meaning—the value chosen 
means that an agent density of 10 at a tile would make it twice as difficult to get to that 
tile. 

4.4! Estimating Monetary Loss 
4.4.1! Causes 

There are various ways consumers may damage goods during flash sales. As crowds of 
shoppers are pushed along the store in an effort to rush to their purchases, some shoppers 
may be pushed towards the shelves to knock down small products on the shelves, 
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damaging them. Larger products placed on the floor may also be knocked down or 
squashed between crowds to be damaged.  

Products may also be damaged during the shoppers’ efforts to acquire them. Removing 
goods from the shelves in the middle of such a crowd would be difficult and may result in 
the goods being dropped onto the floor. Fights may also occur between shoppers as they 
try to acquire the limited stock of goods, pulling on the goods and damaging them.  

After the shoppers acquire the good, the good may be damaged as they try to wedge out 
of the crowd, squeezing against the good. Shoppers holding large products are especially 
prone to this as they may lose balance, injuring themselves and damaging the product. 

Furthermore, in a sale situation where desirable goods are in limited quantity, fights may 
occur due to multiple consumers believing that they have the right to buy a particular 
unit. This can further cause damage to units being fought over as they may be roughly 
handled during a scuffle. In addition, if a fight were to break out amongst cramped shelves, 
the products on the shelves may be knocked off, causing damage.  

Evidently, the above cases are more likely to occur as there are more shoppers, represented 
by a higher human density. As stated above, the frequency of cases would only increase 
in extremely packed situations. Hence, the function for the amount of damage inflicted is 
nonlinear with respect to density, with the amount of damage taken to be proportional 
to the human density squared. 

Amount of damage inflicted = density2 

4.4.2! Factors Affecting Loss 
Thus, we assumed that the monetary loss for a tile was a function of the amount of 
damage inflicted in that tile and the properties of items placed nearby the tile.  

In all, the estimated loss due to the damage to an item from pedestrian density in a given 
tile was a function of the amount of damage inflicted, the item’s unit monetary value, a 
decay term taking into account the attractiveness and quantity of the item, and the item’s 
fragility.  

The unit monetary value was taken to be the discounted price, as it would be the amount 
of money received by the store if the good was undamaged. The decay term was taken 
into account because the quantity of an item remaining will decrease at a higher rate if it 
is more sought after. 

4.4.3! Item Fragility 
Fragile goods are more likely to be damaged to a more severe extent, resulting in more 
significant monetary losses. We defined a fragility index, FI, to represent the likelihood of 
an item being damaged in the store. This was calculated using real-life data of the 
percentage of the product damaged in shipping (Blumberg, 2005).  

FI(item)  =  % of items returned due to shipping damage ×  % of all items returned 
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FI can be understood as the probability that an item would be damaged as a result of 
being shipped once. Therefore, we need to relate the amount of damage inflicted due to 
pedestrian density to the “number of times shipped”. We make an educated guess that 
1000 people walking within 1 metre of an item on a busy day will cause an equivalent 
amount of damage to a product being shipped 10 times. We use this guess to define a 
constant, c, relating the arbitrarily defined amount of damage inflicted to our fragility 
index and “number of times shipped”: 

10002

$
= 10 

$ = 100000 

With this constant, we define a density index, DI, calculated: 

DI(tile) =
density2

100000
4.4.4! Total Expected Loss 

The total monetary loss due to density at a particular tile was equal to the summation of 
monetary loss to items in the adjacent tiles.  

To find this monetary loss to items, we 96*5 the following formula: 

Monetary loss to item in adjacent tile 

=  (Di ×  Fi)  ×  discounted price of item ×  ∫ qty of item 
1

0
dt 

Where t is the proportion of the day passed. 

If items are still remaining after the sale,  

∫ qty of item 
1

0
dt =  remaining qty +  5 (initial qty × (initial qty − remaining qty)) 

Where 

remaining qty =  item qty –  expected purchased qty 

And 

expected purchased qty =  P(item purchase) ×  number of agents 

If items are all bought,  

∫ qty of item 
1

0
dt =  5 (initial qty ×  time sold out) 

Where 
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time sold out =  
initial qty

expected purchased qty

With these operations, we could evaluate the total monetary loss per tile, which could be 
summed to obtain the estimated monetary loss over the entire store. Hence, we had an 
operation that maps a matrix of pedestrian density to a matrix of estimated monetary 
loss. 

4.5! Model Evaluation 
4.5.1! Validation Against Real-world Behaviour 

We found that our model could successfully simulate many observed pedestrian 
behaviours, including bottlenecking at tight corridors and jamming at intersections. An 
example with random item layout is shown below, demonstrating these characteristics. 

Figure 4 : running our simulation on the given layout with randomised item arrangement 

With reference to Figure 4, the legend indicates that dark blue areas have the lowest 
agent density, followed by green areas and yellow areas. The green colour of the walkways 
along the cashiers shows the high density of agents in the narrow corridor, especially at 
the even narrower exit. Smaller spikes in human density can also be seen in the 
intersections of the walkways between shelves, as labelled by the red arrows in Figure 4. 

The simulation also produced results that matched intuitions about item positioning. As 
stated above, if popular items are placed near the entrance, exit, and cashier, the paths 
to obtain these goods would be shorter, resulting in the decrease of total population 
density from these paths and thus decreasing total loss. This is evidenced by Figure 5. 
The simulation was run twice: once for a layout where high GHI goods are placed near 
the entrance, exit and cashiers, and another time for a layout where low GHI goods are 
placed near the entrance, exit and cashiers. The results of the simulations are shown in 
Figure 5. 
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!
Figure 5 : a comparison of simulations run for two different arrangements of goods. 

The left side of Figure 5 is the simulation run for the layout where goods with high GHI 
are placed close to the entrance, exit and cashiers, while the right side is the same results 
for the low GHI layout. The top half shows the arrangement of the goods with different 
GHIs, and the bottom half shows the monetary loss. As can be seen, the top left image 
shows that high GHI items (red) are placed close to the entrance, followed by low GHI 
items (blue) placed further away. The opposite is true for the top right figure. 
Consequently, the bottom left image shows that the average monetary loss for the layout 
where high GHI goods are placed close to the entrance is 17.99, and the average monetary 
loss for the low GHI layout is 24.6, which is considerably higher. 

Additionally, as we were trying to calculate a cumulative loss value, ultimately, the vast 
majority of time-varying behaviour did not benefit analysis and was computationally 
wasteful to simulate. For example, a simulation encompassing oscillation of passing 
direction at a bottleneck will average out to a diffuse region of high density around the 
bottleneck, producing the same result as our model. The model hence essentially simplified 
this process to save on computational power. 

4.5.2! Robustness 
However, since the simulation is iterative, results technically depend on agent order, 
though this effect likely diminishes with larger agent numbers. Furthermore, the item 
positions on each shelf were also randomized for each replicate, introducing further 
variance to the results of the model. This made the model stochastic as the results were 
heavily influences by random factors.  
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To account for this effect, we ran 10 replicates of each simulation each with randomized 
agent orders and item positions. This would have normalized the variations of the results 
stemming from the agent orders. Fortunately, this barely hindered computation, as the 
operation is fully parallelizable across multiple CPU cores. On top of this, we computed 
the standard deviation for the 10 replicates, allowing the comparison of preciseness 
between layouts and their corresponding item arrangements. The stochasticity was thus 
overcome to some degree, making the model robust.  

4.5.3! Limitations 
Despite the strengths of our model, every model has its limitations. 

Firstly, the fragility index formulated by our team may not be completely accurate. This 
is because the fragility index was calculated based on shipping data, provided by 
Blumberg (2005). The data provided statistics about the average percentage of a 
particular product type getting damaged in shipping. For instance, according to the book, 
on average, 2.36% of all desktop computers get damaged in shipping. This percentage was 
used as an indication of the fragility of the good since goods which are more likely to get 
damaged during shipping are likely more fragile. However, this data has two main 
shortcomings. Firstly, according to the book, on average, 2.232% of all televisions get 
damaged during shipping. However, this percentage does not make a distinction between 
different types and sizes of televisions, while the store inventory provided includes 
televisions with sizes ranging from 30 inches to 85 inches. Since the data provided does 
not make a distinction between them, they were all assumed to have the same fragility 
index. This is not entirely accurate, since size may play a part in affecting the fragility of 
the item.  

Another limitation of the data is that it does not include the statistics for certain goods. 
For instance, the average percentage of goods getting damaged in shipping was not 
provided for robot vacuums and gaming consoles, both of which appear in the store 
inventory. However, the data does provide such statistics for all consumer electronics and 
major appliances on average. Major appliances referred to necessities like refrigerators and 
washers, while consumer electronics generally referred to entertainment products like 
laptops and televisions. Hence, for items on the store inventory whose data was not 
provided, average data for all major appliances/consumer electronics had to be used, 
depending on the particular good. This could have resulted in inaccuracy since the actual 
average percentage of robot vacuums (for example) getting damaged in shipping may be 
different from the average percentage of all appliances getting damaged in shipping. 

These two limitations mentioned above can be mitigated by referring to a variety of 
sources in determining the fragility index. However, due to the short period available in 
coming up with the improved layout, there was insufficient time to carry out a meta-
review of real-life statistics. 
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Another limitation arises due to the inability of the layout/model in taking into account 
subjective factors. As mentioned above, the likelihood of damage also depends on the 
personalities of the customers, as short-tempered consumers are more likely to get into 
fights/arguments, which may lead to damaged goods. However, such subjective emotions 
cannot be modelled via mathematical means; thus, this is an inevitable limitation. 

One other limitation of the layout/model is that it does not take into account the different 
brands of the goods on sale. According to the store inventory provided, the items on sale 
are manufactured by different brands like Brand FF, Brand M, Brand W etc. The 
branding will likely have a significant impact on the gross happiness index (GHI) because 
consumers will likely derive more pleasure when they purchase a brand that is more 
famous and well known, which, as mentioned above, is why many consumers go after 
Supreme products (Clifton, 2016).However, the different types of branding were not taken 
into account in formulating the GHI, because of the simple reason that based on the brand 
names provided, the more popular brands could not be distinguished from the less popular 
brands, and the significance of branding could not be factored into the formula for the 
GHI. 

Model-guided Design 

5.1! Approaches 
5.1.1! Computational 

Using software to randomise the layout of the shelves was considered. However, doing so 
was determined to be extremely time-consuming. This was because the total number of 
shelves and checkout stations was 53. Even accounting for shelves with the same 
dimensions, the total number of ways to permute their physical locations in space was 
still an extremely large number (order of magnitude 640). Furthermore, other than the 
location of the different shelves, other factors also came into play like whether the shelves 
are positioned horizontally, vertically or at various angles, further increasing the total 
number of ways to arrange them. Machine learning approaches—genetic algorithms and 
simulated annealing among them—were considered, but ultimately abandoned due to 
massive size of the search space. 

In the end, a modular function was created to allow for different organisational methods 
to be used for item placement within the space and item organisation based on GHI and 
fragility. The modularity of this function allowed for the addition differ 

5.1.2! Human-guided 
Thus, our team decided to manually design layouts which we deemed suitable for a flash 
sale, iterating upon them based on simulation results. This was possible as we were able 
to edit the layouts directly with an image editor rather than editing every value of the 
matrix, allowing for rapid creations of layouts. 

We researched a list of commonly used store layouts, such as the forced-path layout, the 
grid layout, the geometric layout etc. (“Retail Store Layout Design and Planning”, n.d.). 
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Using the mathematical model, the shelves of products were rearranged to yield the lowest 
total loss. We refined this arrangement further to place the items with higher GHI closer 
to the cashier (in terms of Euclidean distance), and items with lowest GHI further away 
from the cashier. This further lowered the monetary loss to 11.69.  

Placing the high GHI goods closer to the cashier allowed the minimisation of total loss as 
the paths taken by the shoppers, which involved moving from the good to the cashiers, 
decreased in length. Thus, the total density contributed by these paths decreased, leading 
to the decrease in total density in the store and hence the decrease in total loss, which is 
visible when comparing  :;29,*!#< to :;29,*!(. 

Up to this point, item placement has not taken into consideration product category, as 
this factor is not taken into account in the agent pathfinding—that is, agents will find a 
path to an item just as easily, whether or not they are sorted into departments or not. Of 
course, actual shoppers would find it much easier to search for items according to category. 
Therefore, any practical store layout would only place a limited number of high GHI items 
in individual shelves, while all other items would be sorted by department for easier access. 

In our code, we accounted for this factor by determining a prominence threshold, P, 
representing the percentile of GHI above which we consider an item popular enough to 
be assigned its own display. First, items above that threshold were placed in positions 
closer to the cashier, in terms of decreasing GHI, regardless of category. Items were then 
assigned positions according to their category, with their distance from the cashier 
determined by the category’s average GHI. Positions of items within their own category 
area were further sorted by item GHI. An illustration of this sorting procedure is shown 
below: 

Prominence thresholds ranging from 0 to 0.9 were tested, with 0.9 being the optimal 
“prominence threshold” value, resulting in the lowest loss value of 11.2. A graph of loss 
against threshold is displayed in Figure 11.  
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Figure 11: Prominence against loss 

As seen in Figure 11, although a trend is observed, the large error bars indicate that it 
may not be significant. However, this is ideal as it indicates that sorting by department 
does not greatly affect the loss, allowing for easier identification by customers when they 
visit the store.  

5.2.2! New possible layouts 
5.2.2.1!Independent Variable: arrangement of shelves 
Many designs were made by rearranging the given shelves (without changing the 
dimensions), and testing was then done on the layouts. The algorithm for item 
arrangement followed that from section 4.2.1, with a prominence threshold value of 0.9 
and an arrangement of decreasing GHI from the cashier. 5 generated layouts and their 
associated loss values are presented below in Figure 12: 

The pedestrian heat-map of the final layout can be found in :;29,*! #$. A spike in 
pedestrian density around the corner of the walls of the walkway and funnelling through 
the walkway can be seen. 
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A mean loss of 9.71 and a standard deviation of 0.74 was recorded as seen in the last map 
of :;29,*!#=, the bottommost map, significantly lower than the mean loss of 11.69 of the 
original layout as shown in :;29,*!#<. 

With reference to :;29,*! #<, for the 
same item arrangement on the given 
layout, the monetary loss was 11.69. 
However, as can be seen in :;29,*!#$, 
the monetary loss for the chosen final 
layout was only 9.71, which is 
objectively a lot lower than that of the 
given layout. This can be explained 
with various factors. Firstly, in the 
given layout, there is very little space 
in between each shelf, with most of the 
corridor widths being as narrow as 1 
metre. In contrast, with reference to 
:;29,*!#$, there is at the very least a 2 
metre spacing between each shelf, with 
some spacings being as wide as 3 or 4 

metres. This helps to greatly reduce the human density around the items, which is 
especially important for the more fragile items. In addition, another main difference lies 
in the fact that in the original layout, there are not many paths which consumers can 
take. For instance, when consumers are trapped in between two long shelves, they only 
have two available paths, which results in a high human density. In contrast, with 
reference to :;29,*!#$, as far as possible, the long shelves were alternated and interspersed 
with shorter shelves. This is so as to provide shoppers (agents) with as many available 
routes as possible so that they can disperse themselves (according to the avoidance 
coefficient as mentioned above), allowing for minimized human density around the items. 
These are two main reasons why our final layout proves superior to the given layout.  

5.2.2.2!Independent variable: Modifying the shelves (changing their 
dimensions) 

The following experiments / tests assume that the dimensions of the shelves can be 
changed and modified accordingly. A forced-path layout was attempted, shown below in 
Figure 14. However, this led to a high loss value of 51.49 as all customers were forced 
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down the same route, increasing density. 

Figure 14 : Forced -path layout 

As such, this was improved by adding shortcuts between sections of the forced path 
without any goods, allowing customers with goods nearer the end of the forced path to 
avoid taking the main path, alleviating some of the density there. The simulation result 
is as shown in This significantly reduced the loss value from 51.49 to 29.59. However, this 
was still higher than the default. From this, it was theorised that a larger open space 
would allow for lower loss value. Hence, the forced-path layout was confirmed to be 
unsuitable and a more open concept was developed.  

:;29,*!15"!#$%&'(!)*+,!-*.$/+!01+,!2,$%+&/+!

The final experiment involved modifying the dimensions of the shelves to the point where 
each shelf only housed one item. Doing so allowed for the maximum space between shelves. 
The layout and arrangement of items on the shelves, the pedestrian density, as well as 
the loss value can be found in Figure 16 

!

"!

#!

$!

!"#$%&'

!"#"$%&'()*+")$'%,

%!!

"!!

&!!

()*

-%.&"*/(,.0%

!'!

"')

)'!

+')

+,$$

1"()*/.$$*2*<35;8*-+*2*<5::

!

"!

#!

$!

!"#$%&'

!"#"$%&'()*+")$'%,

%!!

"!!

&!!

()*

-%.&"*/(,.0%

!'!

!')

%'!

%')

"'!

+,$$

1"()*/.$$*2*985<8*-+*2*9577

down the same route, increasing density.
%0.,(/"&.-%

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

down the same route, increasing density.
"#!"

"!!

&!!

*()

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

down the same route, increasing density.

!"

,%'$)"+)('&%$

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

"!

#!

$!

'&%$#!"

::5<2+-8;53<2$$./)(1"

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

!)'

)+'

$+,$

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

such, As 
any without 

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

by improved was this 
customers allowing goods, any 

%!!

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

erugFiFig 14 decroF: - ayoutlh pat

between shortcuts adding 
nearer goods with customers 

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

forced the of sections between 
forced the of end the nearer 

!

"!

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

path forced 
to path forced 

!!'

)"'

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

any 
taking avoid 

shown as is 
higher still was 

allow would 
unsuitable and

%0.,(/"&.-%

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

allowing goods, any 
alleviating path, main the taking 

in shown This significantly reduced 
default. the than higher 

value.loss lower for allow 
unsuitable and a more open concept was developed.

"#!"

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

goods 
density the of some alleviating 

from value loss the reduced 
default. theorised was it this, From 

value. Hence, forcedthe -path 
a more open concept was developed.

,%'$)"+)('&%$"

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

there. density simulation The 
from 51.49 to 29.59 However, . 

open larger a that theorised 
was layout path confirmed 

77592+-8<5892$$./)(1"

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

path 
resulsimulation t 

this However, 
space open 

be to confirmed 

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

%!!

"!!

&!!

*()

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

!"

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

!

"!

#!

$!

'&%$#!"

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

!!'

)!'

!%'

)%'

!"'

$+,$

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

final The 
shelf each 
layout The 

the loss value can be found in 

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

:;29,*!15

involved experiment modifying 
itone housed only shelf Doing em. 

of arrangement and layout 
the loss value can be found in Figure

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

15"!#$%&'(!)*+,!-*.$/+!01+,!2,$%+&/+

dimensions the modifying 
allowed so Doing the for 

the shelves, the on items 
Figure 16

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

"!#$%&'(!)*+,!-*.$/+!01+,!2,$%+&/+

point the to shelves the of 
between space maximum 

as density, pedestrian the 

 

! !

 

  

  

  
   

!

  

** * * * * * *

** * * * * * *

where point 
shelves. between 

as well as 

International Mathematical Modeling Challenge

Page 22

C119 IMMC 32-64 _Layout 1  10/18/20  11:31 AM  Page 59



 

! !

Figure 16 : item arrangements, pedestrian density, and loss value diagrams for the 'open' layout. 

With reference to Figure 16, it can be seen that for this layout, the shelves and items 
were arranged such that the items with high GHI were placed on shelves that were spread 
far apart, and items with low GHI were placed on shelves that were placed closer together. 
Thus, it prioritises minimizing human density around the shelves containing the high GHI 
goods. This strategy is shown to be highly effective, as evidenced by the pedestrian density 
simulation result, where most of the bitmap is dark blue in colour (low density). This is 
also evidenced by the mean loss result, where the mean monetary loss is only 5.4, the 
lowest result. Further iterations on this design were attempted, by selectively moving 
shelves with the highest loss, but no further improvements were achieved, indicating that 
this arrangement is close to the optimum possible. 

Conclusions 

The optimum item arrangement keeping the given layout is shown in Figure 5 (left side), 
with a loss of 17.99. 

These shelves can be shifted around (while keeping the dimensions) to form the optimum 
layout with a loss of 9.71, as shown in :;29,*!#$. 

However, assuming modifying the dimensions of the shelves is allowed, it is possible to 
design a layout with even lower total loss of 5.4, as shown in Figure 16. 

6.1! Recommendations 
In this model, layouts were manually designed and tested using the simulation program. 
This was because testing each layout required considerable amounts of time; hence it was 
not feasible to use a randomizer program to come up with every possible layout 
combination and test every single one of them due to the sheer number of layout 
combinations. In future studies, given sufficient time and software resources, this approach 
can be made to make sure that the entire exhaustive list of possible layouts is tested, to 
come up with a definite optimum layout. 

Additionally, in future studies, with more time resources, a larger number of studies can 
be consolidated to obtain more comprehensive statistics, such as the % of a particular 

!'!!!

!'!")

!'!)!

!'!+)

+,$$

1"()*/.$$*2*<5;*-+*2*=564

!

"!

#!

$!

!"#$%&'

!"#"$%&'()*+")$'%,

%!!

"!!

&!!

()*

-%.&"*/(,.0%%0.,(/"&.-%

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * *** "#!"

%!!

"!!

&!!

*()

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

!"

,%'$)"+)('&%$

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * *** 465=2+-;5<2$$./)(1"

!

"!

#!

$!

'&%$#!"

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

!!!!'

!")!'

!)!!'

!+)!'

$+,$

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

Fi

reference With 
arranged were 

apart, far 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

erugFi 16 gnarrameit: e ,stnme pe

to reference Figure 16 can it , 
items the that such arranged 
GHI low with items and 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

uelvassolnd ay,tinsden airtsdepe

this for that seen be can 
placed were GHI high with items 

shelves on placed were GHI 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

utyoaln'peo'hetroffosmargadiue

layout, this and shelves the 
were that shelves on placed 

closer placed were that 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

ut.

itemand s 
spread were 

together. 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

apart, 
prioritises it Thus, 

This goods. 
simulation 

evidenced also 
result.lowest 
with shelves 

this arrangement is close to the optimum 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

human minimizing prioritises 
be to shown is strategy This 

of most where result, simulation 
loss mean the by evidenced 

result. iterations Further 
but loss, highest the with 

this arrangement is close to the optimum 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

placed 
the around density human 
evidenced as effective, highly be 

blue dark is bitmap the 
mean the where result, loss 

design this on attempted, were 
improvements further no 

this arrangement is close to the optimum possible.

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

placed 
containingshelves the the 

pedestrian the by evidenced 
density). (low colour in blue 

monemean lotary ss only is 
selectively by attempted, 

indicating achieved, were improvements 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

together. 
GHI high 

density pedestrian 
is This density). 

the 5.4, only 
moving selectively 

that indicating 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

Conclusions

T optimum he 
with a loss of 17.99

These shelves 
layout with a loss of 9.71, 

However,
design a layout with

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

Conclusions

optimum arrangement item keeping 
with a loss of 17.99.

shelves be can shifted around
with a loss of 9.71, as shown

the modifying assuming 
design a layout with even lower total loss

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

layoutgiven the keeping 

around dimensions)the keeping (while 
shown in :;29,*!#$.

shelves the of dimensions the 
even lower total loss of 5.4, as shown in

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

layout inshown is Figure 5 (left 

dimensions) the form to 

allowed, is shelves possible is it 
, as shown in Figure 16

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

side)(left , 

optimum 

to possible 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

design a layout with

6.1 Recommendations 
model, this In 

was This 
feasiblenot 

combination
combinations. 

be can mad

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

design a layout with even lower total loss

Recommendations 
model, manually were layouts 

becaus layout each testing e 
feasible randomizer a use to 

combination single every test and 
given studies, future In combinations. 

made the that sure make to 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

even lower total loss of 5.4, as shown in

tested and designed manually 
considerable required layout 

come to program randomizer 
them of one single due 

given and time sufficient 
list exhaustive entire the 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

, as shown in Figure 16.

simulation the using tested 
of amounts considerable time; hence 

possible every with up 
of number sheer the to 

resources,software this 
layouts possible of list is tested, 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

program. 
was it hence 

layout possible 
layout of 

approach 
to tested, 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

come up with a definite 

Additionally, 
consolidated be 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

come up with a definite optimum layout.

studies, future in Additionally, with 
to consolidated comprehensive more obtain 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

optimum layout.

resources, time more with 
statistics, comprehensive 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

resources, a larger of number studie
particular a of % the as such statistics, 

 

! !

           

 

 
 

 

 

   
 

  
   

 
    

!

 
 
 

 
 

 

 

* * * * * ***

studie can s 
particular 

International Mathematical Modeling Challenge  60

Page 23

C119 IMMC 32-64 _Layout 1  10/18/20  11:31 AM  Page 60



61

 

! !

good getting damaged in shipping. This would allow for a more accurate determination 
and refining of the fragility index. 

As mentioned above, due to the lack of reliable statistics, we also had to come up with a 
guess that 1000 people walking within 1 metre of an item on a busy day would cause the 
same amount of damage to the product as the product being shipped 10 times. In future 
studies, comprehensive analysis can be done on real-life customer behaviour, to more 
accurately determine how much damage would be done by 1000 customers walking within 
1 metre of an item in 1 day. This was not done in this paper due to a lack of reliable 
sources. In addition, in this paper, we assumed that the agents, like shoppers in real-life, 
would tend to avoid crowded routes and use less-crowded routes instead to get to their 
destination faster. However, the extent to which shoppers in real-life exhibit this 
behaviour is unknown. In other words, in real-life, the precise ‘threshold’ of human density 
at which shoppers begin to utilize alternative routes is not known. Hence, the avoidance 
coefficient developed by our team might have been too large or too small. In future studies, 
more comprehensive research on shopper behaviour can be conducted to come up with a 
more accurate avoidance coefficient. 

A similar issue was faced when coming up with the relationship between item damage 
and human density. As mentioned above, in this report, item damage was taken to be 
proportional to the square of the human density. Although it is a reasonable assumption 
that the amount of damage has a nonlinear relationship with density, the exact 
relationship is unknown. More analysis of consumer behaviour can be done in future 
studies to ensure the determination of a more accurate relationship. Nevertheless, the 
relationship between the amount of damage and human density can never be accurately 
determined, because as mentioned above, this is also influenced by subjective factors like 
the emotions and personalities of the shoppers. 
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!"##"$%#&%'#&$"%()*)+"$%
Dear Sir / Mdm, 

Thank you for your continuous support to our team. Attached is our proposed layout for 
the upcoming 2020 Flash Sale.  

After doing extensive research on the types of store layouts, we determined that the grid 
layout is the best choice for a flash sale. We determined that the factors affecting the 
popularity of a good are the customer rating, the discount amount, as well as the quantity 
of the good available. We took these into account to calculate the Gross Happiness Index 
(GHI), which measures the popularity of the good and hence the likelihood of the good 
being purchased by shoppers. 

Armed with the above knowledge, our team tirelessly designed many grid layouts for the 
store. In designing these layouts, we followed various guidelines which we believed would 
lead to the lowest amount of damage to the items. For instance, shelves were arranged as 
spaciously as possible to minimize human density; we placed the checkout area close to 
the exit to ensure that the customers who have paid for their goods would leave efficiently 
and not obstruct those who have not purchased their goods; and finally, based on the 
GHI of the goods, we arranged the goods in such a way that would lead to the least overall 
monetary loss. 

We then built a computer program to test the layouts that we had designed. The program 
simulated the different routes that the shoppers would be able to take for the different 
layouts. The agents in the model simulate the behaviour of shoppers in real-life, such as 
how shoppers would avoid more crowded paths and utilize longer, but less crowded paths 
to reach their destination more quickly. We also managed to obtain data from reliable 
published sources to calculate the fragility of the different goods on sale. Thus, the final 
layout you see is the one that has come out on top through all the rounds of rigorous 
testing. This layout allows for the lowest human density around the most fragile and 
expensive items, reducing the overall expected monetary loss.  

However, do note that our floor plan cannot prevent fights between shoppers, as this 
depends entirely on the personalities of the shoppers. Hence, please consider hiring 
security guards and installing security cameras or warning signs in the store to deter fights 
between shoppers. 

We wish you the best of luck with your event. 

Most Sincerely, The IMMC team 
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