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LEARNING AIDS FOR THIS CHAPTER IN YOUR OR COURSEWARE

A Demonstration Example in OR Tutor:

Graphical Method

An Excel Add-In:

Premium Solver

“Ch. 3—Intro to LP” Files for Solving the Examples:

Excel File
LINGO/LINDO File
MPL/CPLEX File

Supplement to Appendix 3.1:

More about LINGO (appears on the book’s website, www.mhhe.com/hillier).

See Appendix 1 for documentation of the software.

PROBLEMS

The symbols to the left of some of the problems (or their parts)
have the following meaning:

D: The demonstration example listed above may be helpful.

C: Use the computer to solve the problem by applying the sim-
plex method. The available software options for doing this in-
clude the Excel Solver or Premium Solver (Sec. 3.6),
MPL/CPLEX (Sec. 3.7), LINGO (Appendix 3.1), and LINDO
(Appendix 4.1), but follow any instructions given by your in-
structor regarding the option to use.

An asterisk on the problem number indicates that at least a partial
answer is given in the back of the book.

D 3.1-1.* For each of the following constraints, draw a separate
graph to show the nonnegative solutions that satisfy this constraint.
@ x; +3x, =6

(b) 4x; +3x, = 12

(¢) 4x; +x, =8
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(d) Now combine these constraints into a single graph to show the
feasible region for the entire set of functional constraints plus
nonnegativity constraints.

D 3.1-2. Consider the following objective function for a linear pro-
gramming model:
Maximize Z = 2x; + 3x,

(a) Draw a graph that shows the corresponding objective function
lines for Z=6,Z7Z =12, and Z = 18.

(b) Find the slope-intercept form of the equation for each of these
three objective function lines. Compare the slope for these three
lines. Also compare the intercept with the x, axis.

3.1-3. Consider the following equation of a line:

20x; + 40x, = 400

(a) Find the slope-intercept form of this equation.
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(b) Use this form to identify the slope and the intercept with the
X, axis for this line.
(c) Use the information from part () to draw a graph of this line.

D 3.1-4.* Use the graphical method to solve the problem:

Maximize Z=2x; + x5,
subject to
X2 = 10
2x; + 5x, = 60
X+ x =18

3x; + xp, =44

and

D 3.1-5. Use the graphical method to solve the problem:

Maximize Z = 10x; + 20x,,
subject to
—X + 2)(2 = 15
X1 + X2 =12
Sx; + 3x, =45
and
x; =0, X, =0

3.1-6. The Whitt Window Company is a company with only three
employees which makes two different kinds of hand-crafted win-
dows: a wood-framed and an aluminum-framed window. They earn
$60 profit for each wood-framed window and $30 profit for each
aluminum-framed window. Doug makes the wood frames, and can
make 6 per day. Linda makes the aluminum frames, and can make

4 per day. Bob forms and cuts the glass, and can make 48 square

feet of glass per day. Each wood-framed window uses 6 square feet

of glass and each aluminum-framed window uses 8 square feet of
glass.

The company wishes to determine how many windows of each
type to produce per day to maximize total profit.

(a) Describe the analogy between this problem and the Wyndor
Glass Co. problem discussed in Sec. 3.1. Then construct and
fill in a table like Table 3.1 for this problem, identifying both
the activities and the resources.

(b) Formulate a linear programming model for this problem.

D (¢) Use the graphical model to solve this model.

(d) A new competitor in town has started making wood-framed
windows as well. This may force the company to lower the
price they charge and so lower the profit made for each wood-
framed window. How would the optimal solution change (if at
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all) if the profit per wood-framed window decreases from $60
to $40? From $60 to $20?

Doug is considering lowering his working hours, which would
decrease the number of wood frames he makes per day. How
would the optimal solution change if he makes only 5 wood
frames per day?

(e)

3.1-7. The Apex Television Company has to decide on the num-
ber of 27- and 20-inch sets to be produced at one of its factories.
Market research indicates that at most 40 of the 27-inch sets and
10 of the 20-inch sets can be sold per month. The maximum num-
ber of work-hours available is 500 per month. A 27-inch set re-
quires 20 work-hours and a 20-inch set requires 10 work-hours.
Each 27-inch set sold produces a profit of $120 and each 20-inch
set produces a profit of $80. A wholesaler has agreed to purchase
all the television sets produced if the numbers do not exceed the
maxima indicated by the market research.

(a) Formulate a linear programming model for this problem.

D (b) Use the graphical method to solve this model.

3.1-8. The WorldLight Company produces two light fixtures (prod-
ucts 1 and 2) that require both metal frame parts and electrical
components. Management wants to determine how many units of
each product to produce so as to maximize profit. For each unit of
product 1, 1 unit of frame parts and 2 units of electrical compo-
nents are required. For each unit of product 2, 3 units of frame
parts and 2 units of electrical components are required. The com-
pany has 200 units of frame parts and 300 units of electrical com-
ponents. Each unit of product 1 gives a profit of $1, and each unit
of product 2, up to 60 units, gives a profit of $2. Any excess over
60 units of product 2 brings no profit, so such an excess has been
ruled out.

(a) Formulate a linear programming model for this problem.

D (b) Use the graphical method to solve this model. What is the

resulting total profit?

3.1-9. The Primo Insurance Company is introducing two new prod-
uct lines: special risk insurance and mortgages. The expected profit
is $5 per unit on special risk insurance and $2 per unit on mort-
gages.

Management wishes to establish sales quotas for the new prod-
uct lines to maximize total expected profit. The work requirements
are as follows:

Work-Hours per Unit
Work-Hours
Department Special Risk Mortgage Available
Underwriting 3 2 2400
Administration 0 1 800
Claims 2 0 1200
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(a) Formulate a linear programming model for this problem.

D (b) Use the graphical method to solve this model.

(c¢) Verify the exact value of your optimal solution from part (b)
by solving algebraically for the simultaneous solution of the
relevant two equations.

3.1-10. Weenies and Buns is a food processing plant which man-
ufactures hot dogs and hot dog buns. They grind their own flour
for the hot dog buns at a maximum rate of 200 pounds per week.
Each hot dog bun requires 0.1 pound of flour. They currently have
a contract with Pigland, Inc., which specifies that a delivery of 800
pounds of pork product is delivered every Monday. Each hot dog
requires ; pound of pork product. All the other ingredients in the
hot dogs and hot dog buns are in plentiful supply. Finally, the la-
bor force at Weenies and Buns consists of 5 employees working
full time (40 hours per week each). Each hot dog requires 3 min-
utes of labor, and each hot dog bun requires 2 minutes of labor.
Each hot dog yields a profit of $0.20, and each bun yields a profit
of $0.10.

Weenies and Buns would like to know how many hot dogs
and how many hot dog buns they should produce each week so as
to achieve the highest possible profit.

(a) Formulate a linear programming model for this problem.
D (b) Use the graphical method to solve this model.

3.1-11.* The Omega Manufacturing Company has discontinued
the production of a certain unprofitable product line. This act cre-
ated considerable excess production capacity. Management is con-
sidering devoting this excess capacity to one or more of three prod-
ucts; call them products 1, 2, and 3. The available capacity on the
machines that might limit output is summarized in the following
table:

Available Time

Machine Type (Machine Hours per Week)

Milling machine 500
Lathe 350
Grinder 150

The number of machine hours required for each unit of the re-
spective products is

Productivity coefficient (in machine hours per unit)

Machine Type Product 1 Product 2 Product 3
Milling machine 9 3 5
Lathe 5 4 0
Grinder 3 0 2
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The sales department indicates that the sales potential for
products 1 and 2 exceeds the maximum production rate and that
the sales potential for product 3 is 20 units per week. The unit
profit would be $50, $20, and $25, respectively, on products 1, 2,
and 3. The objective is to determine how much of each product
Omega should produce to maximize profit.

(a) Formulate a linear programming model for this problem.
C (b) Use a computer to solve this model by the simplex method.

D 3.1-12. Consider the following problem, where the value of ¢,
has not yet been ascertained.

Maximize Z=cix; + x,,
subject to

X+ x

=
xp+ 2x, =

6
10
and

x; =0, X, = 0.

Use graphical analysis to determine the optimal solution(s) for
(x1, xp) for the various possible values of ¢;(—o < ¢ < ®).

D 3.1-13. Consider the following problem, where the value of k
has not yet been ascertained.

Maximize Z=x; t 2x,,
subject to

—x tx =2
X2S3
kxy + x, =2k + 3, where k = 0
and
XIEO, XZEO.

The solution currently being used is x; = 2, x, = 3. Use graphical
analysis to determine the values of k such that this solution actu-
ally is optimal.

D 3.1-14. Consider the following problem, where the values of ¢,
and ¢, have not yet been ascertained.

Maximize Z = cix; t coxo,
subject to

26+ x =11

—x; + 2= 2
and

x; =0, x, = 0.

Use graphical analysis to determine the optimal solution(s) for
(x1, x,) for the various possible values of c¢; and c¢,. (Hint: Sepa-
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rate the cases where ¢, = 0, ¢, > 0, and ¢, < 0. For the latter two
cases, focus on the ratio of ¢; to ¢,.)

3.2-1. The following table summarizes the key facts about two
products, A and B, and the resources, Q, R, and S, required to pro-
duce them.

Resource Usage
per Unit Produced

Amount of Resource

Resource Product A Product B Available
Q 2 1 2
R 1 2 2
S 3 3 4
Profit per unit 3 2

All the assumptions of linear programming hold.

(a) Formulate a linear programming model for this problem.

D (b) Solve this model graphically.

(¢) Verify the exact value of your optimal solution from part (b)
by solving algebraically for the simultaneous solution of the
relevant two equations.

3.2-2. The shaded area in the following graph represents the fea-
sible region of a linear programming problem whose objective
function is to be maximized.

Xy 3,3)
(6,3)
0.2)
0,0
6,0) X

Label each of the following statements as True or False, and then

justify your answer based on the graphical method. In each case,

give an example of an objective function that illustrates your an-

SWer.

(a) If (3, 3) produces a larger value of the objective function than
(0, 2) and (6, 3), then (3, 3) must be an optimal solution.

(b) If (3, 3) is an optimal solution and multiple optimal solutions
exist, then either (0, 2) or (6, 3) must also be an optimal so-
lution.

(¢) The point (0, 0) cannot be an optimal solution.
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3.2-3.*% This is your lucky day. You have just won a $10,000 prize.
You are setting aside $4,000 for taxes and partying expenses, but
you have decided to invest the other $6,000. Upon hearing this
news, two different friends have offered you an opportunity to be-
come a partner in two different entrepreneurial ventures, one
planned by each friend. In both cases, this investment would in-
volve expending some of your time next summer as well as putting
up cash. Becoming a full partner in the first friend’s venture would
require an investment of $5,000 and 400 hours, and your estimated
profit (ignoring the value of your time) would be $4,500. The cor-
responding figures for the second friend’s venture are $4,000 and
500 hours, with an estimated profit to you of $4,500. However,
both friends are flexible and would allow you to come in at any
fraction of a full partnership you would like. If you choose a frac-
tion of a full partnership, all the above figures given for a full part-
nership (money investment, time investment, and your profit)
would be multiplied by this same fraction.

Because you were looking for an interesting summer job any-
way (maximum of 600 hours), you have decided to participate in
one or both friends’ ventures in whichever combination would max-
imize your total estimated profit. You now need to solve the prob-
lem of finding the best combination.

(a) Describe the analogy between this problem and the Wyndor
Glass Co. problem discussed in Sec. 3.1. Then construct and
fill in a table like Table 3.1 for this problem, identifying both
the activities and the resources.

(b) Formulate a linear programming model for this problem.

D (c¢) Use the graphical method to solve this model. What is your

total estimated profit?

D 3.2-4. Use the graphical method to find all optimal solutions for
the following model:

Maximize Z = 500x; + 300x,,
subject to

15x; + 5x, = 300
10x; + 6x, = 240
8x; + 12x, = 450

D 3.2-5. Use the graphical method to demonstrate that the fol-
lowing model has no feasible solutions.

Maximize Z = 5x; + Tx,,
subject to

2.X1 - X = -1
—X1 + 2.X'2 = -1
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D 3.2-6. Suppose that the following constraints have been pro-
vided for a linear programming model.

— X + 3)(2 = 30
—3x; + x =30

and

x; =0, x, = 0.

(a) Demonstrate that the feasible region is unbounded.

(b) If the objective is to maximize Z = —x; + x,, does the model
have an optimal solution? If so, find it. If not, explain why not.

(c) Repeat part (b) when the objective is to maximize Z = x; — x,.

(d) For objective functions where this model has no optimal solu-
tion, does this mean that there are no good solutions accord-
ing to the model? Explain. What probably went wrong when
formulating the model?

3.3-1. Reconsider Prob. 3.2-3. Indicate why each of the four as-
sumptions of linear programming (Sec. 3.3) appears to be reason-
ably satisfied for this problem. Is one assumption more doubtful
than the others? If so, what should be done to take this into ac-
count?

3.3-2. Consider a problem with two decision variables, x; and x,,
which represent the levels of activities 1 and 2, respectively. For
each variable, the permissible values are 0, 1, and 2, where the fea-
sible combinations of these values for the two variables are deter-
mined from a variety of constraints. The objective is to maximize
a certain measure of performance denoted by Z. The values of Z
for the possibly feasible values of (xy, x,) are estimated to be those
given in the following table:

X2
Xq 0 1 2
0 0 4 8
1 3 8 13
2 6 12 18

Based on this information, indicate whether this problem com-
pletely satisfies each of the four assumptions of linear program-
ming. Justify your answers.

3.4-1.* For each of the four assumptions of linear programming dis-
cussed in Sec. 3.3, write a one-paragraph analysis of how well you
feel it applies to each of the following examples given in Sec. 3.4:
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(a) Design of radiation therapy (Mary).
(b) Regional planning (Southern Confederation of Kibbutzim).
(c) Controlling air pollution (Nori & Leets Co.).

3.4-2. For each of the four assumptions of linear programming dis-

cussed in Sec. 3.3, write a one-paragraph analysis of how well it

applies to each of the following examples given in Sec. 3.4.

(a) Reclaiming solid wastes (Save-It Co.).

(b) Personnel scheduling (Union Airways).

(¢) Distributing goods through a distribution network (Distribu-
tion Unlimited Co.).

D 3.4-3. Use the graphical method to solve this problem:
Maximize Z = 15x; + 20x,,
subject to

x; + 2x,
2)61 - 3)C2
X+ x

x1 =0,
D 3.4-4. Use the graphical method to solve this problem:
Minimize Z = 3x; + 2x,,

subject to

A

xX; + 2x,
2x; + 3x,
2x; + xp

12

and

D 3.4-5. Consider the following problem, where the value of ¢,
has not yet been ascertained.

Maximize Z = ci1x; + 2x,,
subject to

Ay +x, =12

Xy —x= 2
and

X]EO, XZZO.

Use graphical analysis to determine the optimal solution(s) for
(x1, x») for the various possible values of c;.

D 3.4-6. Consider the following model:

Minimize Z = 40x; + 50x,,
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subject to

2)(1 + 3)C2 = 30
X1 + Xo = 12
2x; + x, =20

and

XIZO, X220.

(a) Use the graphical method to solve this model.

(b) How does the optimal solution change if the objective func-
tion is changed to Z = 40x; + 70x,?

(¢) How does the optimal solution change if the third functional
constraint is changed to 2x; + x, = 15?

3.4-7. Ralph Edmund loves steaks and potatoes. Therefore, he has
decided to go on a steady diet of only these two foods (plus some
liquids and vitamin supplements) for all his meals. Ralph realizes
that this isn’t the healthiest diet, so he wants to make sure that he
eats the right quantities of the two foods to satisfy some key nu-
tritional requirements. He has obtained the following nutritional
and cost information:

Grams of Ingredient
per Serving
Daily Requirement

Ingredient Steak Potatoes (Grams)
Carbohydrates 5 15 = 50
Protein 20 5 = 40
Fat 15 2 =60
Cost per serving $4 $2

Ralph wishes to determine the number of daily servings (may be
fractional) of steak and potatoes that will meet these requirements
at a minimum cost.

(a) Formulate a linear programming model for this problem.

D (b) Use the graphical method to solve this model.

C (¢) Use a computer to solve this model by the simplex method.

3.4-8. Dwight is an elementary school teacher who also raises pigs
for supplemental income. He is trying to decide what to feed his
pigs. He is considering using a combination of pig feeds available
from local suppliers. He would like to feed the pigs at minimum
cost while also making sure each pig receives an adequate supply
of calories and vitamins. The cost, calorie content, and vitamin
content of each feed is given in the table below.

Contents Feed Type A Feed Type B
Calories (per pound) 800 1,000
Vitamins (per pound) 140 units 70 units
Cost (per pound) $0.40 $0.80

Each pig requires at least 8,000 calories per day and at least 700

units of vitamins. A further constraint is that no more than one-third

of the diet (by weight) can consist of Feed Type A, since it contains

an ingredient which is toxic if consumed in too large a quantity.

(a) Formulate a linear programming model for this problem.

D (b) Use the graphical method to solve this model. What is the
resulting daily cost per pig?

3.4-9. Web Mercantile sells many household products through an
on-line catalog. The company needs substantial warehouse space
for storing its goods. Plans now are being made for leasing ware-
house storage space over the next 5 months. Just how much space
will be required in each of these months is known. However, since
these space requirements are quite different, it may be most eco-
nomical to lease only the amount needed each month on a month-
by-month basis. On the other hand, the additional cost for leasing
space for additional months is much less than for the first month,
so it may be less expensive to lease the maximum amount needed
for the entire 5 months. Another option is the intermediate approach
of changing the total amount of space leased (by adding a new lease
and/or having an old lease expire) at least once but not every month.

The space requirement and the leasing costs for the various
leasing periods are as follows:

Required Leasing Period | Cost per Sq. Ft.
Month | Space (Sq. Ft.) (Months) Leased
1 30,000 1 $ 65
2 20,000 2 $100
3 40,000 3 $135
4 10,000 4 $160
5 50,000 5 $190

The objective is to minimize the total leasing cost for meeting the
space requirements.

(a) Formulate a linear programming model for this problem.

c (b) Solve this model by the simplex method.

3.4-10. Larry Edison is the director of the Computer Center for
Buckly College. He now needs to schedule the staffing of the cen-
ter. It is open from 8 a.m. until midnight. Larry has monitored the
usage of the center at various times of the day, and determined that
the following number of computer consultants are required:

Minimum Number of Consultants

Time of Day Required to Be on Duty

8 A.M.—noon 4
Noon—4 p.m. 8
4 p.M.—8 P.M. 10
8 r.m.—midnight 6
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Two types of computer consultants can be hired: full-time and
part-time. The full-time consultants work for 8 consecutive hours
in any of the following shifts: morning (8 a.M.—4 p.M.), afternoon
(noon—8 p.M.), and evening (4 p.M.—midnight). Full-time consultants
are paid $14 per hour.

Part-time consultants can be hired to work any of the four
shifts listed in the above table. Part-time consultants are paid $12
per hour.

An additional requirement is that during every time period,
there must be at least 2 full-time consultants on duty for every part-
time consultant on duty.

Larry would like to determine how many full-time and how
many part-time workers should work each shift to meet the above
requirements at the minimum possible cost.

(a) Formulate a linear programming model for this problem.
C (b) Solve this model by the simplex method.

3.4-11.% The Medequip Company produces precision medical di-
agnostic equipment at two factories. Three medical centers have
placed orders for this month’s production output. The table to the
right shows what the cost would be for shipping each unit from
each factory to each of these customers. Also shown are the num-
ber of units that will be produced at each factory and the number
of units ordered by each customer. (Go to the next column.)

40 tons $2,000/t0n
produced 30 tons max.
60 tons $1,100/ton
produced 50 tons max.

Management now wants to determine the most economical
plan for shipping the iron ore from the mines through the distrib-
ution network to the steel plant.

(a) Formulate a linear programming model for this problem.
C (b) Solve this model by the simplex method.
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Unit Shipping Cost

To
From Customer 1 Customer 2 Customer 3 | Output
Factory 1 $600 $800 $700 400 units
Factory 2 $400 $900 $600 500 units
Order size | 300 units 200 units 400 units

A decision now needs to be made about the shipping plan for
how many units to ship from each factory to each customer.
(a) Formulate a linear programming model for this problem.
C (b) Solve this model by the simplex method.

3.4-12. The Fagersta Steelworks currently is working two mines
to obtain its iron ore. This iron ore is shipped to either of two stor-
age facilities. When needed, it then is shipped on to the company’s
steel plant. The diagram below depicts this distribution network,
where M1 and M2 are the two mines, S1 and S2 are the two stor-
age facilities, and P is the steel plant. The diagram also shows the
monthly amounts produced at the mines and needed at the plant,
as well as the shipping cost and the maximum amount that can be
shipped per month through each shipping lane. (Go to the left col-
umn below the diagram.)

100 tons
needed

3.4-13.* Al Ferris has $60,000 that he wishes to invest now in or-
der to use the accumulation for purchasing a retirement annuity in
5 years. After consulting with his financial adviser, he has been of-
fered four types of fixed-income investments, which we will label
as investments A, B, C, D.
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Investments A and B are available at the beginning of each of
the next 5 years (call them years 1 to 5). Each dollar invested in
A at the beginning of a year returns $1.40 (a profit of $0.40) 2
years later (in time for immediate reinvestment). Each dollar in-
vested in B at the beginning of a year returns $1.70 three years
later.

Investments C and D will each be available at one time in the
future. Each dollar invested in C at the beginning of year 2 returns
$1.90 at the end of year 5. Each dollar invested in D at the begin-
ning of year 5 returns $1.30 at the end of year 5.

Al wishes to know which investment plan maximizes the amount
of money that can be accumulated by the beginning of year 6.

(a) All the functional constraints for this problem can be expressed
as equality constraints. To do this, let A,, B,, C,, and D, be the
amount invested in investment A, B, C, and D, respectively, at
the beginning of year ¢ for each ¢ where the investment is avail-
able and will mature by the end of year 5. Also let R, be the
number of available dollars nor invested at the beginning of
year t (and so available for investment in a later year). Thus,
the amount invested at the beginning of year ¢ plus R, must
equal the number of dollars available for investment at that
time. Write such an equation in terms of the relevant variables
above for the beginning of each of the 5 years to obtain the
five functional constraints for this problem.

(b) Formulate a complete linear programming model for this
problem.

C (c¢) Solve this model by the simplex model.

3.4-14. The Metalco Company desires to blend a new alloy of 40
percent tin, 35 percent zinc, and 25 percent lead from several avail-
able alloys having the following properties:

Alloy
Property 1 2 3 4 5
Percentage of tin 60 25 45 20 50
Percentage of zinc 10 15 45 50 40
Percentage of lead 30 60 10 30 10
Cost ($/1Ib) 22 20 25 24 27

The objective is to determine the proportions of these alloys that
should be blended to produce the new alloy at a minimum cost.
(a) Formulate a linear programming model for this problem.

C (b) Solve this model by the simplex method.

3.4-15. The Weigelt Corporation has three branch plants with ex-
cess production capacity. Fortunately, the corporation has a new
product ready to begin production, and all three plants have this
capability, so some of the excess capacity can be used in this way.
This product can be made in three sizes—Ilarge, medium, and

<41

| e-Text Main Menu |

small—that yield a net unit profit of $420, $360, and $300, re-
spectively. Plants 1, 2, and 3 have the excess capacity to produce
750, 900, and 450 units per day of this product, respectively, re-
gardless of the size or combination of sizes involved.

The amount of available in-process storage space also imposes
a limitation on the production rates of the new product. Plants 1,
2, and 3 have 13,000, 12,000, and 5,000 square feet, respectively,
of in-process storage space available for a day’s production of this
product. Each unit of the large, medium, and small sizes produced
per day requires 20, 15, and 12 square feet, respectively.

Sales forecasts indicate that if available, 900, 1,200, and 750
units of the large, medium, and small sizes, respectively, would be
sold per day.

At each plant, some employees will need to be laid off unless
most of the plant’s excess production capacity can be used to pro-
duce the new product. To avoid layoffs if possible, management
has decided that the plants should use the same percentage of their
excess capacity to produce the new product.

Management wishes to know how much of each of the sizes
should be produced by each of the plants to maximize profit.
(a) Formulate a linear programming model for this problem.

C (b) Solve this model by the simplex method.

3.4-16* A cargo plane has three compartments for storing cargo:
front, center, and back. These compartments have capacity limits
on both weight and space, as summarized below:

Weight Space

Capacity Capacity
Compartment (Tons) (Cubic Feet)
Front 12 7,000
Center 18 9,000
Back 10 5,000

Furthermore, the weight of the cargo in the respective compart-
ments must be the same proportion of that compartment’s weight
capacity to maintain the balance of the airplane.

The following four cargoes have been offered for shipment
on an upcoming flight as space is available:

Weight Volume Profit
Cargo (Tons) (Cubic Feet/Ton) ($/Ton)
1 20 500 320
2 16 700 400
3 25 600 360
4 13 400 290

Any portion of these cargoes can be accepted. The objective is to
determine how much (if any) of each cargo should be accepted and
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how to distribute each among the compartments to maximize the

total profit for the flight.

(a) Formulate a linear programming model for this problem.

C (b) Solve this model by the simplex method to find one of its
multiple optimal solutions.

3.4-17. Comfortable Hands is a company which features a prod-
uct line of winter gloves for the entire family—men, women, and
children. They are trying to decide what mix of these three types
of gloves to produce.

Comfortable Hands” manufacturing labor force is unionized.
Each full-time employee works a 40-hour week. In addition, by
union contract, the number of full-time employees can never drop
below 20. Nonunion part-time workers can also be hired with the
following union-imposed restrictions: (1) each part-time worker
works 20 hours per week, and (2) there must be at least 2 full-time
employees for each part-time employee.

All three types of gloves are made out of the same 100 per-
cent genuine cowhide leather. Comfortable Hands has a long-term
contract with a supplier of the leather, and receives a 5,000 square
feet shipment of the material each week. The material requirements
and labor requirements, along with the gross profit per glove sold
(not considering labor costs) is given in the following table.

Material Required Labor Required Gross Profit
Glove (Square Feet) (Minutes) (per Pair)
Men'’s 2 30 $8
Women's 1.5 45 $10
Children’s 1 40 $6

Each full-time employee earns $13 per hour, while each part-
time employee earns $10 per hour. Management wishes to know
what mix of each of the three types of gloves to produce per week,
as well as how many full-time and how many part-time workers to
employ. They would like to maximize their net profit—their gross
profit from sales minus their labor costs.

(a) Formulate a linear programming model for this problem.
C (b) Solve this model by the simplex method.

3.4-18. Oxbridge University maintains a powerful mainframe
computer for research use by its faculty, Ph.D. students, and re-
search associates. During all working hours, an operator must be
available to operate and maintain the computer, as well as to per-
form some programming services. Beryl Ingram, the director of
the computer facility, oversees the operation.

It is now the beginning of the fall semester, and Beryl is con-
fronted with the problem of assigning different working hours to
her operators. Because all the operators are currently enrolled in
the university, they are available to work only a limited number of
hours each day, as shown in the following table.
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Maximum Hours of Availability
Operators Wage Rate | Mon. Tue. Wed. Thurs. Fri.
K. C. $10.00/hour 6 0 6 0 6
D. H. $10.10/hour 0 6 0 6 0
H. B. $ 9.90/hour 4 8 4 0 4
S. C. $ 9.80/hour 5 5 5 0 5
K. S. $10.80/hour 3 0 3 8 0
N. K. $11.30/hour 0 0 0 6 2

There are six operators (four undergraduate students and two
graduate students). They all have different wage rates because of
differences in their experience with computers and in their pro-
gramming ability. The above table shows their wage rates, along
with the maximum number of hours that each can work each day.

Each operator is guaranteed a certain minimum number of
hours per week that will maintain an adequate knowledge of the
operation. This level is set arbitrarily at 8 hours per week for the
undergraduate students (K. C., D. H., H. B., and S. C.) and 7 hours
per week for the graduate students (K. S. and N. K.).

The computer facility is to be open for operation from 8 A.m.
to 10 p.M. Monday through Friday with exactly one operator on
duty during these hours. On Saturdays and Sundays, the computer
is to be operated by other staff.

Because of a tight budget, Beryl has to minimize cost. She
wishes to determine the number of hours she should assign to each
operator on each day.

(a) Formulate a linear programming model for this problem.
C (b) Solve this model by the simplex method.

3.4-19. Slim-Down Manufacturing makes a line of nutritionally
complete, weight-reduction beverages. One of their products is a
strawberry shake which is designed to be a complete meal. The
strawberry shake consists of several ingredients. Some information
about each of these ingredients is given below.

Calories | Total |Vitamin
from Fat | Calories | Content | Thickeners | Cost
(per (per (mg/ (mg/ (¢/
Ingredient | thsp) thsp) tbsp) thsp) tbsp)
Strawberry
flavoring 1 50 20 3 10
Cream 75 100 0 8 8
Vitamin
supplement 0 0 50 1 25
Artificial
sweetener 0 120 0 2 15
Thickening
agent 30 80 2 25 6
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The nutritional requirements are as follows. The beverage
must total between 380 and 420 calories (inclusive). No more than
20 percent of the total calories should come from fat. There must
be at least 50 milligrams (mg) of vitamin content. For taste rea-
sons, there must be at least 2 tablespoons (tbsp) of strawberry fla-
voring for each tablespoon of artificial sweetener. Finally, to main-
tain proper thickness, there must be exactly 15 mg of thickeners
in the beverage.

Management would like to select the quantity of each ingre-
dient for the beverage which would minimize cost while meeting
the above requirements.

(a) Formulate a linear programming model for this problem.
C (b) Solve this model by the simplex method.

3.4-20. Joyce and Marvin run a day care for preschoolers. They are
trying to decide what to feed the children for lunches. They would
like to keep their costs down, but also need to meet the nutritional
requirements of the children. They have already decided to go with
peanut butter and jelly sandwiches, and some combination of gra-
ham crackers, milk, and orange juice. The nutritional content of
each food choice and its cost are given in the table below.

Calories | Total |Vitamin C|Protein|Cost
Food Item from Fat | Calories (mg) (9) (¢)
Bread (1 slice) 10 70 0 3 5
Peanut butter
(1 tbsp) 75 100 0 4 4
Strawberry jelly
(1 tbsp) 0 50 3 0 7
Graham cracker
(1 cracker) 20 60 0 1 8
Milk (1 cup) 70 150 2 8 15
Juice (1 cup) 0 100 120 1 35

The nutritional requirements are as follows. Each child should
receive between 400 and 600 calories. No more than 30 percent of
the total calories should come from fat. Each child should consume
at least 60 milligrams (mg) of vitamin C and 12 grams (g) of pro-
tein. Furthermore, for practical reasons, each child needs exactly
2 slices of bread (to make the sandwich), at least twice as much
peanut butter as jelly, and at least 1 cup of liquid (milk and/or
juice).

Joyce and Marvin would like to select the food choices for
each child which minimize cost while meeting the above require-
ments.

(a) Formulate a linear programming model for this problem.
c (b) Solve this model by the simplex method.

3.5-1. Read the article footnoted in Sec. 3.5 that describes the first
case study presented in that section: “Choosing the Product Mix
at Ponderosa Industrial.”
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(a) Describe the two factors which, according to the article, often
hinder the use of optimization models by managers.

(b) Section 3.5 indicates without elaboration that using linear pro-
gramming at Ponderosa “led to a dramatic shift in the types of
plywood products emphasized by the company.” Identify this
shift.

(¢) With the success of this application, management then was ea-
ger to use optimization for other problems as well. Identify
these other problems.

(d) Photocopy the two pages of appendixes that give the mathe-
matical formulation of the problem and the structure of the lin-
ear programming model.

3.5-2. Read the article footnoted in Sec. 3.5 that describes the sec-
ond case study presented in that section: “Personnel Scheduling at
United Airlines.”

(a) Describe how United Airlines prepared shift schedules at air-
ports and reservations offices prior to this OR study.

(b) When this study began, the problem definition phase defined
five specific project requirements. Identify these project re-
quirements.

(c) At the end of the presentation of the corresponding example
in Sec. 3.4 (personnel scheduling at Union Airways), we
pointed out that the divisibility assumption does not hold for
this kind of application. An integer solution is needed, but lin-
ear programming may provide an optimal solution that is non-
integer. How does United Airlines deal with this problem?

(d) Describe the flexibility built into the scheduling system to sat-
isfy the group culture at each office. Why was this flexibility
needed?

(e) Briefly describe the tangible and intangible benefits that re-
sulted from the study.

3.5-3. Read the 1986 article footnoted in Sec. 2.1 that describes
the third case study presented in Sec. 3.5: “Planning Supply, Dis-
tribution, and Marketing at Citgo Petroleum Corporation.”

(a) What happened during the years preceding this OR study that
made it vastly more important to control the amount of capi-
tal tied up in inventory?

(b) What geographical area is spanned by Citgo’s distribution net-
work of pipelines, tankers, and barges? Where do they market
their products?

(¢) What time periods are included in the model?

(d) Which computer did Citgo use to solve the model? What were
typical run times?

(e) Who are the four types of model users? How does each one
use the model?

(f) List the major types of reports generated by the SDM system.

(g) What were the major implementation challenges for this study?

(h) List the direct and indirect benefits that were realized from this
study.
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3.6-1.*% You are given the following data for a linear programming
problem where the objective is to maximize the profit from allo-
cating three resources to two nonnegative activities.

Resource Usage per

Unit of Each Activity
Amount of Resource

Resource | Activity 1 Activity 2 Available
1 2 1 10
2 3 3 20
3 2 4 20

Contribution $20 $30

per unit

Contribution per unit = profit per unit of the activity.

(a) Formulate a linear programming model for this problem.

D (b) Use the graphical method to solve this model.

(¢) Display the model on an Excel spreadsheet.

(d) Use the spreadsheet to check the following solutions:
(x1, x2) = (2,2), (3, 3), (2,4), (4, 2), (3, 4), (4, 3). Which of
these solutions are feasible? Which of these feasible solutions
has the best value of the objective function?

C (e) Use the Excel Solver to solve the model by the simplex

method.

3.6-2. Ed Butler is the production manager for the Bilco Corpo-
ration, which produces three types of spare parts for automobiles.
The manufacture of each part requires processing on each of two
machines, with the following processing times (in hours):

Part
Machine A B C
1 0.02 0.03 0.05
2 0.05 0.02 0.04

Each machine is available 40 hours per month. Each part manu-
factured will yield a unit profit as follows:

Part
A B C
Profit $50 $40 $30

Ed wants to determine the mix of spare parts to produce in order
to maximize total profit.

(a) Formulate a linear programming model for this problem.

(b) Display the model on an Excel spreadsheet.
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(¢) Make three guesses of your own choosing for the optimal so-
lution. Use the spreadsheet to check each one for feasibility
and, if feasible, to find the value of the objective function.
Which feasible guess has the best objective function value?

(d) Use the Excel Solver to solve the model by the simplex method.

3.6-3. You are given the following data for a linear programming
problem where the objective is to minimize the cost of conducting
two nonnegative activities so as to achieve three benefits that do
not fall below their minimum levels.

Benefit Contribution per
Unit of Each Activity Minimum
Acceptable
Benefit Activity 1 Activity 2 Level
1 5 3 60
2 2 2 30
3 7 9 126
Unit cost $60 $50

(a) Formulate a linear programming model for this problem.

D (b) Use the graphical method to solve this model.

(c) Display the model on an Excel spreadsheet.

(d) Use the spreadsheet to check the following solutions:
(x1, x2) =(7,7), (7, 8), (8, 7), (8, 8), (8,9), (9, 8. Which of
these solutions are feasible? Which of these feasible solutions
has the best value of the objective function?

C (e) Use the Excel Solver to solve this model by the simplex

method.

3.6-4.* Fred Jonasson manages a family-owned farm. To supple-
ment several food products grown on the farm, Fred also raises
pigs for market. He now wishes to determine the quantities of the
available types of feed (corn, tankage, and alfalfa) that should be
given to each pig. Since pigs will eat any mix of these feed types,
the objective is to determine which mix will meet certain nutri-
tional requirements at a minimum cost. The number of units of each
type of basic nutritional ingredient contained within a kilogram of
each feed type is given in the following table, along with the daily
nutritional requirements and feed costs:

Kilogram | Kilogram | Kilogram | Minimum
Nutritional of of of Daily
Ingredient Corn Tankage | Alfalfa | Requirement
Carbohydrates 920 20 40 200
Protein 30 80 60 180
Vitamins 10 20 60 150
Cost (¢) 84 72 60
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(a) Formulate a linear programming model for this problem.

(b) Display the model on an Excel spreadsheet.

(c) Use the spreadsheet to check if (xy, x5, x3) = (1, 2, 2) is a fea-
sible solution and, if so, what the daily cost would be for this
diet. How many units of each nutritional ingredient would this
diet provide daily?

(d) Take a few minutes to use a trial-and-error approach with the
spreadsheet to develop your best guess for the optimal solu-
tion. What is the daily cost for your solution?

C (e) Use the Excel Solver to solve the model by the simplex

method.

3.6-5. Maureen Laird is the chief financial officer for the Alva
Electric Co., a major public utility in the midwest. The company
has scheduled the construction of new hydroelectric plants 5, 10,
and 20 years from now to meet the needs of the growing popu-
lation in the region served by the company. To cover at least the
construction costs, Maureen needs to invest some of the com-
pany’s money now to meet these future cash-flow needs. Mau-
reen may purchase only three kinds of financial assets, each of
which costs $1 million per unit. Fractional units may be pur-
chased. The assets produce income 5, 10, and 20 years from now,
and that income is needed to cover at least minimum cash-flow
requirements in those years. (Any excess income above the min-
imum requirement for each time period will be used to increase
dividend payments to shareholders rather than saving it to help
meet the minimum cash-flow requirement in the next time pe-
riod.) The following table shows both the amount of income gen-
erated by each unit of each asset and the minimum amount of in-
come needed for each of the future time periods when a new
hydroelectric plant will be constructed.

Income per Unit of Asset
Minimum Cash

Year | Asset 1 Asset 2 Asset 3 Flow Required
5 $2 million $1 million $0.5 million $400 million
10 | $0.5 million $0.5 million $1 million $100 million
20 0 $1.5 million $2 million $300 million

Maureen wishes to determine the mix of investments in these as-

sets that will cover the cash-flow requirements while minimizing

the total amount invested.

(a) Formulate a linear programming model for this problem.

(b) Display the model on a spreadsheet.

(¢) Use the spreadsheet to check the possibility of purchasing 100
units of Asset 1, 100 units of Asset 2, and 200 units of Asset
3. How much cash flow would this mix of investments gener-
ate 5, 10, and 20 years from now? What would be the total
amount invested?
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(d) Take a few minutes to use a trial-and-error approach with the
spreadsheet to develop your best guess for the optimal solu-
tion. What is the total amount invested for your solution?

C (e) Use the Excel Solver to solve the model by the simplex

method.

3.7-1. The Philbrick Company has two plants on opposite sides of
the United States. Each of these plants produces the same two prod-
ucts and then sells them to wholesalers within its half of the coun-
try. The orders from wholesalers have already been received for
the next 2 months (February and March), where the number of
units requested are shown below. (The company is not obligated
to completely fill these orders but will do so if it can without de-
creasing its profits.)

Plant 1 Plant 2
Product February March February March
1 3,600 6,300 4,900 4,200
2 4,500 5,400 5,100 6,000

Each plant has 20 production days available in February and 23
production days available in March to produce and ship these prod-
ucts. Inventories are depleted at the end of January, but each plant
has enough inventory capacity to hold 1,000 units total of the two
products if an excess amount is produced in February for sale in
March. In either plant, the cost of holding inventory in this way is
$3 per unit of product 1 and $4 per unit of product 2.

Each plant has the same two production processes, each of
which can be used to produce either of the two products. The pro-
duction cost per unit produced of each product is shown below for
each process in each plant.

Plant 1 Plant 2
Product Process 1 Process 2 Process 1 Process 2
1 $62 $59 $61 $65
2 $78 $85 $89 $86

The production rate for each product (number of units produced
per day devoted to that product) also is given below for each process
in each plant.

Plant 1 Plant 2
Product Process 1 Process 2 Process 1 Process 2
1 100 140 130 110
2 120 150 160 130
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The net sales revenue (selling price minus normal shipping
costs) the company receives when a plant sells the products to its
own customers (the wholesalers in its half of the country) is $83
per unit of product 1 and $112 per unit of product 2. However, it
also is possible (and occasionally desirable) for a plant to make a
shipment to the other half of the country to help fill the sales of
the other plant. When this happens, an extra shipping cost of $9
per unit of product 1 and $7 per unit of product 2 is incurred.

Management now needs to determine how much of each prod-
uct should be produced by each production process in each plant
during each month, as well as how much each plant should sell of
each product in each month and how much each plant should ship
of each product in each month to the other plant’s customers. The
objective is to determine which feasible plan would maximize the
total profit (total net sales revenue minus the sum of the produc-
tion costs, inventory costs, and extra shipping costs).

(a) Formulate a complete linear programming model in algebraic
form that shows the individual constraints and decision vari-
ables for this problem.

C (b) Formulate this same model on an Excel spreadsheet instead.

Then use the Excel Solver to solve the model.

C (¢) Use MPL to formulate this model in a compact form. Then

use the MPL solver CPLEX to solve the model.

C (d) Use LINGO to formulate this model in a compact form.

Then use the LINGO solver to solve the model.

Cc 3.7-2. Reconsider Prob. 3.1-11.

(a) Use MPL/CPLEX to formulate and solve the model for this
problem.

(b) Use LINGO to formulate and solve this model.

c 3.7-3. Reconsider Prob. 3.4-11.

(a) Use MPL/CPLEX to formulate and solve the model for this
problem.

(b) Use LINGO to formulate and solve this model.

Cc 3.7-4. Reconsider Prob. 3.4-15.

(a) Use MPL/CPLEX to formulate and solve the model for this
problem.

(b) Use LINGO to formulate and solve this model.

c 3.7-5. Reconsider Prob. 3.4-18.

(a) Use MPL/CPLEX to formulate and solve the model for this
problem.

(b) Use LINGO to formulate and solve this model.
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c 3.7-6. Reconsider Prob. 3.6-4.

(a) Use MPL/CPLEX to formulate and solve the model for this
problem.

(b) Use LINGO to formulate and solve this model.

¢ 3.7-7. Reconsider Prob. 3.6-5.

(a) Use MPL/CPLEX to formulate and solve the model for this
problem.

(b) Use LINGO to formulate and solve this model.

3.7-8. A large paper manufacturing company, the Quality Paper
Corporation, has 10 paper mills from which it needs to supply 1,000
customers. It uses three alternative types of machines and four types
of raw materials to make five different types of paper. Therefore,
the company needs to develop a detailed production distribution
plan on a monthly basis, with an objective of minimizing the total
cost of producing and distributing the paper during the month.
Specifically, it is necessary to determine jointly the amount of each
type of paper to be made at each paper mill on each type of ma-
chine and the amount of each type of paper to be shipped from
each paper mill to each customer.

The relevant data can be expressed symbolically as follows:

Dy, = number of units of paper type k demanded by custo-
mer j,

T'um = number of units of raw material m needed to produce
1 unit of paper type k on machine type /,

R;,, = number of units of raw material m available at paper
mill 4,

¢ = number of capacity units of machine type / that will
produce 1 unit of paper type &,

C;; = number of capacity units of machine type / available
at paper mill i,

P, = production cost for each unit of paper type k produced
on machine type / at paper mill i,

T = transportation cost for each unit of paper type k shipped
from paper mill i to customer j.

(a) Using these symbols, formulate a linear programming model
for this problem by hand.

(b) How many functional constraints and decision variables does
this model have?

C (¢) Use MPL to formulate this problem.

C (d) Use LINGO to formulate this problem.
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CASE 3.1 AUTO ASSEMBLY

Automobile Alliance, a large automobile manufacturing company, organizes the vehi-
cles it manufactures into three families: a family of trucks, a family of small cars, and
a family of midsized and luxury cars. One plant outside Detroit, MI, assembles two
models from the family of midsized and luxury cars. The first model, the Family
Thrillseeker, is a four-door sedan with vinyl seats, plastic interior, standard features,
and excellent gas mileage. It is marketed as a smart buy for middle-class families with
tight budgets, and each Family Thrillseeker sold generates a modest profit of $3,600
for the company. The second model, the Classy Cruiser, is a two-door luxury sedan
with leather seats, wooden interior, custom features, and navigational capabilities. It is
marketed as a privilege of affluence for upper-middle-class families, and each Classy
Cruiser sold generates a healthy profit of $5,400 for the company.

Rachel Rosencrantz, the manager of the assembly plant, is currently deciding the
production schedule for the next month. Specifically, she must decide how many Fam-
ily Thrillseekers and how many Classy Cruisers to assemble in the plant to maximize
profit for the company. She knows that the plant possesses a capacity of 48,000 labor-
hours during the month. She also knows that it takes 6 labor-hours to assemble one
Family Thrillseeker and 10.5 labor-hours to assemble one Classy Cruiser.

Because the plant is simply an assembly plant, the parts required to assemble the
two models are not produced at the plant. They are instead shipped from other plants
around the Michigan area to the assembly plant. For example, tires, steering wheels,
windows, seats, and doors all arrive from various supplier plants. For the next month,
Rachel knows that she will be able to obtain only 20,000 doors (10,000 left-hand doors
and 10,000 right-hand doors) from the door supplier. A recent labor strike forced the
shutdown of that particular supplier plant for several days, and that plant will not be
able to meet its production schedule for the next month. Both the Family Thrillseeker
and the Classy Cruiser use the same door part.

In addition, a recent company forecast of the monthly demands for different au-
tomobile models suggests that the demand for the Classy Cruiser is limited to 3,500
cars. There is no limit on the demand for the Family Thrillseeker within the capacity
limits of the assembly plant.

(a) Formulate and solve a linear programming problem to determine the number of Family
Thrillseekers and the number of Classy Cruisers that should be assembled.

Before she makes her final production decisions, Rachel plans to explore the follow-
ing questions independently except where otherwise indicated.

(b) The marketing department knows that it can pursue a targeted $500,000 advertising cam-
paign that will raise the demand for the Classy Cruiser next month by 20 percent. Should
the campaign be undertaken?

(c) Rachel knows that she can increase next month’s plant capacity by using overtime labor. She
can increase the plant’s labor-hour capacity by 25 percent. With the new assembly plant ca-
pacity, how many Family Thrillseekers and how many Classy Cruisers should be assembled?

(d) Rachel knows that overtime labor does not come without an extra cost. What is the maxi-
mum amount she should be willing to pay for all overtime labor beyond the cost of this la-
bor at regular time rates? Express your answer as a lump sum.
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(e) Rachel explores the option of using both the targeted advertising campaign and the overtime
labor-hours. The advertising campaign raises the demand for the Classy Cruiser by 20 per-
cent, and the overtime labor increases the plant’s labor-hour capacity by 25 percent. How
many Family Thrillseekers and how many Classy Cruisers should be assembled using the
advertising campaign and overtime labor-hours if the profit from each Classy Cruiser sold
continues to be 50 percent more than for each Family Thrillseeker sold?

(f) Knowing that the advertising campaign costs $500,000 and the maximum usage of overtime
labor-hours costs $1,600,000 beyond regular time rates, is the solution found in part (e) a
wise decision compared to the solution found in part (a)?

(g) Automobile Alliance has determined that dealerships are actually heavily discounting the
price of the Family Thrillseekers to move them off the lot. Because of a profit-sharing agree-
ment with its dealers, the company is therefore not making a profit of $3,600 on the Fam-
ily Thrillseeker but is instead making a profit of $2,800. Determine the number of Family
Thrillseekers and the number of Classy Cruisers that should be assembled given this new
discounted price.

(h) The company has discovered quality problems with the Family Thrillseeker by randomly
testing Thrillseekers at the end of the assembly line. Inspectors have discovered that in over
60 percent of the cases, two of the four doors on a Thrillseeker do not seal properly. Be-
cause the percentage of defective Thrillseekers determined by the random testing is so high,
the floor supervisor has decided to perform quality control tests on every Thrillseeker at the
end of the line. Because of the added tests, the time it takes to assemble one Family
Thrillseeker has increased from 6 to 7.5 hours. Determine the number of units of each model
that should be assembled given the new assembly time for the Family Thrillseeker.

(1) The board of directors of Automobile Alliance wishes to capture a larger share of the luxury
sedan market and therefore would like to meet the full demand for Classy Cruisers. They ask
Rachel to determine by how much the profit of her assembly plant would decrease as com-
pared to the profit found in part (a). They then ask her to meet the full demand for Classy
Cruisers if the decrease in profit is not more than $2,000,000.

(j) Rachel now makes her final decision by combining all the new considerations described in
parts (f), (g), and (k). What are her final decisions on whether to undertake the advertising
campaign, whether to use overtime labor, the number of Family Thrillseekers to assemble,
and the number of Classy Cruisers to assemble?

CASE 3.2 CUTTING CAFETERIA COSTS

<41

A cafeteria at All-State University has one special dish it serves like clockwork every
Thursday at noon. This supposedly tasty dish is a casserole that contains sautéed onions,
boiled sliced potatoes, green beans, and cream of mushroom soup. Unfortunately, stu-
dents fail to see the special quality of this dish, and they loathingly refer to it as the Killer
Casserole. The students reluctantly eat the casserole, however, because the cafeteria pro-
vides only a limited selection of dishes for Thursday’s lunch (namely, the casserole).
Maria Gonzalez, the cafeteria manager, is looking to cut costs for the coming year,
and she believes that one sure way to cut costs is to buy less expensive and perhaps
lower-quality ingredients. Because the casserole is a weekly staple of the cafeteria
menu, she concludes that if she can cut costs on the ingredients purchased for the casse-
role, she can significantly reduce overall cafeteria operating costs. She therefore de-
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cides to invest time in determining how to minimize the costs of the casserole while
maintaining nutritional and taste requirements.

Maria focuses on reducing the costs of the two main ingredients in the casserole,
the potatoes and green beans. These two ingredients are responsible for the greatest
costs, nutritional content, and taste of the dish.

Maria buys the potatoes and green beans from a wholesaler each week. Potatoes
cost $0.40 per pound, and green beans cost $1.00 per pound.

All-State University has established nutritional requirements that each main dish
of the cafeteria must meet. Specifically, the total amount of the dish prepared for all
the students for one meal must contain 180 grams (g) of protein, 80 milligrams (mg)
of iron, and 1,050 mg of vitamin C. (There are 453.6 g in 1 1b and 1,000 mg in 1 g.)
For simplicity when planning, Maria assumes that only the potatoes and green beans
contribute to the nutritional content of the casserole.

Because Maria works at a cutting-edge technological university, she has been ex-
posed to the numerous resources on the World Wide Web. She decides to surf the Web
to find the nutritional content of potatoes and green beans. Her research yields the fol-
lowing nutritional information about the two ingredients:

Potatoes Green Beans
Protein 1.5 g per 100 g 5.67 g per 10 ounces
Iron 0.3 mg per 100 g 3.402 mg per 10 ounces
Vitamin C 12 mg per 100 g 28.35 mg per 10 ounces

(There are 28.35 g in 1 ounce.)

Edson Branner, the cafeteria cook who is surprisingly concerned about taste, in-
forms Maria that an edible casserole must contain at least a six to five ratio in the
weight of potatoes to green beans.

Given the number of students who eat in the cafeteria, Maria knows that she must
purchase enough potatoes and green beans to prepare a minimum of 10 kilograms (kg)
of casserole each week. (There are 1,000 g in 1 kg.) Again for simplicity in planning,
she assumes that only the potatoes and green beans determine the amount of casserole
that can be prepared. Maria does not establish an upper limit on the amount of casse-
role to prepare, since she knows all leftovers can be served for many days thereafter
or can be used creatively in preparing other dishes.

(a) Determine the amount of potatoes and green beans Maria should purchase each week for
the casserole to minimize the ingredient costs while meeting nutritional, taste, and demand
requirements.

Before she makes her final decision, Maria plans to explore the following questions
independently except where otherwise indicated.

(b) Maria is not very concerned about the taste of the casserole; she is only concerned about
meeting nutritional requirements and cutting costs. She therefore forces Edson to change the
recipe to allow for only at least a one to two ratio in the weight of potatoes to green beans.
Given the new recipe, determine the amount of potatoes and green beans Maria should pur-
chase each week.
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(¢) Maria decides to lower the iron requirement to 65 mg since she determines that the other in-
gredients, such as the onions and cream of mushroom soup, also provide iron. Determine
the amount of potatoes and green beans Maria should purchase each week given this new
iron requirement.

(d) Maria learns that the wholesaler has a surplus of green beans and is therefore selling the

green beans for a lower price of $0.50 per Ib. Using the same iron requirement from part

(c) and the new price of green beans, determine the amount of potatoes and green beans

Maria should purchase each week.

Maria decides that she wants to purchase lima beans instead of green beans since lima beans

are less expensive and provide a greater amount of protein and iron than green beans. Maria

again wields her absolute power and forces Edson to change the recipe to include lima beans
instead of green beans. Maria knows she can purchase lima beans for $0.60 per 1b from the
wholesaler. She also knows that lima beans contain 22.68 g of protein per 10 ounces of lima
beans, 6.804 mg of iron per 10 ounces of lima beans, and no vitamin C. Using the new cost
and nutritional content of lima beans, determine the amount of potatoes and lima beans Maria
should purchase each week to minimize the ingredient costs while meeting nutritional, taste,
and demand requirements. The nutritional requirements include the reduced iron requirement

from part (c).

(f) Will Edson be happy with the solution in part (e)? Why or why not?

(g) An All-State student task force meets during Body Awareness Week and determines that All-
State University’s nutritional requirements for iron are too lax and that those for vitamin C
are too stringent. The task force urges the university to adopt a policy that requires each
serving of an entrée to contain at least 120 mg of iron and at least 500 mg of vitamin C.
Using potatoes and lima beans as the ingredients for the dish and using the new nutritional
requirements, determine the amount of potatoes and lima beans Maria should purchase each
week.

(e

~

CASE 3.3 STAFFING A CALL CENTER'

<41

California Children’s Hospital has been receiving numerous customer complaints be-
cause of its confusing, decentralized appointment and registration process. When cus-
tomers want to make appointments or register child patients, they must contact the
clinic or department they plan to visit. Several problems exist with this current strat-
egy. Parents do not always know the most appropriate clinic or department they must
visit to address their children’s ailments. They therefore spend a significant amount of
time on the phone being transferred from clinic to clinic until they reach the most ap-
propriate clinic for their needs. The hospital also does not publish the phone numbers
of all clinic and departments, and parents must therefore invest a large amount of time
in detective work to track down the correct phone number. Finally, the various clinics
and departments do not communicate with each other. For example, when a doctor
schedules a referral with a colleague located in another department or clinic, that de-
partment or clinic almost never receives word of the referral. The parent must contact
the correct department or clinic and provide the needed referral information.

'This case is based on an actual project completed by a team of master’s students in the Department of En-
gineering-Economic Systems and Operations Research at Stanford University.
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In efforts to reengineer and improve its appointment and registration process, the
children’s hospital has decided to centralize the process by establishing one call cen-
ter devoted exclusively to appointments and registration. The hospital is currently in
the middle of the planning stages for the call center. Lenny Davis, the hospital man-
ager, plans to operate the call center from 7 A.M. to 9 p.m. during the weekdays.

Several months ago, the hospital hired an ambitious management consulting firm,
Creative Chaos Consultants, to forecast the number of calls the call center would re-
ceive each hour of the day. Since all appointment and registration-related calls would
be received by the call center, the consultants decided that they could forecast the calls
at the call center by totaling the number of appointment and registration-related calls
received by all clinics and departments. The team members visited all the clinics and
departments, where they diligently recorded every call relating to appointments and
registration. They then totaled these calls and altered the totals to account for calls
missed during data collection. They also altered totals to account for repeat calls that
occurred when the same parent called the hospital many times because of the confu-
sion surrounding the decentralized process. Creative Chaos Consultants determined the
average number of calls the call center should expect during each hour of a weekday.
The following table provides the forecasts.

Work Shift Average Number of Calls
7 AM.=9 AM. 40 calls per hour
9 AM~11 Am. 85 calls per hour
11 Am.=1 pm. 70 calls per hour
1 P.M.=3 PM. 95 calls per hour
3 P.M.=5 PM. 80 calls per hour
5 PM.—~7 P.M. 35 calls per hour
7 P.M.=9 P.M. 10 calls per hour

After the consultants submitted these forecasts, Lenny became interested in the per-
centage of calls from Spanish speakers since the hospital services many Spanish pa-
tients. Lenny knows that he has to hire some operators who speak Spanish to handle
these calls. The consultants performed further data collection and determined that on
average, 20 percent of the calls were from Spanish speakers.

Given these call forecasts, Lenny must now decide how to staff the call center dur-
ing each 2 hour shift of a weekday. During the forecasting project, Creative Chaos Con-
sultants closely observed the operators working at the individual clinics and depart-
ments and determined the number of calls operators process per hour. The consultants
informed Lenny that an operator is able to process an average of six calls per hour.
Lenny also knows that he has both full-time and part-time workers available to staff
the call center. A full-time employee works 8 hours per day, but because of paperwork
that must also be completed, the employee spends only 4 hours per day on the phone.
To balance the schedule, the employee alternates the 2-hour shifts between answering
phones and completing paperwork. Full-time employees can start their day either by
answering phones or by completing paperwork on the first shift. The full-time em-
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ployees speak either Spanish or English, but none of them are bilingual. Both Span-
ish-speaking and English-speaking employees are paid $10 per hour for work before
5 p.M. and $12 per hour for work after 5 p.m. The full-time employees can begin work
at the beginning of the 7 A.m. to 9 A.M. shift, 9 A.m. to 11 A.m. shift, 11 A.M. to 1 P.M.
shift, or 1 p.m. to 3 p.m. shift. The part-time employees work for 4 hours, only answer
calls, and only speak English. They can start work at the beginning of the 3 p.m. to
5 p.M. shift or the 5 p.m. to 7 p.M. shift, and like the full-time employees, they are paid
$10 per hour for work before 5 p.M. and $12 per hour for work after 5 p.m.

For the following analysis consider only the labor cost for the time employees
spend answering phones. The cost for paperwork time is charged to other cost centers.

(a) How many Spanish-speaking operators and how many English-speaking operators does the
hospital need to staff the call center during each 2-hour shift of the day in order to answer
all calls? Please provide an integer number since half a human operator makes no sense.

(b) Lenny needs to determine how many full-time employees who speak Spanish, full-time em-
ployees who speak English, and part-time employees he should hire to begin on each shift.
Creative Chaos Consultants advise him that linear programming can be used to do this in
such a way as to minimize operating costs while answering all calls. Formulate a linear pro-
gramming model of this problem.

(c) Obtain an optimal solution for the linear programming model formulated in part (b) to guide
Lenny’s decision.

(d) Because many full-time workers do not want to work late into the evening, Lenny can find
only one qualified English-speaking operator willing to begin work at 1 p.m. Given this new
constraint, how many full-time English-speaking operators, full-time Spanish-speaking op-
erators, and part-time operators should Lenny hire for each shift to minimize operating costs
while answering all calls?

(e) Lenny now has decided to investigate the option of hiring bilingual operators instead of
monolingual operators. If all the operators are bilingual, how many operators should be work-
ing during each 2-hour shift to answer all phone calls? As in part (a), please provide an in-
teger answer.

(f) If all employees are bilingual, how many full-time and part-time employees should Lenny
hire to begin on each shift to minimize operating costs while answering all calls? As in part
(b), formulate a linear programming model to guide Lenny’s decision.

(g) What is the maximum percentage increase in the hourly wage rate that Lenny can pay bilin-
gual employees over monolingual employees without increasing the total operating costs?

(h) What other features of the call center should Lenny explore to improve service or minimize
operating costs?
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LEARNING AIDS FOR THIS CHAPTER IN YOUR OR COURSEWARE

Demonstration Examples in OR Tutor:

Interpretation of the Slack Variables
Simplex Method—Algebraic Form

Simplex Method—Tabular Form

Interactive Routines:

Enter or Revise a General Linear Programming Model
Set Up for the Simplex Method—Interactive Only
Solve Interactively by the Simplex Method

An Automatic Routine:

Solve Automatically by the Interior-Point Algorithm

An Excel Add-In:

Premium Solver

Files (Chapter 3) for Solving the Wyndor and
Radiation Therapy Examples:

Excel File
LINGO/LINDO File
MPL/CPLEX File

See Appendix 1 for documentation of the software.

PROBLEMS

The symbols to the left of some of the problems (or their parts)

have the following meaning:

D: The corresponding demonstration example listed above may be
helpful.

I: We suggest that you use the corresponding interactive routine

listed above (the printout records your work).

Use the computer with any of the software options available to

you (or as instructed by your instructor) to solve the problem

automatically. (See Sec. 4.8 for a listing of the options featured

in this book and on the CD-ROM.)

An asterisk on the problem number indicates that at least a partial

answer is given in the back of the book.

C:

1)
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4.1-1. Consider the following problem.
Maximize Z=x; + 2x,,
subject to

=2
XZSZ
X +tx =3

X1

and
X1 = O, X2 = 0.

(a) Plot the feasible region and circle all the CPF solutions.
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(b) For each CPF solution, identify the pair of constraint bound-
ary equations that it satisfies.

(¢) For each CPF solution, use this pair of constraint boundary
equations to solve algebraically for the values of x; and x, at
the corner point.

(d) For each CPF solution, identify its adjacent CPF solutions.

(e) For each pair of adjacent CPF solutions, identify the constraint
boundary they share by giving its equation.

4.1-2. Consider the following problem.

Maximize Z = 3x; + 2x,,

subject to

2x;+ x, =6
X1+ZXQS6

and

x120, X220.

(a) Use the graphical method to solve this problem. Circle all the
corner points on the graph.

(b) For each CPF solution, identify the pair of constraint bound-
ary equations it satisfies.

(¢) For each CPF solution, identify its adjacent CPF solutions.

(d) Calculate Z for each CPF solution. Use this information to
identify an optimal solution.

(e) Describe graphically what the simplex method does step by
step to solve the problem.

4.1-3. A certain linear programming model involving two activi-
ties has the feasible region shown below.

Level of Activity 2

0 2 4 6 8
Level of Activity 1

<>
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The objective is to maximize the total profit from the two activi-

ties. The unit profit for activity 1 is $1,000 and the unit profit for

activity 2 is $2,000.

(a) Calculate the total profit for each CPF solution. Use this in-
formation to find an optimal solution.

(b) Use the solution concepts of the simplex method given in Sec.
4.1 to identify the sequence of CPF solutions that would be
examined by the simplex method to reach an optimal solution.

4.1-4.* Consider the linear programming model (given in the back

of the book) that was formulated for Prob. 3.2-3.

(a) Use graphical analysis to identify all the corner-point solutions
for this model. Label each as either feasible or infeasible.

(b) Calculate the value of the objective function for each of the
CPF solutions. Use this information to identify an optimal so-
lution.

(¢) Use the solution concepts of the simplex method given in Sec.
4.1 to identify which sequence of CPF solutions might be ex-
amined by the simplex method to reach an optimal solution.
(Hint: There are two alternative sequences to be identified for
this particular model.)

4.1-5. Repeat Prob. 4.1-4 for the following problem.
Maximize Z=x; + 2x,,
subject to

X+ 3x, =8
X+ xnp=4
and
x; =0, X, = 0.
4.1-6. Repeat Prob. 4.1-4 for the following problem.
Maximize Z = 3x; t 2xy,
subject to

X1 4
x; +3x, =15
le + X2 =10

=
=

and

x; =0, X, = 0.
4.1-7. Describe graphically what the simplex method does step by
step to solve the following problem.

Maximize Z = 2x; + 3x,,
subject to

—3x1 + = 1
4x1 + 2XZ =20
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dx; — x, =10
—x; +2x% = 5

and
x; =0, X, =0

4.1-8. Describe graphically what the simplex method does step by
step to solve the following problem.

Minimize Z = 5x; + Tx,,

subject to

2)(,'1 + 3XZ = 42
3x; + 4x, = 60
X+ x, =18

=

4.1-9. Label each of the following statements about linear pro-

gramming problems as true or false, and then justify your answer.

(a) For minimization problems, if the objective function evaluated
at a CPF solution is no larger than its value at every adjacent
CPF solution, then that solution is optimal.

(b) Only CPF solutions can be optimal, so the number of optimal
solutions cannot exceed the number of CPF solutions.

(¢) If multiple optimal solutions exist, then an optimal CPF solu-
tion may have an adjacent CPF solution that also is optimal
(the same value of Z).

4.1-10. The following statements give inaccurate paraphrases of
the six solution concepts presented in Sec. 4.1. In each case, ex-
plain what is wrong with the statement.

(a) The best CPF solution always is an optimal solution.

(b) An iteration of the simplex method checks whether the current
CPF solution is optimal and, if not, moves to a new CPF
solution.

(c) Although any CPF solution can be chosen to be the initial CPF
solution, the simplex method always chooses the origin.

(d) When the simplex method is ready to choose a new CPF so-

lution to move to from the current CPF solution, it only con-

siders adjacent CPF solutions because one of them is likely to
be an optimal solution.

To choose the new CPF solution to move to from the current

CPF solution, the simplex method identifies all the adjacent

CPF solutions and determines which one gives the largest rate

of improvement in the value of the objective function.

(e)

4.2-1. Reconsider the model in Prob. 4.1-4.
(a) Introduce slack variables in order to write the functional con-
straints in augmented form.

1)
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(b) For each CPF solution, identify the corresponding BF solution
by calculating the values of the slack variables. For each BF
solution, use the values of the variables to identify the nonba-
sic variables and the basic variables.

For each BF solution, demonstrate (by plugging in the solu-
tion) that, after the nonbasic variables are set equal to zero,
this BF solution also is the simultaneous solution of the sys-
tem of equations obtained in part (a).

(c)

4.2-2. Reconsider the model in Prob. 4.1-5. Follow the instructions

of Prob. 4.2-1 for parts (a), (b), and (¢).

(d) Repeat part (b) for the corner-point infeasible solutions and the
corresponding basic infeasible solutions.

(e) Repeat part (c) for the basic infeasible solutions.

4.2-3. Follow the instructions of Prob. 4.2-1 for the model in Prob.
4.1-6.

DI 4.3-1. Work through the simplex method (in algebraic form)
step by step to solve the model in Prob. 4.1-4.

4.3-2. Reconsider the model in Prob. 4.1-5.
(a) Work through the simplex method (in algebraic form) by hand
to solve this model.
DI (b) Repeat part (a) with the corresponding interactive routine
in your OR Tutor.
C (c) Verify the optimal solution you obtained by using a software
package based on the simplex method.

4.3-3. Follow the instructions of Prob. 4.3-2 for the model in Prob.
4.1-6.

DI 4.3-4.* Work through the simplex method (in algebraic form)
step by step to solve the following problem.

Maximize Z =4x; + 3x, + 6x3,
subject to

3.X1 + Xo + 3X3 = 30
2x; + 2x, + 3x3 = 40

and

DI 4.3-5. Work through the simplex method (in algebraic form)
step by step to solve the following problem.

Maximize Z = x; + 2x, + 4x3,
subject to
3.X1 + X2 + SX3 =10
X +do,+ x3= 8
2x, +2x03= 7
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and

x; =0, X, =0, x3=0.

D,I 4.3-6. Work through the simplex method (in algebraic form)
step by step to solve the following problem.

Maximize Z=x; + 2x, + 2x3,
subject to
5)(1 + 2)C2 + 3X3 =15
x; +4x, + 2x3 = 12
2x; + x3= 8
and
x; =0, X, =0, x3=0.

4.3-7. Consider the following problem.

Maximize Z = 5x; + 3x, + 4xs,

subject to

2X1+X2+ X3S20
3x; + x + 2x3 = 30

and

X]ZO, x220, X3ZO.

You are given the information that the nonzero variables in the op-

timal solution are x, and x;.

(a) Describe how you can use this information to adapt the sim-
plex method to solve this problem in the minimum possible
number of iterations (when you start from the usual initial BF
solution). Do not actually perform any iterations.

(b) Use the procedure developed in part (@) to solve this problem
by hand. (Do not use your OR Courseware.)

4.3-8. Consider the following problem.

Maximize Z = 2x; + 4x, + 3x3,

subject to

x; + 3x, + 2x3 = 30
xXpt xpt+ x3 =24
3x; + 5x, + 3x3 = 60

and

XIEO, XQEO, X320.

You are given the information that x; > 0, x, = 0, and x3 > 0 in

the optimal solution.

(a) Describe how you can use this information to adapt the sim-
plex method to solve this problem in the minimum possible
number of iterations (when you start from the usual initial BF
solution). Do not actually perform any iterations.

1)
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(b) Use the procedure developed in part (a) to solve this problem
by hand. (Do not use your OR Courseware.)

4.3-9. Label each of the following statements as true or false, and
then justify your answer by referring to specific statements (with
page citations) in the chapter.

(a) The simplex method’s rule for choosing the entering basic vari-
able is used because it always leads to the best adjacent BF
solution (largest Z).

(b) The simplex method’s minimum ratio rule for choosing the
leaving basic variable is used because making another choice
with a larger ratio would yield a basic solution that is not fea-
sible.

(¢) When the simplex method solves for the next BF solution, el-
ementary algebraic operations are used to eliminate each non-
basic variable from all but one equation (its equation) and to
give it a coefficient of +1 in that one equation.

DI 4.4-1. Repeat Prob. 4.3-1, using the tabular form of the sim-
plex method.

D,LC 4.4-2. Repeat Prob. 4.3-2, using the tabular form of the sim-
plex method.

D,LC 4.4-3. Repeat Prob. 4.3-3, using the tabular form of the sim-
plex method.

4.4-4. Consider the following problem.

Maximize Z =2x; + x5,

subject to

x1+x= 40
dx; + x, = 100

and

XIEO, XZEO.

(a) Solve this problem graphically in a freehand manner. Also
identify all the CPF solutions.
(b) Now repeat part (a) when using a ruler to draw the graph
carefully.
D (c) Use hand calculations to solve this problem by the simplex
method in algebraic form.
DI (d) Now use your OR Courseware to solve this problem in-
teractively by the simplex method in algebraic form.
D (e) Use hand calculations to solve this problem by the simplex
method in tabular form.
DI (f) Now use your OR Courseware to solve this problem inter-
actively by the simplex method in tabular form.
C (g) Use a software package based on the simplex method to
solve the problem.
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4.4-5. Repeat Prob. 4.4-4 for the following problem.

Maximize Z = 2x; + 3x,,

subject to

x; + 2x, =30
x1+ xZSZO

and

XIEO, XQEO.

4.4-6. Consider the following problem.

Maximize Z = 2x; + 4x, + 3xz,

subject to

3x; + 4x, + 2x3 = 60
2x; + xp, + 2x3 =40
X1 + 3X2 + 2)(3 = 80

and

X]EO, XZEO, X320.

DI (a) Work through the simplex method step by step in algebraic
form.
D,I (b) Work through the simplex method step by step in tabular
form.
C (¢) Use a software package based on the simplex method to
solve the problem.

4.4-7. Consider the following problem.

Maximize Z =3x; + 5x, + 6x3,

subject to

2x1+ x+ x3=4
X+ 20+ x3=4
xXpt x+2x3=4
Xt xpt+ x3=3

and

leO, XQZO, X320.

DI (a) Work through the simplex method step by step in algebraic
form.
DI (b) Work through the simplex method in tabular form.
C (c¢) Use a computer package based on the simplex method to
solve the problem.

4.4-8. Consider the following problem.

Maximize Z=2x; — x, + x3,
subject to
X1 — X2 + 3X3 = 4
2)(,'1 + X2 = 10
X1 — X2 — X3 =7

1)
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and

x; =0, X, =0, x3=0.

D,I (a) Work through the simplex method step by step in algebraic
form to solve this problem.
D,I (b) Work through the simplex method step by step in tabular
form to solve the problem.
C (¢) Use a computer package based on the simplex method to
solve the problem.

DI 4.4-9. Work through the simplex method step by step (in tab-
ular form) to solve the following problem.

Maximize Z=12x; — xp + x3,
subject to
3 +txt+ x3=6
Xp— X+ 2x3 =1
Xyt — x3=2
and
x120, XQEO, X320.

DI 4.4-10. Work through the simplex method step by step to solve
the following problem.

Maximize Z=—x; + x5+ 2x3,

subject to

X+ 20 — x3 =20
—2x; + 4x, + 2x3 = 60
2x; +3x, + x3 =50

4.5-1. Consider the following statements about linear program-
ming and the simplex method. Label each statement as true or false,
and then justify your answer.

(a) In a particular iteration of the simplex method, if there is a tie
for which variable should be the leaving basic variable, then
the next BF solution must have at least one basic variable equal
to zero.

(b) If there is no leaving basic variable at some iteration, then the
problem has no feasible solutions.

(¢) If at least one of the basic variables has a coefficient of zero
in row O of the final tableau, then the problem has multiple op-
timal solutions.

(d) If the problem has multiple optimal solutions, then the prob-
lem must have a bounded feasible region.
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4.5-2. Suppose that the following constraints have been provided
for a linear programming model with decision variables x; and x,.

—x; + 3x, = 30
—3x; + x =30
and
x; =0, X, = 0.

(a) Demonstrate graphically that the feasible region is unbounded.
(b) If the objective is to maximize Z = —x; + x,, does the model
have an optimal solution? If so, find it. If not, explain why not.

(c) Repeat part (b) when the objective is to maximize Z = x; — x,.

(d) For objective functions where this model has no optimal solu-

tion, does this mean that there are no good solutions accord-
ing to the model? Explain. What probably went wrong when
formulating the model?

DI (e) Select an objective function for which this model has no
optimal solution. Then work through the simplex method
step by step to demonstrate that Z is unbounded.

C (f) For the objective function selected in part (e), use a software

package based on the simplex method to determine that Z is
unbounded.

4.5-3. Follow the instructions of Prob. 4.5-2 when the constraints
are the following:

2x1 - X = 20
X — 2x, =20
and
X1 = 0, X2 =0.

D,I 4.5-4. Consider the following problem.

Maximize Z = 5x; + x5 + 3x3 + 4xy,

subject to

X1 — 2)(2 + 4X3 + 3)C4 =20
—4x; + 6xy + Sx3 — 4xy = 40
2X] - 3X2 + 3X3 + 8)C4 =50

and

x; =0, X, =0, x3 =0, x4 = 0.

Work through the simplex method step by step to demonstrate that
Z is unbounded.

4.5-5. A basic property of any linear programming problem with
a bounded feasible region is that every feasible solution can be ex-
pressed as a convex combination of the CPF solutions (perhaps in
more than one way). Similarly, for the augmented form of the prob-
lem, every feasible solution can be expressed as a convex combi-
nation of the BF solutions.

1)
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(a) Show that any convex combination of any set of feasible so-
lutions must be a feasible solution (so that any convex combi-
nation of CPF solutions must be feasible).

(b) Use the result quoted in part (@) to show that any convex com-
bination of BF solutions must be a feasible solution.

4.5-6. Using the facts given in Prob. 4.5-5, show that the follow-

ing statements must be true for any linear programming problem

that has a bounded feasible region and multiple optimal solutions:

(a) Every convex combination of the optimal BF solutions must
be optimal.

(b) No other feasible solution can be optimal.

4.5-7. Consider a two-variable linear programming problem whose
CPF solutions are (0, 0), (6, 0), (6, 3), (3, 3), and (0, 2). (See Prob.
3.2-2 for a graph of the feasible region.)

(a) Use the graph of the feasible region to identify all the con-
straints for the model.

(b) For each pair of adjacent CPF solutions, give an example of
an objective function such that all the points on the line seg-
ment between these two corner points are multiple optimal so-
lutions.

(¢) Now suppose that the objective functionis Z = —x; + 2x,. Use
the graphical method to find all the optimal solutions.

DI (d) For the objective function in part (c¢), work through the sim-
plex method step by step to find all the optimal BF solu-
tions. Then write an algebraic expression that identifies all
the optimal solutions.

D,I 4.5-8. Consider the following problem.
Maximize Z=2x txp + X3+ x4,
subject to

X txn=3

X3+X4S2
and

% =0,

forj=1,2,3,4.

Work through the simplex method step by step to find all the op-
timal BF solutions.

4.6-1.* Consider the following problem.

Maximize Z = 2x; + 3x,,
subject to

Xt 2 =4

Xt x=3
and

x; =0, X, =0
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(a) Solve this problem graphically.

(b) Using the Big M method, construct the complete first simplex
tableau for the simplex method and identify the corresponding
initial (artificial) BF solution. Also identify the initial entering
basic variable and the leaving basic variable.

I (¢) Continue from part (b) to work through the simplex method

step by step to solve the problem.

4.6-2. Consider the following problem.

Maximize Z =4x; + 2x, + 3x3 + Sxy,

subject to

2x; + 3x, + 4x3 + 2x4 = 300
le + X2 + X3 + S.X4 = 300

and

ijO,

forj=1,2,3,4.

(a) Using the Big M method, construct the complete first simplex
tableau for the simplex method and identify the corresponding
initial (artificial) BF solution. Also identify the initial entering
basic variable and the leaving basic variable.

1 (b) Work through the simplex method step by step to solve the

problem.

(¢) Using the two-phase method, construct the complete first sim-
plex tableau for phase 1 and identify the corresponding initial
(artificial) BF solution. Also identify the initial entering basic
variable and the leaving basic variable.

1 (d) Work through phase 1 step by step.

(e) Construct the complete first simplex tableau for phase 2.

1 (f) Work through phase 2 step by step to solve the problem.

(g) Compare the sequence of BF solutions obtained in part (b) with
that in parts (d) and (f). Which of these solutions are feasible
only for the artificial problem obtained by introducing artificial
variables and which are actually feasible for the real problem?

C (h) Use a software package based on the simplex method to

solve the problem.

4.6-3. Consider the following problem.

Minimize Z = 3x; + 2x,,
subject to
2x; + x, =10
=3x; +2x0, = 6
X+ =6
and
x| = 0, Xy = 0.

(a) Solve this problem graphically.
(b) Using the Big M method, construct the complete first simplex
tableau for the simplex method and identify the corresponding

1)
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initial (artificial) BF solution. Also identify the initial entering
basic variable and the leaving basic variable.
I (¢) Work through the simplex method step by step to solve the
problem.

4.6-4.* Consider the following problem.
Minimize Z = 2x; + 3x, + x3,
subject to

Xt 4x, +2x3=8

3x; + 2x, =6
and
x|20, XQEO, )C320.

(a) Reformulate this problem to fit our standard form for a linear
programming model presented in Sec. 3.2.

1 (b) Using the Big M method, work through the simplex method

step by step to solve the problem.

I (¢) Using the two-phase method, work through the simplex

method step by step to solve the problem.

(d) Compare the sequence of BF solutions obtained in parts (b)
and (c). Which of these solutions are feasible only for the ar-
tificial problem obtained by introducing artificial variables and
which are actually feasible for the real problem?

C (e) Use a software package based on the simplex method to

solve the problem.

4.6-5. For the Big M method, explain why the simplex method
never would choose an artificial variable to be an entering basic
variable once all the artificial variables are nonbasic.

4.6-6. Consider the following problem.

Maximize Z = 90x; + 70x,,

subject to

22X +x =2
xl—x222

and

x; =0, x, = 0.

(a) Demonstrate graphically that this problem has no feasible so-

lutions.

C (b) Use a computer package based on the simplex method to

determine that the problem has no feasible solutions.

I (¢) Using the Big M method, work through the simplex method
step by step to demonstrate that the problem has no feasible
solutions.

1 (d) Repeat part (c) when using phase 1 of the two-phase method.
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4.6-7. Follow the instructions of Prob. 4.6-6 for the following
problem.

Minimize Z = 5,000x; + 7,000x,,

subject to

Xy = 0.
4.6-8. Consider the following problem.

Maximize Z =2x; + 5x, + 3x3,

subject to

XI_ZXZJFX:;EZO
2x; + 4x, + x3 = 50

and

leO, x220, X320.

(a) Using the Big M method, construct the complete first simplex
tableau for the simplex method and identify the corresponding
initial (artificial) BF solution. Also identify the initial entering
basic variable and the leaving basic variable.

1 (b) Work through the simplex method step by step to solve the

problem.

1 (¢) Using the two-phase method, construct the complete first
simplex tableau for phase 1 and identify the corresponding
initial (artificial) BF solution. Also identity the initial enter-
ing basic variable and the leaving basic variable.

I (d) Work through phase 1 step by step.

(e) Construct the complete first simplex tableau for phase 2.

1 (f) Work through phase 2 step by step to solve the problem.

(g) Compare the sequence of BF solutions obtained in part (b) with
that in parts () and (f). Which of these solutions are feasible
only for the artificial problem obtained by introducing artificial
variables and which are actually feasible for the real problem?

C (h) Use a software package based on the simplex method to

solve the problem.

4.6-9. Consider the following problem.
Minimize Z =2x; + xo + 3x3,
subject to

5)(1 + 2)C2 + 7)(3 = 420
3x1 + 2)C2 + SX3 = 280

and

1)
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I (a) Using the two-phase method, work through phase 1 step by
step.
¢ (b) Use a software package based on the simplex method to for-
mulate and solve the phase 1 problem.
I (¢) Work through phase 2 step by step to solve the original
problem.
C (d) Use a computer code based on the simplex method to solve
the original problem.

4.6-10.* Consider the following problem.

Minimize Z =3x; + 2x5 + 4x;3,

subject to

2x; + xp + 3x3 = 60
3x; + 3x, + 5x3 = 120

and

_XIEO, _XZZO, )C320.

I (a) Using the Big M method, work through the simplex method

step by step to solve the problem.

1 (b) Using the two-phase method, work through the simplex

method step by step to solve the problem.

(¢) Compare the sequence of BF solutions obtained in parts (a)
and (b). Which of these solutions are feasible only for the ar-
tificial problem obtained by introducing artificial variables and
which are actually feasible for the real problem?

C (d) Use a software package based on the simplex method to

solve the problem.

4.6-11. Follow the instructions of Prob. 4.6-10 for the following
problem.

Minimize Z = 3x; + 2x, + Tx3,
subject to

—x; + X =10

2x1 —x tx3= 10
and

x; =0, X, =0, x3 = 0.

4.6-12. Follow the instructions of Prob. 4.6-10 for the following
problem.

Minimize Z =3x; + 2xp, + x3,
subject to
X+ xo 7

3x; +x +x3 =10
and

x =0,
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4.6-13. Label each of the following statements as true or false, and
then justify your answer.

(a) When a linear programming model has an equality constraint,
an artificial variable is introduced into this constraint in order
to start the simplex method with an obvious initial basic solu-
tion that is feasible for the original model.

When an artificial problem is created by introducing artificial
variables and using the Big M method, if all artificial variables
in an optimal solution for the artificial problem are equal to
zero, then the real problem has no feasible solutions.

The two-phase method is commonly used in practice because
it usually requires fewer iterations to reach an optimal solution
than the Big M method does.

(b)

(c)

4.6-14. Consider the following problem.

Maximize Z = x; + 4x, + 2x3,

subject to
dx; —x + 3=
—X; — X+ 2x3 =
and
X, =0, x3=0
(no nonnegativity constraint for x;).
(a) Reformulate this problem so all variables have nonnegativity
constraints.
DI (b) Work through the simplex method step by step to solve the
problem.
C (c) Use a software package based on the simplex method to
solve the problem.

4.6-15.% Consider the following problem.

Maximize Z = —x; + 4x,,
subject to
=31+ = 6
x;+2x0np= 4
X, = —3

(no lower bound constraint for x;).
(a) Solve this problem graphically.
(b) Reformulate this problem so that it has only two functional
constraints and all variables have nonnegativity constraints.
DI (¢) Work through the simplex method step by step to solve the
problem.

4.6-16. Consider the following problem.

Maximize Z=—x; + 2x, + x3,
subject to
3x, + x3 = 120
Xp— X, —4dx3 = 80
=3x; + x, +2x3 = 100

(no nonnegativity constraints).

1)
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(a) Reformulate this problem so that all variables have nonnega-
tivity constraints.
DI (b) Work through the simplex method step by step to solve the
problem.
C (¢) Use a computer package based on the simplex method to
solve the problem.

4.6-17. This chapter has described the simplex method as applied
to linear programming problems where the objective function is to
be maximized. Section 4.6 then described how to convert a mini-
mization problem to an equivalent maximization problem for ap-
plying the simplex method. Another option with minimization
problems is to make a few modifications in the instructions for the
simplex method given in the chapter in order to apply the algo-
rithm directly.

(a) Describe what these modifications would need to be.

(b) Using the Big M method, apply the modified algorithm devel-
oped in part (a) to solve the following problem directly by
hand. (Do not use your OR Courseware.)

Minimize Z = 3x; + 8x, + 5x3,
subject to

3X2 + 4)C3 =170
3)(:1 + SX2 + 2)(3 =170

and

4.6-18. Consider the following problem.

Maximize Z = —2x; + x5 — 4x3 + 3x4,
subject to
Xpt+ X t+3t22u= 4
X — x3t xp=-1
2x; + xp = 2
x1+2x2+ )C3+2.X4: 2
and
XZZO, X3ZO, X420

(no nonnegativity constraint for xy).

(a) Reformulate this problem to fit our standard form for a linear
programming model presented in Sec. 3.2.

(b) Using the Big M method, construct the complete first simplex
tableau for the simplex method and identify the corresponding
initial (artificial) BF solution. Also identify the initial entering
basic variable and the leaving basic variable.

(¢) Using the two-phase method, construct row O of the first sim-
plex tableau for phase 1.

C (d) Use a computer package based on the simplex method to

solve the problem.
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I 4.6-19. Consider the following problem.

Maximize Z =4x; + 5x, + 3x3,

subject to

xX; + xp + 2x3 =20
15x; + 6x, — 5x3 =50
x; + 3x, + 5x3 =30

and

X]ZO, x220, X320.

Work through the simplex method step by step to demonstrate that
this problem does not possess any feasible solutions.

4.7-1. Refer to Fig. 4.10 and the resulting allowable range to stay
feasible for the respective right-hand sides of the Wyndor Glass
Co. problem given in Sec. 3.1. Use graphical analysis to demon-
strate that each given allowable range is correct.

4.7-2. Reconsider the model in Prob. 4.1-5. Interpret the right-hand
side of the respective functional constraints as the amount avail-
able of the respective resources.

(a) Use graphical analysis as in Fig. 4.8 to determine the shadow
prices for the respective resources.

(b) Use graphical analysis to perform sensitivity analysis on this
model. In particular, check each parameter of the model to
determine whether it is a sensitive parameter (a parameter
whose value cannot be changed without changing the opti-
mal solution) by examining the graph that identifies the op-
timal solution.

(c) Use graphical analysis as in Fig. 4.9 to determine the allow-
able range for each ¢; value (coefficient of x; in the objective
function) over which the current optimal solution will remain
optimal.

(d) Changing just one b; value (the right-hand side of functional
constraint i) will shift the corresponding constraint boundary.
If the current optimal CPF solution lies on this constraint
boundary, this CPF solution also will shift. Use graphical
analysis to determine the allowable range for each b; value over
which this CPF solution will remain feasible.

C (e) Verify your answers in parts (a), (c), and (d) by using a com-

puter package based on the simplex method to solve the prob-
lem and then to generate sensitivity analysis information.

4.7-3. Repeat Prob. 4.7-2 for the model in Prob. 4.1-6.

4.7-4. You are given the following linear programming problem.

Maximize Z = 4x; + 2x,,
subject to
2x, =16 (resource 1)
x; + 3x, =17 (resource 2)
X, = 5 (resource 3)

1)

| e-Text Main Menu |

and

x; =0, X, = 0.

(a) Solve this problem graphically.

(b) Use graphical analysis to find the shadow prices for the re-
sources.

(¢) Determine how many additional units of resource 1 would be
needed to increase the optimal value of Z by 15.

4.7-5. Consider the following problem.
Maximize Z=x1 — Tx> + 3x3,
subject to

2+ xp—x3=4
4X]_3.X2 =2
=3x; +2x +tx3=3

(resource 1)
(resource 2)
(resource 3)

and

x =0, X, =0, x3=0.

D,I (a) Work through the simplex method step by step to solve the

problem.

(b) Identify the shadow prices for the three resources and describe

their significance.

C (¢) Use a software package based on the simplex method to
solve the problem and then to generate sensitivity informa-
tion. Use this information to identify the shadow price for
each resource, the allowable range to stay optimal for each
objective function coefficient, and the allowable range to
stay feasible for each right-hand side.

4.7-6.* Consider the following problem.
Maximize Z = 2x; — 2x, + 3x3,
subject to

4 (resource 1)
2 (resource 2)
2 (resource 3)

—x1+x2+ X3 =

2x1—x2+ X3S

x1+x2+3x35
and

xle, )sz(), X320.

DI (a) Work through the simplex method step by step to solve the

problem.

(b) Identify the shadow prices for the three resources and describe

their significance.

C (¢) Use a software package based on the simplex method to
solve the problem and then to generate sensitivity informa-
tion. Use this information to identify the shadow price for
each resource, the allowable range to stay optimal for each
objective function coefficient and the allowable range to stay
feasible for each right-hand side.
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4.7-7. Consider the following problem.
Maximize Z =2x; + 4x, — x3,
subject to

3X2 - X3 =30
2x; — x + x3 =10
4x) + 2x — 2x3 = 40

(resource 1)
(resource 2)
(resource 3)

and

X]EO, .X220, X320.

DI (a) Work through the simplex method step by step to solve the

problem.

(b) Identify the shadow prices for the three resources and describe

their significance.

C (c¢) Use a software package based on the simplex method to
solve the problem and then to generate sensitivity informa-
tion. Use this information to identify the shadow price for
each resource, the allowable range to stay optimal for each
objective function coefficient, and the allowable range to
stay feasible for each right-hand side.

4.7-8. Consider the following problem.
Maximize Z = 5x; + 4x, — x3 + 3xy,
subject to

3x;+2x, —3x3+ x4 =24
3x; + 3x, + x3 + 3x4 = 36

(resource 1)
(resource 2)

and

x; =0, X, =0, x3 =0, x4 = 0.

D,I (a) Work through the simplex method step by step to solve the

problem.

(b) Identify the shadow prices for the two resources and describe

their significance.

C (¢) Use a software package based on the simplex method to
solve the problem and then to generate sensitivity informa-
tion. Use this information to identify the shadow price for
each resource, the allowable range to stay optimal for each
objective function coefficient, and the allowable range to
stay feasible for each right-hand side.

4.9.1. Use the interior-point algorithm in your OR Courseware to
solve the model in Prob. 4.1-4. Choose a = 0.5 from the Option
menu, use (x;, x,) = (0.1, 0.4) as the initial trial solution, and run
15 iterations. Draw a graph of the feasible region, and then plot
the trajectory of the trial solutions through this feasible region.

4.9-2. Repeat Prob. 4.9-1 for the model in Prob. 4.1-5.

4.9-3. Repeat Prob. 4.9-1 for the model in Prob. 4.1-6.

CASE 4.1 FABRICS AND FALL FASHIONS

1)

From the tenth floor of her office building, Katherine Rally watches the swarms of
New Yorkers fight their way through the streets infested with yellow cabs and the side-
walks littered with hot dog stands. On this sweltering July day, she pays particular at-
tention to the fashions worn by the various women and wonders what they will choose
to wear in the fall. Her thoughts are not simply random musings; they are critical to
her work since she owns and manages TrendLines, an elite women’s clothing company.

Today is an especially important day because she must meet with Ted Lawson, the
production manager, to decide upon next month’s production plan for the fall line.
Specifically, she must determine the quantity of each clothing item she should produce
given the plant’s production capacity, limited resources, and demand forecasts. Accu-
rate planning for next month’s production is critical to fall sales since the items pro-
duced next month will appear in stores during September, and women generally buy
the majority of the fall fashions when they first appear in September.

She turns back to her sprawling glass desk and looks at the numerous papers cov-
ering it. Her eyes roam across the clothing patterns designed almost six months ago,
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the lists of materials requirements for each pattern, and the lists of demand forecasts
for each pattern determined by customer surveys at fashion shows. She remembers the
hectic and sometimes nightmarish days of designing the fall line and presenting it at
fashion shows in New York, Milan, and Paris. Ultimately, she paid her team of six de-
signers a total of $860,000 for their work on her fall line. With the cost of hiring run-
way models, hair stylists, and makeup artists, sewing and fitting clothes, building the
set, choreographing and rehearsing the show, and renting the conference hall, each of
the three fashion shows cost her an additional $2,700,000.

She studies the clothing patterns and material requirements. Her fall line consists
of both professional and casual fashions. She determined the prices for each clothing
item by taking into account the quality and cost of material, the cost of labor and ma-
chining, the demand for the item, and the prestige of the TrendLines brand name.

The fall professional fashions include:

Labor and

Clothing Item Materials Requirements Price Machine Cost
Tailored wool slacks 3 yards of wool $300 $160

2 yards of acetate for lining
Cashmere sweater 1.5 yards of cashmere $450 $150
Silk blouse 1.5 yards of silk $180 $100
Silk camisole 0.5 yard of silk $120 $ 60
Tailored skirt 2 yards of rayon $270 $120

1.5 yards of acetate for lining
Wool blazer 2.5 yards of wool $320 $140

1.5 yards of acetate for lining
The fall casual fashions include:

Labor and

Clothing Item Materials Requirements Price Machine Cost
Velvet pants 3 yards of velvet $350 $175

2 yards of acetate for lining
Cotton sweater 1.5 yards of cotton $130 $ 60
Cotton miniskirt 0.5 yard of cotton $ 75 $ 40
Velvet shirt 1.5 yards of velvet $200 $160
Button-down blouse 1.5 yards of rayon $120 $ 90

She knows that for the next month, she has ordered 45,000 yards of wool, 28,000
yards of acetate, 9,000 yards of cashmere, 18,000 yards of silk, 30,000 yards of rayon,
20,000 yards of velvet, and 30,000 yards of cotton for production. The prices of the
materials are listed on the next page.
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Material Price per yard
Wool $ 9.00
Acetate $ 1.50
Cashmere $60.00
Silk $13.00
Rayon $ 2.25
Velvet $12.00
Cotton $ 2.50

Any material that is not used in production can be sent back to the textile wholesaler
for a full refund, although scrap material cannot be sent back to the wholesaler.

She knows that the production of both the silk blouse and cotton sweater leaves
leftover scraps of material. Specifically, for the production of one silk blouse or one
cotton sweater, 2 yards of silk and cotton, respectively, are needed. From these 2 yards,
1.5 yards are used for the silk blouse or the cotton sweater and 0.5 yard is left as scrap
material. She does not want to waste the material, so she plans to use the rectangular
scrap of silk or cotton to produce a silk camisole or cotton miniskirt, respectively.
Therefore, whenever a silk blouse is produced, a silk camisole is also produced. Like-
wise, whenever a cotton sweater is produced, a cotton miniskirt is also produced. Note
that it is possible to produce a silk camisole without producing a silk blouse and a cot-
ton miniskirt without producing a cotton sweater.

The demand forecasts indicate that some items have limited demand. Specifically,
because the velvet pants and velvet shirts are fashion fads, TrendLines has forecasted
that it can sell only 5,500 pairs of velvet pants and 6,000 velvet shirts. TrendLines
does not want to produce more than the forecasted demand because once the pants
and shirts go out of style, the company cannot sell them. TrendLines can produce less
than the forecasted demand, however, since the company is not required to meet the
demand. The cashmere sweater also has limited demand because it is quite expensive,
and TrendLines knows it can sell at most 4,000 cashmere sweaters. The silk blouses
and camisoles have limited demand because many women think silk is too hard to
care for, and TrendLines projects that it can sell at most 12,000 silk blouses and 15,000
silk camisoles.

The demand forecasts also indicate that the wool slacks, tailored skirts, and wool
blazers have a great demand because they are basic items needed in every professional
wardrobe. Specifically, the demand for wool slacks is 7,000 pairs of slacks, and the
demand for wool blazers is 5,000 blazers. Katherine wants to meet at least 60 percent
of the demand for these two items in order to maintain her loyal customer base and
not lose business in the future. Although the demand for tailored skirts could not be
estimated, Katherine feels she should make at least 2,800 of them.

(a) Ted is trying to convince Katherine not to produce any velvet shirts since the demand for
this fashion fad is quite low. He argues that this fashion fad alone accounts for $500,000
of the fixed design and other costs. The net contribution (price of clothing item — mate-
rials cost — labor cost) from selling the fashion fad should cover these fixed costs. Each
velvet shirt generates a net contribution of $22. He argues that given the net contribution,
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even satisfying the maximum demand will not yield a profit. What do you think of Ted’s
argument?

(b) Formulate and solve a linear programming problem to maximize profit given the produc-
tion, resource, and demand constraints.

Before she makes her final decision, Katherine plans to explore the following ques-
tions independently except where otherwise indicated.

(c) The textile wholesaler informs Katherine that the velvet cannot be sent back because the de-
mand forecasts show that the demand for velvet will decrease in the future. Katherine can
therefore get no refund for the velvet. How does this fact change the production plan?

(d) What is an intuitive economic explanation for the difference between the solutions found in
parts (b) and (c)?

(e) The sewing staff encounters difficulties sewing the arms and lining into the wool blazers
since the blazer pattern has an awkward shape and the heavy wool material is difficult to cut
and sew. The increased labor time to sew a wool blazer increases the labor and machine cost
for each blazer by $80. Given this new cost, how many of each clothing item should Trend-
Lines produce to maximize profit?

(f) The textile wholesaler informs Katherine that since another textile customer canceled his or-
der, she can obtain an extra 10,000 yards of acetate. How many of each clothing item should
TrendLines now produce to maximize profit?

(g) TrendLines assumes that it can sell every item that was not sold during September and Oc-
tober in a big sale in November at 60 percent of the original price. Therefore, it can sell all
items in unlimited quantity during the November sale. (The previously mentioned upper lim-
its on demand concern only the sales during September and October.) What should the new
production plan be to maximize profit?

CASE 4.2 NEW FRONTIERS

Rob Richman, president of AmeriBank, takes off his glasses, rubs his eyes in exhaus-
tion, and squints at the clock in his study. It reads 3 a.M. For the last several hours,
Rob has been poring over AmeriBank’s financial statements from the last three quar-
ters of operation. AmeriBank, a medium-sized bank with branches throughout the
United States, is headed for dire economic straits. The bank, which provides transac-
tion, savings, and investment and loan services, has been experiencing a steady decline
in its net income over the past year, and trends show that the decline will continue.
The bank is simply losing customers to nonbank and foreign bank competitors.

AmeriBank is not alone in its struggle to stay out of the red. From his daily in-
dustry readings, Rob knows that many American banks have been suffering significant
losses because of increasing competition from nonbank and foreign bank competitors
offering services typically in the domain of American banks. Because the nonbank and
foreign bank competitors specialize in particular services, they are able to better cap-
ture the market for those services by offering less expensive, more efficient, more con-
venient services. For example, large corporations now turn to foreign banks and com-
mercial paper offerings for loans, and affluent Americans now turn to money-market
funds for investment. Banks face the daunting challenge of distinguishing themselves
from nonbank and foreign bank competitors.
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Rob has concluded that one strategy for distinguishing AmeriBank from its com-
petitors is to improve services that nonbank and foreign bank competitors do not read-
ily provide: transaction services. He has decided that a more convenient transaction
method must logically succeed the automatic teller machine, and he believes that elec-
tronic banking over the Internet allows this convenient transaction method. Over the
Internet, customers are able to perform transactions on their desktop computers either
at home or at work. The explosion of the Internet means that many potential customers
understand and use the World Wide Web. He therefore feels that if AmeriBank offers
Web banking (as the practice of Internet banking is commonly called), the bank will
attract many new customers.

Before Rob undertakes the project to make Web banking possible, however, he
needs to understand the market for Web banking and the services AmeriBank should
provide over the Internet. For example, should the bank only allow customers to ac-
cess account balances and historical transaction information over the Internet, or should
the bank develop a strategy to allow customers to make deposits and withdrawals over
the Internet? Should the bank try to recapture a portion of the investment market by
continuously running stock prices and allowing customers to make stock transactions
over the Internet for a minimal fee?

Because AmeriBank is not in the business of performing surveys, Rob has decided
to outsource the survey project to a professional survey company. He has opened the
project up for bidding by several survey companies and will award the project to the
company which is willing to perform the survey for the least cost.

Sophisticated Surveys is one of three survey companies competing for the project.
Rob provided each survey company with a list of survey requirements to ensure that
AmeriBank receives the needed information for planning the Web banking project.

Because different age groups require different services, AmeriBank is interested
in surveying four different age groups. The first group encompasses customers who are
18 to 25 years old. The bank assumes that this age group has limited yearly income
and performs minimal transactions. The second group encompasses customers who are
26 to 40 years old. This age group has significant sources of income, performs many
transactions, requires numerous loans for new houses and cars, and invests in various
securities. The third group encompasses customers who are 41 to 50 years old. These
customers typically have the same level of income and perform the same number of
transactions as the second age group, but the bank assumes that these customers are
less likely to use Web banking since they have not become as comfortable with the ex-
plosion of computers or the Internet. Finally, the fourth group encompasses customers
who are 51 years of age and over. These customers commonly crave security and re-
quire continuous information on retirement funds. The banks believes that it is highly
unlikely that customers in this age group will use Web banking, but the bank desires
to learn the needs of this age group for the future. AmeriBank wants to interview 2,000
customers with at least 20 percent from the first age group, at least 27.5 percent from
the second age group, at least 15 percent from the third age group, and at least 15 per-
cent from the fourth age group.

Rob understands that the Internet is a recent phenomenon and that some customers
may not have heard of the World Wide Web. He therefore wants to ensure that the sur-
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vey includes a mix of customers who know the Internet well and those that have less
exposure to the Internet. To ensure that AmeriBank obtains the correct mix, he wants
to interview at least 15 percent of customers from the Silicon Valley where Internet use
is high, at least 35 percent of customers from big cities where Internet use is medium,
and at least 20 percent of customers from small towns where Internet use is low.

Sophisticated Surveys has performed an initial analysis of these survey require-

ments to determine the cost of surveying different populations. The costs per person
surveyed are listed in the following table:

Age Group
Region 18 to 25 26 to 40 41 to 50 51 and over
Silicon Valley $4.75 $6.50 $6.50 $5.00
Big cities $5.25 $5.75 $6.25 $6.25
Small towns $6.50 $7.50 $7.50 $7.25

Sophisticated Surveys explores the following options cumulatively.

(a)
(b)
(©)

Formulate a linear programming model to minimize costs while meeting all survey con-
straints imposed by AmeriBank.

If the profit margin for Sophisticated Surveys is 15 percent of cost, what bid will they
submit?

After submitting its bid, Sophisticated Surveys is informed that it has the lowest cost but
that AmeriBank does not like the solution. Specifically, Rob feels that the selected survey
population is not representative enough of the banking customer population. Rob wants at
least 50 people of each age group surveyed in each region. What is the new bid made by
Sophisticated Surveys?

(d) Rob feels that Sophisticated Survey oversampled the 18- to 25-year-old population and the
Silicon Valley population. He imposes a new constraint that no more than 600 individuals
can be surveyed from the 18- to 25-year-old population and no more than 650 individuals
can be surveyed from the Silicon Valley population. What is the new bid?

(e) When Sophisticated Surveys calculated the cost of reaching and surveying particular indi-
viduals, the company thought that reaching individuals in young populations would be eas-
iest. In a recently completed survey, however, Sophisticated Surveys learned that this as-
sumption was wrong. The new costs for surveying the 18- to 25-year-old population are listed
below.

Region survey cost per person
Silicon Valley $6.50
Big cities $6.75
Small towns $7.00
Given the new costs, what is the new bid?
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(f) To ensure the desired sampling of individuals, Rob imposes even stricter requirements. He
fixes the exact percentage of people that should be surveyed from each population. The re-
quirements are listed below:

Population percentage of
people surveyed

18 to 25
26 to 40
41 to 50
51 and over

Silicon Valley
Big cities
Small towns

25%
35%
20%
20%

20%
50%
30%

By how much would these new requirements increase the cost of surveying for Sophisticated
Surveys? Given the 15 percent profit margin, what would Sophisticated Surveys bid?

CASE 4.3 ASSIGNING STUDENTS TO SCHOOLS

<>

The Springfield school board has made the decision to close one of its middle schools
(sixth, seventh, and eighth grades) at the end of this school year and reassign all of
next year’s middle school students to the three remaining middle schools. The school
district provides bussing for all middle school students who must travel more than ap-
proximately a mile, so the school board wants a plan for reassigning the students that
will minimize the total bussing cost. The annual cost per student of bussing from each
of the six residential areas of the city to each of the schools is shown in the following
table (along with other basic data for next year), where 0 indicates that bussing is not
needed and a dash indicates an infeasible assignment.

Percentage | Percentage | Percentage | Bussing Cost per Student
No. of in 6th in 7th in 8th
Area | Students Grade Grade Grade School 1 | School 2 | School 3
1 450 32 38 30 $300 0 $700
2 600 37 28 35 — $400 $500
3 550 30 32 38 $600 $300 $200
4 350 28 40 32 $200 $500 —
5 500 39 34 27 0 — $400
6 450 34 28 38 $500 $300 0
School capacity: 900 1,100 1,000

The school board also has imposed the restriction that each grade must constitute
between 30 and 36 percent of each school’s population. The above table shows the per-
centage of each area’s middle school population for next year that falls into each of
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the three grades. The school attendance zone boundaries can be drawn so as to split
any given area among more than one school, but assume that the percentages shown
in the table will continue to hold for any partial assignment of an area to a school.

You have been hired as an operations research consultant to assist the school board
in determining how many students in each area should be assigned to each school.

(a) Formulate a linear programming model for this problem.
(b) Solve the model.
(c) What is your resulting recommendation to the school board?

After seeing your recommendation, the school board expresses concern about all
the splitting of residential areas among multiple schools. They indicate that they “would
like to keep each neighborhood together.”

(d) Adjust your recommendation as well as you can to enable each area to be assigned to just
one school. (Adding this restriction may force you to fudge on some other constraints.) How
much does this increase the total bussing cost? (This line of analysis will be pursued more
rigorously in Case 12.4.)

The school board is considering eliminating some bussing to reduce costs. Option
1 is to eliminate bussing only for students traveling 1 to 1.5 miles, where the cost per
student is given in the table as $200. Option 2 is to also eliminate bussing for students
traveling 1.5 to 2 miles, where the estimated cost per student is $300.

(e) Revise the model from part (@) to fit Option 1, and solve. Compare these results with those
from part (¢), including the reduction in total bussing cost.
(f) Repeat part (e) for Option 2.

The school board now needs to choose among the three alternative bussing plans
(the current one or Option 1 or Option 2). One important factor is bussing costs. How-
ever, the school board also wants to place equal weight on a second factor: the incon-
venience and safety problems caused by forcing students to travel by foot or bicycle a
substantial distance (more than a mile, and especially more than 1.5 miles). Therefore,
they want to choose a plan that provides the best trade-off between these two factors.

(g) Use your results from parts (¢), (e), and (f) to summarize the key information related to
these two factors that the school board needs to make this decision.
(h) Which decision do you think should be made? Why?

Note: This case will be continued in later chapters (Cases 6.3 and 12.4), so we
suggest that you save your analysis, including your basic model.
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LEARNING AIDS FOR THIS CHAPTER IN YOUR OR COURSEWARE

A Demonstration Example in OR Tutor:

Fundamental Insight

Interactive Routines:

Enter or Revise a General Linear Programming Model
Set Up for the Simplex Method—Interactive Only
Solve Interactively by the Simplex Method

Files (Chapter 3) for Solving the Wyndor Example:

Excel File
LINGO/LINDO File
MPL/CPLEX File

See Appendix 1 for documentation of the software.

PROBLEMS

The symbols to the left of some of the problems (or their parts)
have the following meaning:

D: The demonstration example listed above may be helpful.
I: You can check some of your work by using the interactive rou-
tines listed above for the original simplex method.

An asterisk on the problem number indicates that at least a partial
answer is given in the back of the book.

5.1-1.* Consider the following problem.

Maximize Z = 3x; + 2x,,

subject to

2x;+ x =6
X+ 2% =6

and

XIEO, XQEO.

(a) Solve this problem graphically. Identify the CPF solutions by
circling them on the graph.

(b) Identify all the sets of two defining equations for this problem.
For each set, solve (if a solution exists) for the corresponding
corner-point solution, and classify it as a CPF solution or cor-
ner-point infeasible solution.

(¢) Introduce slack variables in order to write the functional con-
straints in augmented form. Use these slack variables to iden-
tify the basic solution that corresponds to each corner-point so-
lution found in part (b).

4>
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(d) Do the following for each set of two defining equations from
part (b): Identify the indicating variable for each defining equa-
tion. Display the set of equations from part (c) after deleting
these two indicating (nonbasic) variables. Then use the latter
set of equations to solve for the two remaining variables (the
basic variables). Compare the resulting basic solution to the
corresponding basic solution obtained in part (c).

(e) Without executing the simplex method, use its geometric inter-
pretation (and the objective function) to identify the path (se-
quence of CPF solutions) it would follow to reach the optimal
solution. For each of these CPF solutions in turn, identify the
following decisions being made for the next iteration: (i) which
defining equation is being deleted and which is being added;
(1) which indicating variable is being deleted (the entering basic
variable) and which is being added (the leaving basic variable).

5.1-2. Repeat Prob. 5.1-1 for the model in Prob. 3.1-5.

5.1-3. Consider the following problem.
Maximize Z = 2x; + 3x,,
subject to

=3+ =1
4x; + 2x, =20
dx; — =10
—x; +2x% = 5
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(a) Solve this problem graphically. Identify the CPF solutions by
circling them on the graph.

(b) Develop a table giving each of the CPF solutions and the cor-
responding defining equations, BF solution, and nonbasic vari-
ables. Calculate Z for each of these solutions, and use just this
information to identify the optimal solution.

(c) Develop the corresponding table for the corner-point infeasi-
ble solutions, etc. Also identify the sets of defining equations
and nonbasic variables that do not yield a solution.

5.1-4. Consider the following problem.

Maximize Z=2x; — x> + x3,

subject to
3x; +x + x3 =60
X1 —x2+2x3S 10
Xyt — x3=20
and

X]ZO, x220, X320.

After slack variables are introduced and then one complete itera-
tion of the simplex method is performed, the following simplex
tableau is obtained.

Coefficient of:
Basic Right
Iteration | Variable | Eq. | Z | x; | X2 | X3 | X4 | X5 | X¢ | Side
V4 ©|[1]0| -1 310 2|0 20
1 X4 Mmoo 4|1 -5|11|-3|0 30
X1 @ (0| 1| -1 210 110 10
X6 3)|0|O0 21 =310 ]| -1]1 10

(a) Identify the CPF solution obtained at iteration 1.
(b) Identify the constraint boundary equations that define this CPF
solution.

5.1-5. Consider the three-variable linear programming problem

shown in Fig. 5.2.

(a) Construct a table like Table 5.1, giving the set of defining equa-
tions for each CPF solution.

(b) What are the defining equations for the corner-point infeasi-
ble solution (6, 0, 5)?

(c) Identify one of the systems of three constraint boundary equa-
tions that yields neither a CPF solution nor a corner-point in-
feasible solution. Explain why this occurs for this system.

5.1-6. Consider the linear programming problem given in Table
6.1 as the dual problem for the Wyndor Glass Co. example.

<>
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(a) Identify the 10 sets of defining equations for this problem. For
each one, solve (if a solution exists) for the corresponding cor-
ner-point solution, and classify it as a CPF solution or corner-
point infeasible solution.

(b) For each corner-point solution, give the corresponding basic
solution and its set of nonbasic variables. (Compare with
Table 6.9.)

5.1-7. Consider the following problem.
Minimize Z = x; t 2x,,
subject to

—x; +tx, =15

2x; +x, =90
Xy = 30
and
X1 = 0, X2 =0.

(a) Solve this problem graphically.
(b) Develop a table giving each of the CPF solutions and the corre-
sponding defining equations, BF solution, and nonbasic variables.

5.1-8. Reconsider the model in Problem 4.6-3.

(a) Identify the 10 sets of defining equations for this problem. For
each one, solve (if a solution exists) for the corresponding cor-
ner-point solution, and classify it as a CPF solution or a cor-
ner-point infeasible solution.

(b) For each corner-point solution, give the corresponding basic
solution and its set of nonbasic variables.

5.1-9. Reconsider the model in Prob. 3.1-4.

(a) Identify the 15 sets of defining equations for this problem. For
each one, solve (if a solution exists) for the corresponding cor-
ner-point solution, and classify it as a CPF solution or a cor-
ner-point infeasible solution.

(b) For each corner-point solution, give the corresponding basic
solution and its set of nonbasic variables.

5.1-10. Each of the following statements is true under most cir-

cumstances, but not always. In each case, indicate when the state-

ment will not be true and why.

(a) The best CPF solution is an optimal solution.

(b) An optimal solution is a CPF solution.

(¢) A CPF solution is the only optimal solution if none of its ad-
jacent CPF solutions are better (as measured by the value of
the objective function).

5.1-11. Consider the original form (before augmenting) of a lin-
ear programming problem with n decision variables (each with a
nonnegativity constraint) and m functional constraints. Label each
of the following statements as true or false, and then justify your
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answer with specific references (including page citations) to ma-
terial in the chapter.

(a) If a feasible solution is optimal, it must be a CPF solution.
(b) The number of CPF solutions is at least

(m + n)!
m!n!

(¢) If a CPF solution has adjacent CPF solutions that are better (as
measured by Z), then one of these adjacent CPF solutions must
be an optimal solution.

5.1-12. Label each of the following statements about linear pro-

gramming problems as true or false, and then justify your answer.

(a) If a feasible solution is optimal but not a CPF solution, then
infinitely many optimal solutions exist.

(b) If the value of the objective function is equal at two different
feasible points x* and x**, then all points on the line segment
connecting x* and x** are feasible and Z has the same value
at all those points.

(c) If the problem has n variables (before augmenting), then the
simultaneous solution of any set of n constraint boundary equa-
tions is a CPF solution.

5.1-13. Consider the augmented form of linear programming prob-
lems that have feasible solutions and a bounded feasible region.
Label each of the following statements as true or false, and then
justify your answer by referring to specific statements (with page
citations) in the chapter.

(a) There must be at least one optimal solution.

(b) An optimal solution must be a BF solution.

(¢) The number of BF solutions is finite.

5.1-14.* Reconsider the model in Prob. 4.6-10. Now you are given
the information that the basic variables in the optimal solution are
X, and x;. Use this information to identify a system of three con-
straint boundary equations whose simultaneous solution must be
this optimal solution. Then solve this system of equations to ob-
tain this solution.

5.1-15. Reconsider Prob. 4.3-7. Now use the given information
and the theory of the simplex method to identify a system of three
constraint boundary equations (in x;, x», x3) whose simultaneous
solution must be the optimal solution, without applying the sim-
plex method. Solve this system of equations to find the optimal
solution.

5.1-16. Reconsider Prob. 4.3-8. Using the given information and
the theory of the simplex method, analyze the constraints of the
problem in order to identify a system of three constraint boundary
equations whose simultaneous solution must be the optimal solu-
tion (not augmented). Then solve this system of equations to ob-
tain this solution.

<>
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5.1-17. Consider the following problem.

Maximize Z = 2x; + 2x, + 3x3,

subject to

2x; o + 23 =4
Xptx+ x3=3

and

x120, XQEO, X320.

Let x4 and x5 be the slack variables for the respective functional
constraints. Starting with these two variables as the basic variables
for the initial BF solution, you now are given the information that
the simplex method proceeds as follows to obtain the optimal so-
lution in two iterations: (1) In iteration 1, the entering basic vari-
able is x5 and the leaving basic variable is x4; (2) in iteration 2, the
entering basic variable is x, and the leaving basic variable is xs.

(a) Develop a three-dimensional drawing of the feasible region for
this problem, and show the path followed by the simplex
method.

(b) Give a geometric interpretation of why the simplex method fol-
lowed this path.

(¢) For each of the two edges of the feasible region traversed by

the simplex method, give the equation of each of the two con-

straint boundaries on which it lies, and then give the equation
of the additional constraint boundary at each endpoint.

Identify the set of defining equations for each of the three CPF

solutions (including the initial one) obtained by the simplex

method. Use the defining equations to solve for these solu-
tions.

(e) For each CPF solution obtained in part (d), give the corre-
sponding BF solution and its set of nonbasic variables. Explain
how these nonbasic variables identify the defining equations
obtained in part (d).

d

~

5.1-18. Consider the following problem.

Maximize Z = 3x; + 4x, + 2x3,

subject to

X+ x+x3 =20
x; + 2% +x3 =30

and

XIZO, XQEO, X320.

Let x4 and x5 be the slack variables for the respective functional
constraints. Starting with these two variables as the basic variables
for the initial BF solution, you now are given the information that
the simplex method proceeds as follows to obtain the optimal so-
lution in two iterations: (1) In iteration 1, the entering basic vari-
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able is x, and the leaving basic variable is xs; (2) in iteration 2, the
entering basic variable is x; and the leaving basic variable is xy4.
Follow the instructions of Prob. 5.1-17 for this situation.

5.1-19. By inspecting Fig. 5.2, explain why Property 15 for CPF
solutions holds for this problem if it has the following objective
function.

(a) Maximize Z = xs.

(b) Maximize Z = —x; + 2x3.

5.1-20. Consider the three-variable linear programming problem

shown in Fig. 5.2.

(a) Explain in geometric terms why the set of solutions satisfying
any individual constraint is a convex set, as defined in Ap-
pendix 2.

(b) Use the conclusion in part (a) to explain why the entire feasi-
ble region (the set of solutions that simultaneously satisfies
every constraint) is a convex set.

5.1-21. Suppose that the three-variable linear programming prob-
lem given in Fig. 5.2 has the objective function

Maximize Z = 3x; + 4x, + 3x3.

Without using the algebra of the simplex method, apply just its
geometric reasoning (including choosing the edge giving the max-
imum rate of increase of Z) to determine and explain the path it
would follow in Fig. 5.2 from the origin to the optimal solution.

5.1-22. Consider the three-variable linear programming problem

shown in Fig. 5.2.

(a) Construct a table like Table 5.4, giving the indicating variable
for each constraint boundary equation and original constraint.

(b) For the CPF solution (2, 4, 3) and its three adjacent CPF so-
lutions (4, 2, 4), (0, 4, 2), and (2, 4, 0), construct a table like
Table 5.5, showing the corresponding defining equations, BF
solution, and nonbasic variables.

(c) Use the sets of defining equations from part (b) to demonstrate
that (4, 2, 4), (0, 4, 2), and (2, 4, 0) are indeed adjacent to
(2, 4, 3), but that none of these three CPF solutions are adja-
cent to each other. Then use the sets of nonbasic variables from
part (b) to demonstrate the same thing.

5.1-23. The formula for the line passing through (2, 4, 3) and
(4, 2, 4) in Fig. 5.2 can be written as

2,4,3)+al(4,2,4) —(2,4,3)] =2,4,3) + a2, =2, 1),

where 0 = a = 1 for just the line segment between these points.
After augmenting with the slack variables x4, xs, x¢, X7 for the re-
spective functional constraints, this formula becomes

(2,4,3,2,0,0,0) + a2, =2, 1, =2, 2,0, 0).

Use this formula directly to answer each of the following ques-
tions, and thereby relate the algebra and geometry of the simplex

<>
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method as it goes through one iteration in moving from (2, 4, 3)
to (4, 2, 4). (You are given the information that it is moving along
this line segment.)

(a) What is the entering basic variable?

(b) What is the leaving basic variable?

(¢) What is the new BF solution?

5.1-24. Consider a two-variable mathematical programming prob-
lem that has the feasible region shown on the graph, where the six
dots correspond to CPF solutions. The problem has a linear ob-
jective function, and the two dashed lines are objective function
lines passing through the optimal solution (4, 5) and the second-
best CPF solution (2, 5). Note that the nonoptimal solution (2, 5)
is better than both of its adjacent CPF solutions, which violates
Property 3 in Sec. 5.1 for CPF solutions in linear programming.
Demonstrate that this problem cannot be a linear programming
problem by constructing the feasible region that would result if the
six line segments on the boundary were constraint boundaries for
linear programming constraints.

X2 A

5.2-1. Consider the following problem.
Maximize Z = 8x; + 4x, + 6x3 + 3x4 + 9xs,
subject to

x; + 2)C2 + 3X3 + 3X4 = 180
4X1 + 3)(:2 + 2.X3 + xt x5 = 270
x; + 3x, + x4+ 3x5 =180

(resource 1)
(resource 2)
(resource 3)

Textbook Table of Contents |



CHAPTER 5 PROBLEMS

225

and
Xj = O7

j=1,...,5.

You are given the facts that the basic variables in the optimal so-
lution are x3, xy, and x5 and that

3 1 0] | 11 -3 1
2 41 =27 —6 9 -3
0 1 3 2 =3 10

(a) Use the given information to identify the optimal solution.
(b) Use the given information to identify the shadow prices for the
three resources.

1 5.2-2.% Work through the revised simplex method step by step
to solve the following problem.

Maximize Z = 5x; + 8xp + Tx3 + 4xy + 6xs,

subject to
2x1 + 3XZ + 3X3 + 2X4 + 2)(5 =20
3x; + 5x, + 4xz + 2x4 + 4xs = 30
and

ijO,

j=1,2,3,4,5.

1 5.2-3. Work through the revised simplex method step by step to
solve the model given in Prob. 4.3-4.

5.2-4. Reconsider Prob. 5.1-1. For the sequence of CPF solutions
identified in part (e), construct the basis matrix B for each of the
corresponding BF solutions. For each one, invert B manually, use
this B! to calculate the current solution, and then perform the next
iteration (or demonstrate that the current solution is optimal).

1 5.2-5. Work through the revised simplex method step by step to
solve the model given in Prob. 4.1-5.

I 5.2-6. Work through the revised simplex method step by step to
solve the model given in Prob. 4.7-6.

1 5.2-7. Work through the revised simplex method step by step to
solve each of the following models:

(a) Model given in Prob. 3.1-5.

(b) Model given in Prob. 4.7-8.

D 5.3-1.* Consider the following problem.
Maximize Z=x1 — Xy + 2x3,
subject to

2)61_2)(:2“1‘3)(355
x1+ Xy — X3S3
Xp— Xt x3=2
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x; =0, X, =0, x3=0.

Let x4, x5, and x4 denote the slack variables for the respective con-
straints. After you apply the simplex method, a portion of the fi-
nal simplex tableau is as follows:

Coefficient of:

Basic Right
Variable | Eq. | Z | x4 X2 X3 X3 Xs Xg Side
V4 0 |1 1 1 0
X2 M | 0 1 3 0
X 2 | o 0 1 1
X3 3)|o 1 2 0

(a) Use the fundamental insight presented in Sec. 5.3 to identify
the missing numbers in the final simplex tableau. Show your
calculations.

(b) Identify the defining equations of the CPF solution corre-
sponding to the optimal BF solution in the final simplex
tableau.

D 5.3-2. Consider the following problem.

Maximize Z =4x; + 3x, + x3 + 2xy,

subject to

dx; +2x + x3+tx, =5
3x;+ xp +2x3 +xy =4

and

x|20, XQEO, X320, X420.

Let x5 and xg denote the slack variables for the respective con-
straints. After you apply the simplex method, a portion of the fi-
nal simplex tableau is as follows:

Coefficient of:

Basic Right
Variable | Eq. | Z | x7 X2 X3 X4 X5 X6 Side
z ) | 1 1 1
Xo 1)y | O 1 -1
X4 2 |0 -1

(a) Use the fundamental insight presented in Sec. 5.3 to identify
the missing numbers in the final simplex tableau. Show your
calculations.

(b) Identity the defining equations of the CPF solution corre-
sponding to the optimal BF solution in the final simplex
tableau.
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D 5.3-3. Consider the following problem.
Maximize Z = 6x; + xo + 2x3,

subject to
1
2x; + 2x, + 5% =2
3
—dx; — 2x5 — 5% =3

x1+2x2+%x351

x =0, X, =0, x3=0.

Let x4, x5, and x4 denote the slack variables for the respective con-
straints. After you apply the simplex method, a portion of the fi-
nal simplex tableau is as follows:

Coefficient of:

Basic Right
Variable | Eq. | Z | x4 X2 X3 Xa X5 X¢ Side
Z © |1 2 0 2
Xs m o 1 1 2
X3 2 |0 -2 0 4
Xq 3|0 1 0 -1

Use the fundamental insight presented in Sec. 5.3 to identify the
missing numbers in the final simplex tableau. Show your calcula-
tions.

D 5.3-4. Consider the following problem.

Maximize Z=x1 — Xxp + 2x3,

subject to

x1+x2+3x351
26— X+ 3=

5
=2
X txnt 3= 4

XIZO, X220, X320.

Let x4, x5, and xg denote the slack variables for the respective con-
straints. After the simplex method is applied, a portion of the final
simplex tableau is as follows:
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Coefficient of:

Basic Right
Variable | Eq. | Z | X1 X2 X3 X4 Xs X6 Side

3 1

V4 ©) |1 0 > 5

X4 M | o 1 -1 -2
1 1

X3 (2) 0 0 5 5
1 1

X2 (3) 0 0 _E E

(a) Use the fundamental insight presented in Sec. 5.3 to identify
the missing numbers in the final simplex tableau. Show your
calculations.

(b) Identity the defining equations of the CPF solution corre-
sponding to the optimal BF solution in the final simplex
tableau.

D 5.3-5. Consider the following problem.

Maximize Z = 20x; + 6x, + 8x3,

subject to

8x; + 2x, + 3x3 = 200
4x; + 3x, + 3x3 = 100
2x; +3x, + x3= 50

x3= 20

X]ZO, x220, X320.

Let x4, x5, X6, and x7 denote the slack variables for the first through
fourth constraints, respectively. Suppose that after some number of
iterations of the simplex method, a portion of the current simplex
tableau is as follows:

Coefficient of:
Basic Right
Variable | Eq. | Z | x4 X2 X3 X4 Xs X¢ X7 | Side
9 1
V4 O |1 7 5 0 O
3 1
X1 (1) 0 ﬁ *E 0 0
X @ |o LI
2 4 2
x | 3o 2 L1 o
X7 @ |0 0 0 0 1
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(a) Use the fundamental insight presented in Sec. 5.3 to identify
the missing numbers in the current simplex tableau. Show your
calculations.

(b) Indicate which of these missing numbers would be generated
by the revised simplex method in order to perform the next it-
eration.

(c) Identify the defining equations of the CPF solution corre-
sponding to the BF solution in the current simplex tableau.

D 5.3-6. You are using the simplex method to solve the following
linear programming problem.

Maximize Z = 6x; + 5x, — x3 + 4xy,
subject to

3x; + 2x, — 3x3 + x4 =120
3)C1 + 3)C2 + X3 + 3.X4 =180

and

X]EO, X220, X320, .X420.

You have obtained the following final simplex tableau where xs
and x¢ are the slack variables for the respective constraints.

Coefficient of:
Basic Right
Variable | Eq. | Z | x4 X X3 X4 Xs Xe Side
1 1 3 .
V4 © |10 7 0 5 7 7 V4
11 5 1 1 .
X Moy 32 0 g 32 7 | b
1 r 1 1 *
X3 2 |00 p 1 5 2 2 b%

Use the fundamental insight presented in Sec. 5.3 to identify Z*,
b*%, and b%. Show your calculations.

D 5.3-7. Consider the following problem.
Maximize Z = cx; + X + c3x3,
subject to

x1+2x2+ X3 = b
2X1+ )C2+3X352b

and

x =0, X, =0, x3=0.

Note that values have not been assigned to the coefficients in the
objective function (cy, ¢, ¢3), and that the only specification for
the right-hand side of the functional constraints is that the second
one (2b) be twice as large as the first (b).

<>
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Now suppose that your boss has inserted her best estimate of
the values of ¢y, ¢,, ¢3, and b without informing you and then has
run the simplex method. You are given the resulting final simplex
tableau below (where x4 and x5 are the slack variables for the re-
spective functional constraints), but you are unable to read the value
of Z*.

Coefficient of:
Basic Right
Variable Eq. 4 X1 X2 X3 X4 Xs Side
7 3 4 .

V4 0) 1 10 0 0 5 3 Z

1 3 1
X2 (1 ) 0 g 1 0 ? —g 1

3 1 2
X3 (2) 0 ? 0 1 —g ? 3

(a) Use the fundamental insight presented in Sec. 5.3 to identify
the value of (¢, ¢,, c3) that was used.

(b) Use the fundamental insight presented in Sec. 5.3 to identify
the value of b that was used.

(¢) Calculate the value of Z* in two ways, where one way uses
your results from part (a) and the other way uses your result
from part (b). Show your two methods for finding Z*.

5.3-8. For iteration 2 of the example in Sec. 5.3, the following ex-
pression was shown:

Final row 0 = [—-3, =5 0, 0, 0 0]

1 0i1 0 0} 4
+00, 3 1]0 2i0 1 0i12]
3200 0 118

Derive this expression by combining the algebraic operations (in
matrix form) for iterations 1 and 2 that affect row O.

5.3-9. Most of the description of the fundamental insight presented
in Sec. 5.3 assumes that the problem is in our standard form. Now
consider each of the following other forms, where the additional
adjustments in the initialization step are those presented in Sec.
4.6, including the use of artificial variables and the Big M method
where appropriate. Describe the resulting adjustments in the fun-
damental insight.

(a) Equality constraints

(b) Functional constraints in = form

(c) Negative right-hand sides

(d) Variables allowed to be negative (with no lower bound)

5.3-10. Reconsider the model in Prob. 4.6-6. Use artificial vari-
ables and the Big M method to construct the complete first sim-
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plex tableau for the simplex method, and then identify the columns
that will contains S* for applying the fundamental insight in the
final tableau. Explain why these are the appropriate columns.

5.3-11. Consider the following problem.

Minimize Z = 2x; + 3x, + 2x3,

subject to

x; +4dx, +2x3=8
3x; + 2x, +2x3 =6

and

XIEO, X220, X320.

Let x4 and x¢ be the surplus variables for the first and second con-
straints, respectively. Let x5 and x; be the corresponding artificial
variables. After you make the adjustments described in Sec. 4.6 for
this model form when using the Big M method, the initial simplex
tableau ready to apply the simplex method is as follows:

Coefficient of:
Basic Right
Variable (Eq.| Z Xq X2 X3 X4 X5 X¢ X7 | Side
V4 ©O|-1|{-4M+2 -6M+3 -2M+2 M 0 M 0 |-14M
Xs Mm| o 1 4 2 -1 1 00 8
X7 2| o 3 2 0 00 —-11 6

(c) When you apply the t* = t + vT equation, another option is
to use t = [2, 3, 2, 0, M, 0, M, 0], which is the preliminary
row O before the algebraic elimination of the nonzero coeffi-
cients of the initial basic variables x5 and x;. Repeat part (b)
for this equation with this new t. After you derive the new v,
show that this equation yields the same final row O for this
problem as the equation derived in part (b).

(d) Identify the defining equations of the CPF solution corre-
sponding to the optimal BF solution in the final simplex
tableau.

5.3-12. Consider the following problem.
Maximize Z = 2x; + 4x, + 3x3,
subject to

x; + 3x, + 2x3 =20

x; + 5x; =10
and
XIZO, XQZO, X320.

Let x, be the artificial variable for the first constraint. Let x5 and
X¢ be the surplus variable and artificial variable, respectively, for
the second constraint.

You are now given the information that a portion of the final
simplex tableau is as follows:

Coefficient of:

After you apply the simplex method, a portion of the final simplex Basic Right
tableau is as follows: Variable | Eq. | Z | x1 x2 x3 Xa Xs Xe | Side
Coefficient of: 4 0 |1 M+2 0 M
Basic Right
Variable |Eq.| Z |xq X2 X3 X3 X5 X¢ Xz Side X1 M |o 1 0
Xs @2 |0 1 1 =1
Z ) | -1 M—0.5 M—0.5
X2 M| o 0.3 —0.1 (a) Extend the fundamental insight presented in Sec. 5.3 to iden-
X @] o -0.2 0.4 tify the missing numbers in the final simplex tableau. Show
your calculations.

(a) Based on the above tableaux, use the fundamental insight pre-
sented in Sec. 5.3 to identify the missing numbers in the final
simplex tableau. Show your calculations.

(b) Examine the mathematical logic presented in Sec. 5.3 to vali-
date the fundamental insight (see the T* = MT and t* =
t + vT equations and the subsequent derivations of M and v).
This logic assumes that the original model fits our standard
form, whereas the current problem does not fit this form. Show
how, with minor adjustments, this same logic applies to the
current problem when t is row 0 and T is rows 1 and 2 in the
initial simplex tableau given above. Derive M and v for this
problem.

<>
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(b) Identify the defining equations of the CPF solution corre-
sponding to the optimal solution in the final simplex tableau.

5.3-13. Consider the following problem.
Maximize Z = 3x; + Txp + 2x3,
subject to

—2x1 + 2)(2 + X3 = 10
3x; + xp —x3=20
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You are given the fact that the basic variables in the optimal solu-  (d) Construct the basis matrix B for the optimal BF solution, in-

tion are x; and xs. vert B manually, and then use this B~ to solve for the opti-

(a) Introduce slack variables, and then use the given information mal solution and the shadow prices y*. Then apply the opti-
to find the optimal solution directly by Gaussian elimination. mality test for the revised simplex method to verify that this

(b) Extend the work in part (a) to find the shadow prices. solution is optimal.

(c) Use the given information to identify the defining equations of ~ (e) Given B™! and y* from part (d), use the fundamental insight
the optimal CPF solution, and then solve these equations to presented in Sec. 5.3 to construct the complete final simplex
obtain the optimal solution. tableau.

4| P | eTextMainMenu | Textbook Table of Contents |
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3i-6 @) Asinthe Wyndor Glass Co. problem, we want to find the optimal levels of two activities
that compete for limited resources. We want to find the optimal mix of the two aclivities.

Let W be the number of wood-framed windows to produce.
Let A be the number of aluminum-framed windows to produce.

The following table gives the data for the problen::

Resource Usage per Unit of Activity Amount of
Resource wood-frumed almminum-framed | Resource Available
Tlass 6 8 4%
aluminum 0 i 4
wood 1 0 a
Unit Profit $60 $30

L) PR
Maximize P = 60W + 30A,

subject to 6W+84 <48
W<o
A<4

and Wz20, Az0

el
Optimal Solution: (W, 4)=(x,x,)= (6, 1 %) and P = 405.

Ko M

34



comYs.)

Rescurces Used Per Unit Produced Resource
)| Rescurce |wood-framed aluminum-framed | Totals Available
glass & 8 48 < 48
aluminum ] 1 1.5 = 4
wood t 0 6 < &
Unlt Profit 540 $30 $ 285
Solution 6 1.5
Rescurces Used Pet Unit Procuced Resource
Resource Jwood-framed aluminum-framed | Totals Avallablz
glass B 8 45 S 48
aluminum o] 1 4 £ 4
wood 1 & 2.66667 = 6
Unit Profit 520 330 $173
Solution 3 4
¢)
Rescurces Used Per Unit Produced Resource
Resaurce |wood-framed aluminum-framed | Totals Avaijlable
glass B 8 48 < 48
aluminum a 1 2.25 < 4
waood 1 LY 5 = 5
Unit Proiit 560 530 % 368
Solution 5 2.25

31

a) Let x, = number of 27" TV sets to be produced per month
Let x, = number f 20™ TV sets to be produced per month
Maximize P = 120x, +80x,,

subject to

and

20x, +10x, £500
x, £40

x, £10

x 20, x,20.

Optimal Solution: (x,,x,) =(20,10) and P = 3200.

X M

10 15 20 25 %0 35

N

=%

~}
aa -
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a) Lelx, = number of units of product | te produce
Let x, = number of units of product 2 to produce
Maximize P = x +2x,,
subject to x +3x, <200

2x, +2x, €300
X, £60

and 520, x, 20

£} Optimal Solution: (x,..x,)=(125,25) and P =175.

X ih

\w&_

Let %,

H

¥ waits on Speclal risk insarance

X, = # ' n mortqages

Maximyze 27 5K+ 2K,

Swlrect Fo Ix, FAK, 5;40&
X, <8
2X < 1100
L

X,Z20, %, 20

£



B) M

3.0-9 Opumal Sclution: (S, M) = (x,.x,) = (600,300} and P = 3600.

100 200 200 400 500 600 70

2. 0-10
o) Mauximize P= 024 +0.18,
subject to 0.18 <200
0.25H £ 800

3H+2B<12,000
and 20, B=0.

3-1




AAD
b} Optimal Solution: (H, B) = (x,, x.) = (3200,1200) and P = 760.

SO0 1000 150020062500 20053500

Let  X,= numbes of unibs of Pr‘od&d i Pro&uacf
X;® number of unds of Pr-aclu.ef 2 ?roduc?c‘
X; = number of units of Producf' 3 ?mducec‘.

Maximize 2= 50x, +20x, + 25%3

subfect teo Ix, + 3x, + S5x; £500
5x, +¥x . £3%50

3x, +2Xx; =£/50

Xy < 20

X200 %20 X320

3-8



ERENN
b)
Solve Autcomatically by the Simplex Method:

Optimal Soluticn Sensitivity Analysis

Objective Function Coefficient
Value of the

Objective Function: Z = 2304.7619 Alicwable Rarge
Current
Variable | Valus
Xq 26.1905
X7 54.7619
X3 20 25 23.8095 + oo

Right Hand Sides

Allowable Range
Shadow Current To Stay Feasible
Price Va_ue | Minimum | Maximum
4.761% 500 362.5 555
1.42B57 350 276.667 533.333
c 150 118.571 + oo
0 1.19048 20 0 47.5
X2 }\
¢=4
61 )‘;*': f:l,‘i) =% § [-D,';
(and Ry CoAvEn

Conblag b of Hese |

£

(CA?MT‘D)



c=1

X (2,4) tand {£,e)

Cand convex tomb,wtions)

3-10
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3.1-13 ’
First note that (72,3) a/wnas salisfies #he 3 conshuints,

fie. (2,3) ;s m’m«.y; feasible)

Tn Fﬂcf Since lcx,-rx,_-‘—' ZK*B at (2,3) ;-r anj k)
e third constraint is qfw‘gr bind'n

We onlvj need to check if (1,3) is o;vf‘:'rnac/.

Since the |ne k)(,+)cz =2K+73 dt/waj; passes "H”"“jj'
' phe point (2, 3), “A“"j""j K Si.m’f:f votafes e /ine
Kewr;{-fnj ! Kam kX, +2k+3) , we see Hhat the
qu!t’- of He lne is -k , and ,%WF”“, FHe slope ranges

fom © B ~bo | ;
#"ﬂi

: . —
-1 ~| J 2 $|

As we can see  (2,3) is optimal as leng as fhe
slope of the 3™ constraint line is less han —L (Hhe
slope of the spjective line), Tp g <+ 4o,

We can [herease The obective by 7&-,.,;/;,,

almj the 3ﬂ consrant o foiwi‘ (2-*%} o)

which has amoijuﬁve value g-F 2...% >3 o k“"?l.
Therefore, (2,3) is optimal for K=t '

T



=.1-14

Case /s Cp =0 fObJCcﬁvt bine iy wﬁf.m']

I¢ C, >0 s objech've_ increcses gy ¥, J‘.nms‘asJ

o XY (4,0) (prc)
I€ C, <0, opposite is f'me,

Se x* = (D'..OJ ant (I-’, i) (imt 5-5)
(N.:lft it c, =0 J t__Ve__:_j &m‘.«'bfe perat

gives ‘optimat” of px,+0X,=z0 )

,};1 s

6-

Feus;bie Rej»;.;.a.

. ) TSy
Casei. Cz >0 (fk‘fﬂ ;_-.P obJ. 5 Tr )
-C _ & -
zf -E_:'_ >3{- Ler egowalens‘fj-, «E: < 2’-).
x*= (0,1) (.2 v
i
£ -S4 -
I = <=2, |
x“"f = -i-f- ) o) fﬁt- C‘j
: . &
I.F ﬁ > Cz > - 2. ¥
xF = (Y,3) (pt B)
» - * 2 s -y _ —
(Note , (¥ _.C‘:.: =4 or ~2, XY is AB or BC, regpeg.hvth‘j}
Case 3; C,<©O (sfofe i3 shiif “‘%!;. , bev the cﬁjec'ﬂ‘be increases q? 114: line ‘)
_ sh, Fred dg_,n)
T8 ~Lyo (ie €, 30) XY = (F,0) L1 Q)

I+ -2 <o ((‘,{o)’ x* =(v.0) (pt. ©)
“r

(Tf ¢,=0, x¥ i B2)

32-1
Maximize P =3A+28,
subject to 2A+ B2
A+2B<2
3A+3B<4
and Az0, B2,

3-1k



221

b} . . (22 _
Optimal Solution: (4, B) = (X, X, 0= 33 and P = 3.33,
Xo il
; =
2
A1

€~ We have to solve:

A+2B=2
Frow

Subs'f'rac.‘l’.ir\g’ the Z g

e 135 agoation

=.2-2 mox E= _x‘.t-sz)

o) True <3

b) TRuUE (gg. x-Xz.)
c) False (eg- ax BT

3-13



3.2-2-

a} As mthe Wyndor Glass Co. problem, we want to find the optimal levels of two activities
that compete for limited resources. We want to find the optimal mix of the two activities.
Let x| be the fraction purchased of the partnership in the first friends venture.

Let x, be the fraction purchased of the parmership in the second friends venture.
The following {able gives the data for the problem:

Resource Usage

per Unit of Activity Amount of
Resource 1 2 Resource Available
Fraction of partnership in 1 0 1
first friends venture
Fraction of partnership in 0 1 1
second [riends venlure
Money $5000 $4000 $6000
Summer Work Hours 400 500 600
Unit Profit $4500 $4500
L)
Maximize P = 4500x, +4500x,,
subject {0 x <1
x <1

5000, + 4000, < 6000
400x, + 500x, <600

and x, 20, x, 20

C) Optimal Solution: (x,,x,)= (E,ZJ and P = 6000,

33
Xz M

Himva,
HEL



3.2-4

Optimal Solution: (x; .x» ) =(15,15), (2.5, 35.833) and all points on the
connecting line. Z = 12,000.

X2 M

S0+

20 2% 30 35 40 45 50 55

X1

2 - %2 I

3-15
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b) Yes. Optimal Solution: (x; ,x; ) = (0,10) and Z = 10.
xo '

X1

¢} No. The objective function value is maximized by sliding the objective

function line to the right. This can be done forever, so there is no optimal
solution.

X M

0

d) No, solutions exist that will makeZ arbitrarily large. This usually occurs when
a constraint is left out of the model.

I-1b



a-aP-:DOPor'f‘lbm\'\')r)f: It s ‘Fm.'r Yo assume -Hnﬁ. amoun‘l' o? mrk

avd m0ne>r Gfent and He F'PF|+ “MQJ are direct ly' rr'oror-
tional do  the frachon of ?ar-hursf-\;]: PMWJ in &ther
vendure,

Add:h’\fdﬁ/" The ProFr]' as well as e ané,money wine -
ments ‘er' one venture sheuld net affect +He Fm,@-.i- or

dwa.  and ane\f r’eﬁu.\'remerd‘s of He other enture. This
ARSS hon is vedsonably sohsfed | '

Divfs}l-tlﬁ"j: Because b friemds will allow farc}\asc of any
frachon of o full Parf'ncrsh-'f, A.‘ﬁyik‘:h’f‘y s o reasonabl
ass:..;m,:hﬁn_

Cerhu‘\ﬂ * Because wx den't keow how accurate He frieds’
'Fl"O:PH' eS"‘hM‘hS are Hus 5 « more dnuld_‘zqﬂ’ ns's‘umr—
tion, e shewld cowduct sehs'rﬁfrly a.ua(tfsm afles findin
‘H’t& a?-ﬁm\ so[uﬁrj\g .‘QV e curmn‘l’ valu.ﬂ.fap Fha rfo‘tgl'

3.3-2,

Fro orhémh'fy: OK, since f either variablk s Fixed , the objedive.
valve grows ProPor'hén +o Hwe tnér.ea:e in Hhe ofhen variable.
Addchvily Not OK, sinee achvites mlaact. FPr exa,mfk,
the objective value with (%,,%g) * (1,1) isn't 43..“:! o Fhg
"LJGQ"N'G. valve i (x,,x,) = (1,0) ffgs e obl‘gcﬁvg value wth
(x”'ﬁgJ = {5 U.

Divisibildy - Not OK, sinee acb’vﬂy kvels are vot allowed fo be
ﬁ'ﬂchoiq. ,

C::r'hti\‘l"jz OK, S:iacg da,{o. is ﬂ'win as accumk.
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24-3

“J%‘Forﬁbnalih/" oK , Simee beowmn effects on hissue i'-;, s are
mearhéml i beawn stre ‘H’\ ]
Hdda'h\f!{-y OK, sinee it was staled _H-gaf f%ct‘.s from Mufhrple
beams are addifive.

Divisibilly * OK, since beam stre can be any {-?-ac{-,;m.f_ level.

C'er-+m&+7'- Due +o Hua caw.fla‘cdccl ana[ys:‘s r‘egu:r‘ed to eshmale

Hwe data on radrahon absorbhon 1 differend Hssue types
ﬂhsfh'\r'dﬂ &hailfﬁ‘: should e wused.
b)

Pr*ofnr“hbm][’ry: OK , as lo

as there 1S ne set up cost
assecialed it ?lmdn' "“j

a erop.

Mdih'v'.%, 0K, as fov\g as crops do ndt (nieract
Diw‘s'a\of]'&y: DK, since atres areg divisible | )
Cerhin*)f: OK) simee dala carn ba accumk[n, Jebmmed.
¢)

Pf‘b?or'hbmlﬂ-\’: OK | since s&& up costs were considered .
Addihvity °

OK, sinve if was stated that Hwre s ne miterachon |
Divisibili

by ? oK, since methods cam be wsed af fractional levels
Certady! Data is hard to eshimak se it could easily be

stechashy , 54»\5]‘]1\!11-!1 a.vml\{s;'s should be used.

3.4-2.ay Reclaiming solid wastes

Proportionality: The amalgamation & treatment processes arz unlikely to be
propoertionai. There are bound to be set up costs. (Treating 1,000 Ibs. of
material will not cost the same as treating 10 1bs. of material 100 ties.)

Additivity: Probably O.K., though it is possible that there is some interaction

between treatments of materials (e.g., if A is treated after B, the machines de
not need to be cleaned out . . . )

Divisibility: Probably O.K., unless selling/buying materials can only be done in
batches (of 100 1bs., say).

Certainty: Selling/buying prices may change; costs of treatment &

amalgamation are, most likely, crude estimates and may also change.

A-18



3.4-2. b) Personnel Scheduling

Proportionality: O.K. It is possible that some costs are not proportional 10 # of
agents hired (e.g., benefits, working space, . . ), but for the most part, this

assumption is satisfied.

Additivity: O.K. Same, pretty much, as proportionality.
Divisibility: Clearly, one cannol hire a {raction of an agent.

Certainty: The “min. # of agents needed” is suspect. Perhaps 45 agents will
suffice instead of 48, for example, {or a nominal fee. Also, docs an agent in
one shift do the same amount of work as one from another (or even the

same} shift?

{c) Distribution gonds through a distribution network
Proportionality: As in (), there 13 probably a “set-up™ cost for delivery (i.c.,

delivering 50 units one at a ime will cost much more than delivering all 50

at the same time).

Additivity: Probably O.K., but it is possible that 2 routes may be “combined” w0
lower costs {€.2., if Xpy ¢ = Xgcwm = 50, the truck may be able to deliver 50

units directly from F2 to W2, without stopping at DC, saving some money).
Another question s whether F1 and F2 produce equivalent units.
Divisibtiity: It seems that ene cannot deliver a [raction of a unit.

Certainly: Shipping costs are probably approximations and are subject to
change, as are amounts produced. Even the capacities may depend on

available daily trucking force, weather, etc. Asin any problem, sensitivity

analysis should be done,

4
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—

Siace €220 (€322 here)

I'P 5f0pé b D'bica;-h'“’f = '%-'- > i ; +hen fZ,o} iy d,ﬂ'h'm-q!
u x

er C, <-4 = (*a‘h,"z}):{‘z'oj

Be 1> 2 5 i ks (5, $) s oprimat
Cs 4

_ .. - it A1

e _l<ci<.l;_‘.___>cx;t!.‘;'§a,'517)

If T2t Z-tx (or €, > a8) , hen (3,00 s optimal

i 4

= - then berh [Z,0) and L%, >

o ) are eptima
Of (curse, it ¢, = g

are all coavex combiaations ef these),

{as
and if €, = 2.4 ) '-;-f—, %>: f3,0)Jan¢) all cenvex Conbinutiong :;iﬂal.
—_
IL-5 a) Optimal Solution: {x,,x,) = /T%,SJ and C =350,
Xo i




3h-6
b) Optimal Sclution: {x,,x,)=(15,0) and C = 600.

0 12 14
X

¢} Optimal Solution: (x,,x,) = (6,6} and C = 540.

389 o)
Minimize C=45+2pP,

subject to 5S5+15P 250
205+5P 240
155 +2P <60

and 5§20, Pz20.

5-2.1




B)  Optimal Solution: (5,P) = (x,.x,) = (1.3,2.9) and C = 10.91.

L] T T —
3] e 10
Xt
c)
Centribution Per Unit
Steak Potato Totals Lavel
Carbohydrate 5 15 50 = 50
Protein 20 g 4Q = 40
Fat 15 2 24 .91 = 60
Unit Cost 4 b $10.91
Sciutien 1.3 2.9
2 4-R
a)
Minimize C=0.44+0.88,
subject to 800A + 10008 = 8000
140A +70B =700
2 1
~A-—~B<Q
3 3
and Az20, B20.
322
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Let  x, = the amount of space leased in month i for a period of j months
fori=1,..,5andj=1,..,6—1i

Minimize C =650(x,, + x,) + x3; + &, + x5, ) + 1000 x,, + x5, + X5, + X,,)
+1350(x; + x55 + x3,) + 1600(x, + x,,) + 1900 x,

subject to X+ X, + x5+ X, +x,, 2 30,000
gt Xy X+ X5+ Xy~ X, + Xy + X, 220,000
Xy T Xy T X5+ X0 + Xy Xy, x5, + x5, + x5, 2 40,000
Xig T X+ Xy + Xy + X0 T X4, + X, + 2y, 210,000
Xps + Xoq + Xgy + Xy + x5 2 50,000

and x; 20, fori=L..5andj=1..6-1i

3-13



[ 8 | ¢ T o JT e T ¢ T & I #u [ 1
1 Contribution Toward Required Amount
2 Month 1-1 1-2 i-3 1.4 1-5 2-1 2-2 2-3
3 1 i 1 1 1 i
4 2 1 1 ] 1 1 1 1
5 3 1 1 1 4] 1
8 4 1 1 1
7 5 1
8 |Unit Cost] $ 650 $ 1,000 & 1,350 $ 1,600 § t, 000 $ 650 % 1,000 § 1,350
2 | Solution 0 0 0 0 30000 Q 4] ]
J I K | L I m | N ] o | Fr | Q |R] s
1 Contribution Toward Required Amount Resource
2 2.4 3.1 3.2 3-3 4-1 4.2 5.1 Totals Available
3 30000 z 30000
4 i 30000 > 20000
5 1 1 1 1 40000 = 40000
B 1 1 1 1 i 30000 z 10000
7 1 i 1 1 0000 z 50000
B %1600 $ 65D $ 1,000 $ t,350 $ 650 % 1,000 $ 650 | 76499994
[ 0 10000 o 0 0 1] 20000
Data cells: B3:P8 and S3:S87
Changing cells: B9%:P9
Target cell: Q8
Output cells: Q3:Q7
G
3 _|=8SUMPRODUCT(B3:P3,B9:P9)
4 |=8SUMPRODUCT{B4:P4,B9:P9)
5 |=SUMPRODUCT{B5:PS5,B9:P9)
5 _|=SUMPRODUCT{B6:P6,B9:P9)
7 [=SUMPRODUCT(B7.P7,B9:Pg)
B |=SUMPRODUCT(BS:P8,BD:P9)

3-24

PR



AM-10

@) Lct f, = number of full-time consultants working the morning shift (8 a.m.-4 p.m.),
S, = number of full-time consultants working the afternoon shift (12 p.m.-8 p.m.),
f; = number of full-time consultants working the evening shift (4 p.m.-midnight),
P, = number of part-time consultants working the first shift (8 a.m.-12 p.m.),

P, = number of part-time consultants working the second shift (12 p.m.-4 p.m.),
P, = number of part-time consultants working the third shift (4 p.m.-8 p.m.),

P, = number of part-time consultants working the fourth shift (8 p.m.-midnight).

b

Minimize C = (S14 / hour)(8 hours){ f, + f, + £;] +
(85 / hour)(4 hours)[ p, + p, + py + p.)s
subject to fitpmz4
Sitfitp, 28
Lt fi+p,210
hH+p, 26
fi22p
fithz2p,
h+Ai22p,
522p,
and h20, £20, ,20, p 20, p,20, p, 20, p, 20.
Banefit Contribution Par Unit-nf Each Activity Minimum
Time FT1 FT2 FT3 PT1 PT2 PT3 PT4 Totals Required
8 am-12 noon 1 0 4] 1 0 0 0 4 2 4
1 D Q -2 0 0 0 4 = 0
noon-4 pm 1 1 ¢ 0 1 0 0 8 2 8
1 1 ¢ 0 -2 0 0 8 2 0
4 prm-B pm »] 1 1 0 0 1 0 14Q 2 10
o 1 1 0 0 o 0 10 2 0
8 pm-midnight 0 o 1 0 0 C 1 6 2 6
0 ¥ 1 0 0 ¢ -2 6 - 0
Unit Gost 14 14 14 12 12 12 12 | $196.00
Solution 4 4 6 0 0 ) 1]
3-25



3 .4-4

) T - ) i
Xp.c; = number of units shipped from Factory 1 to Customer 1,
Xg.co = number of units shipped from Factory 1 to Customer 2,
Xp¢s = number of units shipped from Factory 1 to Customer 3,
Xp2.c: = number of units shipped from Factory 2 to Customer 1,
Xpy.c2 = number of units shipped from Factory 2 to Customer 2
Xp2.c3 = number of units shipped from Factory 2 to Customer 3.

Minimize C = 600x,,_q, +800x,,_o, + 700x,,_., +
400xzy_ ¢ +900x,_, +600x,,_ .
subject to Xereer + Xpyoeo + X5y =400
Xpr-c1 ¥ Xpacr + Xy cy =500
Xp1-ct + Xpz_ g =300
Xpi_ca + Xpp_cp =200
Xp-c3 + Xpy_cy =400
and Xect 20, Xp 0220, X5 ¢ 20,

Xer o 20, Xpp 00 20, Xpy_ 320,

Contribution Toward Fequired Amount Per Unit Shipped
Shipping Lane Required

Requirement | F1-C1 F2-C2 F1-C3 F2-C1 £2-C2 F2-C3 Totals Amount
F1 Amount 1 1 ] D 4] 0 400 = 400
F2 Amount 4] ¢ o] 1 1 1 500 = 500
C1 Amount 1 Q 0 1 9] 4] 300 = s00
C2 Amount 0 1 0 0 1 Q 200 = 200
3 Amount 0 0 1 v] 0 1 400 = 40D

Unit Cost 500 800 700 400 200 400 |$ 410,000

Salution 300 1] 100 i) 200 300

3-26



3412

Xpp.s1 = Dumber of units shipped from Mine 1 to Storage 1,

Xmis; = number of units shipped from Mine 1 to Storage 2,
Xm2.51 = number of units shipped from Mine 2 to Storage 1,

XMz2-92

number of units shipped from Mine 2 to Storage 2,

Xg.p = number of units shipped from Storage 1 to the Plant,
Xs2.p = number of units shipped from Storage 2 to the Plant.

Minimize C =2000x,,,_g, +1700x,, g, +1600x,, , +

1100x,,,_g, +400x;,_, +800x,,_,
subject to Xpg1-st + Xpp_50 =40
Xpa-s1 F Xpgpe5y = 60
Xon-s1 F Xy 50 — X5 =0
Xpg-s2F Xpyy_50 = Xs3_p =0
Xsip+ Xgp_p =100
Xpes $30, x, 6, £30
Xpo-s1 £30, x4, g 50
X51.p£70, x5y <70
and Xpresi 20y Xy 62 20, Xy g 20,

xMZ—S! 2 0' xSl—P 2 0, xSI—P 2 0-

Contribution Toward Required Amount Per Unit Shipped Required
Reguirement { M1-31  M1-82 M2-S1 M2-82 S1-P 52-P Tolals Amount
M1 Amount 1 1 0 0 ] 0 40 = 40
M2 Amount 0 0 1 1 0 0 60 = 60
§1 Amount 1 0 1 0 -1 0 a = 0
§2 Amount 0 1 o 1 0 -1 0 = Y

P Amount ¢ 0 [+ 0 1 1 100 = 100

Capacity 30 30 50 50 70 70

Unit Cost | 2000 1700 1600 1400 400 B0 |$ 194,000

Solution 1aG 30 10 50 70 30

a34-13 3)

A + B + R, = 60,000
@+%+Q+&=&
Ayt By + R =R, +1 404,
Ai+ R =R +1404, +1.708B,
D, + R, =R, +140A4, +1 708,

3-21%



Let A, = amount invested in investment A at the beginning of year t
B, = amount invested in investment A at the beginning of year t
C, = amount invested in investment A at the beginning of year t
D, = amount invested in investment A at the beginning of year 1
R, = amount not invested at the beginning of year t.

Maximize P=1.40A, +170R, 41900, 41 307, + R,
subject to A+ B + R =60,000
A+B,+C,-R+R, =0
—140A +A,+B,-R +R, =0
~1.404,+A,-1.70B-R,+R, =0
~1.404,-1.708B,+ D, - R, + R, =0

and A 20, B 20, C 20, Dz0, R=20.
c)
Contribution Toward Reguired Amaount Per Unlt
investment Remainder Required
Year A A2 A3 A4 Bi B2 B3 C2 [#1] Al A2 R3 R1 RS Tolaks Amaount
1 1 0 [] u 1 0 ¢ Q 0 10 0 40 0 60000 = 60000
2 0 1 Q 0 0 1 [} 1 0 11 0 0 0 0 = 0
3 -1.4 0 1 0 0 0 1 Q [v] g 1t 0 of 0 = Q
4 o] -1.4 Q 1 -1.7 0 0 0 Q g 0 -1 1 0 -1.33577E-12 = Q
5 4] 1] 1.4 0 0 17 0 0 1 g 0 0 -1 1 1.45519E-11 = 0
unit Profit | & ] 9 14 0 0 1.7 19 1.3 & 0 0 0 % 152880
Solution | GOO00 O 84000 © 0 [+ ] 1] 0 1176000 0 O O ©
2 .4-{4 g\

x, = amount of Alloy 2 used,
x; = amount of Alloy 3 used,
x, = amount of Alloy 4 used,
x5 = amount of Alloy 5 used.
Minimize C = 22x, + 20x, +25x, + 24x, + 27x,
subject to 60x, +25x, +45x; + 20x, + 50x, = 40
10x. +15x. +45x, + 50x, +40x, =35
30x, +60x, +10x, +30x, +10x, =25
Xt tx,tx+ag=1
and  x, 20, x,20, x,20, x,20, x,20.

§-28



=4~ 777 * Contribution Toward Required Amount Required

) Requirement Alloy 1 Alloy 2 Alloy 3 Alloy 4 Alloy 5| Totals Amount
% tin &0 25 45 20 50 40 = 40
% zin¢ 10 15 45 50 45 35 = 35
% lead 3o €0 10 30 10 25 = 25
% total 1 1 1 1 1 1 = 1
Jnit Cost 22 20 25 24 27 | $23.46
Solution |0.0435 0.2826 0.6739 0 3E-15
3 445 L
o) Let

Xpy. = number of large units produced at Plant 1,
Xpiy = number of medium units produced at Plant 1.
Xps = number of small units produced at Plant 1,
Xpy, = number of large units produced at Plant 2,
Xpoy = Dumber of medium units produced at Plant 2.
Xpys = number of small units produced at Plant 2,
Xpy, = number of large units produced at Plant 3,
Xpsw = number of medium units produced at Plant 3.
Xpys = number of small units produced at Plant 3.

Maximize P = 420x,,, +360x,,,, + 300x,,; + 420xp,, +360x,,, +
300x,, +420x,,, +360x,,,, +300x,,;
subject to Xpp + Xpiyy + Xps £ 750
Xp2s T Xpypy + Xpyg S 900
Xpar F Xpyy + Xpyy 450
20xp, +15xp,,, +12x,,, 13000
20x,,, +15x,,,, +12x,,. 12000
20555, +15xp5, +12x,,, < 5000
XpipF Xpy + Xpy, 900
Xpip + Xpopg + Xpyy 1200

Xpis ¥ Xpas + Xpyg £750

1 1 1 1 1
'.';,Eaxplf. +T?'§)'xm.w "",YS—Oxms - %-ﬁu - ﬁxpzu - go‘gxms =0
1 1 1 1 i 1
%Expu. +T??0"xpw + %B'xms - ISEx”L - Zgaxm:d - Expzs =0
and e 20, Xpy 20, xp5 20, x5, 20, x,,,, 20,

Xpps 20, Xpyp 20, xpyp 20, x5y, 20.
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2 415

‘Resource Usage Par Unit of Each Activity

|
i
f
|

Resource

Rasource P1-L P1-M P1-5 P2-L P2-M P2-S P3-L P3-M P3-S Totals Aviilable
Capacity P1 1 1 1 3] [¢] [+] 1] [+] Q 694.444 < 750
Capacity P2 [4] 0 0 i t 1 1} 1] 0 833.333 = 00
Capacily P3 Q 0 4] 0 0 4] 1 1 1 416.867 = 450

Space P1 20 15 12 4] [+] [ 1] o) 2] 13000 < 13000

Space P2 Q 0 [+] 20 15 12 1] [+] [+ 12000 s 12000

Space P3 0 1] 1] 9 0 [ 20 15 12 5000 £ 5000

SalesP1 1 0 o) 1 1) 0 1 ) 4] 516.667 = 800

Sales P2 a 1 0 4] 1 1] Q 1 4] 844.444 < 1200

Sajes P3 Q 0 1 Q 0 1 a o 1 683.333 < 750

Contribution Toward Reculred Amount
Actlvity Required
Requiremant P1-L F1-M F1-5 P2, P2-M P2-S P3-L P3-M P3-5 Tolals Amount
%P1=0:F2 [0.00133 0.00183 0.00133 -0.0011 -0.0091 ~5.0011 0 0 1) 0 = )
%PM1=%P3 |0.00133 0.00133 0.00133 [+ 1] o) -0.0022 -0.0022 -0.0022 0 = b
Unit Profit 420 380 300 420 360 300 420 350 300 |%$ 696,000
Solution 516.667 177.778 0 0 666.667 166.667 0 0 416.667
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number of tons of cargo type 1 stowed in the front compartment,
number of tons of cargo type 1 stowed in the center compartment
number of tons of cargo type 1 stowed in the back compartment,
number of tons of cargo type 2 stowed in the front compartment,
number of tons of cargo type 2 stowed in the center compartment
number of tons of cargo type 2 stowed in the back compartment,
number of tons of cargo type 3 stowed in the front compartment,
number of tons of cargo type 3 stowed in the center compartment
number of tons of cargo type 3 stowed in the back compartment,
number of tons of cargo type 4 stowed in the front compartment,
number of tons of cargo type 4 stowed in the center compartment
number of tons of carge type 4 stowed in the back compartment,

Maximize P = 320x,, +320x,, + 3205 +400x, . +400x, +400x, , +

subject to

and

360x,, +360x,. +360x,, + 290x, . + 290x,, +400x,,
XptXpp+ X0+ 2,512
gt Xy + X0+ 3,518
KiptXyp+ Xpp +x,, 10
Xt Xet+x,<20
Xyr X+ X, S 16
XypF Xye+ Xy 25
Xyp+ Xy X, <13
500x; + 700x, , + 600, + 400x, . <7000
300x,¢ + 700, + 600x;, - +400x, . < 9000
S00x,, + 700x,, + 600, , + 400x, , < 5000
1 i 1 1 1 1 1 1

A E Tt Tt Xt — X X — X~ — Xy — — X, =)
12 1T T e T e T g e T g Fae T g Fie T gt
Lx + lx +Lx +Lx —-]—x «-Lx —ix —i

277 T T TR T T g T 0 T

Y20, %020, 2,20, x,, 20, x,. 20, X,y 20,
Xp 20, %3020, x5 20, x,, 20, 5,20, x,, 20.

3-31
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2 4-l6

Hesource Usage Her UnR 0F EACN ASTily Hesource
B) Resource 1F 1©e R[] oF 2 28 3F L' 38 4F ic 48 Tolals Available
Ctawi|] © 1 o o 1 6 ¢ 1 o o 1« e oox 1
Back WL 4] 1] 1 1] 1] 1 1] 0 1 0 a 1 19 E 10
Cargo 1 WL 1 1 t [ [} a a 0 0 0 Q 0 15 < 20
Cargo 2 Wi, Q Q 1] 1 1 1 0 0 [+] ] 1] L] 12 £ 16
Cargo 3 WL, Q a 1] Q o ] 1 1 1 ] q a a < 25
Cargo 4 Wi 0 Q ] [+] 1] ° 0 Q [+] 1 1 1 13 < 13
Space Front 500 a L] 700 o o 8§04 o Q 4040 Q 9 7000 5 7000
Space Cenler o 500 o [} 700 [} L] 600 o 1] 400 o agao s Gooo
Spaca Back o Q 500 o o 700 ] ] 600 1] 0 400 5000 g 5000
Convlbution Toward Required Amount Requirad
Requiremant 1F [+ B8 2F 2 28 aF s 3 qF 4C 4B Tolals Amouni
B v A ka0 T TS -U.USSY T TUBIT -.usee U TURIIT - TUITE L ) = T
WP w8 0.0523 [+] -1 0.0833 1] -0 0.0B33 o -0 0.0833 Q 01 Q = 0
Unit Profit 1 320 320 420 400 490 400 a80 380 180 290 290 290 |% 13,330
Salution 1] 5 10 7.33333 4.167 0.000 O 0 0 4.66667 B.333 0.000
3 .l’ -7 a.)
Let M =number of men’s gloves to produce per week,
W = number of women’s gloves to produce per week,
C = number of children’s gloves to produce per week,
F = number of full-time workers to employ,
PT = number of part-time workers to employ.
Maximize P = 8M + 10W + 6C — 13(40)F — 10(20)PT
subject to 2M+1.3W+ C <5000
30M +45W + 40C < 40(60)F + 20(60)PT
Fz20
Fz2PT
and M=0, W20, C=20, Fz0, PT20.
L -
/"/ Resource Usage Per Unit of Each Activity Resourca
-~ Resource Men's Woman's Children's  Full-Time  Part-Time [Totals Available
Leather 2 1.5 1 0 0 5000 < 5000
Labor 30 45 40 -2400 -1200 0 = 0
Full-Time Employses ] 0 0 1 0 25 2 20
Employes Ralio 0 Q 0 1 -2 o = 0
Unit Profit a 10 6 -520 -200 4500
Solution 2500 0 0 25 12.5
A%

os
e



3.4-18

. a' . ' )
) Lct X:j - # hours C'f*-’ffcf*"""' {_ “‘5 QSSJI(TJ‘!ﬂd T L.'Ui.'fh- U'p |9{!‘-fj Jd
(= K¢, 0, HE 5S¢ K5, wr T e TR F )

Minmize 2= "C’(X.r«a,:-m * Ko w * ch‘,r\ﬁ T
fﬁ,q (.YHJFM * IXH_,”-T' * \(H._q_, i r x Hﬁ‘f: X
+1E (Kge,m* X’»c,-r t Nse,w T XLC.F}

|'f./ 31 xﬂﬂ:j“hxﬂm’,.‘ﬁ\

—

F 10,3 Xas, m s F R ) T 3 K i F X

subject te

_\li-xc‘m 26 Xonm 26 Rugm 2 4
ch,w < 6 XM,T"- <t Kt =%
f <

e e 6 Wong 0 S4

Xuf g £9°

Xsc-lﬂ é’ 6 Xﬁs‘m -£ g ’

Yg £ Yesw €3 favem £4
. < .

V\_Sc,w <5 Yus 1 FF Xwk,F 22
K, g &5

Kge,m ™ Frew T Yeg p =B

YXour ¥ Ronm, 2%

s mt Nags Yus, w t Rus,F =3
Xse m + Kser + Pagow T Nse, p T3
Yk, m * Kes,w t Res;m 27

Yk m+ Mg = 7

Yremt Faom t Yse,m + Xz m =749

Xou, v t Nus,r + Yse,7 = 14
<

[}

Kok, w Kt £ Kse, o F Kps, o

\A(JM,J"'- + \*gs,ﬁr#’ )\ul"'f‘z = 14

‘ﬁ\KC,F + Rus, e ¥ Rser + Ak, F

i

1

Xy 2© Ve,
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Resource Usaga Par Unit of Each Actylty Rasaurca
Hesource KCM KCW KCF DHJTu DH.Yn HBM HBTu HBW HBF SCM SCTu SCW SCF KSM KSW K5Th NKTh NKF TD;B“I - A‘\rﬂ;bl&
L] 1 1 1
Knowied & 2 B
gKMMﬂ:: 1 ! 1 1 1 1 19 2 8
5C Knawladga i 1 1 20 8
KS Knowladge 1 1 7T o 7
MNBC Knewledge 1 1 T 2 T
Moty Hexats: 1 1 ] i 14 2 14
Tuss Hours 1 1 1 14 2 14
Wed Hours 1 1 1 1 14 2 14
Thure Houra 1 1 1 14 2 14
Fri Hours 1 1 1 1 i 14
AVGMIW KCM 1 4 i E
b B ¥L : 1 Bz 8
Availebility OH,TH 1 6 < B
Availabillty HB,M 1 4 s
Availability HB.Tu 1 7 H B
Avaitabilty HB,W 1 4 s 4
Availaility HB,F 1 14 s 4
Availabiity SCM t 5 s 5
Avadability SC,Tu 1 g 4 5
Availabisity SC,W 1 § x 5
Availabifty SC.F 1 & g 5
Avallabiity KSM 1 s 3
Avallability KS,wW 1 3 s 3
Availablity KSTh 1 a = B
Avallability NK.Th 1 5 < B
Avaltability NH,F ; ! L —
Unlt Coat 16 10 10 101 404 940 9.4 B8 B9 98 4B @8 98 0.8 W08 108 1.3 11.3]| 710
Suken (4 2 3 2 6 4 7 4 4 5 5 5 5§ 1 3 3 5 2
34-13 ,.k, .
Ty Let S =Tablespoons of strawberry flavoring,
CR = Tablespoons of cream,
V= Tablespoons of vitamin supplement,
A = Tablespoons of artificial sweetener,
T = Tablespoons of thickening agent,
Minimize C =10S+8CR+ 25V + 15A+6T
subject to 308 +100CR + 120A + 80T = 380
5085+ 100CR+120A + 80T < 420
S+75CR+30T £0.2(508 +100C + 120A + 30T)
208+50V+2T 250
S224
3S+8CR+V+2A+25T =15
and S20, CR20, V=20, 420, T20.
o ‘" et arrmwearmy Dot e et T -
nosourty | strawoerry " Uig Vitain Swestener Thickaner] Totals Available
Min Caluriles 50 100 0 120 80 380 = 380
Max Calories 50 100 0 120 890 380 g 420
.Fat. -9 55 0 ~24 14 73 = 0
Vitamin 20 0 50 0 2 128 = 50
Taste 1 4] (o} -2 0 o) 2 Q
Thulzkness 3 8 1 2 25 15 = 15
Linit Qost 10 8 25 15 6 90
Solution | 3.455 0 1 2 o |




3420 Let B =slices of bread, T
o) P= Tablespoons of peanut butter,
§ = Tablespoors of strawberry jelly,
G = graham crackers,
M = cups of milk,
J = cups of juice.
Minimize C=5B+ 4P +7S+8G + 15M + 357
subject to 708 + 100P + 505 + 60G +150M + 100J > 400
70B +100P + 505 + 60G + 150M +100J < 600
10B+75P+20G +70M <
-3(70B+100P + 505+ 60G + 150M +100.J)
35+2M +1207 2 60
3B+4P+G+8M+J 212
B=2
P22§
M+ 721
and  B20, P20, 5§20, G20, M=z0, J20.

b) Resaurce Usage Per Unit of Each Activity Resourcs
Resource |Braad FB Jally Crackers Milk Juice | Totals Available
Min Calories | 70 100 50 €0 180 1d¢] é0Cc = 400
Max Calories | 70 100 50 €0 150 100 600 < 800
Fat -t 45 -15 2 26 .30 -145 ¢ g
Vitamin C 0 0 3 0 2 120| 514 p 60
Protein 3 4 0 1 8 1 12 > 12
Bread 1 0 v 0 L\ 0 2 = 2
PBR&J 0 1 -2 4] Q ¥ D z o
Liquid 0 o 0 o 1 1 4 = 1
Unit Cost 5 4 7 8 15 35 163
Solution 2 o 0 (1] 0 4
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3. 5-1.a) The two factors which often hinder the use of optimization models by managers are culiural
differences and response time. Cultural differences cause managers and model developers to often have a
hard time understanding each other. Response time is often slow due to the time to translate, formulate
and solve the manager's problem using optimization systems.

b) As stated in the article, "[b]ased on unit profits, the company in the past emphasized the manufacture of
thicker plywooeds (TYPEA), but the optimization procedure showed that in fact thinner plywoods
(TYFEB) were more profitable. This product mix change has increased the overall profitability of the
company by 20%."

¢} The chapier before "Conclusions” describes this: "With the success of this application, management is
now eager 1o usc optimization for other problems, too. Since Ponderosa uses timber for products other -
than plywood, they intend to explore the oplimum allocation of this raw material between different
products. Raw material and inventory management is another potential area of application. Also, the
conversion of the optimization model into the financial planning language will now facilitate the
integration of financial models with production models.” .

2-36



d) The Xerox of the appendices:

APPENDIX A. MATHEMATICAL FORMULATION OF THE PROBLEM

Xy = Amount of product / in period ¢+ (¢ =1, ... n), (¢ =1, .... T}

Cy = Contribution margin of product 7 in period ¢

Yi = Amount of veneer sheet type j produced in period ¢ ¢ = I, ..., n,)
£y = Amount of green veneer type &k produced in period 1 (k = 1, ... 1)
Cp = Consumption of log type p in period t (p =1, ..., ny)

¥. = Final inventory of log type p in period r

Sy = Supply of log type p in period ¢

F; = Pressing hours required per unit of product i

G, = Polishing hours required per unit of product i

A; = Total polishing hours available in period ¢

B; = Total pressing hours available in period ¢

Dy, = Amount of type j veneer sheet requirzd per unit of product
E,r = Final inventory requirement coefficients for log type p in period T
Qxn = Green veneer type k yicld per unit of log type p

Hy; = Green veneer type & required per unit of veneer sheet of type j
Uy = Upper limit on market demand for product § in period ¢

Ly = Lower limit on market demand for product ¢ in period 1
Objective

Maximize z Cir X i

Constraints  **°

Polishing capacity limited:
ZG,X‘.IQA” t=1,...,T
i

Pressing capacity limited:
LPX,SB, t=1,...,T
r

Veneer sheet required:

2D Xpy=Y. j=1,... ., t=1,...,T
i

Material balance on log:

Cor ¥ Fpe —Fpp =8 p=L..ny, t=1,...,T
Final inventory composition requirement:

Z Ep TFPT =0

P
Green veneer yield from logs:

Y 0upCor=Zyy. k=1,... .0y t=1,. ... T
P

Green vencers required:
XHGYe=Zp, k=1 ..n, t=1,...,T
i

Market constraints:
Lpy<X,< Uy
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3.5-2. a) The shift schedules at airports and reservations offices were done by hand prior to this study. {see
paragraph 2, col 2, p. 42)

b) The project requirements (see bottom of col. 1, p. 42) were:
1} to determine the needs for increased manpower,
ii} to identify excess manpower for reallocation,
iti} to reduce the time required for preparing schedules,
iv) to make manpower allocation more day- and time-sensitve, and
v} to quantify the cost associated with scheduling.

¢} United Airlines dealt with the integrality problem by using "[a] heuristic rounding algorithm similar to
that described in Henderson and Berry [1979, sec article for reference] ... incorporated in the Report
Module ... and serv{ing] to covert the Schduling Module's fractionated LP solution into a workable shift
schedule.” (see p. 45) :

d) Flexibility was necessary to "[satisfy] the group culture at each office [which was] essential in
gamnering ficld support. As a result, office-specified input variables, such as the number of start times, the
preferred shift lengths, the length of breaks, preferred days off combinations, and so forth, became an
intergral part of SMPS. This versatility gave office managers the luxury of evaluating schedules
incorporating different input parameters but identical manpower requirements." (p. 47)

¢) Benefits included: (p.48)

i) significant labor cost savings,

ii) improved customer service,

iii} improved emplyee schedules,

iv} quantified manpower planning and evaluation,
{pp. 4849 describes these in more detail)

35-3. a) During the years preceding this OR study, "the price of crude oil increased tenfold ... as the short-
term interest rates more than tripled ... This meant that the cost associated with financing the working
capital employed in the refining and marketing industry increased more than 30 fold during that time ...
Con-sequently, it [became] vastly more important to maintain tight control over required working
capital.” (p. 2)

b) "Citgo's distribution network of pipelines, tankers, and barges span[ned] the eastern two-third of the
United Staies. The addition of the Southiand 7-Eleven store increase[d] their marketing and distribution
network to all of the 48 contiguous United States.” (p. 4}

¢} An 11-week planning horizon, partitioned into 6 one-week periods and 1 five-week period, was used.
Also, "the model [was] partitioned into time zones, and replications of the model [were] emploved to
represent the multiple time periods.” (p. 6)

d) Citgo used "a mediwm-sized computer, an IBM 4381 and mod.” Typical run times for "model
generation, solution and reports [were] respectively two minutes, half a minute, and seven minutes.”
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8,5-3. ) The four types of model users were the product managers, the pricing manager, the product traders, and
the budget manager. "Product manager compare[d] the model recommendations to the actual operational
decisions to determine the existence and cause of discrepancies. They also use[d] the model's what-if
capabilities to generate economically viable alternatives to current and forecasted operations ... The
pricing manager use[d) the model in several ways. He use[d] one set of reports to set ranges for terminal
prices for each product ... In addition, the pricing manager use[d] the wholesale report to help set prices
and reommended velumes for bulk sales made to reduce excess inventories ... [Product] traders use[d] the
Volume Summary Report and the Infeasibility Repont to determine which side of the trading board they
should be on for each product ... They [could] also use the model's what-if capabilities to determine the
sensitivity of spot prices to the required purchases or sales volumes as prices fluctuate[d] during the week
... [T] he budget manager use[d] the Financial Summary Report to generate various components of the
monthly and quarterly budgets.” (p. 9)

fy The major reports generated by the SDM system are listed on page § of the article. They are:
i) Infeasibility report,
iiy In-transit, Terminal, Exchange, Inventory reports,
iiiy Spot Recommendation report,
iv) Purchases, Sales, Trades reports,
v) Wholesale report,
vi) Volume Summary report,
vii) Financial Summary repoit.

£) "The education of the wusers was a challenge because both organizational responsibilities and people
within the organizations flucutuated.” (p. 10) *Another major implementation challenge concerned the
collection, validation and correction of input data for the model.” {(p. 11} "A third implementation
challenge concerned the forecasting sales volumes and wholesales prices. Citgo forcasted only toral
volumes for monthly and quarterly budgets. The SDM systems, on the other hand, required volume and
price forecasts to be detailed by terminal, by product, by line of business, and by week " (p. 11)

h) "The major bznefit realized from the SDM Model was the reduction in Citgo's product inventory with
no drop in service levels ... Another direct benefit of implementing the model was the improvement in
operational decision making: improvements in coordination, pricing and purchasing decisions, as well as
the incorporation of the 'new concepts' into the decision process itszlf ... In addition to the dirsct benefits,
saveral indirect benefits resultfed] from the modeling process and implementation ... One such indirect
benefit {was] the establishment of a corporate data base which provide(d] commou, up-to-date, on-line
operational information for current decision support. Another such benefit [was] the utilization of a
single forcast throughout the different departments, thus keeping the entire organization focused and
traveling down a single path. A third benefit jwas] the closed-loop planning process fostered by the
continual feedback provided by the product manager when comparing actual decision to model-
recommended decision ... A fourth benefit [was] the increased interdepartmental communication the
model's use has fostered at Citgo ... A final benefit [was] the insight gained from the modeling process
itself.” (pp. 15-16}
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a)
Maximize P = 20x, + 30ux,,
subject to 2x,+x, 10
3x, +3x,$20
2x, +4x, <20
and x, 20, x,20.
b) Optimal Solution: (x,,x,) = [3%3%] and P = 166.67.
Xz i
10+
8 -
C ce)
Resource Usage Per Unit of Each Activity Resource
Resource Activity 1 Activity 2 Totals Available
1 2 1 10 4 10
2 3 3 20 4 20
3 2 4 20 < 20
Unit Profit 20 30 $ 166.67
Solution 3.333 3.333
d)
(xls xg) FeaSible? P
(2,2) Yes $100
(3,3) Yes $150
(2,4) Yes $160 Best
(4,2) Yes $140
(3,4) No
(4$3) No
3-4|



Maximize P = 50A + 408 +30C,
02A+.03B+.05C <40
D5A+.02B+.04C <40
and Az0, B20, C=0.

subject to

b&d)
Resource Usage Per Unit of Each Activity
Resource Part A Part B Part C Totals

Resource
Available

Machine 1 0.02 0.03 0.05 40
Machine 2 0.05 0.02 0.04 40

4 40
40

1A

Unit Profit 50 40 30
Solution 363.636 1090.909 1]

(x; s Xqy x1) I Feasible? i P

$ 61,818.18

(350,1000,0) Yes
(400,1000,0) Yes

$57,500

(500,500,300) No
$60,000

Many answers are possible.

363

@) Minimize C = 60x, +50x,,
5%, +3x, 260
2%, +2x, 230
Tx, +9x, 2126
and x20, x,20

subject to

3-4a

Best



Optimal Solution: (x,,x,) ={(6.75,8.75) and C = 842.50.

R~
bY Xo M
X
16
14 -
12 -
10 -
8 -
E-, -
4 -
2 -
a
X
1) e
Benefit Contribution Per Unil of Each Activity Minimum
Benefit Activity 1 Activity 2 Totalg Lovel
1 5 3 60 2 60
2 2 2 31 z 30
3 7 9 126 > 126
Unit Cost 60 50 $ 842.5D0
Solution 6.75 8.75
d)
{x,, X,) Feasible? C
(7,7) No
{7,8) No
8, 7) No
(8,8) Yes $880 Best
(8,9} Yes $930
3-43
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3-6-4 _
T _ ——
Minimize C =84C+ 72T + 604,

subject to 90C + 20T + 404 > 200

30C+807T+60A >180
10C+20T +60A > 150
and Cz0,T20 A20.
b &e¢)
Nutritional Kilogram of Minirum
Ingredient Com Tankage Alfalfa Totais Level
Carbohydrates 80 20 40 200 =z 200
Proteins 30 BO 60 180 =z 180
Vitamins 10 2Q 60 157 =2 150
Unit Cost 84 T2 60 $ 242
Solution 1 0 2

c) (x, x,, x)=1(1,2,2) is a feasible solution with a daily cost of $348.00. This cli_et will
provide 210 kg of carbohydrates, 310 kg of protein, and 170 kg of vitamins daily.

d) Answers will vary.

365
@) Minimize C = , + x, + %,
subject to 2x, + x, +.5x, 2400
Sx +.5x, +x, 2100
1.5x, +2x, 2300

 and x 20, x,20, x,20.
b&e)
Benefit Contribution Per Unit of Each Asset Minimum
Cash Flow
Year |Assetd1 Asset? Asset3 Taotals Heqguired
5 2 1 0.5 400 2 400
10 0.5 0.5 1 150 ] 100
20 D 1.5 2 300 2 300
Unit Cost 1 1 1 $ 300
Solution 100 20D 0

) {x, X, x;) = (100,100,200) is a feasible solution, This would generate $400 million in

5 years, $300 million in 10 years, and $550 million in 20 years. The total invested will
be $400 million.

d) Answers will vary,
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[ Procblern 3.7-1 in MZL

“ITL=

ManulacturingProklem;

INDEX '
product = (prl,pr2):
month = {feb,mar);
planc = {p:1,pl2;};
brocess = psl,ps2i}
region = {(+1,r2};
DATR
demand|product, mench, regicn] - (360C, 4400,
6300, 420C,
4500, 85100,
5400, 60000
days [ronth] 1= (26,23);
steraqecoest (product] = (3,41;
prodeast [product,plant,process] := (62,59,
67,65,
78,85,

29,584 ;
rate[product,plant,process) = (10C,140,
130,112,

120,157,
160,130) ;
price[producc] == (§3,112};
transpcost [product, plant, region) := (3,9,
9,0,
0,7,
7.0}

ZJECISICK VARIRBLES

Volure [product,month, nlant, process, region] ¢
Store [product,region];

MACRO
Revenuss :- SUM({preduct, month, plant, procezs, region: price*Volume:;
ProducticnCost ;= UM (product, plant, process,month, region: prodoosl *Volume)
TransportatiorCozt := SUM{product,plant,region,ronch, process: trarnspoost*Volume) ;
StorageCost :— SUM(product,region: 3toragecost*3tore);

MODEL

MAX TotalProtit = Revenues - ProductionCos:t — TransportationCost - StcrageCost;

SUBJECT TO

ENC

SalesFeb[product,region,month] whereimonth=teb) : SCMiplant,process: Volume -~ Store) <= dema=z;
SalesMar [product, region,month] wheremonth=mar} : SUM{plant,process: Volume + Stare} <= dem :
Storagelimit [regicn] : SUMiproduct: Store) <= 1000;
capacity(plart,menth] : SUM(product,process,regicon: Volume/rate! <= days;

(couT’D)

348



371 ¢) coNTB) - --—
SeLUITION RESULT

Optimal soluticn fcund

MAX TotalPro = 333680,2000

MACROE

Macro Mare Values

Ievenues 1348480.0000
ProductiornCost 1C24800.0000
Tranzpor-ationlost 0.0000
StorageCost G.00C3

DECISICN VARIARLZS

VARIARBLE Uolume{prcdact,month,plant,pro:ess,regionl

producz morth plant process region
prl fek rll rsl rl
erl feb pll £si r2
pri feb pli s rl
prl fob wll psZ r2
rril fzb pl psl rl
pri f=b plZ p3l rz
prl f=h plZ ey=p rl
wrl feb rlZ ps2 rZ
pri mar pll psl rl
prl max rll psl r2
pril mAT rll psd rl
prl mar pll psZ r2
prl mar rlZ psl rl
prl mar 1z psl r2
pri mar plZ s rl
pri mar rlZ sl r?
prz feh rll psl rl
prz felb rll psl rZ
prz feb pli ez rl
prz feb cll psZ rZ
nr? feb rl2 psl ri
pr2 feb wl2 psl r2
pre feb plz2 psl rl
pr feb pld psZ rz
prZ mar w1l psl ri
pri mar rll psi rZ
pr2 mar pll ng2 rl
prz mar pll pal r
pr2 mar vl2 2l rl
prz mar rlz psi rz
pr mrar pl2 ) rl
pré Tar pl2 peZ r2

otlvity Recduzed Cost
0.0002 -1%.82300
0.0ca2 -28.8200
0.0C00C —-5.1429
0.0C00 -14.1429
0.000C0 -1i5.3077
0.o000c -5.3077
0.0000 -24.4545
0.00C30 -15.4542
0.300C -13.800C
0.23600 -23.800C
¢.a00o0 -3.142%
0.0000 -14.1429
0.0000 -15.3077
0.0aa0 -6, 3071
0.02000 -24.454%
G.on00 -15.454%
2400.9000 J.000cC
ag.zaoc -7.000C
0.27000 -2.200C
0.3aco0 -7.2000
C.2000 -7.0000
320C.0000 J.00040
C.Cca00 -9,3077
C.o000 -2.3077
2760.0000 C.000G
0.00ca -7.0G00
Q.00CG6 -0.2020
Q.00C0 -7.2030
0.goca =7.0020
3630.00C0 0.C020
0.Q000 -9.3077
0.C000 -2, z077
(CJ?&fT D)



37-1 ) contd)

VARIAELT Store[product,region]

osrodact  reglon Aotivity Reduaced Cost
orl =1 J2.0000 -3.0000
orl re J.0cC00 -3.0000
pré rl 0.,0000 -4.00006
pre re g.co00a0 -4.0000

MODEL:

Problem 3.7-1 - Lingc Version;
SETS:

PRODUCT/PR1 PRZ/: PRICE, STQORAGECOST:
MONTH/FEB MAR/: DAYS;

PLANT/PL1 PL2/:

PROCESS/PS1 PS2/;

REGION/R1 R2/;

LINK]L (PRODUCT, MONTH, PLANT, PRCCESS,. REGION} : VAR;
LINEZ ( PRODUCT, MONTH, REGION) : DEMANE;
LINEK3 (FRODUCT, PLANT, PROCESS) : PRODCOST;
LINK4 (PRODUCT, PLANT, PROCESS! : RATE;
LINKS (PRODUCIT,REGICN) - STORE;

LINKG {PRODUZT, PLANT, REGION} : TRANSPCOST:
ENJSETS

'Q20ECTIVE FUNITION;

MAY = @STM({PRODUCT II}: PRICE(I)*@SUM(MONTHI(J): @SUM(PLANTI(K): @3UM{PROCESS{L):
@SUM(REGION (M) : VAR(I,J, K, L. M) }}!} - @SUMILINK3(I,K,L;: PRODCOST(Z,K L} ~@S5UM{MONTH(J}:
@SUM(REGICN (M) : VAR(I,J,E,L,M}]}) - @SUM{PRODUCTII): STCORAGECOST (I} *€S5UM REGICN (M) :
STORE{(I,M}}} - @SUM(LINK&({I,EK,M}: TRANSPCOST{I,K.M)*@SUM(MCONTH(J}: E@SUM(PROCESS(L]):

VAR(ILJ. X, L.M) ) )

'CONSTRAINTS;

@FOR (PRODUCT (I} : BFOR(REGION({M): @SUM(PLANT (K] : @SUM{PROCESS(L}: VAR({I,FEB,E,L,M})) -
STORE(1,M) <= DEMAND(I,FEB,M))};

@FOR (2RODUCT (I} : BFOR{REGIDN{M}: @SUM(PLANT(K): @SUM{PROCESSI(L}: VAR{I.MAR,E.L.M})} +
STORE(I,M] <= DEMAND{I,MAR, M}]);

@FOR{REGICN{M): E@STM{PRODUCT(I): STORE{I,M))<=1000};

BFOR{PLANT (K} : E@FOR{MONTE(J}: @SIUM(PRODUCTII): BSUM{PROCESS(L):
{1/RATE(I,K.L}»*@5UM{ERBGION{M) : VAR{I,J,.K.L,M}1})} <= DAYS{J}});

'DATA PART;

DATA :

DEMAND = 3600 4900
£300 4200
4500 51400
5400 6000;

DAYS = 20 23;

STORAGECOST = 3 4:

FRODCOST = 62 589

61 65
78 85
89 86,
RATE = 100 140
130 119
120 150
160 139;
PRICE = 83 112;
TRAMNSPCOST = 0 8
9 0
07
7 0;
ENDDATA
END
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Globzal optimal solution found at step: B
Objective value: 333680.0
Variable Value

VAR( P1, FEB, Pl, P1, R1} 0.0000000
VAR( P1, FEB, Pl, P1, RZ} 0.000G00D0
VAR{ Pl, FERBR, P1l, P2, R.} 0.0000000
VAR( Pl, FER, P1l, B2, R2Z} 0.0000000
VAR( Pl, FEB, P2, Pl, RI) 0.0000000
VAR( P1, FEB, P2, El, R2) 0.0000000
vaR{ Pl, FEB, P2, BZ, RL} 0.0000000
vaR{ P1, FEB, P2, P2, R2) 0.0000000
VAR( P1, MAR, P1l, Pl, R1) 0.0000000
VAR( P1, MAR, P1l, 21, R2) 0.0000000
VAR{ P1, MAR, P1, 22, R1l) 0.0000000
VAR({ P1, MAR, P1, 22, RZ) 0.0000000
VAR( P1, MAR, P2, 21, Rl) 0.0030000
VAR{ P1, MAR, P2, 21, RZ} 0.0020000
VAR{ Pl, MAR, PZ, 22, Rl} 0.0020000
VAR( P1, MAR, PZ, 22, RZ) 0.0020000
VAR{ P2, FEB, Pl, ¥l, Rl} 2402.000
VAR( P2, FEB, PBPl, Fl, RZ) 0.0030000
VAR( P2, FEB, BLl, P2, R1} 0.0000000
VAR{ P2, FEEB, Pil, P2, R2) 0.0000CC00
VAR({ P2, FEB, PZ, BL, R1) 0.0000C00
VAR{ P2, FEE, P2, PL, RZ} 3200.C00
VAR{ P2, FEE, P2, P2, Rl} 0.0000C00
YAR{ P2, FEE, P2, P2, R2) 0.000Q000
YAR( P2, MER, Pl, P_, Rl} 2760.000
YVAR{ P2, MAR, Pl, Pl, R2Zj 0.0000000
VAR{ P2, MAR, P, P2, R1) 7.0000000
VAR{ PZ, MAR, Pl, P2, R2) 3.0000000
VAR{ PZ, MAR, 22, P1l, Rl) 3.0000000
VAR({ PZ, MAR, 22, Pl, RZ] 3680.000
VAR( PZ, MAR, 22, P2, R1l)] J.0000000
VAR{ PZ, MAER, 22, P2, RZ) 3.0000000

STORE( P1, R1) 0.0000000

STORE( P, R2) D.0000000

STORE( P2, R1) 0.0000C00

STORE( 22, R2) 0.0000000
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312

o} .
MAX o — S
o Variazle Name Aetivity
50x1+20x2+25x2 5 e T
xl 26,2905
FNRIZCT TO xZ 54.7613
®3 20,0000
PrIHIn2-5x3<=200 ¢ eIl TITT

2x1+4x2<=350;
3xl+2x3<=230;
KAC=2 0G5

=HZ

L)

max = DO0*x1+20*x2+25*x3;
G*R1+3*%2+5*x3<=500;
5*x1+4*x2<=350;
3*x1+2*x3<=150:

%3<=20;

®¥1>=0; x2>=0; xi>=);

Clobal optimal sclution found at step: 4
Chbjective wvalue: 2904 .7¢62
Variable value
X1 25.19048
X2 54.76190
X3 20.0000¢C
L1-3
au-) TITIR
Transportationkroblem;
INDEX
sipply = (Whl,Wh2:;
dest = (C1l,CZ,Z3%;
DATE
MaxCapzcity [supplv] = {400,200; ;
Requized[dest’ 1= (300,200,402;

ShippirgCost [supply,dest] := {&00,820,700,
403,900,600} ;

DECISTON VEARIARLZS
Volumethipped|supply,dest] -»> o

MODEL
MZx  TotalCost = SUM(suoply,desz: Shipoinglost + VolumeShipped);

SUBJEZT TG

“apacity[supply] : SUM{dest: VYolumeShipped] Mangpauity ;
Demand[dest] : SUM{supply: VelumeSnhipped) = Required ;

ENLC
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MODEL:
! Problem 3.7-3 - Lingo Version;
SETS:
DACTORIES /Fl F2/: CAFATITY;
CUSTOMERS /C1 2 C3/: DEMAEND:
LINKS (FACTORIES, CUSTCMERS}): COST, VOLUME;
ENDEETS
[OBJECTIVE] MIN = @SUM{LINKS(I,J):COST(L,J}*VOLUME(I,J});
'JEMAND CONSTRAINTS;
@FOR (CUSTOMERS (J, : @S5UM{FACTORIES(I): VOLUM=(I,J))=DIMAND( )} ;
'SUPPLY CONSTRAINTS:
EF0OR(FACTORIES (1) : ASUV (ZUSTOMERS {(J) : VOLUME (L, J) ' =CA2ACITY(I));

'HERE IS THE DATA;

DATA:

CAPACITY = 4C0 500;

DZMAND = 300 200 400;

COST = 600 8C0 700
00 2C0 400;

ENDCATA
EMND
Glgbal optimal solution fourd at step: 2
Objective value: 4100060
Variakl= Value
VOLUME{ F1, C1) 300.0000
VOLUME( F1, Cz) Q.0200000
VOLUKE( F1, C3) 100.0000
VOLUME({ F2, C1) €.0000000
VOLUME( F2, 2] 200.0030
VOLUME{ F2, 3) 300.0000
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‘LB TITLE T,
TrarsportationProblem;

TNDRX
Factories = (71,F2,F3;
Modelis = {(L,M,2);

DARTA
Capacity[rzctoriss] (= (750,900,450 ;
Space[Factories] 1= (13C00,12L00,500m ;
Sales Models) = {200,1200,750);
Size [Models] = (20,15,12);

Profit[Factor-es,Models| := (420,362,300,
420,260,300,
420,360, 3001 ;
DECIBTION VARIARBRLES
Volume [Factories,Models] ~» "o
MODEL

MAY TotalProfit = SUM {Factories,Madels: Profit # Vclume) ;

SUBJZCT TO

Cap[Factoriss] : SUMiModels: Vo_ums) <= Capacity :
SzliModels) : SUMiFactories: Volume) <= Sales ;
SpalFactories] : SUMiMcdels: Size*Volume) <= Space;
Rzticl : SUM:Models: Volume F13/Capacizy [Fi]-Valume [

21 /Capazity[F2]1
2

i3 F
Rstio2 : SUMiMcdels: Volums 'Fl]/Capacity[F.]-volumel[F l1/Capacity[F3]:;

END

SOLUTION RESULT
Optimal sclution fourd

MAY TotalzZrg = 636000. 0000

DECISTON VARIABLIS

VARIARLE Volume[Factories,Models]

Factories Madels Actiwitwy
Fl I, 216.35667
Fl M 177.7778
FL s 0.0000
72 L 0.0Co0
F2 11 666, 6667
TE 3 1€6.6667
e L 0.0000D
F= M C.00co
FZ 3 416.66587

L

e

.
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5

MODEL:
! Problem 3.7-4 - Lingo Version;
SETS:
FACTORZES /F1 F2 F3/: CAZACITY, SPACE, SALZ=S;
MODELS /L M §/: DEMAND, S5IZE;
LINKS (FACTORIES, MODELS): ERJFIT, VOLIME;
ENDSETS

[DBJECTZVE] MAX = BSUM{LINES{I,J):PRQFITII,J;*VO_UME(I,J}]);

{CAPACTITY COMNSTRAINTS:
BFOR (FACTORIES (T} : @SUM(MODELS (J) :VOLUME{I,J})<=CAPACITY{I));

PSPACE CONSTRAINTS;
BFOR({FACTORIES (T} : @SUM{MODELS(J):SZ2E(J) *VOLUME(T,J) ) <=S2ACE(I));

!SALES CONSTRAINTS;
@FOR (MODELS (J} : @SUM(FACTORIES{I):VOLUME(I,J))<=SALES{J}}:

I'PROPORTIONALITY CONSTRAINTES;
@5UM (MODELS (J} : VOLUME(1,.J} /CAPACITY ;1) -VOLUME(2,J) /CAPACITY{2);=0;
@SUM (MODELS (J} : VOLUME(1,.J) /CAPACITY (1) -VOLUME (3, J) /CAPACITY(3), =0;

'HERE IS THE= LATA;
DATA .
CAPACITY = 750 3900 450;
SPACE = 1300Q 12000 5000;
SALES = 500 1200 750;
DEMAND = 200 1200 750;
SIZE = 20 15 12;
PROFIT = 420 360 Z00

420 360 300

420 360 300;

ENDDATH
END .
Gleobal opzimal solution found at step: 16
Objective wvalue: 696000.0
VOLUME({ F1, L} 516.6567
VOLUME{ F1, M) 177 .7778
VOLUME( F1, S} 0.0000200
VOLUME{ F2, L) 0.0000000
VOLUME( F2, M) 666.6567
VOLUME{ F2, 8} 166.6667
VOLUME({ F3, L} 0.0C0o0000
VOLUME{ F3, M) 0.0C00000
VOLUME( F3, 8) 46,6667
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TTTITLRE
ﬂ} Transporta-lonProb cm;

INCTX
student = (KC,0H,HE,3C,X3,5K;
day = (M,TU,W,TH,F!;
CATHE
Wage [strdent ] =(10,10,1,¢%.%,9.8,10.8,11.3);
Gender[student’ = (0,0,0,0,1,1);
Avallable[student,day] := [6,0,6,9,6,
0,0,0,6,0
4,3,4,0,4
5,3,5,0,5
3,0,3,8,0
C,2,0,8,2);

CECISICN YARIZBIES

Work([studeant,day] =-»> "
MODEL

MIN TotalCosz = SGUM(student,day: Wage * Work);
SUBJRIT TO

TimeConstrainz{stucent,day] : Work <= Available

MinimamWorkC [studert] where (Gender=0; : SUM(day: Work) >=8 ;
MirimumWorkl [student] where(Gender=1, : 3UM(day: Work) >=7 ;
AlwaysOpen|day] : 3UM!stuadent: Work) = 14 ;
EXND
I
MIN TotalCos = T39.5000C
VARIABLE Work[student, day]
student day AcTivity
C M 4_0000
KC TU 2.0000
KC W 2.0000
KC TH 2.0000
KC F 3.0000
CH M g.anoa
CH Tu 2.0000
CH W 0.0000
CH TH 6.0000
Gl F 0.0000
HB M 4.0000
HE T 7.0000
HE il 4.0030
HE TH 0.0040
HE F 4.0000
5 M 5.0000
5C TU 5.0000
3z W 5.C000
5C TH 0.C200 HE il 0.0Ca0
= F 5.C000 HE TU 2.0C00
KS M 1.C000 MK W 0.Co0C
K5 TU 0.C000 ¥ TH 5.0C00
KS i 3.0000 NE ¥ 2.0c0d
K3 TH 3.0000 0 mmmmm e e
K5 F G.C0o0C
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b)

MODEL:

! Problen 3.7-5 - Lingo Version;

SETS:
STUDENTS /RC OHd EB S5C KS NK/: WAGE, GENDER;
DAYS /M TJ W TH F/;
LINKS{STUDENTS, DAYS): AVAILABLE, WORK;

ENDESETS

[CBJECTIVE] MIN = @SUM(LINES{I.J):WACE(I}*WORK(I,J)):;

I'TIME CONSTRAINTS;
@FOR(LINKS(I,J}: WORKI(T, J}<=AVAILABLE(I.C));

IMINIMUM WORE CONSTRAINTS:
©YFOR(STUDENTS (I)  GENDER(I!
@FOR (STUDENTS (I} : GENDER (I}

#EO# O:
#ED# 1:

TALWAYS OPEN CONSTRAINTS;
@QFOR(DAYS (J, : @SUM{LINKS{I,J): WORKI(I,J;)=14};
'HERE IS T:-IE DATA;

DATA:

WAGE = 10 10.1 5.9 9.8 10.8 11.3;

GENLCER =
AVAILABLE=

5 C
J €
4 &
5 &
3 C
J G

S WO

ENDDATA
END

WORK{ SC, M)

WORK ( KC, M) 2.000000 3
WORX!{ KC, TU) 0.D000000 W§§§QF~§5,T5;
WORK( KC, W) 3.000000 WORK( SC, TH)
WORX{ KC, TH) 0.060000¢ WORK( SC. F)
WORK( KC, F) 4.00000C WORK({ KS. M)
WORE.( OH, M) 0.000020C WCRK{ KS. TU)
WORK[ OH, TU) 2.00020C WORK( K5, W)
WORK( OH, W) ¢.0000200 WORK( KS, TH)
WORK({ OH, TH) 6.000000 WORK{ X3, F)
WORK( OH, F) 0.0000000 WORK( NK. M)
WORK( HB, M) 4.000D00 WORX[ NK, TU)
WORK( HB, TU) 7.€00D00 WORE( NK, W)
WORE( HB, W) 4.€00000 WORK{ NK, TH)
WORK! HB, TH) 0.0C00000 WORK{ VK, T
WORK( IB, F} 4.000000 '
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@SUMILINKS(I,J) :WORK(I. ) )>=8);
@SUMILINKES{I,J) :WORK{I.C })=>=7);

5.000000
5.0C0000
5.000000
0.3000000
5.000000
3.00000¢C
0.000000C
2.000500
2.100300
0.0000000
0.0000000
0.0C00000
0.0C00000
5.000000
1.000000



31-6 o) .
- SOLUTION RESULT
MODPEL

MIN Bic+72t+350a; Optimal solution found

SUBTECT T2

MIN Z = 241,7143
S50c+20t+40a>=200;
A0c+80t+60a>-180;
10c+20t+60a>=150;
TN DECISICN VARIZPLES

-

PLAIN VARIABLES

Variable Name Aztiwvity
o 1.142%
- 2.4000
a 2.4286

L)
! Problerr 3.7-6 - Lingo Version:
[OBJECTIVE] MIN = 84*C+72*T+60%A;
TCONSTRATINTS;
S0*C+20*T+40*A>=20C( ;

30*C+80*T+60*A>=18C;
10%C+20*T+60"2>=150;

Global. op-imal solutieon fcund at step: 8
Objective value: 241 .7143
Variable value
C 1.142857
T 0.0000C00
A 2.4285871
31 o)
MOTEL T ST T e
SO_UTICK RESULT
MIN =l-xZ+x3;
SUGBJECT TO Optimal soluticn found
2x1+x2+0.5x3>=400; o )
O.Ex1+0.53x2+x3>=200; MIN Z = 300.,0004
1.5x2+2x3>=300; ' e -
Variable NHame Activity
ERp T T T T e e e e o
. x1 10C.0000
) x2 200. G000
%3 0.co00



321 b)
I' Problem 3.7-7 - Lingo Version;
{OBJECTZVE] MIN = X+Y+Z;
IZONSTRAINTS;
2%E+Y+3 5*Z»=400;

0.5*%X+D . 5*¥Y+Z=>=100;
1.5*Y+2*2>=300;

Global optimal solution found at step: €
Objective value: 300.020¢C
Variable Value
X 100.0030
¥ 200.0000
P4 0.00C0000
G_obal optimal soluticn Found &t step: - 21
OCbjective velue: 70%.€00D
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| Problem 3.7-8 |

TTTLE
Paper¥anutfacturing;

INDEX
mill = &..10;
clstorer = 1,,1000;
machine — ., ,3;
mate-ial = 1..4;
paper - 1..5;

DATR

Regquired[custumsr,paper] = DATAFILE (Required.dat);
Ratel [paper,machine,materia’.] = DATAFILE {Ratel.dat):
RawMaterial [mill,mate-ial] = DATAFILE (RawMa*terial.dat);
Rate? [paper,macaine] = DATAFILE (Rat=Z.datr;
MaxCapacity[mill, machine’ = DATAFILE (MaxCapacity.dat);
ProdCost [mill, paper, machine. = CDATAFITF (ErodCost);
TranspCost mill,customer,paper] = DATATILE |Transploskt);

TECISION VARIABLES

Quantity[miil,customer,machine,paper] -»> "¢
MODEL
MZN  TatalCost = SUM(nill,customer,machine,papsr: ProdCost * Quantity)

+ S5UM{mill, customer,machine,paper; TranspCost * Cuantity);
SUBJECT TG
Demand[custemer,paper] : SSM{mill,mach-ne; Zuanticy) »= Required ;
Supzly[mill,material]l : §UMicustomer,paper,méciine: Ratel = Quantikby! <= RawMaterial;

Tapacity[mill,mackine] : 5JM{customer,paper: Rate2? * Quant:ty) < MaxCapacitv ;
ENL )
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é) S

MODEZ :

! Prokblem 3.7-8 - Lingo Version;

SETS:

MILLS /_..10/;

CUSTOMERS /71..1000/7;

MBCHINES /1..3/:

MATERIATLS /71..4/;

PAEER /1..5%/;

LINK. {CUSTOM=RS, PAPER} ; CEMAND;

LINEZ (PEAPEE, MACHINES, MATERIALS): RATEL ;
LINE3 (MILLS, MATERIALES): CAPACITYL:

LINK4 (PAPER, MACHINEZ): RATEZ;

LINKS {MILLE, MACHINES}: CAPACITYZ;

LINK& (MILLS5, PAFER, MACHINES): PROD_CCST;
LINKT (MILLS, CUSTOMERS, PAPER): TRANEE _COST;
LINKS (MILLS, CUSTOMERS, PAPER, MATHTINES] - QUANTZTY
ENDSETS

'OBFECTIVE IS TO MINIMIZE PRODUCTION COST + TRANSPORTATION COST:
MIN = @SUM{LINKE&(I.K.L):PROD COST(I,K,L) * @SUMICTSTOMERS{J) : QUANTITY{I,J,K.L])} +
BSUM{LINKY (I,J. K} : TRANSP_COST * @SUM(MACHINES (L) : QUANTITY{Z,J.K,Li}};

'DEMAND CONSTRAINTS;
AFOR(LINKI{J,K): @SUM{MILLS(I): B5UM MACHINES(L): CUANTITY{I J,E,L) ), == DEMAND{J,K));

'FAW MATERIALS SUPFLY CONSTRAINTS:
3FOR{LINKS (I,M}: BSUM{PAPER{K): QSUM|MACHINES (L) : RATEL (K, L, M) *&5UM { CUSTOMERS (T :
QUANTITY(I,J,K.L}))) <= CAPACITY1(I,M});

ICAPACTTY SUEPLY CONSTIAINTS:
@FOR{LINKZ {I,L;: @SUM{SAPER(K}: RATEZ (K.L'@ * BSUM{CUSTONERS (T} : QUANTITY{I,J, K, L))} <=
CAPACITY2 (X, L) ;

!READ DATA FROM AN ZXCEL FILE;

DATA

DEMAND, RATELl, CAPACITY1, RATEZ, CAPACITYR, FROD _COST, TRANSP_CCST =
@WKX[’C:\LINGO\DRTA.WK&',’DEKAND’,'RATEl’,'CRPACITYl’.'RATE2’,’CAPACITY2’,’PROD_COST’,‘TRA
NSP_COET"};

ENDDATA

END
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Cases

3-4

a) In this case, we have two decision variables: one variable to determine the number of
Family Thrillseekers we should assemble and one variable to determine the number of
Classy Cruisers we should assemble. We also have the following three constraints:

1. The plant has a maximum of 48,000 labor hours. Each Thriliseeker requires six labor
hours, and each Cruiser requires 10.5 labor hours. The sum of the total namber of labor
hours required to assemble all Thrillseekers and all Cruisers must be less than or equal to
48,000 hours.

2. The plant has a maximum of 20,000 doors available. Each Thrillseeker requires four
doors, and each Cruiser requires two doors. The sum of the total number of doors

required to assembile alfl Thrillseekers and all Cruisers must be less than or equal to
20,000 doors.

3. Because the demand for Cruisers is limited to 3,500 cars, the decision variable for the

number of Cruisers we should assemble must be less than or equal to 3,500.

The formulas used in the problem formulation follow.

A B G D E FIG H
3 Thrillseeker| Cruser Totals Right-Hand
4 Congstraint Side
5 Labor Hours |6 10.5  |=SUMPRCDUCT(CS:D5,09:09) | <[ =148000
B Daors 4 2 =SUMPRODUCT(CG:D6,C9.D09) {<[=(20000
7 Cruiser Demand [0 1 =SUMPRODUCT(C7:D7,C9:D9) j<[= 3500
8 Profit ($thousandd®.s 5.4 =SUMPRODUCT(C8:D&,C0:D9)
g Solution — |3so0 2400 f

The values used in the problem formulation follow.

A B C 8] E |FIG H
3 Thrillseeker Cruiser| Totals) Right-Hand
4 Canstraint Side
5 Labor Hours 5] 105 [48000<{=1 48000
6 Doors 4 2_1200Q00<{=| 20000
7 Cruiser Demand 0O 1 2400 <! = 3500
8 Profit ($thousandd) 3.6 5.4 26640
9 Soltion | 3800 2400 |
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We specify the following Solver settings.

E Solv

%.s $E$7 <= $H$S: $HST

Rachel’s plant should assemble 3,800 Thrillseekers and 2,400 Cruisers to obtain a
maximum profit of $26,640,000.

In part (2) above, we observed that the Cruiser demand constraint was not binding.
Therefore, raising the demand for the Cruiser will not change the optimal solution. The
marketing campaign should not be undertaken.

The new value of the right-hand side of the labor constraint becomes 48,000 * 1.25 =
60,000 labor hours. All formulas and Solver settings used in part (a) remain the same.
The values for the problem formulation follow.

A B G D E_JF|G H
3 Thrillseeker|Cruiser| Totald Right-Hand|
4 Constraint Side
5 Labor Hours & 10.5 [6562560«|=| 60000
6 Doors 4 2 |20000<]=! 20000
7 Cruiser Demand 0 1 '3500'<!=] 3500
8 Profit ($thousandd) 3.6 5.4 30600
9 Solution | 3250 3500

Rachel’s plant should now assemble 3,250 Thriliseekers and 3,500 Cruisers to achieve a
maximum profit of $30,600,000.

Using over time labor increases the profit by $30,600,000 — $26,640,000 = $3,960,000,
Rachel should therefore be willing to pay at most $3,960,000 extra for overtime labor
beyond regular time rates.

3-65



€)

g)

The value of the right-hand side of the Cruiser demand constraint is 3,500 * 1.20 =
4,200 cars. The value of the right-hand side of the labor hour constraint is 48,000 * 1.25
= 60,000 hours. All formulas and Solver settings used in part {a) remain the same.
Ignoring the costs of the advertising campaign and overtime labor, the values for the
problem formulation follow.

A B c D £ |FlG H

3 Thrillseeker| Cruiser| Trtals| Right-Hand
4 Constraint Side

B Labor Hours 6 10.5 [60000<|=| 60000
6 Doors 4 2 120000<]/=! 20000
7 Cruiser Demand 0 i 4000/ <[=] 4200
8 Profit ($thousand§) 3.6 5.4 32400

9 Sofution | 3000 4000 |

Rachel’s plant should produce 3,000 Thrillseekers and 4,000 Cruisers for a maximum
profit of $32,400,000. This profit excludes the costs of advertising and using overtime
labor.

The advertising campaign costs $500,000. In the solution to part (¢) above, we used the
maximum overtime labor available, and the maximum use of overtime labor costs
$1,600,000. Thus, our selution in part (e) required an extra $500,000 + $1,600,000 =
$2,100,000. We perform the following cost/benefit analysis:

Profit in part (e): $32,400,000
— Advertising and overtime costs: 3 2.100.000
$30,300,000

We compare the $30,300,000 profit with the $26,640,000 profit obtained in part (a) and
conclude that the decision to run the advertising campaign and use overtime laber is a
very wise, profitable decision.

Because we consider this question independently, the values of the right-hand sides for
the Cruiser demand constraint and the labor hour constraint are the same as those in part

(a). We now change the profit for the Thrillseeker from 3.6 to 2.8 in the problem

formulation. All formulas and Solver settings used in part (a) remain the same. The
values for the problem formuiation follow.

A B C D E_IFlG H
3 Thrillseeked Cruiser| Totals Right-Hand
4 Constraint ; Side
5 Labor Hours =} 105 |48000Q< = 48000
(5] Doors 4 2 14500« = 20030
7 Cruiser Demand 4 1 3500 <=1  35G¢
8 Profit ($thousanddy 2.8 5.4 24150
9 Solution_ | 1875 3500 f

Rachel’s plant should assemble 1,875 Thrillseekers and 3,500 Cruisers to obtain a
maximum profit of $24,150,000.
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h) Because we consider this question independently, the profit for the Thrillseeker remains
the same as the profit specified in part (a). The labor hour constraint changes. Each
Thrillseeker now requires 7.5 hours for assembly. All formulas and Solver settings used

“in part (a) remain the same. The values for the new problem formulation follow.

A B & D E |FiG H

3 Thrillse eker] Cruiser| Totais Hght-Hand
4 Constraint Side
5 Labor Mours 7.5 105 [48000<|=| 48000
o) Doors 4 2 113000<i=| 20000
7 Cruiser Demand 0 1 3500 <|= 3500
8 Profit ($thousand{ 3.6 54 24300

9 Solution { 1500 3500 |

Rachel’s plant should assemble 1,500 Thrillseekers and 3,500 Cruisers for a maximum
profit of $24,300,000.

i) Because we consider this question indepen dently, we use the problem formulation used
in part (). In this problem, however, the number of Cruisers assembled has to be
strictly equal to the total demand. We use the followin g new Solver settings:

HSESSI$ESS <= $HES $HEE
$E$7 = $H$7 .

The formulas used in the problem formulation remain the same as those used in part {(a).
The values used in the problem follow.

A B C D E {FIG H
3 Thrillseeker Cruiser| Totald Right-Hand
4 Constraint Side
5 Labor Hours 3 10.5 148003<|=| 48000
(6] Doars 4 2 14500<i=| 20000
7 Cruiser Demand 0 1 3500 =1 3500
8 Profit (Sthousandd) 3.6 5.4 25650
9 Solution |} 1875 3500

The new profit is $25,650,000, which is $26,640,000 — 325,650,000 = $990,000 less
than the profit obtained in part (a). This decrease in profit is less than $2,000,000, so
Rachel should meet the full demand for the Cruiser.
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1) We now combine the new considerations described in parts (f), (g), and (h). In part (f),
we decided to use both the advertising campaign and the overtime labor. The advertising
campaign raises the demand for the Cruiser to 4,200 sedans, and the overtime labor
increases the labor hour capacity of the plant to 60,000 labor hours. In part (g), we
decreased the profit generated by a Thrillseeker to $2,800. In part (h), we increased the
time to assemble a Thrillseeker to 7.5 hours. Including the increased demand for
Cruisers, the increased plant capacity, the decreased unit profit for a Thrillseeker, and the
increased time to assemble a Thrillseeker, the new problem is formulated as follows:

A B C D E IF|G H
3 Thrillseeker Cruiser| Totald Right-Hand
4 Constraint Side
5 Labgr Hours 7.5 105 |60000<|=] 60000
& Doors 4 2 16880<]= 2000490
7 Cruiser Demand 4 1 4200 <= 4200
8 Profit ($thousandd) 2.8 5.4 28616
) Softtion | 2120 4200. |

The formulas and Solver settings used for this problem are the same as those used in part
(a). Rachel’s plant should assemble 2,120 Thrillseekers and 4,200 Cruisers for a
maximum profit of $28,616,000 - $2,100,000 = $26,516,000.
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32 a) We want to determine the amount of potatoes and green beans Maria should purchase to
minimize ingredient costs. We have two decision variables: one variable to represent the
amount (in pounds) of potatoes Maria should purchase and one variable to represent the
amount (in pounds) of green beans Maria should purchase. We also have constraints on

nutrition, taste, and weight.

Nutrition Constraints

1. We first need to ensure that the dish has 180 grams of protein. We are told that 100
grams of potatoes have 1.5 grams of protein and 10 ounces of green beans have 5.67
grams of protein. Since we have decided to measure our decision variables in pounds,
however, we need to determine the grams of protein in one pound of each ingredient.

We perferm the following conversion for potatoes:

100g of potatoes LIb
453.6g

1.5g of protein _ 6.804g of protein
(.22046 Ib of potatoes 1 b of potatoes

J = (1220459 b of potatoes

We perform the following conversion for green beans:

2835g
| oz

10 oz of green beans( J =283.5 g of green beans

283.5 g of green beans Lib
4536 ¢

_9.072 g of protein
1 Ib of green beans

] ={0.625 b of green beans

5.67 g of protein
0.625 1b of green beans

The total grams of protein in the potatoes and green beans Maria purchases for the
casserole must be greater than or equal to 180 grams.
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A 2] C | D E Fl G H
3 Pot atoss Green Beans Tota's Rght-Hand
4 Consfiraint Sde
Pratein (g) [6.804 8.072 =SUNPRODUCTI{CS:D5,.C11.D11) =|=]180
& Iron (mg} 1.3608 |5.4432 =5UNPRODUCT(CE:D6,C11D11) > =180
7 Vitamin C (mg154.432 (45,36 =SUMPRODUCT(CZ:D7.C11D1t) > =]105%0
g Taste 5 -6 =SUMPHODUCT{CS:D8,C11.:D11) > =10
& Amourt (Ib) 1 1 =SUNMPRODUCT(CI:D9,C11.:.D11) > =]22.046
1D Cost (per b} 0.4 1 =SUMPRODUCT(C10:D10,C11:D11)
19 Solation [b) |13.5667 11.3056 f

The values for the problem and solution follow,

A B c | D E FIG H
3 Potatoes Green Beans|  Totals - |Right-Hand
4 Const raint Side
5 Protein (q) | 6804 9.072_ 11948717943 189
8 ron (mg) | 1.3608 54432 80 > = 80
T Vitamin C (mg) §4.432 4536 125128205k =| 1050
8 Taste 5 -6 0 > = 0
9 Amount {Ib) 1 1 24B87224708:=] 22046
10 Cost (perib}| 0.4 i 16.73223895
11 Soution ()] 12.567 11.306 |

The Solver settings used to solve the problem follow.

1 Parameters

$E$5:4E49 >= §HES:$H$0

Maria should purchase 13.567 1b of potatoes and 11.306 1b of green beans to obtain a
minimum cost of $16.73.
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b) The taste constrint changes. The new constraint is now,

pounds of potatoes 1

pounds of green beans 2

2 (pounds of potaroes) > 1 (pounds of green beans)

The formulas and Solver settings used to solve the problem remain the same as in part
(a). The values for the problem and solution follow.,

A B _ c_ | D E FIG H
3 Potatoeqd Green Baans|  Totals Rght-Hand
4 Const raint Side
5 Protein (g) | €.804 9.072 180 >|= 180
6 [ron_(mg) 1.3608[ 54432 80 > = 80
i Vitamin C (mg} 54.432 45.36 1110 [>= 1050
8 Taste 2 -1 §.450911228 = ¢
9 Amount (Ib} 1 1 224132868>|=| 22,046
10 Cost {perlb)f ©0.4 1 16.2404468
1% Solution (ib) | 10.288 12.125 |

Maria should purchase 10.288 b of potatoes and 12.125 Ib of green beans to obtain a
minimum cost of $16.24.

¢} The right-hand side of the iron constraint changes from 80 mg to 65 mg. The formulas
and Solver settings used in the problem remain the same as in part (a). The values for the
new problem formulation and solution follow.

A 8 c__| D E FlG Hoe
3 Potatoed Green Beans|  Totals RightHand:
4 Const raint Side
5 Protein (g) | 6.804 9.072 180 > = 180
6 on (mg) | 13608] 5.4432 65 > = B5
7 Vitamin C (mg] 54.432| 4536 12225 |»{=] 1050
8 Taste 5 -6 31.04791290 |= 0 j
9 Amount (Ib} 1 1 23.791152% [=| 22046
10 Cost {perib)] 0.4 1 14.31143445
11 Solution (1b) } 15.800 7.992 I

Maria should purchase 15.8 1b of potatoes and 7.992 b of green beans to obtain a
minimum cost of $14.31.
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d) The iron requirement remains 65 mg. We need to change the price per pound of green
beans from $1.00 per pound to $0.50 per pound. The formulas and Solver sertings used
in the problem remain the same as in part (a). The values for the new problem
formulation and solution follow.

Al B c_ | D E F| G H
3 Potatoeq Green Beans|  Totals Right-Hand
4 Const raint Side
5 Pmiein (g 6.804 9.072 180 > = 180
3] Iron {mg) 1.3608 54432 |7389473F 84| = 65
7 Vitamin C {mg} 54.432 4536 1155789474 | = 105C
8 Taste 5 -6 8] > = D
2 Amount {Ib) 1 1 2297410192 =| 22.046
10 Cost {per b} ¢.4 0.5 10.2339181 3
11 Solution {lb) ] 12531 10.443 |

Maria should purchase 12.531 Ib of potatoes and 10.443 Ib of green beans to obtain a
minimum cost of $10.23.
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e) We still have two decision variables: one variable to represent the amount (in pounds) of
potatoes Maria should purchase and one variable to represent the amount (in pounds) of
lima beans Maria should purchase. To determine the grams of protein in one pound of
lima beans, we perform the following conversion:

22.68 g of protein _ 36.288 g of protein
0.625 Ib of lima beans | Ib of lima beans

To determine the milligrams of iron in one pound of lima beans, we perform the
following conversion:

6.804 mg of iron  _ 10.8864 mg of iron
0.6251b of ima beans 1 Ib of lima beans

Lima beans contain no vitamin C, so we do not have to perform a measurement
conversion for vitamin C,

We change the decision variable from green beans to lima beans and insert the new
parameters for protein, iron, vitamin C, and cost. The formufas and Solver settings used
in the problem remain the same as in part (2). The values for the new problem
formulation and solution follows.

A B C 3] E ElG H
3 Potatoeq Lima Beans Totals FRight-Hand
4 Const raint Side
5 Protein (g} 6.804 36288 | 2604166663 |= 180
6 Iran {mg) 1.3608] 10.8854 65 > = B5
Z Vitamin © {(mgh 54.432 ¢ 1050 > = 1050
8 Taste g -6 75084 |>(= 0
9 Amount {Ib} 1 i 22 84961052 =] 22046
10 Cost (per ib} 0.4 0.6 9.85174162 3
11 Solution {bj] 19.290 2.859 |

Maria should purchase 19.29 Ib of potatoes and 3.559 b of lima beans to obtain a
minimum cost of $9.85.

f) Edson takes pride in the taste of his casserole, and the optimal solution from above does
1ot seem [o preserve the taste of the casserole. First, Maria forces Edson to use lima
beans instead of green beans, and lima beans are not an ingredient in Edson’s original
recipe, Second, although Edson places no upper limit on the ratio of potatoes to beans,
the above recipe uses an over five to one ratio of potatoes to beans. This ratio seems

unreasonable since such a large amount of potatoes will overpower the taste of beans in
the recipe.
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g) We only need to change the values on the right-hand side of the iron and vitamin C

3-3 a)

constraints. The formulas and Solver settings used in the problem remain the same as in
part (a). The values used in the new problem formulation and solution follow.

A B C D E FiG H
3 Potatoeg Lima Beans Totals Right-Hand
4 Const raint Side
5 Protein {g) | 6.804 36288 4285718034 = 180
B Iron {mg) 1.3608] 10.8864 120 > = 120
7 Vitamin C {(mg} 54.432 0 6857232823 | = 500
a8 Taste 5 -6 6.300 > = 0
9 Amount (Ib) 1 1 22046 I>|=| 22046
10 Cost (per Ib) 0.4 0.8 10.7080406 1
11 Solution (Ib) | 12-598 9.448 |

Maria should purchase 12.598 1b of potatoes and 9.448 1b of lima beans to obtain a
minimum cost of $10.71.

The number of operators that the hospital needs to staff the call center during each two-
hour shift can be found in the following table:

A [2] [¥] ] E F

T — WOIR  (aver age NUTToET o) mmmmmmrmmmm

shit calls per haur English Speakers | Spanish speakers | speaking English | Speakig Spanish

w |/ 9T n L1v) -4 [-] +] 4
am 12 TTanm 8BS [1: A— 17 12 3
Tamto Tpm Ei) i 56 T4 10 3
Bt 3pm 95 [47) TS T3 3
7 Bpm o Bpm B0 B4 6 i 3
& Bpm 15 7o 35 28 T 5 4
7pm 1o Upm 10 ] Z Z T

For example, the average number of phone calls per hour during the shift from 7am to
9am equals 40. Since, on average, 80% of all phone calls are from English speakers,
there is an average number of 32 phone calls per hour from English speakers during that
shift. Since one operator takes, on average, 6 phone calls per hour, the hospital needs
32/6 = 5.333 English-speaking operators during that shift. The hospital cannot employ

fractions of an operator and so needs 6 English-speaking operators for the shift from 7am
to Sam. :
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b) The problems of determining how many Spanish-speaking operators and English-

speaking operators Lenny needs to hire to begin cach shift are independent. Therefore we
can formulate two smaller linear programming models instead of one large model. We are
going to have one model for the scheduling of the Spanish-speaking operators and
another one for the scheduling of the English-speaking operators.

Lenny wants to minimize the operating costs while answering all phone catls. For the
given scheduling problem we make the assumption that the only operating costs are the
wages of the employees for the hours that they answer phone calls. The wages for the
hours during which they perform paperwark are paid by other cost centers. Moreover, il
does not matter for the callers whether an operator starts his or her work day with phone
calls or with paperwork. For example, we do not need to distinguish between operators
who start their day answering phone calls at 9am and operators who start their day with
paperwork at 7am, because both groups of operators will be answering phone calls at the
same time. And only this time ntarters for the analysis of Lenny’s problem,

We define the decision variables according to the time when the employees have their first
shift of answering phone calls. For the scheduling problem of the English-speaking
operators we have 7 decision variables. First, we have 5 decision variables for full-time
employees.

The number of operators having their first shift on the phone from 7am to 9am.
The number of operators having their first shift on the phone from 9am to 11am.
The number of operators having their first shift on the phone from 1 lam to 1pm.
The number of operators having their first shift on the phone trom ipm to 3pm.
The number of operators having their first shift on the phone trom 3pm to Spm.

In addition, we deftine 2 decision variables for part-time employees.

The number of part-time operators having their first shift from 3pm o Spm.
The number of part-time operators having their first shift from Spm to 7pm.

The unit cost coefficients in the objective function are the wages operators earn while they
answer phone calls. All operators who have their first shift on the phone from 7am
to 9am, 9am to {lam, or 1lam to 1pm finish their work on the phone before Spm. They
earn 4*510 = $40 during their time answering phone calls. All operators who have their
Tirst shift on the phone from 1pm to 3pm or 3pm to Spm have one shift on the phone
before Spm and another one after Spm. They earn 2¥$1042*$12 = $44 during their time
answering phone calls. The second group of part-time operators, those having their first
shift from 5pm to 7pm, earn 4*$12 = $48 during their time answering phone calls.

There are 7 constraints, one for each two-hour shift during which phone calls need to be
answered. The right-hand sides for these constraints are the number of operators needed
to ensure that all phone calls get answered in a timely manner. On the left-hand side we
determine the number of operators on the phone during any given shift. For example,
during the 1lam to 1pm shift the total number of aperators answering phone calls equals
.the sum of the number of operators who started answering calls at 7am and are currently
in their second shift of the day and the number of operators who started answering calls
at 1lam.

The following spreadsheet describes the entire problem formulation for the English-
speaking employees:
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o A g | ¢ [ [1] | G | [ | H T 1 K
L N I 1
2 Shifis of i operators whose Tisf shift of answaring phone calf in English s from equirad numbear
T [ TTOTE SOSETOTN T TS SE AT R TG BEr I I {PT pam 13 JeMIFT | ToER STOPEIEoR |
T Tem B T T T T T T T E = 13
5 | famio TTam [*] i] [ [] 1] [{] [2] 13 s 12
B [ Mamic T pm 1 )] Ll [+] ] [} (1] 10 = 10
“T1 ipm o 3pm 1] 1 1] 1 [] [} [-] 13 = 13
== r U T T T T U T = T1
¥ | Bpm o /pm L) [} ] 1 T il T | b= 5
=T 7pm to Gpm [] [ 0 [i] T ['] 1 7 = 2
TRt o ar —rr - 1358 e L1107 m—
4 Sl i 8 13 4 0 2 5 .o ) E

The following formulas are used in the problem formulation:

|

=
2

3 Totals

4 FSUMPRODUCT(B4:H4,B12.H12)
= SUMPRODUCT(B5:H5, B12HT2) |
8_FSUMPRODUCT(B6:HB,B12:H12)
7_FSUMPRODUCT(B7:H7,B1Z.H12)
8 FSUMPRODUCT(B8:H8,B12:H12)
9 |FSUMPRGDUCT(BS:H8,B12:H12)
U FSUMPRUDUCTIBTUHTU BTZHTZ) |

11 |=SUMPRODUCT(B11:H11,B12:H12)

The solver appears as follows:

I$4 41410 >= $K$4:4K$10

The linear programming model for the Spanish-speaking employees can be developed in
a similar fashion,
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Totals

FSUMPRODUCT(C4:G4,C12:G12)
=SUMPRODUCT(CS:G5,C12:G'12)
=SUMPRODUCT(CS:G6.C12:G12)
FSUMPRODUCTICT.G7.C12:G12)
=SUMPRODUCT(CB:GB,C12:G12)
ESUMPRODUCT(CE.GO,C1Z:G12)
T0 FSUMPRODUCT{CTO.GI0,CTZ G 12)
=SUMPRODUCT(C11:611,612:G12)

O o~ B L) I N

12§

Parameters

Lenny should hire 25 full-time English-speaking operators. Of these operators, 6 have
their first phone shift from 7am to 9am, 13 from 9am to 1lam, 4 from liam to lpm, and
2 from 3pm to 5pm. Lenny should also hire 5 part-time operators who start their work at
3pm. In addition, Lenny should hire 10 Spanish-speaking operators. Of these operators,
2 have their first shift on the phone from 7am to 9am, 3 from 9am to 11am, 2 from 11am
to 1pm and 1pm to 3pm, and 1 from 3pm to Spm. The total {wage) cost of running the
calling center equals $1640 per day.
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d) The restriction that Lenny can find only one English-speaking operator who wants to start

work at 1pm affects only the linear programming model for English-speaking operators.
This restriction does not put a bound on the number of operators who start their first
phone shift at 1pm because those operators can start work at 11am with paperwork.
However, this restriction does put an upper bound on the number of operators having
their first phone shift from 3pm to Spm. The new worksheet appears as follows.

[ERETp—

A N & [ | E_ | FT 877 H [ t J K L
i1 ] ] ] ] ]
i Shifts of Number of oparators whose firgt shitl of answaring phone calls in English Is from Required number
) ghone cperators |7 am jo Gam| Bam ta 11am| 11am 101 1pm to 3| 3pm o Spm m [P Spm to 7am (P Totats of apamators
Fam bo Sam 1 )] [ 5 >3 []
Sam ta 11am a 1 Q ] Q ] 1] 13 > 12
B 1lamito 1 pm L [+] 1 i) ] Fi] 7] 12 > 10
7 1pm o 3pm [+ 1 9 1 1] ] Q 13 >= 12
] dipm %9 5pm 4} 0 1 & 1 1 Q 1 > i1
~3 Spm e Ypm [ D Q 1 Q 1 1 5 =] 5
10 7pm to 9pm Y] 0 4 o 1 ) 1 2 > 2
11 Unil cost 40 40 40 44 a4 44 43 1268 = Total gl
iz Soiution & 13 B 0 1 4 1
13 I Uppersoungs 1 ] l L1 1 I |

The Solver dialogue box displays the additional constraint.

Solver Paramelers

$6$12 <= $G$13
$344:$2410 >= $L$4:$L$10

Lenny should hire 26 full-time English-speaking operators. Of these operators, 6 have
their first phone shift from 7am to 9am, 13 from 9am to 11am, 6 from 1lam to Ipm, and
1 from 3pm to S5pm. Lenny should also hire 4 part-time operators who start their work at
3pm and | part-time operator starting work at Spm. The hiring of Spanish-speaking
operators is unaffected. The new total (wage) costs equal $1680 per day.
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e) For each hour, we need to divide the average number of calls per hour by the average

processing speed, which is 6 calls per hour. The number of bilingual operators that the
hospital needs to staff the call center during each two-hour shift can be found in the
following table:

A B C
1 work average number of| number of operators
2 shift calls per hour speaking English
3 |7am to Sam 40 7
4 |9am to 11am -85 15
5 |11amto 1pm 70 12
6 |1pm to 3pm a5 16
7_|3pm to 5pm 80 14
8 |5pm o 7Tpm 35 8
g |7pm o 9pm 10 2

The linear programming model for Lenny’s scheduling problem can be found in the same
way as before, only that now all operators are bilingual.

& f | C | D | E [ ¢ [ G | H J Nl K
1 | I T I 1 1
2 Shiftsof jm af drvw whaes. first il of phnna colie in bk | 1 Feonr Recuirad membar |
o3 Kande2an San o liapd\anio Lan Mo o 2on o o o e (o 2om (] Sem o 2t oz aealos )
A Jam to Gam 1 0 [n] (4] 4 a n v d = r s
Samio 1am 0 1 0 o 2 [ [ 16 »= 15
&1 11amta1pm 1 0 1 D ) 0 a 13 »= 12
il . D 1 n § o 0 a 16 = 16,
A1 _Zom t05qm 2 0 1 D 1 1 qQ 14 o= 14
; Spm s 7pm D n - o 1 o 1, 1 B 2=z 8
el vomsoonm o 0 0 D 1 a 1 2 a= 2
’ji_LmiLnL 40 40 40 44 44 4 a8 1512 = Todal s
121__. Sdutian 7 16 5 0 2 6 0 b I e =

(The formulas and the solver dialogue box are identical to those in part (b).)

Lenny should hire 31 full-time bilingual operators. Of these operators, 7 have their first
phone shift from 7am to 9am, 16 from 9am to 11am, 6 from 11am to 1pm, and 2 from

+ 3pm to Spm. Lenny should also hire 6 part-time operators who start their work at 3pm.

g)

The total (wage) cost of ranning the cailing center equals $1512 per day.

The total cost of part (f) is $1512 per day; the total cost of part (b) is $1640. Leany could
pay an additional $1640-§1512 = $128 in total wages to the bilingual operators without
increasing the total operating cost beyond those for the scenario with only monolinguat
operators. The increase of $128 represents a percentage increase of 128/1512 = 8.466%.
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h} Creative Chaos Consultants has made the assumption that the number of phone calls is
independent of the day of the week. But maybe the number of phone calis is very
different on a Monday than it is on a Fridav, So instead of using the same number of
average phone calls for every day of the week, it might be more apprepriate to determine
whether the day of the week affects the demand for phone operators. As a result Lenny
might need to hire more part-time employees for some duys with an increased calling
volume.

Similarly, Lenny might want to take a closer look at the length of the shifts he has
scheduled. Using shorter shift periods would allow him to “fing fune” his cailing centers
and make it more responsive to demand fluctuations.

Lenny should investigate why operators are able to answer only 6 phone calls per hour.
Maybe additional training of the operators could enable them to answer phone calls
guicker and so increase the number of phone calls they are able to answer in an hour.

Finally, Lenny should investigate whether it is possible to have employees switching
back and forth between paperwork and answering phone calls. During slow times phone
operators could do some paperwork while they are sitting next to a phene, while in times
of sudden large call volumes employees who are scheduled to do paperwork could
quickly switch to answering phone calis.

Lenny might also want to think about the installation of an automated answering system
that gives callers a menu of selections. Depending upon the caller’s selection, the cail is
routed to an operator who specializes in answering questions about that selection.
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§1-8 &) (conTD)

Adjustable Cells

Final AReduced Oblective Allowable Allowable
Cail Hame Value Cost Coafliciant Increase Decrease
$C%3 Variables 11 1] 5 1E+30 .363636
$D%3 Variabies 0 -0.333333%3 4 0.3333333%  1E+30
$E53 Variables 3 [V -1 266666667 1.333323
$F33 Varlables 0 -01.56866667 3 0.66656667  1E430
Constra-nts _
Flnal Shadow Constralnt  Allowable Allowable
Cell  Nama Value Prica R.H. Sida increase Decrease
$HS5 Consiraints 24 (.6EEE6667 24 12 132
$H3E 36 4 6 1E+30 12
479, a)
Resource Usage Per Unit of Each Activity Resource
Resource Activity 1 Activity 2 Totals Available
A & 4 16.258 < 20
B & 9 3o 4 3q
C 2 5 15 4 15
tnit Profit 20 30 $ 100.00
Solution 1.25 2 _5____
Adjustable Cells
Final Reduced Objective Allowable Allowable
Cell Name Value Cost Coeftficlent Increase Decrease
$837 Solution Activity 1 1,25 0.00¢ 29 0 2]
$C$7 Solution Activity 2 2.5 0.000 30 20 0
Constraints
Final Shadow Constraint Allowable Allowable
Cell Name Value Price R.H. Side Increase Decraase
SD$3 A Totalg 16.25 £.000 20 1E+30 3.75
SD$4 B Toials 30 3.333 30 2.647058823 3
5D%5 C Totals 15 0 15 1.666666667 2.142857143
b) The sensitivity report indicates that the problem has other optimal solutions
’ ' " neraiEe tie e S A e T e e e e A o T3




d) Optimal Solution: (x, .x, ) = (2.857, 1.429), (1.25, 2.5) and all points on the
connecting line. Profit = $100 million.

xz M

>
8
X1
410 a)
Resource Usage Per Unit of Each Activily HAesource
Resource Activity 1 Activity 2 Totals Availabie
A 15 5 300 < 300
B 10 & 240 5 240
c 8 12 300 < 450
nit Profit 500 300 $ 12,000
Soluticn 15 15
Adjustabla Cells
Final Reduced Objective Allowable Allowable
Cell Name Value Cost Coefficient Increase Decrease
SB$7 Solution Activity 1 i5 0.00 500 400 0
SC$7 Solution Activity 2 15 0.0 g ofe] 0 133.3333333
Constraints
Final Shadow Constraint Allowable Allowable
Cell Name Value Price H.H. Side Increase Decrease
S0$3 A Telals 300 0.00 300 60 8333333333
$D%4 B Totals 249 50 240 42 85714286 49
$D$5 C Totals 300 0 450 1E+30 150
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'b) The sensitivity report indicates that the problem has other optimal solutions
because the allowable decrease of Activity 1 and the allowable increase of

Activity 2 are 0.
Respurce Usage Per Unit of Each Activity Resounca
Resource Activity 1 Activity 2 Totals Available
A 15 5 217 £ 300
B 10 6 240 = 240
9 8 12 450 - 450
tnit Profit 500 3t $ 12,036
Solution 2.5 35.833

¢) The other optimal solutions wiil be located on the line segment connecting the
two optimal sclutions found in parts a) and b).

d) Optimal Solution: (x, ,x, } = (15,15), (2.5, 35.833) and all points on the
connecting line, Profit = $12,000.

Xo M

10 15 20 3035 40 4550 55
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Cases

4|

a)

b)

The fixed design and fashion costs are sunk costs and therefore should not be considered
when setting the production now in July. Since the velvet shirts have a positive
contribution to covering the sunk costs, they should be produced or at least considered
for production according to the linear programming mode!. Had Ted raised these
concerns before any fixed costs were made, then he would have been correct to advise
against designing and producing the shirts. With a contribution of $22 and a demand of
6000 units. maximum expected profit will be only $132,000. This amount will not be
enough to cover the $500,000 in fixed costs directly attributable to this product.

The following insight greatly simplifies the analysis of the problem. The production
precesses of the various clething items are not all linked together. We can separate the
clothing items according to the materials that are used in their production and instzad of
one large linear programming problem we can formulate 4 smaller problems.

We use the term net contribution of a sales item to describe the difference between its total
revenues and variable costs. The net contribution does not reflect any part of the fixed
CcOsts,

The cashmere sweater is the only item consisting of cashmere. The net contribution of
one cashmere sweater equals 5450 - $150 - 1.5*$60 = $210. TrendLines can sell at most
4000 sweaters and has 9000 yards of cashmere as raw material. It is optimal to produce
gOOO sweaters using 6000 yards of cashmere yielding a net contribution of 4000%$210 =
5840,000.

The silk blouse and camisole are the only items using silk and no other materials are used
for these items. We can determine the optimal production amounts of these two items
through a simple linear program. The first constraint models the resource limitation in the
preduction process that Katherine has ordered 18.000 yards of silk. The second
constraint models the production condition that whenever a silk blouse is produced
automatically also a silk camisole is produced. Finally we must include the stated upper
bounds con the number of silk items we can seli.

o471



7 ESUMPRODUCT(C7:D7,C8:D8)
g |

C48:4D48 <= $C$3:4045
£45:4E46 <= $G45 1446

Throughout this case we use the following solver options.

TrendLines should produce 7000 silk blouses and 15000 silk camisoles yielding a net

contribution of $1,226,000.

We can determine the optimal production plan for the items made from cotton in a similar

fashion. There are no demand limitations for the cotton items.

4#-80

A B C D = F G
1
Z2
3 Activity
L Constraint STKDIOUSE | silk camisole Totals Constramnt RA
5 Silk 15 0.5 18000 1<=] 18000
6 production 1 -1 -8000 <= 0
7 unil promt 80D 535 1226000
5 Soitor 7000 g

Maximum 12000 | 15000
E

3
4 Totals
5 = :D5,C8:
8 |=SUMPRCDUCT(C6:06,C8:08)




E£55 <= $G45
ESt <= $G$6

A B < D E [F G

1

p

3 Activity

4 Consfraint [cotton sweater] cotton m-s Totals Constraint RHY
5 Wool 1.5 0.5 30000 <= 30000

8 produstion 1 -1 -60000 <= 0

7 unit profit B6.25 33.75 2025000

8 .| _Solution ] 0 6ooo0 § [

TrendLines should produce 60000 cotton mini-skirts but no cotton sweaters yielding a
net contribution of $2,025,000,

It remains to develop a linear programming problem for determining the optimal
production quantities of the tailored wool slacks, the tailored skirt, the wool blazer, the
velvet pants and shirts, and the button-down blouse. We include four constraints for the
resoyrce limitations on wool, velvet, rayon, and acetate. Upper and lower bounds are
given for many items. When there is no lower bound, we insert 0, when there is no
upper bound, we determine a safe upper bound as a consequence of the resource

limitations.

; A B c D E E G H ] J K

2

3 Rescurce UsagaPer Link of Each Activity

4 Activity Rasourca
5 Resou-ca | il wodl s acks lailskit  |wool tlazer elvel pants [velvel shirt| b.-d. biouse Tolsls Aviailable
J W0 3 n 25 Q ol D 25100 k= | 4500C
7 acetate 2 1.5 1.5 2 0 i 28000 = | 2800C
8 rayon o] 2 4 a o 1.5 30006 l<= | 3000C
[ velvet [ 0 [ 3 15 [f 9000 k= | 2000C
10 untt orofit | . 110 | 14325 155,25 1%. 22 . PeE2S  J277T1933.333

11 Solition 4200 8066.666667 5000 1] 6000 9244.44449.9

1z Minimum | 4200 | 2800 | aocno | a | o | [

131 IMadimym| 7000 T 20000 T 5000 | #5060 [ s0% | 20000 1

4- 8




Tolals

=5UMPRODUCT({C7.H7 C1T.H11}
=SUMPRODUCT(CB:HB,CT1T.H11}
=SUMPRODUCT{CO:H3,C11:H11}
=SUMPRODUCT(C10:H10,C11:H11)

(.003""4040'1#

o

— k]

CELLAHET <= $CH13:4H13
$CEL1HE1 = $CE12:4HE12
$1$6:4149 <= EK$E:$KE0

TrendLines should produce 4200 wool slacks, 8066.67 skirts, 5000 wool blazers, no
velvet pants, 6000 velvet shirts, and 9244.44 button-down blouses. The net contribution
of these items equals $2,771,933.33. (Of course, TrendLines cannot produce two-thirds
of a skirt, so the actual solution should be integer. You will learn about integer
programming in chapter 8.)

The net contribution of all clothing items equals $840,000 + $1,226,00 +$ 2,025,000 +
$2,771,933.33 = $6,862,933.33. So far we have not considered the sunk costs for the
three fashion shows and the designers which total $8,960,000. The total profit equals
$6,862,933.33 - $8,960,000 = -$2,097,066.67. So, TrendLines actually loses almost
$2.1 million.

H-§F2



c)

d)

If velvet cannot be sent back to the textile wholesaler, then the whole quantity will be

considered as a sunk cost and therefore added to the fixed costs. The objective function
coefficients of items using velvet will no longer include the material cost. The objective
function coefficients of the velvet pants and shirts are now $175 and $40, respectively.

A g [+ ] ] r ] H 1 J K
T
F

Résourca Usage Fer UNIt ol Each Acha

[ Activ ty Fesource |
5 R & source ail wool slacks tail. giir wool blagar | velvet pants ve lvet shirt | b.-d. blouse Tokals Available
5 wocl B 5_'—1'3__+_ o] 200 <= | 4R ]
7 acetate 2 15 1.5 2 a [1] 28000 j<= | 28000
a TEyam T < ] T U LB JUTFD = | AT
g velvet 0 a 0 3 1.5 [ 20000 <= | 20000
T Lnipro T 14325 RS2 11 EL) Fiide) {29B3822.22
1% Sohuion 4200 HMTY.TTITIE 2000 3666.668667 6000 1576296206
1 iR Tm | 4200 | 2800 [ Foso | a ] 0 ] a
13] IMadmum| 7000 | 20060 | 5000 | 5500 _ | 6000 | 20000 _

The production plan changes considerably. TrendLines should produce 4200 wool
slacks, 3177.77 skirts, S000 wool blazers, 3666.67 velvet pants, 6000 velvet shirts, and
15762.92 button-down blouses. The production decisions for all other items are
unaffected by the change. The net contribution of all clothing items equals $840,000 +
$1,226,00 + $ 2,025,000 + $2,983,822.22 = $7,074,822.22. The sunk costs now
include the material cost for velvet and total $3,200,000. The loss equals $9,200,000 -
$7,074,822.22 = $2,125,177.78.

When TrendLines cannot return the velvet to the wholesaler, the costs for velvet cannot
be recovered. These cost are no longer variable cost but now are sunk cost. As a
consequence the increased net contribution of the velvet items makes them more attractive
to produce. This way the revenues from selling these items can contribute to the recovery
of at least some of the fixed costs. Instead of zero TrendLines produces now 3666.67
velvet pants. These pants also require some acetate and thus their production affects the
production plan for all other items. Since it is not optimal to make full use of the ordered
velvet in part (b) it comes as no surprise that the loss in part (c) is even bigger than in part

(b)

The unit contribution of a wool blazer changes to $75.25,

) Ed T 17 | E T [£3 5] T T K
|
K] as age SrEa L
4 Activity Rasouta
5 ST0e WO & & ENE T WO DIaZer | velvel pans | ve W [ O d Woase | Ta&Es Avaizbia |
5 WOl Kl 3] T35 1) 1] [1] OO (== | 45000
' acelzln z T T3 z 1] T i) <= | JBU0RY |
] = THWOI ) rq T o T T T LR AL
valval [} [l 1] ¥ LB [1] S00 <= | 20040 |
1T H3 £ P LY L] 4 e, 36033.3313
LAl BTG 4200 10066.88667 3000 o G000 GSTT.TITI?
o ——prhmer—] 4200 [ 28007~ 3000 O TRE e a4 L e
13 T R aKImm [t ] | <R | ST | BEN { BOO0 | 2R [

TrendLines should produce 4200 wool slacks, 10066.67 skirts, the minimum of 3000
wool blazers, no velvet pants, 6000 velvet shirts, and 6577.78 button-down blouses.
The production decisions for all other items are unaffected by the change. The net
contribution of all clothing items equals $840,000 + $1,226,00 + $ 2,025,000 +
$2,436,933.33 = $6,527,933.33. The loss equals $8,960,000 - $6,527,933.33=
$2,432,066.67.
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f) The right-hand-side of the acetate constraint changes.

AT B [+ 2] E F G H T J K

T :
2 i
3 Res0lVée Usage Pef Unit of Each Acivly

ACHViTy Resowce
5 B50UTTE KA. wooISlacks] ~ (EILSNA | wool blazer | velvel panis | velvel il | b8 Diouse Tolals Availatla
B Waol 3 1] 75 T 1y 0 2500 |<=| 45000
ki acettes ] 15 175 H 0 0 BOO0 [<=] 38000
B rayon U F 1) [ Y] T35 00T <= 30000
y —velvel 4 14 3 kS LB} ) T000 <= 20000
T e ™ i 3o TS .y oD [BA00268.667
i Sotation 4200 14733.33323 5000 [ 6000 555555556
7 AT 4200 T 2800”7 %00 T 0T [ D : 3
T3] Masdirum) 7000 | {5000 | 5000 | 8500 | B0 | Z00M

TrendLines should produce 4200 wool slacks, 14733.33 skirts, the minimum of 5000
wool blazers, no velvet pants, 6000 velvet shirts, and 355.55 button-down blouses. The
production decisions for all other items are unaffected by the change. The net contribution
of all clothing items equals $840,000 + $1,226,00 + $ 2,025,000 + $3,490.266.67 =
$7.581,266.67. The loss equals $8,960,000 - $7,581,266.67 = $1,378,733.33.
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g) The net contribution of one cashmere sweater sold in the November sale equals 0.6*$450
- $150 - 1.5*$60 = $30. After producing 4000 sweaters to be sold in September and
October TrendLines has 3000 yards of cashmere as raw material left. It is optimal to
produce 2000 more sweaters using the remaining 3000 yards of cashmere yielding an
additional contribution of 2000*$30 = $60,000.

For the three linear programming problems determining the production plans for all other
clothing iterns we need to include new decision variables representing the number of
clothing items that are sold during the November sale. Clearly TrendLines does not want
to produce items with a negative net contribution. Therefore, we need to consider only

those clothing items that have a positive net contribution after taking the sales price into
account.

A B C D E F G| H
1F -
2
3 Activity :
4 Constraint | sik blouse [ silk camisgle T silk camisole(sale) | Totals Constraint RHS
5 silk 15 0.5 U5 18000 | <= 18000
6 production 1 -1 -1 -8000 |<= 0
4 unit profit 60.5 53.5 55 1226000
3 Solution 7000 15000 a |
9 Maximum | 12000 | 15000 | 36000 |
A B C D E E - G H |
1
2
3 Activity
4 Constraint] cotton sweater sweater(sale) | cotton m-s| m-s {sale)] Totals Censtraint RHS
5 wod 1.5 1.5 0.5 0.5 30000 | <5 30000
& production 1 1 -1 -1 -50000 | <3 0
7 unit profit 66.25 14.25 33.75 3.75 | 2025000
Solution o o 50000 o | |
. al B ¢ p T E |l F G H ; Ty K L 7]
i
3 RasoumeEUﬁga Per Unit of Each Acily
X ATy RESOUTCE
B Resource | Tailwol Sacks | Tal.skd | skt (safe) [wool Glazer | Blazer (sale) | velvet panis [valvel shA| B.-d Glouss Totdls EnalTatle
g wWan| 3 ] [} 75 b G [} 7 500 |<=| 45000
7 acats 4 -] TS T T Z o LH ZH0T <= 28000
e rayen 0 2 2 [ T [} D 1.5 30000 |<=| 30000
] velvel ] 1] 3 T o Fl 15 ] 0T <= 20000
0] {uni profit 110 14325 | 3548 BE2E | 273 136 22 JE835 127719332333
T Solfion | 4200  BOGB.66E667 O 5000 [ 0 6000 9244.444444
7 s | zoe- T R S K B e St e
‘ L 7RO [ I5000 | o000 | Sood | SO0 | 50 | 6000 | 2000 |

It only pays to produce 2000 more Cashmere sweaters. The production plan for all other

items is the same as in part (b). The sale of the Cashmere sweaters reduces the loss by
560,000 to $2,037,066.67.
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a) We define 12 decision variables, one for each age group surveyed in each region. Rob's
restrictions are easily modeled as constraints. For example, his condition that at least 20
percent of the surveyed customers have to be from the first age group requires that the
sum of the variables for the age group "18 to 25" across all three regions is at least 400.
All his other requirements are modeled similarly. Finaily, the sum of all variables has to
equal 2000, because that is the number of customers Rob wants to have interviewed.

A B [ D E F G H i J K
T
CostperPerson
)
TEI0 5 [ 26t0 40 | 4110 50 [ 6T and aver
5] SNEGN VEey 375 118202 650 $5.00
B Ragon T CNes I5.45 35,75 5 $6.25
7 SHTAr TOWnE | 5550 3750 L TR0 b Tata.
]
Ta
TT TITOEr UT FEOTE S TTVEYED
T2 AoEGrow
1BEH J_ 2610 4J 1 4710 50 l 7T and over TOAIS =>Urvey resmicrions
14 Silicon valay 600 0 V] 300 om0 = 00
REGoN HigLwes ] 0 550 150 1] FUU T oo
L] SAT TGWRE 250 0 150 1] 300 I a0y
Tota S L1 ooy JUT SUT $11,200 = T
il il = = o= $1z2,880.00 - i
To| S0 L] a0 114 IOT 3UT 1
4 LU = LU0
1
& TS TITCSATY TN, FOUNTUTRTEY
3 [eligali F-3 [ hei- 1IN Su E-M ESUNT DTSR TST
LS9 TWTTITNATIT SR TF TS =N L TOTOY
£33 FOTTIONE I GBI =SUNTUTE D TG]
T RITTVIOmEh ai ) e %F i b 1 T, CeE I T [a I =NE"T]
44 FOMMEAINCANFT | =SUNTFTaF15]
L8 FOMMEAMCENG T/, [ =SUNG T8 GTE]
< FOTMEA N e 207 =SUM D135 16)
CUTTTRRGMT O M 7, —OUNIF LU TS G TR G T0]
=T FOMTMEI TCEN TS, =TT TITY I I

Solver Parameters

D$17:6G§17 >= $D315:4G519
$HE14:8H$16 o= $3$14:41816
{|3tis20 = $3420

q-36
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The cost of conducting the survey meeting all constraints imposed by AmeriBank incurs
cost of $11,200. The mix of customers is displayed in the spreadsheet above.

b) Sophisticated Surveys will submit a bid of 1.15*$11200 = $12,880.
¢) We need to include the new lower-bound constraint on all variables.

A B T 0 | E F | G H [ J K
1 '
z Tost per Person
) Age Gioup
4 181025 (261040 T4T0 50 [57 and over
5 ’ 31 18207 T
3 ~ Ragion Big Citles 8528 $5.75 625 $625
7 Smal Towne [ SB.50 $7.50 5750 25
a5 ki I b i ofovintl i
] ;
] Nuriber of People Surve!yed
12 AgaGrouy
13 T8t 25 | 2610 40 [41 D 50 |51 ard over | ToRls Survey resfriciicns
L ] &7 —em‘l—sr'l—sr—l-mo ] 5= 00
15 Region — | Big Clies 150 450 50 50 TOU = o0
16 M Towns 100 50 200 50 400 5= 400
7 Tolas BEU 550 Ly 00 11387.5 = Totar Cest
18 B 8 EE T $12,085.62 ] = “Bid
TS | Surv T BiHY 557 —3W BT TOWET SUTVEyS
2000 = 2000
NINIMUM ¥arue 101 vaname

7z Formula T cel H1d: SSUMDTE. G 50
3 OrmLIE TR ; [=SUMDT5GI5"
FL) ommla : [=EUMDT&GTE”
Z5 orre SSURDITDTG]

rOFmJyiETm T =SUWE T%.& (o]
7 Formuain el F17.  [SUMFIZFIgr
25 FOMMBEIN NG T [SSUMGTFETE]

Forfialain cel H20: — [=SUMDTZIGTE)
ad Formulain cel H17- =SUMPRODUC TR 7 &Gl

Formutain cell B18: "=1.15"H1¥ |

$D$14:$G416 >= $I$22
$0$17:$G$17 >= $D$19:$6$19
$H$14:8H$16 >= $1$14:81416
$H$20 = $1420

The new requirement increases the bid to $13,095.62.
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d} We include upper bounds on the total number of people surveyed in Silicon Valley and
from the age group of 18 to 25 year-olds.

$D414:4G516

A 8 C B[ & | F | @& H ] 3 K L
1 | [ [
2 Cost per Parson
3 Age Griop
[l 181025 | 261040 | 41 to 50 | 61 and over
z Tacon vaey | 3%.75 TE50 | 5650 3500
8 Region Big Clies $5.25 $5.75 $8.25 §6.25
T Small Towns $B.50 $7.50 $7.50 $7.25
8
9 .
10 :
11 Mumber of People Surveyed !
77 Agea Group
13 181025 | 261040 [ 411050 [ 51 and over|  Totais Survey restrictions
14 SHcon valey 100 BO 50 450 [ 550 v= 00 <= B350
15 Region Bl Cites 400 450 50 50 850 Bz 700
16 Small Towns 100 400 >z 400
171 Totats 600 £50 300 550 511,575 = Yotal Cost
18 > > 5= »= $1931125 = Bid
18] Survey restichons 400 1] 300 300 ial Surveys
20 <= 2000 | = | 2000
21 __ 800 Mipimum valye for aach yariable
22 50
23
24 o | H14; "= SUMID] 4:G1 4y
25 o : [“=SUMD1 56157
Formula in cell H18: "= SUM(D18.G1 6"
27 Formula in call D17: "=SUM(DM 4:D18)"
28 —_Formulain call EI7: "=SUM(ET4.E15)"
29 ormuis In cell F17: "= S MIE14:F16)"
a0 0| i A ["=SUM(G1 $:G16Y
FE1 ormula in celi HZD: "= SUM(CH 4: Gl 6
2 : 0 . e GZOLATIIR
ag ormuls I cell HIB: =1 18117 [

$0%14:5GE16 »=$I§22
$D%17 <= $D$21
$D$17:3GH17 >= S0$19:$G$19

$H$14 <= $L§

14

$HEI4:EHS16 »= $3$14:40%16

20 - $142

The new requirements increase the bid to $13,311.25.
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) The three cost factors for the age group "18 to 25" are changed.

A

B [+ D | E | F | G H ! J K L
- I {
2 Coat per Person
3 A& Group
4 161025 | 26to 40 | 4711050 [ 51 and over
E Tiicon Valley § 36.50 36.50 | 3550 | :Xe1]
€ Regon Big Ciles §6.75 §5.7% 3625 $6.25
7 Small Towns 57.00 §7.50 37.50 $7.25
8
9
10
11 Number of Feople Surveysd
T2 Age Group
13 181025 [ 761040 [ 41050 [ S1endover| Totals S urvey restricions
14 ilicon Val 50 50 50 500 5= 300 <= 550
15 Regian Big Cikes 100 600 200 50 850 >= 700
16 Small Towns 250 50 50 50 400 »>= 400
i7 Totals 400 700 ano 800 $ 12,025 = Total Cost
18 >z >% 5= »>=  |p13@z875] = Bid
19} Survey resiicions 4040 550 A00 300 Tolal Surveys
20 <= 2000 | = [ Zooo
600 Minimuwm value for gach yadabla
22 50
23
24 Farmula in cell H14: S SUMD]4:G1 4}
8 ' j N "= SUM(D1 5:G15)
Fanmula in cell H16: "= SUMID18:G16)”
27 Fanmulain cell 047 "=SUM(D14:016)"
28 Formmula In call E17; "=SUM(E14:E16)"
23 Q = SUM(F14:F18)"
v 2 ' "=SUMIG1 4G 168
31 [+] i H2Q: "=SUMD14:G1 81
2 oumulda in cell HAT "aSUMPBOOHCTINSGT D14 G1RY"
33 a i M ~x 15 HIT

With the new cost factors the bid increases to $13,828.75.
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We eliminate all lower and upper bounds on the age groups and regions and replace them
with Rob's strict requirements. These requirements also ensure that exactly 2000 people
are surveyed so that we can drop that constraint too.

A B [ D | E | F | G | H | J K
1
2 Cost pe|r Parson :
3 Age Gronp
4 1810 25 | 2610 40 [ 411 50 [57 and over
] B[t sia v 10 A ) e 1R 131 =T
5 Hegion Big Cites $5.75 $5.75 L1 5325
7 mdl 1 cwns 700 LLE) F7 50 5725
g
9
Number of Peaple Surveyed
L4 AGE Group
13 181625 [26%0 40 [H B0 [STandover | Tolls Survey resirictions
14 Scen valey | B0 250 I00 = 400
15 Region Big Cites 50 600 300 50 1g00 3 1300
16 Small Towrs 440 50 50 100 o040 = 600
TF Tatas 500 700 I W | § 12,475 = Total Cos
18 = = = = I$14.34525 = Eid’
TS T 50U 700 LitY Liy
UMM TY Y AIUE TOT 20T varia pe
27 Formilan celH14: =SUMDI3G1a)y 50
3 — |[FormuiTn celTHTS: =SUMDTE.GTE"
24 Farmuain cell H16: =SUMDTE GIg)
75 0 oT7 = DT OTE]
FOMT& I CEnE 17, E5UMC 1#.C 10)
7 Formulain call F17.  [=SUMF14.F 18"
i) FOFMaE T eBmsT 7 =S UMGTT GTE]
29 Formulain cell R20 =S UM DTEGTE"
30 Formdlain GTHT7: =S UMPRODUCT{OE G 0T4:.G16)
[Formulain cell H18: = {5HIT

Solver Pasameters

$D$14; N

D$14:5G616 = §1$22
DE17:4G517 = $D415:$6519
H$14:$H$ 16 = $J$l4:$]$1l5

Rob's strict requirements increase the cost of the survey by $450. The new bid of
Sophisticated Surveys is $14,346.25.
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ad& h)
Data: Percanlage  Percentage  “ercentage
Nurmber of in 8th in 7th in 8th Bussing Cost (§/Student)
Arca Students Grade Gragle Grads School 1 Seheot 2 School 3
1 46¢ .32 Q3B 0.3 300 Q 700
2 BOC 0.ar 028 0.as - 4C0 500
3 ERC 0.3 g3z 0.38 600 aco 200
4 360 028 0.4 0.32 200 5C0 -
5 500 0.3% 0.34 Q.27 4] - 400
B 450 0.34 0.28 0.38 500 3co 0
Capacity: Q00 “100 1000
Solution: Numbser of Studants Assigned
Sehoot 1 Echool 2 School 3 Total
Arga 1 0 450 ] 450 = 480
Area 2 g 422222222 17T RITI78 60 = B8040
Area 3 L8] 22T 77TTFR J22. 222222 550Q = 5440
Araa 4 350 3 3 2840 = 350
Araa 5 366.666657 2 133.333333 500 = 500
Araa & 63.3333333 2 266 666667 450 = 450
Total 830 100 1000
Capacily aaaq 1100 1000 Total Bussing Cost =
Grade
Constraints:
Schosl 1 School 2 Schodt 3

8th Craders
Tth Craders
fth Craders
30% of Toal
35% of Toal

The recommendation to the school board is to assign students to schools as shown in the

269.333333 368.555556 33111111
288 362.111111 300.88HE89
242 666607 363.333333 36C

240 330 200
288 3496 386

$

555,555.56

above solution section of the spreadsheet. Quantities that are not integers must be
rounded since partial students cannot be sent.
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d) The following solution decreases total bussing costs by over $135,000 but violates the
grade constraints that were impesed. Solutions will vary and those than satisfy the grade
constraints will be likely to increase the total bussing costs.

Data: Percentage  Percentage Fersentage
Number of in Sth in ¥tk in 8tk Bussing Cest (WSudent)
Araa Slucents Grade Grade Grade Scheol 1 School 2 School 3

: 450 0.32 G.38 0.3 300 0 700
2 600 0.37 0.28 035 - £00 500
3 550 0.3 .32 0 .38 800 aon 200
4 350 0,258 0.4 D.32 200 500 -
o 500 0.39 0.34 D.27 Q - 400
6 450 0.34 0.28 D.38 500 oo a

Capacity: ag 11C0 1000

Salutian: Mumber of Studets Assignec
School 1 School 2 School 3 Total
Area 1 i) 450 a 450 = 450
Area 2 i) 600 a 600 = E00
Area 3 o] (] 550 550 = 550
Area % 350 a a 350 = 350
Area 5 500 a Qa 500 = 00
Aren § 0 il 450 450 = 450
Tota: 850 1050 100C
< < <
Capacity a0 1100 100C Totat Bussing Cost= $ 420,000.C0
Grade
Constraints:
Schonl 1 School 2 School 3
&th Graders 293 366 3°8
7t Graders g kL 302
8th Graders 247 345 380
30% of Total 2558 315 300
36% of Tota 306 378 360
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e) The number of students assigned from each area to each school changes to the solution
shown below and the total bussing cost is reduced by almost $162,000.

Data: Percamage Perceniage “ercentage
Number of in &th in 7th in &th Bussing Cos: (#/Student
Araa Students Grade Grada Grade Sehool 1 School 2 Scrocl 2
1 450 0.32 .38 C.3 300 2 700
2 800 0.37 0.28 035 - 440 £00
3 550 0.3 0.32 0.38 600 34q0 G
4 350 .28 .4 032 0 540 -
5 500 0.3¢ 0.34 o 27 0 - 460
6 450 0.34 0.28 038 500 300 0
Capacty: a00 1100 1200
Solution: Nurrber of Students Assigned
Echoal 1 Schocl 2 School 5 Total
Area 1 a 450 0 450 = 450
Area 2 0 600 LY g0a = 6O
Araa 3 0 0 550 550 = 550
Brea 4 asn 0 0 350 = 350
Area 5 3iB.1818149 0 181.818132 £00 = 500
Area 6 31.818182 50 263.181818 450 = 450
Totel AOQ 1100 1000
< < <
Capacity 300 1100 10400 Total Bussing Cost= §  393,536.36
Grade

Constralnts:

Schogl 1 School 2 School 3
Bth Graders | 263.803081 383 327 0830309
7th Graders | 285.09090¢ 353 312909031

Bth Graders 248 364 360
30% of Total 240 330 oo
36% of Tatal 288 398 360
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f) The number of students assigned from each area to each school changes to the solution
shown below and the total bussing cost is reduced by over S215,000.

Data; Percentage  Parcentage  Percentage
Murmber of in Bth in Tth in 3th Bussing Cast ($/Student}
Arga Students Grade Grade Grade School 1 School 2 Schoof 3
1 450 0.32 0.38 0.3 0 o o0
2 800 0.37 0.28 Q.35 - 402 500
3 550 03 0.32 Q.38 0] 0 0
4 350 0.28 o4 0.32 o 5090 -
El 500 .39 .34 0.27 & - 400
3] 450 0.34 0.28 0.38 500 4] 4]
Capacity: 900 1100 1000
Sofution: Mumber of Students Assigned
Echoal 1 School 2 Schacl 3 Tatal
Area 1 3B.7096771 411.220323 O 450 = 450
Arga 2 a A36.559139% 333.440861 600 = €00
Area 3 a 77.95699  472.04301 580 = 550
Area 4 350 [ ¢ 350 = 350
Area 5 435 483871 8] 64.5161288 530 500
Area 5 75.3064517 374.193548 3 450 = 450
Tota a00 1100 [00
= % <
Capacity 800 1100 1000 Total Bussing Costm § 340,053.76
Grade
Constraints:
School 1 School 2 School 3
6th Graders 306 359.732688 301.247312
Tth Graders 324 352.247312 274 752688
&th Gradars 270 are 324
30% of Total 270 330 270
36% of Total 324 396 324
)
Option Cost # students walking | # students walking
1 to 1.5 miles more than 1.5 miles
current $555,5535.56 0 0
i $393,636.36 900 0 ’
2 $340,053.76 900 491

h) Answers will vary.
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& .1-5

(@) Corner Foint
Feasiple Soludion

Defin fr.a %u aheons

(c,0,0) X,=0 | X3=0, X3=0
(4,0, 0) x =4 , Xz=0 x37
(4,2,0) =9, X, +Kxy=b , X3 O
(z,4, o) X279, X txp,76 %470
(0,4, 0) X, =0, Xo= 9 4, X370
(0,4,2) =0 . %54 =X #Rxy=Y
(2,4, 3) XX, x5, K rRuz 7
(4,2,9) Xjrrpfl, X4, cxARuiY
(4,0,4) X270, XY, ARz =Y
(0,0, 2) X700, X, 70, m, +2xz:9
fb) ;.gl-rxz'—‘(o (e) X, =4
x,=0 X, -0 The syskm s tncons istent .
¥+ Axg= Ag™
s.1-6
(a) #{b) Coryer = Basic Seluhen Nonbasic
th-('ﬂ,iv\s E?}ua.hbﬁ Poyint FeasiLle ¢ (Yu}’la Y2 Yus Yo ) Variables.
Y70, Y250, ¥a- o (0,0,0) Ne (0,0,0,-3,-5) Yii Ve, ¥a
R 7 0,0, Mo (e,0,1,0,-3) Yo Ve s Yy
%70, %70, Zy,+ 29,25 {o,0,2.5) Yes (0,0,2.5 %5,0) V) V2, Vs
NEC y#3y5=3, y70 Ao Selutron Ve V3, Yy
YO, 24312525, — to,2.5¢c) No (0,25,0,-3, 0) Y, , V3 Ve
Y20, Y43y, =3, ¥y 70 (3,e,0) Mo {3, 0, e,0,-5) Yz, ¥z Yy
270 , 2ty =5 ) yiso No Soluton Yoo Y3: ks
Y220, y,+3y;=3, 2};;1-2?3:5 9.5, 0 25) Ne 61955,0,2-5, 2,¢) Vi, Yy, Vs
BTO heByye3  2y,12¢:5  (3,250) Yes (3250 6,0) gy, %
ALY Wr3yse3) Ay, 2y,=5 (2,050 s (@451,0,0) %Y Vs




15 30 H.S X
(x, X2} = (15,300 15 ephmel with 2=F5
Busie Feasible Seluhon Monbasic Yariables

“DJ Cornex R:w\ﬁ" Deﬂv‘\.wi ESM{'IOM (x,,xz‘x,,x.,,xs)
(1’5;30) XZ:ZOJ TX EXg =15 {"5;30101 30/0) X3 a.v-c‘ Xs
(30, 30) X,730 , 2x,+x,=90  (30,30,!5,0,0) Xy ard X5
{25, 40) ~x X715, Ix, +x,=90 (25,40, ©,0,10) Xz and Xy
c1-8
&) and (b} :
. and ! . ] o Basic Sofutrom Nonbasic
Defiving Eguations  CommerPoud  Resbl 6 5,05 Variables
X0  x,=0 fo,c) Ao (o,0,-10, 6, ,é,) X, cnd Xz
X,=0 , Rx,+Xe 71O (0, 10) No (6,10, 0,19, ¥) X, and X5
X, 70 , -3x,+2x, b (0,3) e (0,3,-% 0,-3) X, avd Ky
20, X4xy= & (0,6) Mo (0,6,-% -&, 0} X, and X
X, 50 | Lx+%,7 /0 {5, 0) Ne (5)‘9)0;2*:'”) Xz ard Xy
X270 “Bx,+ 2x7 & {-2,0) Ao (-2,0, -/, D}—E) %, and Xy
%20, X 4xz= G (6, o) Yes (¢,0,2, 24, 0) X, dnd Xg
AR FKNp O, " 30 20,50 (z,6) Yes (z,6,0,0, ) xs and Ky
e, +2, 710, X, +x,7 b (9,2) Yes (4,2, 0,/7, 0 ) X3 and X
- 3;(’4;2_12% L oxrath {;,;z) ¥ g) No (/,.?/ 7% -d.8,0,0 ) Xy and X



5.1-9 @) ad L)

Dining,  Equahions Corner Point FasibleD o0 Sevbon o b
X0 | x,=0 (0,0) Yes (0,0, 10,60, 18 4y} X, and X,
IO xp =10 (o, 10} Yes (0,10, 0,10, B, 34) X, and x4
x,=o,. Ax, + 5x, 76D (0,12} No (0,12,°2,0, &, 32) X, and xy
X,7O , X, +x, =18 (0,18) Ne (2,18,-8, -30, 0, 26) %, and xg
=0, Bx rx, =494 (0, 44) No (0, 44,-3Y,-160,-26,0) X, avd X,
X250, x,=/0 No  Soluton X; and X3
X270, Ix,+5%°60 (30,0) ANo (30,0, 70, 0,-12,~%4) Xz awd Xy
X750, x,#x,* (8 (18, 0) No (18,0,10, 2¢, 0, —16) *rawd Xs
X,50 , 3x +y, =Y (19.67, 0y s {19.6%0, /0, 30.6F 3.33,0) x, and X
X2 1O, Az, +5x,= b0 (5,10) s {(5,20,0,0, 3,19) Xz and Xy
%=10 , x+x, =8 (8,16) N (8,10, ©,-¢,0, 10) x3and xg
X310, 3x +x,=4Y (i1.33 10) No (1.33,10, 0,-12.67 -3.33,0) X, and %,
A2, +458,560 |, x,+%,=18 {v0,8) Jes (10,8,2,0,0,6) Xy and X
X, 158, 200, Bu,x, =YY (123,308 No  (1.31,%08,292,0,-1.38,0) X ad &,
X, +X, 718 | Bxen, =499  (13,5)  Jes (3,5,5,9,0,0) Xs and x,

Sl-1¢  a) If the feasible region is unbounded then there may be no optimal solution.

b) An optimal solution may contain all points on a line segment between two
corner points.

- ¢} If an adjacent corner point has an equat objective function value then all the
points on the connecting line segment will also be optimal.
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; 2, B Frae
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. : s hao e,
it e 4ld mean np mathor which CPF we .wﬁ?/_ A on
’ l. F CPF solutisns waald b¢

mint

it or one of 713 ﬂd‘jarf ' }
; ' j . s t ¢ case
oP-‘hrnq f f fuwn ch, of course 75 net #N
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5.1-1r.

5.1-13.

(a) True. By property 1(a), there must be multiple solutions (since this optimal
solution is not a CPF). This then means there are an infinite number of optimal
solutions since any convex combination of optimal solutions is also optimal.

(b} True. The points on the line segment connecting x* and x** can be represented
by x = 0Z* + (1 - cjx**, o ranging from 0 to 1. Let Z* = Z** represent the
objective function values for x* and x**, Then the objective function value at x
would be (by linearity) Z = oZ* + (1 - @)Z** = oZ* + (1 - o) Z* = Z*. So the
objective function value is the same at all these points. Furthermore, since the
feasible region is convex, all these points must be feasible.

(¢) False. The simultaneous solution of any set of » constraint boundary equations
may be infeasible, or it may not even exist (e.g., x; = 2, x = 4).

(@). True. If there are no optimal solutions, then the problem must have no feasible
solutions or the objective value can be increased indefinitely (Chap. 3). The former
is not the case (assumed in the problem) and the latter cannot be true since the
feasible region is bounded. Thus, there must be at least one optimal solution.

(b) False. If a solution is optimal, it need not be a BF solution. A convex

~ combination of BF solutions can give an optimal but not Basic (i.e. CP) solution.

However, it is true that if optimal solutions exist, then at least one of them must be a
BF solution. This follows straight from Property 1 (since BF solutions = CPF
solutions).

(¢) True. Since BF solutions correspond to CPF solutions, this follows directly from
Property 2.
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