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Introduction 

This research explores the ways in which students who have never been formally 

introduced to the subject of linear programming would solve a contextual linear programming 

problem. The topic of linear programming is covered in many college mathematics courses for 

business and economics majors, and also courses in the mathematics general education 

curriculum for non-majors. Linear programming problems have countless applications in the 

real world, which is a large part of what makes them appropriate material for these courses. 

I was interested in learning about how students solve linear programming problems 

because I recently taught a college mathematics course for non-mathematics majors, in which 

much of the material was related to linear programming. I was interested to know if the methods 

taught in the textbook we used were intuitive to students, in part or wholly, or if students would 

try different methods that I would not have thought to apply. Anything that would make the 

material easier for students to learn and retain was worth knowing about, and this seemed like a 

great way to find out about non-traditional methods. 

Students often get easily confused while learning how to solve linear programming 

problems, like this one: 

Maximize P = 2x + Sy 

subject to: 3x - y :::; 2 

X+ 2y:::; 8 

The graphical and analytical processes taught in a textbook outline generally accepted 

procedures, which involve a series of steps that provide a solution. The reasons behind each step 

are often lost to students. It would be very beneficial to know how students would naturally 

solve the problem, without being taught beforehand. 
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It is hypothesized that students in Prize- Winning Mathematics, a general education 

course for non-majors at SUNY Fredonia, will use multiple informal and non-algebraic 

strategies to solve a contextual linear programming problem. 

This hypothesis was tested at the beginning of a semester of Prize-Winning Mathematics 

at SUNY Fredonia. The students were not previously introduced to linear programming 

problems, so they had no preconceived notions of how a problem is set up or solved formally. 

There were two sections of the course, and both sections were given a contextual linear 

programming problem to solve in pairs during class. There was no control group for this 

experiment, since it was simply designed to investigate how students will solve the problem. 

Once the experiment was over, the students' solutions were examined. It was important 

to study the steps the students took to solve the problem, why they chose that method, if they 

found a solution to the problem, and whether or not their solutions were correct. The students 

each took a short survey after the experiment, in which they answered questions about their 

thought process for choosing the methods they used and whether or not it was beneficial to work 

with a partner for the exercise. 

Literature Review 

The purpose of this literature review is to examine the existing research pertaining to 

methods for solving linear programming problems and infusing linear programming into a 

college mathematics course for non-majors. First, researchers' approaches to linear 

programming problems are examined, with an emphasis on problems similar to the one that was 

used in this experiment. Then, textbook approaches are studied, along with the advantages of 

technology use when working on linear programming problems. Finally, some innovative linear 
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programming projects are presented, in the hopes of finding the perfect problem to use in the 

experiment that follows. 

Researchers' Approaches to Solving a Linear Programming Problem 

The term "linear programming" encompasses a vast amount of mathematical content, and 

with this content come various ways to solve problems of this type. Many researchers spend 

their careers studying the topic of linear programming, and it is in this research that many 

creative ways to solve linear programming problems can be found (Arsham & Oblak, 1998; 

Costa, 2005; Lesaja, 2009; Malakooti & Al-Najjar, 2010; Mazza, Cherruault, Mora, Konfe, & 

Benneouala, 2007; Meszaros & Suhl, 2010; Moengin, 2010; Dkten, 2005; Sheskin, 2006; Singh, 

J. & Singh, D., 2002; Stanimirovic, Stojkovic, & Jovanovic, 2010). 

One way to be creative in teaching, which is essential, is to find a way to describe a hard 

topic in an easier way. Lesaja (2009) describes an introduction to the interior-point methods for 

introductory linear programming courses. He illustrates the usual interior-point method, but 

states that "most of the senior undergraduate students and first-year graduate students, specially 

the ones whose major is not mathematics, do not have such a background and it would take them 

a long time and effort to acquire it" (p. 7). For these students, he suggests a simplified method, 

so that students who have already taken calculus and linear algebra should be able to follow the 

material. This is a strategy that many researchers (and professors) have taken with their work: 

find the best way to explain the material so that other people (possibly students) can understand 

it. 

Many students, when learning about linear programming, are not taught specifically how 

this topic is so closely related to linear systems of equations and matrix inversion. Arsham and 

Oblak (1998) describe the relations among all three topics, in both directions (creating six 



Figure 1. Relationships between linear 
programming, matrix inversion, and linear 
systems of equations. 
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different examples). According to Arsham 

and Oblak, solving a linear programming 

problem using systems of linear equations is 

relatively easy; the most important step is 

the first, in which the constraints given as 

inequalities are rewritten using slack and 

surplus variables (1998). Slack variables 

are added when a constraint is less than or equal to a restricting value, and surplus variables are 

subtracted when a constraint is greater than or equal to a restricting value. These variables must 

always be positive, to ensure that the constraint remains true. Adding slack and/or surplus 

variables transforms the linear programming problem into a system of linear equations; however, 

in most cases adding these variables creates more variables than equations. Thus, the authors 

employ a strategy which requires setting a number of the variables to zero (non-basic variables), 

and solving for the others (basic variables); this strategy requires that there be as many basic 

variables as equations. After omitting all cases in which the slack and surplus variables are 

negative, an optimal solution to the linear 

programming problem is not hard to find. 

The use of matrix inverses is yet another 

way to solve linear programming problems 

(Arsham & Oblak, 1998). The first step is the 

same as the method of using linear equations; the 

inequalities must be converted to equations using 

slack and surplus variables. Then, let be the 

Figure 2. Summary of vocabulary used in 
many linear programming problems. 

:· ;;;;b/es- ;~~::~;;;;~~:-:; i 
Surplus used to convert inequalities of ! 

variables the form into equations 

! Non-basic variables that are set equal to 
l variables zero 
j 

! ! Basic selected arbitrarily; as many 

l ---~~~~~~~=~-- - -------~~--~~~-~=--~~=--~?.~-~~~-~~-~~~- -----------··------- ·- -' 
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coefficient matrix for the problem, where each column lists the coefficients for a specific 

variable. Thus, A has the same number of columns as the number of equations in the linear 

programming problem. Basic and nonbasic variables are then chosen, the columns of A 

corresponding to the non basic variables are deleted, and the inverse of the resulting matrix is 

calculated. The inverse matrix is then multiplied by the column vector of limiting values (on the 

right-hand side of each constraint). The product is a column vector of the values of the basic 

variables, and is computed for all combinations of basic and non-basic variables. The optimal 

solution can then be found by simply substituting values into the objective function. 

Most methods for solving linear programming problems have the same basic principles, 

but can be interpreted in different ways, depending on the material ' s intended audience. The 

material can also be presented in various sequences, again depending on the intended audience, 

or simply on the preference of the material's author. Researchers may have different 

explanations for the methods for solving linear programming problems than some textbooks, but 

in most cases, the ideas are all very similar. When examining different textbooks that offer the 

topic of linear programming, the same reoccurring ideas are found. 

Textbook Approaches to Solving a Linear Programming Problem 

There are many approaches to solving linear programming problems, and there are 

hundreds of textbooks available that explain these approaches. Several of these textbooks are 

useful in providing explanations for the type oflinear programming problem that are explored 

here (Barnett, Byleen, & Ziegler, 2008; Bronson & Naadimuthu, 1997; Gass, 1970, 2003; Hiller 

& Lieberman, 2010; Murty, 1983; Winston, 2004). 

The textbook that is currently being utilized in Prize-Winning Mathematics at SUNY 

Fredonia is a book by Barnett et al. (2008). The authors begin the textbook with a review of 
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linear equations and inequalities. After manipulating these topics in many ways, and introducing 

matrices, the authors begin basic linear programming problems. A geometric approach is first 

used, i.e. graphing the constraints, finding the feasible region, and testing the comer points in the 

objective function. The authors gradually work their way to the geometric approach of the 

Simplex method in two variables, and then proceed to include the Simplex method using 

matrices, and the dual problem. Murty (1983) introduces her topics in a similar order, however, 

the book is intended for a more advanced audience, so a review of linear equations, inequalities, 

and matrices is omitted. 

In An Illustrated Guide to Linear Programming, Gass uses numerous situations from the 

real world to formulate linear programming problems (1970). Each problem has an application 

in life that would actually be solved using linear programming, but the problems are created in a 

way that even people without much of a background in mathematics could understand them. 

Every problem is also illustrated with many pictures, which is appealing to the eye, and also 

lends itself to better understanding of the material. For example, "The Activity-Analysis 

Problem" (p. 61) presents a contemporary way of looking at an organization's manufacturing 

operations. The particular organization in question builds furniture (chairs, tables, desks, and 

bookcases), and each of these pieces of furniture uses up a certain number of mahogany boards, 

labor hours, leather, glass, and glue. The organization only has a certain number of each of these 

resources to use to build the furniture, so there are constraints on the resources. To write these 

constraints, the author uses a series of illustrations with explanations. The next two pages show 

an excerpt from An Illustrated Guide to Linear Programming (p. 65-66): 
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I want to represent the number of units to make a piece by the first letter of its name, c 
for chair, t for table, and so on. If c = 10, I build ten chairs. For each chair I build, I use 
these many resources 

If I build c chairs, I use up c times these resources or 

c 

The same thing for the tables, desks and bookcases. I can let the total amount used up in 
producing c chairs, t tables, d desks and b bookcases be represented by 

-~· zo.-.. IIi i~Jiif?i!>- 22.,... 

~~ ~ ~ ~ 
·~ ·~ :.~ 

d+ 
.. ~ 

b c+ t+ 

~~ 

" ~ ~ti" 

20 il 
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This total amount used must be less than or equal to the total resources available, so I 
must have 

20 ... 

20 f1i1 w 

Introducing the process of writing the constraints for a problem in the above way makes 

the mathematics much more relatable and more easily understood. Gass (1970) has given many 

more examples similar to this one in about forty pages on the formulation of problems, and then 

about fifteen pages on the solutions to those problems, which suggests that he finds that setting 

up and really understanding the problems is more important than simply finding the answers. 

However, the solutions to the given problems are explained in the same way as the construction 

of the problems, with illustrations and numerous descriptions that are very straightforward. The 

author reduced the aforementioned "Activity-Analysis Problem" (p. 61) to a linear programming 

problem with two variables (chairs and tables) and two constraints (mahogany boards and labor 

hours), and solved it using a geometric method. The constraints are graphed on a coordinate 

plane, and then the corner points are found and substituted into the objective function to find the 

maximum profit. See Figure 3 for the graph of the feasible region. 
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Figure 3. The graph of the feasible region for the "Activity-Analysis Problem" (p. 61). 

Tables 

-

~:~~+----+-::::::...-::::::+- "'• 
Choi~ 

Linear programming problems have been solved this way for many years, and it will 

always be possible to solve them this way. However, since there is such an abundance of 

technology in the world, there have been many technological advances in the area of linear 

programming, that have created new ways of teaching and learning about the topic. 

Linear Programming with Technology 

Technology is an important component of research about linear programming, and 

mathematics in general. "Technology is essential in teaching and learning mathematics; it 

influences the mathematics that is taught and enhances students' learning" (NCTM, 2000, 

"Technology," para. 1). The computer software Mathematica (Castillo, Pruneda, & Esquivel, 

2001), spreadsheet-based programs, like Microsoft (MS) Excel (El-Gebeily & Yushau, 2008; 

Harrod, 2009), and even programs designed specifically for linear programming problems 

(Garofalo & Cory, 2007; Lazaridis, Paparrizos, Samaras, & Sifaleras, 2007) can be used in 

teaching and learning how to solve and understand linear programming problems. 
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MS Excel has several functions that allow users to solve their linear programming 

problems (El-Gebeily & Yushau, 2008). One of those functions is an add-in called "Solver." 

The authors describe how to install this add-in on a computer, and then illustrate in detail how an 

inexperienced user could display and solve their linear programming problems. There is no 

doubt that this method has room for error, especially when inputting so many values. The user 

must familiarize him/herself with the program MS Excel; fortunately, this is a popular program 

that many people are already familiar with. 

The MS Excel Solver method for solving linear programming problems begins by 

inputting all of the limiting values in the first five cells (El-Gebeily & Yushau, 2008). To create 

the constraints, the adjacent cells contain the expressions that must be restricted by the limiting 

values. The objective function must also be inserted as an equation in the user's desired cell. 

Then, the Solver add-in is where the restrictions(:::; or 2::) and the target cell (where the optimal 

solution will be displayed) are specified. After clicking "solve," the optimal solution is 

presented, if one exists, as well as the values that produce it. The user is then left to interpret the 

solution, if needed. 

El-Gebeily and Yushau also present a solution method using MS Excel Solver and matrix 

methods (2008). This method is slightly more user-friendly, in the sense that there is less typing 

of equations necessary, and it could be considered a more visual method. Given a linear 

programming problem, the constraints can be represented by matrices A, X, and C, where A is the 

matrix of coefficients, X is the matrix of unknowns, and C is the matrix of constants (limiting 

values). These matrices are first inputted in the columns ofMS Excel (matrix A will cover more 

than one column). Then, the column AX and the objective function are computed by using MS 

Excel's matrix multiplication function (MMULT). At this time, the Solver is summoned, and the 
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constraints are now entered as ranges of cells, rather than individually. By clicking "solve," the 

program again displays the optimal value if one exists, as well as the values that produce it. 

Technology is usually developed out of a need for something better. Lazaridis et al. 

(2007) found a need for a program that could help students better understand how to solve linear 

programming problems, so they created a software that would fulfill this need. The name of 

their software is Visual LinProg, and it is easily accessible to anyone via the Internet. The 

program gives the user two options for solving a given linear programming problem; by clicking 

"run," the program computes the solution to the problem and displays it. What makes this 

program unique, however, is the second option; if the user clicks the "next step" button in 

succession, the program displays the intermediate steps to solving the problem one by one, until 

a solution is reached or it becomes apparent that no solution exists. 

Visual LinProg allows users to input their own linear programming problem, and it also 

provides five example problems (Lazaridis et al., 2007). This is another feature that sets the 

program apart from others, and it is a result of the fact that Visual LinProg is meant solely for the 

purpose of solving and learning how to solve linear programming problems. MS Excel, for 

example, is not used solely for this purpose. 

An evaluation of Visual LinProg by 43 college students revealed that 79% of the students 

found the program beneficial in understanding the linear programming concepts they were being 

taught (Lazaridis et al., 2007). All of these students were enrolled in a course in which Visual 

LinProg was used as an aid in teaching, so the students were well acquainted with the program. 

The evaluation consisted of 19 survey questions, and the students rated their satisfaction on a 

scale from 1 to 5, 5 being "very satisfied." When asked, "Determine how much 'user-friendly' 

the Visual LinProg software is" (p. 13), the mean value of the students' answers was 3.88, and 
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when asked, "During the solution of a problem, using the proposed tool, does the animation of 

the pseudocode steps, assists in the comprehension of the Linear Programming topics?" (p. 13) 

the mean value was 3.81. The results from this survey showed that the students were satisfied 

with the software, but not to an overwhelming degree. 

Technology is a wonderful and essential tool in mathematics, but it can turn problems 

with many applications into very computational problems, where students simply apply an 

algorithm to find the solution. For linear programming problems, there are other ways to apply 

the material that make solving fun and interesting, yet easily understood by students. 

Linear Programming Projects 

Linear programming problems can describe a plethora of real-world situations. In this 

way, they lend themselves well to the creation of linear programming projects. Many 

researchers have published articles about linear programming projects that can be incorporated 

into the classroom (Brunett, 2010; Candes & Tao, 2005; Gurski, 2009; Simons & Price, 2005). 

Brunett (2010), Gurski (2009), and Simons and Price (2005) created projects for college-aged 

students all over the country. 

The applications oflinear programming problems are endless. Even children's toys can 

be the subject of a linear programming problem, as seen in Brunett's project, "Linear 

Programming with Legos" (20 1 0). She introduces the problem as a series of steps, instead of 

posing one problem to the students. For example, the process of writing the objective function 

and constraints for the problem is done in six steps. Brunett also uses multiple technology 

resources to create the graphical representations in her project, including a computer and a 

graphing calculator. 
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A project like Brunett's allows students to solve problems using layman's terms before 

converting to algebraic form (2010). Using simpler phrasing can make the problem more 

understandable to students, and help them be able to solve similar problems on their own, by 

thinking about the problem "in words" before using algebra. Similar tactics can be found in 

Gurski's projects (2009) which involve matrices and linear programming. 

While many classes which cover linear programming are taught in a lecture format, 

Professor Katharine Gurski of George Washington University wanted to use a different format 

for her students (2009). With so many rich applications of the material, Gurski created a project

heavy finite mathematics class. However, her projects did not consist of a worksheet with 

questions listed on the page; her projects were written as letters from "clients" who had a 

problem that needed to be solved, and they had been referred pro bono to Professor Gurski's 

forty student consultants. The letters were completely fabricated situations that somehow 

required the students to use the mathematics they had been learning in class to solve the client's 

problem. For another twist in the usual mathematics problem, the students did not simply tum in 

one "answer" to the teacher as their solution. In groups of four, the students solved the problem, 

and then were required to write a letter responding to the client (in business-letter format), with a 

full solution to the client's predicament. 

These projects forced the students to see the linear programming problem in a real-life 

situation, and respond accordingly (Gurski, 2009). The response letters were graded on a 10-part 

rubric, where spelling, punctuation, and grammar were also scrutinized. To help students with 

this part of the assignment, they were encouraged to bring their letters to the university's writing 

center for proofreading. 
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The reaction to these projects was "overwhelmingly positive" (Gurski, 2009, p. 203). 

Students felt that they performed better in the requisite class afterward, while they felt that their 

classmates were at a disadvantage having not taken Professor Gurski's version of the previous 

class. Gurski also saw a difference in her students on project days, describing "lively student 

discussions" (p. 203). 

Involving real-life applications in any mathematics classroom can result in positive 

effects, and linear programming is no different. Brunett (2010) and Gurski (2009) created 

projects that had relevance in their students' lives, and they saw a learning gain because of it. In 

order to create an extraordinary linear programming problem, that problem should be relatable to 

students. 

Experimental Design 

This experiment was designed to test the hypothesis that students will use multiple 

informal and non-algebraic strategies to solve a contextual linear programming problem. During 

this experiment, the students worked in pairs to solve a linear programming problem. Their 

solution methods were analyzed to determine the ways in which they chose to solve the problem, 

and the students then took a short survey after completing the experiment. 

Subjects 

This study was conducted at the State University of New York at Fredonia, in Fredonia, 

New York. The subjects ofthis study were all enrolled at SUNY Fredonia, specifically in two 

sections of Prize-Winning Mathematics (MATH 1 08). All of the students enrolled in the course 

were non-mathematics majors, most of whom were taking the class for their mathematics general 

education credit. The two sections each met three times a week for 50 minutes. Each section 

was taught by a different professor; however, each lesson was planned jointly. 
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The experimental group consisted of39 students, 21 ofwhom were freshmen, 6 were 

sophomores, four were juniors, and 8 were seniors. They were predominantly Caucasian, but 

included two African-American students, one East Indian student, and one Asian student. The 

majors ofthe students varied greatly, with some examples being Computer Information Systems, 

Psychology, Biology, Communications, and Music Education. Many ofthe students disliked 

mathematics, which seemed to be a result of their previous school experiences. 

Design 

This experiment was conducted during two class periods. Both sections of MATH 108 

were given the same linear programming problem to solve in pairs. Three students preferred to 

work individually, and there were two groups of three students each, which came to a total of20 

groups. The students had the entire class time on both days to work on the problem, and once 

they finished, they completed a short survey, seen below. There was no reward given for the 

best project, but all students who completed the project earned 20 points towards a project grade. 

Figure 4. The survey each student took after completing the project. 

Name ------------------------------

1. Did you like working in pairs for this exercise? Why or why not? 

2. How did you solve the problem? State your steps. 

3. Why did you choose this method? If your partner chose it, why did you agree? 

4. Rate your understanding of the linear programming problem on a scale from 1 (least 
amount of understanding) to 10 (greatest amount of understanding). 
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The linear programming problem used for this experiment was chosen very carefully. It 

needed to be a contextual problem, which students could relate to a real-life situation. It also 

needed to be realistic, but at the same time addressing the linear programming topics that were 

desired: an objective optimizing function, constraints, and a feasible region with comer points. 

The problem that was chosen was a project from an article discussed earlier, in the Literature 

Review. Gurski's (2009) project on linear programming seemed to be a great fit for this 

experiment, and only a few changes needed to be made. Essential to this project is a map that 

was available online at George Washington University's website, and when I printed the map, 

the dimensions were off slightly from the ones Gurski measured. For instance, "why is never 

more than three point four" (p. 200) needed to be changed to "why is never more than three point 

seven." There were three other similar minimal changes made to the dimensions in the project. 

The layout of the project handout is a letter, written by a fictional character Needa Locke, 

who is in need of some mathematical consulting. She is responsible for safeguarding a 

warehouse, from which a box of lottery tickets was just stolen. The thief left a mysterious note: 

Lady Luck is not on your side! The leprechaun was not at his post at the end of the 
rainbow, so I ran off with the pot of gold. Being a game player, I'll give you one chance 
to recover your treasure chest. Here's the treasure map and a few clues, let's see how 
smart you can be! I'll give you until 3125 to recover the tickets. At the stroke of 10 that 
morning I will start scratching to win my fortune. 

Cross your heart to the East, 
To the North lies why. 
Foggy Bottom map is the key, 
Stick to the quadrant first, 
Together we'll say aye! 

First you note that why is always equal or more than naught, 
And at the same time why is never more than three point seven, 
Yet crosses give you at least one, 
And not more than three point nine. 

Three more hints I give you, 
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A mix of crosses and whys. 
Eight whys are at most as much as twenty one more than eleven crosses, 

· Fifty two whys together with thirty six crosses make at least one hundred seventeen. 

With all of this, one more clue, 
Your objective is truly large, 
The biggest of all crosses and whys. 

If you are a game player true, 
The building you will find 
The tickets are in Room 102. 
One chance you get to open, 
Faulty logic and I move the prize. 

The students had to use the clues in the note to find the building in which the stolen lottery 

tickets were being hidden, before the thief scratched them all off. The students' objective was 

then to write a letter in response to Needa Locke, explaining where the tickets were hidden, and 

describing, in detail, the steps that they took to find the answer to the riddle. The note also 

describes the due date and time of the project. The full project handout, including a grading 

rubric to be used as a guideline for the students' responses, can be found in the Appendix. 

Prior to the experiment, students had no prerequisite knowledge of linear programming 

problems, and had not heard the term "linear programming" before. The students had been 

taught how to solve systems of linear inequalities, which includes graphing the feasible region 

for the system. This helped the students in setting up the problem. The main component of the 

project that the students had not yet learned was finding the comer points of the feasible region 

and substituting them into the objective function, to find the objective value. 
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Grading Rubric 

Although the project was not graded for correctness, the students were provided with a 

grading rubric for the project. The rubric served as a guideline for writing the letter component 

of the project, to ensure that all necessary components were included. The rubric was as follows: 

Figure 5. Grading rubric used as a guideline for the linear programming project. 

Does this report: 
1. respond to the client using an appropriate business letter format? 

2. clearly restate the problem that is to be solved at the start of the letter? 

3. clearly state the answer(s) to the client's question(s) in complete sentences before 
presenting the solution details? 

4. define all variables used? (IF you don't have any variables, this means you probably didn't 
explain your work with enough detail). 

5. give an explanation of how each formula is derived, or where it can be found? 

6. give acknowledgement where it is due? (i.e. did you use any knowledge from your textbook 
or ANY other source?) 

7. clearly label diagrams, tables, graphs, or other visual representations of the math? Hint: 
clients love visualizations. 

In this report, 

8. are the spelling, grammar, and punctuation correct? Feel free to bring your paper to the 
Learning Center. 

9. did the group solve all the questions? 

10. is the mathematics correct? (this is worth multiple points) 

This rubric was used as a checklist of requirements for students as they were writing their 

letters to Needa Locke. It was much easier to give the students a paper copy of the rubric, as 

opposed to telling them the requirements out loud. The students were much more inclined to 

follow the rubric when they could check off each requirement as they wrote. 
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Data Collection 

The data for this experiment was collected by analyzing the results of the linear 

programming problem and the student surveys from each group. There were 20 project solutions 

to examine, along with 39 surveys. The students did not have any previous lessons on the topic 

of linear programming, at least not in MATH 108, so the material was brand new to them. 

Methods of Data Analysis 

This experiment was mostly of a qualitative nature; however, there were some 

quantitative results. Once the data was collected, the students' solution methods were carefully 

examined for clues as to how the students went about solving the problem, by using the rubric 

outlined in Figure 6, along with other emerging themes/categories. The data from the students' 

solutions, along with the individual self-reported surveys, hopefully indicated what the students 

were thinking while they were attempting to solve the linear programming problem. 

Figure 6. The rubric used as a guideline for grading students' solutions to the linear 
programming project. 

Rubric 

• Student Completion: 
../ Did the student(s) find a solution? 
../ General solution method (graphical, algebraic, tabular, etc.): 
../ Technology use: 
../ Use of estimation: 

• Student Correctness: 
../ Was the solution correct? 
../ Did the student( s) check their answer? 
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Results 

Investigating the hypothesis that students would use multiple informal and non-algebraic 

strategies to solve a contextual linear programming problem gave interesting results. After 

analyzing the data from the linear programming projects, the major results were: 

• 7 of the 19 groups (37%) produced a complete and accurate solution to the linear 
programming problem. 

• All of the groups solved the problem graphically. 

• None of the groups used technology to aid them in solving the problem. 

The first result can be seen as a low percentage, which would not be surprising, since the 

students had not been taught how to solve a linear programming problem previously. However, 

it could also be seen as a high percentage, because even though the students did not have prior 

knowledge of this mathematical topic, over one-third of them were still able to accurately 

complete the project. Figure 7 gives a complete breakdown of the students and groups, and it 

shows whether or not the group successfully graphed all of the constraints, shaded the correct 

feasible region, and found the correct point. 
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Figure 7. Breakdown of students, groups, and checkpoints reached in the groups' solutions. 

Did the group ... 
Shade the correct Have the correct 
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2 3 y N y 
4 

3 5 
N N N 6 
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8 

5 9 y N y 
10 

6 
11 y N y 
12 

7 13 y y y 
14 

8 
15 y N N I6 

9 
17 y y y 
18 

10 19 y y N 

II 20 y y y 
2I 
22 

I2 23 y y y 

24 
13 25 y y N 

I4 26 N 
N y 

27 Missed one 

15 28 
N N N 29 

16 30 N 
N y 

3I Missed one 
32 

17 33 y N y 

34 

18 35 y y y 
36 

19 37 y y y 
38 

20 39 N N N 
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These data are also summarized in Figure 8, which shows how many groups correctly 

graphed all of the inequalities for the problem, how 

many groups graphed the correct feasible region, and 

how many groups had the correct solution to the 

linear programming problem. However, it is 

interesting to examine the complete breakdown, to 

observe which parts of the solution each group did 

correctly. For instance, Group 13 had the 

inequalities drawn correctly and the correct feasible 

region drawn, but they did not have the correct 

Figure 8. Classification of groups, out of 
20 total, that correctly graphed all 
inequalities, graphed the correct feasible 
region, and/or had the correct solution to 
the linear programming problem. 

16 ~-----------------------------
14 

til 

§' 12 
8 10 
OJ) 

'b 8 
~ 6 

,rJ 

a 4 ::s z 2 
0 

Graphed all Graphed correct Had correct 
inequalities feasible region solution 

point. On the other hand, Groups 14 and 16 did not have the correct inequalities or feasible 

region drawn, but did have the correct point. Group 14 wrote, "it was the biggest of all x's and 

y's which of our already used points at y:::; 3.7 and x :::; 3.9 and on the comer of that was 

Lafayette Residence Hall which are where your tickets are." This explanation is not very clear, 

but it shows that the students attempted to use Figure 9. Map from Group 11 's solution. 
~ 

the objective function (the biggest of all 

crosses and whys) , and chose the point (3. 7, 

3.9) because it was the intersection of two of 

the inequalities that they had drawn (y :::; 3. 7 

and x:::; 3.9). 

Next are some samples of student 

work. Figure 9 shows the work of Group 11, 

a group that had a fully correct solution. The 
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students have graphed and labeled all of the inequalities, shaded in the correct feasible region, 

and circled the point that maximizes the objective function, Lafayette Residence Hall. Another 

correct solution can be seen in Figure 10, from Group 18. This group did not label all of the 

inequalities, but they are graphed correctly. The Figure 10. Map from Group 18's solution. 

feasible region is also shaded properly, and Lafayette 
"} 

Residence Hall is circled. 

Then, in Figures 11-13 are shown some 

incorrect solutions. Figure 11 shows a group that 

graphed almost all of the inequalities, only missing 

one, but they did not graph the correct feasible 

region. This group's letter did not clearly explain 

why they chose the circled point on the map: "After 

discussing the results, we concluded that the location of your 

missing box is at The G W Inn." Figure 11. Map from Group 1 's solution. 

Figure 12 shows the work of Group 2. This 

group had all of the inequalities correctly graphed, 

but the incorrect feasible region (though it is very 

close). However, this feasible region still led to the 

same objective point, so the group found the right 

solution. Finally, Figure 13 shows a totally incorrect 

solution. This group graphed the vertical and 

horizontal lines, along with many more, but they were 
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unable to graph the lines with positive or negative slope. They also graphed the wrong solution 

set for the inequalities that they graphed. 

Figure 12. Map from Group 2' s solution. Figure 13. Map from Group 20's solution. 

It is important to note that all of the groups used the same method: graphical. Although 

the hypothesis of this research was that students would use multiple methods to solve the 

problem, the project was set up for a graphical solution method. In solving the linear 

programming problem, none of the groups directly used technology. Many of the students used 

their calculators to evaluate the intercepts of each inequality, since some were not whole 

numbers. 

Implications for Teaching 

The hypothesis for this study was that students in Prize-Winning Mathematics, a general 

education course for non-majors at SUNY Fredonia, would use multiple informal and non

algebraic strategies to solve a contextual linear programming problem. During the course of the 
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study, these students worked on and solved the linear programming project outlined above. 

Reflecting back on the study, several implications for teaching have become apparent. 

• Discrepant events in mathematics and science can motivate students to learn new material, 
and can be used in many ways during a lesson. 

In mathematics and science, students are often given opportunities to learn by discovery; that 

is, students work on a problem that they have no background knowledge of, and try to learn as 

they go. This can also be called a discrepant event. A discrepant event puzzles the student, 

causing her/him to wonder why the event occurs as it did. This often gives the student 

motivation to solve the problem, just so they can see what will happen ifthey do. 

Discrepant events can be crucial in gaining a student's interest. Those students who never 

liked mathematics or science before, now have a sudden urge to solve a problem or do an 

experiment. Discrepant events must always be contextually-based, since a computational 

problem certainly is not going to get students interested in mathematics. Gurski's project, used 

for this experiment, gave students a look at how fun and interesting math can be, and how many 

applications it has in the real world. 

In teaching, discrepant events can be used in many ways. When introducing a topic to 

students that they have never heard anything about, looking at a project that relates to the 

students will increase interest, and thus motivation to learn more about the topic. This tends to 

work best when something very out of the ordinary happens during the project or experiment. 

• Providing introductory unit projects offers unique opportunities to assess students' 
understanding of key mathematical topics. 

In teaching, assessment is essential. It is the main way for teachers to evaluate their students' 

knowledge of the subject matter being taught. When the word assessment is used, people often 

think right away of tests, and this does not have to be the case. Teachers use assessment every 
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day: when they ask a question to an individual or to the class, when they walk around and look at 

students' work, and when they have students work in groups. These are just some examples of 

the many ways we can assess our students. 

This experiment has shown that there is time to assess after a unit, and opportunities to assess 

before. The project used in this experiment can be used either before or after a unit. Several of 

the groups were able to find the correct solution to the linear programming problem, even though 

they had not been taught the material. Working on the project for this experiment gave these 

students some experience for the next unit, which was on solving linear programming problems 

geometrically. Once the material was related back to the problem from the project, it became 

very clear to the students, and they did not need much further instruction. 

Not every unit needs pre-assessment, but it can often be a very useful tool in evaluating the 

students' prerequisite knowledge on the topic. If most of the students are able to successfully 

complete parts of the pre-assessment, the teacher probably does not need to spend so much time 

on teaching those sections of the unit. Pre-assessment can also be a great way to get students 

interested about a topic, and get them brainstorming about what they will be learning. This can 

create motivation, especially if it is contextual, for learning the material in the unit, and can get 

students to think beyond the basic computational problem in mathematics. 

Misconceptions in Mathematics 

There were several misconceptions that emerged during the study, which are important to 

consider, so that in teaching this subject matter again, they may be addressed .. 
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• Misconception #1: Intercepts on the x-axis andy-axis must be nonnegative if the solution set 
of the problem must be nonnegative. 

In solving this linear programming problem, students had to graph the inequality By :::; 

11x + 21. This involves graphing the line By = 11x + 21, and shading the appropriate solution 

set of the graph. One of the methods these students are very familiar with for graphing a line is 

to find and graph the x- andy-intercepts ofthe line. To find the x-intercept, we let y = 0, and 

solve for x. Similarly, to find they-intercept, we let x = 0, and solve for y. For the line 

By= 11x + 21, the students found a y-intercept of 21/B, which they graphed as a point on the 

y-axis. They then found an x-intercept of -21/11, which confused them, because from the 

problem statement, they knew that the solution lies in the first quadrant of the plane, which 

means its x- andy-values must be positive. However, -21/11 was not part of the solution to 

the problem, only a means to graphing the line By= 11x + 21, which would then lead them to 

the solution. 

Many students failed to see the real meaning of the value -21/11, because they sometimes 

tend to work on a problem without really thinking about what each step means. Had the students 

focused on the specific task, namely graphing the line, they would have seen that a positive y-

intercept and negative x-intercept simply means that the line will have positive slope, and so it 

will slant from bottom left to top right. The students also knew that each line on the graph would 

represent a street on the map, and so this revelation should have led them to the only street with 

positive slope on the map, New Hampshire A venue. 

As teachers, we should help our students see not only the big picture of the problem, but also 

the small steps. By having students justify every step in reaching a solution, we can hold them 

accountable for every step they take. By doing this, students will be forced to fully understand 
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each stage in solving the problem, and hopefully keep them from making mistakes like the one 

above. 

• Misconception #2: The solution to the linear programming problem depends only on the 
feasible region. 

Many groups that participated in this study correctly graphed all of the constraints, and then 

correctly shaded in a feasible region. The largest issue came in the next step, which is the part of 

the problem that makes it a linear programming problem. The accurate next step was to find the 

coordinates of the corner points of the feasible region, and substitute them into the objective 

function of the problem. The issue for these students was that since they had not learned how to 

solve a linear programming problem, they did not know what their next steps should be. Many 

students asked a question about this final step. They knew that finding the solution had 

something to do with the phrase in the poem that said, "Your objective is truly large, the biggest 

of all crosses and whys." To someone who knows the rest ofthe process, it becomes fairly 

obvious that the objective will be to maximize the expression x + y. However, this was not at 

all obvious to the students. Not finding an objective function was the most common error among 

all of the participating groups, and the reason why some of the groups who had the correct 

feasible region did not have the correct solution. 

Limitations of the Experiment 

Reflecting upon one's work is essential in mathematics education. Having completed 

this experiment, there is definite room for improvement. It would be interesting to see how the 

experiment would run if the students were given a different linear programming problem. The 

project used was a thought-provoking one, and the students could relate to it in many ways; 

however, it might have felt like parts of it were complicated. Having the constraints given in the 
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fashion of a poem might have left students very confused. If the problem was just as contextual, 

but was written in easier language to follow, that could have benefitted the students. The project 

also led students to solve the problem graphically, because it was necessary to use the map, so it 

didn't promote other solution methods. Since the object of the study was to explore if students 

would use multiple informal and non-algebraic strategies to solve a linear programming problem, 

this project did not help in reaching that goal. It might take some looking, but finding a different 

linear programming problem for the experiment could give some clearer results. 

If I were to replicate this experiment, it might also be beneficial to cut down on the 

material that the students were taught beforehand. Although the students had never fully solved 

a linear programming problem, they had all of the tools to do so, without knowing the steps. If 

the project were given before teaching systems of linear inequalities and feasible regions, it 

should encourage students to use prior knowledge to solve the problem. In this case, the students 

might even resort to a guess-and-check method, which would certainly prove to be difficult, but 

enlightening. Hopefully this would give the experiment more depth, and produce more 

interesting results. 

Conclusion 

Some would say that an experiment is successful if the hypothesis has been supported. 

This research proves this not to be true. The hypothesis for this study stated that students would 

use multiple solution methods to solve a linear programming problem. Only one solution 

method was used by students, and yet there is much to be learned from the process of 

discovering that fact. Although the students did not use multiple solution methods, they did 

uncover some misconceptions students have in this area of mathematics. The students also were 
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introduced to a topic they had never seen before, and were enthusiastic in their responses to the 

project. 

Although the experiment did not show the results we strived for, there are plenty of 

opportunities to make the experiment better. Should the necessary changes be made, a new 

experiment could help change the way we teach linear programming to our students, and thus the 

way our students learn linear programming. With the end of any study comes the beginning of 

many more. 
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Appendix A 

* The purpose of this study is to explore the ways in which students who have never been formally 
introduced to the topic of linear programming would solve a linear programming problem. 

* During one or two class periods, depending on the progress at the conclusion of the first class, 
you will be given a linear programming problem to solve in pairs. You will have the entire class 
time to work on the problem, and once you have finished, you will be asked to complete a short 
survey. 

* The goal of this study is to improve mathematics instruction in the classroom. This is an 
important study because of the potential benefits it may hold, not just for you, but for 
mathematics education in its entirety. 

Related Information 

* You have been asked to participate in this study because you are enrolled in MATH 108, Prize
Winning Mathematics, in Spring 2011. 

* To maintain confidentiality, your name will not be used in any way, shape, or form. Any name or 
identification will not be used with any materials related to the study. 

* There is no cost (or compensation) to participate in this study. 

* Participation in this study is voluntary. You may withdraw from this study at any time. No 
penalty can or will be assessed to you for declining participation. Please bear in mind that you 
will be required to complete the project in class, whether you decide to participate in this study or 
not. The project will not be graded, or affect your grade in any way, so do not feel pressured to 
get every answer correct. However, as for any other class assignment, you will be expected to try 
your best. 

* The risks involved for you (if any) are very small. However, if there is a problem that you would 
like to discuss with anyone other than Mrs. Spencer, the Mathematical Sciences Department 
faculty are aware of the study and will be available to you. If no solution can be found, you may 
be removed from the study. 

* The potential benefits to you will be to receive more effective teaching strategies and an overall 
improvement in performance within the mathematics classroom. 

* Please read this information thoroughly to make sure you are aware of everything involved with 
this study. If you have any questions or concerns, Mrs. Spencer may be reached by phone at 716-
673-3246, or by e-mail at allison.spencer@fredonia.edu. 
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* You may also contact Mrs. Spencer's college advisor, Dr. Keary Howard, by phone at 716-673-
3873, or by e-mail at keary.howard@fredonia.edu. 

* Or you may contact the Human Subjects Protection Administrator, Maggie Bryan-Peterson, at 
SUNY Fredonia, by phone at 716-673-3528, or by e-mail at petersmb@fredonia.edu. 

Thank you in advance for considering participation in this important study. Please complete the attached 
consent form and return it to Mrs. Spencer in class if you are willing to participate. Remember, this form 
authorizes the use of your data from class for the purposes of research. All students must participate in 
class. 

Student Consent Form 

SUNY Fredonia 

Thank you for being a part of this study. Please print and sign your name in the space provided below to 
show that you agree to participate. Remember that signing the form allows Allison Spencer to use your 
data for her research project. All students must participate in class whether they sign this form or not. 

Voluntary Consent: I have read this memo and I am fully aware of all that this study involves. My 
signature below shows that I freely agree to participate in this study. I understand that there will be no 
penalty for not participating. I understand that I may withdraw from the study at any time, also without 
penalty. I understand that my name and any other personal information will be kept out of the study. I 
understand that ifl have any questions about this study, I may contact Mrs. Spencer at 716-673-3246 or 
allison.spencer@fredonia.edu. 

Please return this original, completed consent form as soon as possible. Thank you for your cooperation. 

Student Name (please print): - - --- ----- ----- --- ---------

Student Signature: ______________________________________________________________ __ 

Date: ----- - - --



Mathematical Sciences Department 
SUNY Fredonia 
Fredonia, NY 14063 

Appendix B 

Dear Prize-Winning Mathematics Students, 
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Lottery Foundation 
54 Powerball Lane 
Numbers, NO 12345 
November 19, 2010 

Please, please, please help me. I am in a bind, and I need a mathematical consultant to 
help me out. I contacted Professor Spencer and she said that, while I could not afford her 
consulting fees, she would give me at least thirty students pro bono. Here's my problem: I 
was at my house playing bridge when the call came in from my office that a large box of 
preprinted scratch-off lottery tickets was discovered missing from our warehouse. Alas, it is 
my responsibility to safeguard the warehouse. Unfortunately, this is the third time a theft 
has occurred on my watch; I'm afraid that this will be the end of my job if I inform my 
employer, the Lottery Foundation. 

I went straight to the warehouse. The night security guard had found a note where the box 
of tickets had been stored. I took one look and I knew that I should immediately ask for 
help. This is what the note said: 

Lady Luck is not on your side! The leprechaun was not at his post at the end of the rainbow, 
so I ran off with the pot of gold. Being a game player, I'll give you one chance to recover 
your treasure chest. Here's the treasure map and a few clues, Jet's see how smart you can 
be! I'll give you until12/3 to recover the tickets. At the stroke of 10 that morning I will start 
scratching to win my fortune. 

Cross your heart to the East, 
To the North lies why. 
Foggy Bottom map is the key, 
Stick to the quadrant first, 
Together we'll say aye! 

First you note that why is always equal or more than naught, 
And at the same time why is never more than three point seven, 
Yet crosses give you at least one, 
And not more than three point nine. 

Three more hints I give you, 
A mix of crosses and whys. 
Eight whys are at most as much as twenty one more than eleven crosses, 
Fifty two whys together with thirty six crosses make at least one hundred seventeen. 



With all of this, one more clue, 
Your objective is truly large, 
The biggest of all crosses and whys. 

If you are a game player true, 
The building you will find. 
The tickets are in Room 102. 
One chance you get to open, 
Faulty logic and I move the prize. 
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Will you help me decipher this note? I've enclosed a copy of the map that was attached to 
the note. I have a friend in the Security Division at George Washington University who says 
he can help me with access to any building. Obviously, my job is on the line, so I need you to 
be correct in your solution. Please explain it thoroughly so I can understand it. Can you get 
the solution to me by the 3rd of December? 

Yours truly, 

N~L~ 
Warehouse Security 
The Lottery Foundation 
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Names ____________________________________________________________________ _ 

Directions: 
Please staple your letter with this page on the front when you turn it in. You will turn 

in only one project and one rubric per group. Please use this rubric as a guide while writing 
your letter. 

Grading Rubric 

Does this report: 
1 5 11. respond to the client using an appropriate business letter format? 

1 5 12. clearly restate the problem that is to be solved at the start of the letter? 

1 5 13. clearly state the answer(s) to the client's question(s) in complete sentences before 
presenting the solution details? 

1 5 14. define all variables used? (IF you don't have any variables, this means you probably 
didn't explain your work with enough detail). 

1 5 15. give an explanation of how each formula is derived, or where it can be found? 

1 5 16. give acknowledgement where it is due? (i.e. did you use any knowledge from your 
textbook or ANY other source?) 

1 5 17. clearly label diagrams, tables, graphs, or other visual representations of the math? 
Hint: clients love visualizations. 

In this report, 

1 5 18. are the spelling, grammar, and punctuation correct? Feel free to bring your paper 
to the Learning Center. 

1 5 19. did the group solve all the questions? 

1 15 20. is the mathematics correct? (this is worth multiple points) 

Comments: 

Project adapted from Gurski, K. F. (2009). Secret message decryption: Group consulting projects using matrices and linear programming. 
Primus: Problems, Resources & issues in Mathematics Undergraduate Studies, 19(2), 194-204. 
doi:10.1080/10511970701206422 



1- t:1r .... 
"' "m' a: 
1- hginwin9 V) 

~ ... 
~ ol&tioo• 
M 
N 
~ 

' lao 
:lobi-

t.ocioo<oi.U 
lbl ... 

Park c.: 
1-
V) 

1-
~ 
N 

!<ho.lol 
.::t ~ArJn 

~ 
H STREET 

s.n.... S.m> ... t.. 
Lloaoy 

Con:OI'Cit ... University GW 

Yard 140 

~~ Usner 
Hoil 

Sch«>i 

Stuart Hen 

G STREET 

GW li.mri !;; "'• C.. I• -w 
c.: 
1-
Vl 

J: 
1119£~ 1-

0 ....... 
N lbl 

E STREET 

THE GEORGE 

WASHINGTON 

UNIVERSITY 

WASHINGTON DC 

8/10 


	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8
	page9
	page10
	page11
	page12
	page13
	page14
	page15
	page16
	page17
	page18
	page19
	page20
	page21
	page22
	page23
	page24
	page25
	page26
	page27
	page28
	page29
	page30
	page31
	page32
	page33
	page34
	page35
	page36
	page37
	page38
	page39
	page40
	page41



