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1. Theory of constraints (6p) 

 

Name, and explain the five steps, used when practically applying Theory of constraints.  
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2. Forecasting (7p) 

 

The monthly demand for a certain product manufactured by a company has been as follows: 

Month: May June July August September October November December 

Units: 98 82 106 112 104 112 121 123 

 

a) Use the exponential smoothing method to forecast the number of units for June - 

January. The initial forecast for May was 105 units; α = 0.5. 

 

b) Calculate the absolute percentage error for each month from June through December 

and the MAD and MAPE of forecast error as of the end of December. 
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3. Linear regression (6p) 

 

Suppose that the normal time for cutting a gear is a function of the number of gear teeth. The 

normal times (in minutes) for cutting different 8-inch diameter gears are shown in the table 

below. The next 8-inch diameter gear is to have 34 teeth. Use linear regression to estimate how 

long the cutting time will be for that gear. 

 

Number of 
teeth 

Cutting time 

25 112 

17 86 

12 54 

28 132 

14 70 

13 60 

21 100 
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4. Capacity planning – Decision Tree (6p) 

 

As the global competition increases for Company A, a decision must be made to either 

outsource parts of production to a low cost country or keep all production in-house. If the 

company were to outsource parts of production to India, the advantages of low material cost 

and low labour cost can result in cheaper products which will attract new customers. Probability 

of this happening is 0.3 and there is no reason to make any adjustment (payoff = 350 000 SEK). 

On the other hand, even as new customers are attracted due to the low cost of products, the 

quality issues correlated with outsourcing parts of production might cause existing customers to 

reconsider staying with the company. The probability of this happening is 0.7. In this case the 

manager have two options, either invest in extensive education of the personnel in India (payoff 

= 200 000 SEK). The other option is to target a new market in India, however this can result in 

two outcomes, either the competition in the new market is low with a probability of 0.4 (payoff 

= 400 000 SEK) or the competition is high with a probability of 0.6 (payoff = 50 000 SEK).  

 

In contrast to outsource parts of production, the manager considers to keep all parts of 

production in-house. This have two outcomes, either existing customers continue to be loyal, 

with a probability of 0.4. Or the existing customers abandon the company with a probability of 

0.6. If the existing customers continue to be loyal, the manager can strengthen the company’s 

position by choosing either to cut down costs on processes which are not value-adding (payoff 

= 400 000 SEK) or to lay of personnel (payoff = 35 000 SEK). If the customers start to abandon 

the company, the manager is faced with two decisions, either to focus on the core business 

(payoff = 200 000 SEK) or to enter new markets. However when enter a new market in 

Sweden, the competition can be either high with a probability of 0.7 (payoff = 50 000 SEK) or 

low, with a probability of 0.3 (payoff = 500 000 SEK).  

 

a) Draw a decision tree for this problem. 

  

b) Analyse the decision tree to determine the expected payoff for each decision and event node. 

Recommend if the manager should outsource or keep parts of production in-house with regard 

to the highest expected payoff. Motivate your answer. 
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5. Waiting lines (6p) 

 

The purchasing department is re-evaluating their approach of handling outgoing orders. To 

satisfy the extensive customer demand, the department must process at an average 8 outgoing 

orders daily. During a workday of 8 hours, the department ordinary receives 3 orders per hour. 

The employee responsible for processing orders can complete 4 order per hour.  

 

a) What is the probability that 8 orders will arrive to the department during any hour? 

     

b) What is the probability that an order will need less than 15 minutes of processing time? 

  

c) Using a single server model with Poisson distribution, calculate the average waiting time in 

line for orders and probability of more than 8 and 9 orders in the system? 
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6. Location (6p) 

 

A production facility in Köping is parts supplier to a number of companies. As transportation 

costs is one of the company’s highest costs, the manager considers to relocate the facility in 

order to be close to its 8 customers. The customer’s location is shown below:  

 

Customer 

location 
Tons shipped x,y Coordinates 

Arboga 15 000 (3, 15) 

Kungsör 86 000 (8,  3) 

Göteborg 110 000 (15, 13) 

Skövde 66 000 (7,  14) 

Örebro 78 000 (3,  8) 

Trollhättan 48 000 (11,  9) 

Finnspång 33 000 (9,  10) 

Västerås 90 000 (2,  6) 

 

a) Find the centre of gravity for the production facility. 

  

b) Using the rectilinear distance, what is the load-distance score for this location? 
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7. Transportation method (8p) 

A manufacturing company has three factories that supply four major warehouses. The capacity 

of each factory, and the demand of each warehouse, and transportation cost, is listed in the table 

below. Use the Modified Transportation Method (MODI) to optimise the distribution of goods 

from the factories to the warehouse. (Solve in the attached template and remember to turn in 

your solution!) 
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8. Scheduling (6p) 

Consider the following job times for a two-machine problem. Assume that the jobs are 

processed in the sequence M1-M2. Find the optimum sequence for processing the five jobs 

below and show it in a Gantt-chart for both machines, indicating the total processing time. 

 

Job M1 M2 

A 12 24 
B 15 8 
C 6 18 
D 9 20 
E 12 9 
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9. MRP (10p) 

The BOMs (Bill Of Materials) for products A, B and C are shown in Table 1 below. Data 

from inventory records are shown in Table 2. The MPS calls for the following products to 

be produced: 

Product A: 100 units to be completed in week 4, and 55 units in week 7. The lead-time for 

production of product A is one week. 

Product B: 125 units to be completed in week 7. The lead-time for production of product B is 

two weeks. 

Product C: 80 units to be completed in week 7. The lead-time for production of product C is 

three weeks. 

 

 
   Item Made of: Number x Item 

A 2xD, 1xE 

B 1xD, 2xE 

C 2xD, 2xE 

  E 2xF  

Table 1 

 

Inventory Record Data:  

Data category D E F 

Lot sizing rule FOQ = 150 L4L POQ (P=2) 

Lead time 3 weeks 1 week 2 weeks 

Safety stock 50 0 40 

Scheduled receipts 250 (week 1) 120 (week 2) None 

On-hand inventory 150 0 100 

Table 2    

 

Develop the materials requirement plan for the next eight weeks for the production 

of products A, B, and C. An MRP template is included in the exam for your 

convenience. 
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10. EOQ (8p) 

The production planner of a machining factory must determine the lot size for a particular 

component that has a steady demand of 60 components per day. The production rate is 380 

components per day, annual demand is 15000 components, setup cost is $200, annual holding 

cost is $1 per component, and the plant operates 250 days per year. Determine the following: 

a) The economic production lot size. 

b) The total annual setup and inventory holding cost for this economic lot size. 

c) The time between orders. 

d) The production time per lot. 
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11. EOQ with discount (6p) 

 

As an inventory manager you must decide on the order quantity for an item that has an annual 

demand of 3000 units. Placing an order cost you €40 each time. Your annual holding cost, 

expressed as a percentage of average inventory value is 15%. Your supplier has provided the 

following price schedule: 

 

  Order size Price per  

  1 – 500 € 5:20 

501 – 2000 € 4:70 

2001 – 2500 € 3:50 

  2501 - € 2:20  
 
 

What is the best order policy from a cost perspective? 
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12. Line balancing (6p) 

A company wants to design a new assembly line for their latest products. The company 

wants to produce at least 270 units per day and they expect to operate the production line 

450 minutes per day. The assembly requires 14 different tasks and the work element data 

is shown in the table below. 

 

 
Work element Time (seconds) Immediate Predecessor(s) 

A 10 None 
B 25 None 

C 10 None 

D 35 A 

E 65 B, C 

F 35 A, E 

G 30 None 

H 20 D, G 

I 45 A 

J 50 None 

K 20 None 

L 40 J, K 

M 30 A, L 

N 70 F, H, I, M 

 

a) Draw a precedence diagram. 

b) What cycle time results in the desired output rate? 

c) What is the theoretical minimum number of workstations? 

d) Use Ranked Positional Weight and balance the line. Which work elements are 

assigned to which station? 

e) What is the efficiency of your solution? 
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13. Aggregate planning (6p) 

 

Name the 3 main steps for developing the best aggregate plan.  
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14. Aggregate planning (8p) 

 

A large distribution center must develop a staffing plan that minimizes total costs using part-

time stockpickers. Each part-time employee can work a maximum of 20 hours per week on 

regular time. Use chase strategy and level and compute the total cost. For the level strategy, the 

manager wants to meet the demand with the minimum use of undertime. 

 

 
 

Currently, 10-part-time clerks are employed. They have not been subtracted from the forecast 

demand shown. Constraints and cost information are as follows: 

 

a) The size of training facilities limits the number of new hires in any period to no more 

than 10. 

 

b) No backorders are permitted. 

 

c) Overtime cannot exceed 20 percent of the regular-time capacity in any period. 

 

d) The followings costs can be assigned: 

 

Regular-time wage rate $2000/time period at 20 hours/week 

Overtime wages  150% of the regular-time rate 

Hires    $1000 per person 

Layoffs   $500 per person 

 

  

1 2 3 4 5 6 Total

Forecast demand 6 12 18 15 13 14 78
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15. Layout (5p) 

 

Name five reasons for redesign a layout. 

 

 





Capacity	
  formulas	
  

Capacity	
  

Machine	
  requirements	
  for	
  single	
  products	
  

	
  𝑀 = !"
! !! ! !""

	
  

	
  

	
  

Machine	
  requirements	
  for	
  multiple	
  products	
  

𝑀 =
𝐷𝑝 + 𝐷 𝑄 𝑠 !"#$%&'  ! + 𝐷𝑝 + 𝐷 𝑄 𝑠 !"#$%&'  ! +⋯+ 𝐷𝑝 + 𝐷 𝑄 𝑠 !"#$%&'  !

𝑁 1− 𝐶 100 	
  

	
  

M	
  =	
  Number	
  of	
  machines	
  
D	
  =	
  Yearly	
  demand	
  
p	
  =	
  processing	
  time	
  per	
  product	
  
Q	
  =	
  Batch	
  size	
  
s	
  =	
  setup	
  time	
  per	
  batch	
  
N	
  =	
  Total	
  operating	
  time	
  per	
  year	
  
C	
  =	
  Desired	
  capacity	
  cushion	
  (expressed	
  in	
  %)	
  
	
   	
  



Break-even	analysis	

Total	cost	 𝐶 = 𝐹 + 𝑐×𝑄	

Total	revenue	 𝑅 = 𝑝×𝑄	

Break	even	quantity	 𝑄 = E
V0_

	

C	=	Total	cost	
F	=	Fixed	cost	
c	=	variable	cost	
Q	=	Quantity	of	sold	products/services	
R	=	Total	revenue	
p	=	revenue	per	sold	unit	
	

Line	balancing	
	

𝐶𝑇 =
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒	𝑡𝑖𝑚𝑒

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑑𝑒𝑚𝑎𝑛𝑑
	

	

	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑤𝑜𝑟𝑘𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠 = n\94o	V[\_pqq	9rsp
Dt_op	9rsp

	

	

	

	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = n\94o	V[\_pqq	9rsp
W^s6p[	\v	wx	×	Dn

	

	



Forecasting	
  formulas	
  

Linear	
  regression:	
  

	
  𝑌 = 𝑎 + 𝑏𝑋	
  

𝑏 =
Σ𝑋𝑌 − 𝑛𝑋𝑌
Σ𝑥! − 𝑛𝑋!

𝑎 = 𝑌 − 𝑏𝑋	
  

Forecast	
  accuracy	
  (Linear	
  regression):	
  

Correlation	
  coefficient:	
   𝑟 = ! !"! ! !
! !!!( !)! ! !!! ! !

Coefficient	
  of	
  determination: 𝑟! = ! !!! !"!!!!

!!!!!!

Standard	
  error	
  of	
  the	
  estimate:	
   𝜎𝑌𝑋 = !!!! !!! !"
!!!



Weighted	
  moving	
  average	
  

𝐹!!! =𝑊!𝐷! +𝑊!𝐷!!! +⋯𝑊!𝐷!!!!!	
  

Exponential	
  smoothing	
  

𝐹!!! = 𝛼𝐷! + 1− 𝛼 𝐹!	
  
𝐹!!! = 𝐹! + 𝛼 𝐷! − 𝐹!

Exponential	
  smoothing	
  with	
  trend	
  

𝐴! = 𝛼𝐷! + 1− 𝛼 𝐴!!! + 𝑇!!! 	
  
𝑇! = 𝛽 𝐴! − 𝐴!!! + 1− 𝛽 𝑇!!!	
  
𝐹!!! = 𝐴! + 𝑇!	
  

At	
  =exponential	
  smoothed	
  average	
  of	
  the	
  series	
  in	
  period	
  t	
  

Tt	
  =exponential	
  smoothed	
  average	
  of	
  the	
  trend	
  in	
  period	
  t	
  

α	
  =	
  smoothing	
  parameter	
  for	
  average	
  (value	
  0-­‐1)	
  

β	
  =	
  smoothing	
  parameter	
  for	
  trend	
  (value	
  0-­‐1)	
  

Tt+1	
  =	
  Forecast	
  for	
  period	
  t+1	
  



Forecast	
  errors	
  

Forecast	
  error	
   𝐸! = 𝐷! − 𝐹!

Average	
  forecast	
  error 𝐸 = !"#
!
  

Mean	
  square	
  error 𝑀𝑆𝐸 = !!!

!

Mean	
  absolute	
  deviation 𝑀𝐴𝐷 = !!
!

Standard	
  deviation 𝜎 = !!!! !

!!!

Mean	
  absolute	
  percentage	
  error    𝑀𝐴𝑃𝐸 = !! (!"") /!!
!

Tracking	
  signal	
   𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔  𝑆𝑖𝑔𝑛𝑎𝑙 = !"#
!"#



Inventory	
  management	
  

Holding	
  cost	
   𝐻𝑜𝑙𝑑𝑖𝑛𝑔  𝑐𝑜𝑠𝑡 = !
!
𝐻

Ordering-­‐/setup	
  cost	
   𝑂𝑟𝑑𝑒𝑟𝑖𝑛𝑔  𝑜𝑟  𝑠𝑒𝑡𝑢𝑝  𝑐𝑜𝑠𝑡 = !
!
𝑆

Material	
  handling	
  cost	
   𝐶 = !
!
𝐻 + !

!
𝑆

Economic	
  order	
  quantity 𝐸𝑂𝑄 = !!"
!

Time	
  between	
  orders	
   𝑇𝐵𝑂!"# =
!"#
!
	
  

Q	
  =	
  Order	
  quantity	
  

H	
  =	
  Holding	
  cost	
  per	
  item	
  

D	
  =	
  Forecasted	
  demand	
  

S	
  =	
  Setup	
  cost	
  per	
  order	
  



Continuous	
  review	
  (Q)	
  system	
  

Inventory	
  position	
   𝐼𝑃 = 𝑂𝐻 + 𝑆𝑅 − 𝐵𝑂	
  

IP	
  =	
  Inventory	
  Point	
  

OH	
  =	
  On-­‐hand	
  inventory	
  

SR	
  =	
  Scheduled	
  receipts	
  

BO	
  =	
  Back	
  orders	
  

Re-­‐order	
  point	
   𝑅 = 𝑑𝐿 + 𝑆𝑎𝑓𝑒𝑡𝑦  𝑠𝑡𝑜𝑐𝑘	
  

𝑑	
  =	
  Average	
  demand	
  per	
  time	
  unit	
  

L	
  =	
  constant	
  lead	
  time	
  In	
  time	
  units	
  

Standard	
  deviation	
  of	
  demand	
  during	
  lead	
  time:	
   𝜎!"# = 𝜎!!𝐿 = 𝜎!   𝐿

Safety	
  stock:	
  	
  = 𝑧𝜎!"#



Periodic	
  review	
  (P)	
  system	
  

	
  𝑇 = 𝑑 𝑃 + 𝐿 + 𝑧𝜎 !!! = 𝑑 𝑃 + 𝐿 + 𝑧𝜎!   𝑃 + 𝐿	
  

T	
  =	
  average	
  demand	
  during	
  the	
  protection	
  interrval	
  +	
  safety	
  stock	
  for	
  protection	
  interval	
  

P	
  =	
  length	
  of	
  time	
  between	
  reviews	
  

Noninstantaneous	
  replenishment	
  

Maximum	
  cycle	
  inventory:	
  	
  𝐼!"# =
!
!
𝑝 − 𝑑 = 𝑄 !!!

!

p	
  =	
  production	
  rate	
  

d	
  =	
  demand	
  rate	
  

Q	
  =	
  lot	
  size	
  

Total	
  annual	
  cost:	
  	
  𝐶 = !!"#
!

𝐻 + !
!
𝑆

Total	
  annual	
  cost:	
  	
  𝐶 = !
!

!!!
!

𝐻 + !
!
𝑆

Economic	
  production	
  lot	
  size:	
  	
  𝐸𝐿𝑆 = !!"
!

!
!!!

I	
  =	
  Inventory	
  
D	
  =	
  annual	
  demand	
  
p	
  =	
  production	
  rate	
  
d	
  =	
  demand	
  rate	
  
Q	
  =	
  lot	
  size	
  
H	
  =	
  holding	
  cost	
  
S	
  =	
  ordering/setup	
  cost	
  



Quantity	
  discounts	
  

Total	
  annual	
  material	
  cost:	
   𝐶 = !
!
𝐻 + !

!
𝑆 + 𝑃𝐷

Q	
  =	
  lot	
  size	
  
H	
  =	
  holding	
  cost	
  
D	
  =	
  annual	
  demand	
  
S	
  =	
  ordering/setup	
  cost	
  
P	
  =	
  Price/unit	
  
D	
  =	
  Demand	
  rate	
  

One	
  period	
  decisions	
  

Payoff:	
   𝐼𝑓  𝑄 ≤ 𝑆 ⇒ 𝑃𝑎𝑦𝑜𝑓𝑓 = 𝑝𝑄	
  

𝐼𝑓  𝑄 > 𝑆 ⇒ 𝑃𝑎𝑦𝑜𝑓𝑓 = 𝑝𝐷 − 𝑙𝑑	
  

p	
  =	
  profit/unit	
  
Q	
  =	
  Purchased	
  quantity	
  
D	
  =	
  actual	
  demand	
  
l	
  =	
  loss/unit	
  
d	
  =	
  number	
  of	
  disposed	
  items	
  



Location	
  formulas	
  

Location	
  

Load	
  distance 𝑙𝑑 = 𝑙!𝑑!! 	
  

Euclidian	
  distance 𝑑!" = 𝑋! − 𝑋! ! + 𝑌! − 𝑌! !

Rectilinear	
  distance 𝑑!" = 𝑋! − 𝑋! + 𝑌! − 𝑌!

Center	
  of	
  gravity	
  

𝑋∗ = !!!!
!!
	
   𝑌∗ = !!!!

!!
	
  



Waiting	
  lines	
  formulas	
  

Waiting	
  lines

Interarrival	
  times	
  

𝑃! =
!" !

!!
𝑒!!"	
  for	
  n	
  =	
  1,2,…	
  

Pn	
  =	
  Probability	
  of	
  n	
  arrivals	
  in	
  T	
  time	
  periods	
  
λ	
  =	
  Average	
  numbers	
  of	
  cutomer	
  arrivals	
  per	
  period	
  

Service	
  time	
  distribution	
  

𝑃 !!! = 1− 𝑒!!"	
  

μ	
  =	
  Average	
  number	
  of	
  customers	
  completing	
  service	
  per	
  period	
  
t	
  =	
  service	
  time	
  of	
  the	
  customer	
  
T	
  =	
  target	
  service	
  time	
  



Single	
  server	
  model	
  

Average	
  utilization	
  of	
  the	
  system	
  

𝜌 =
𝜆
𝜇	
  

Average	
  number	
  of	
  customers	
  in	
  the	
  system	
  

𝐿 =
𝜆

𝜇 − 𝜆	
  

Average	
  number	
  of	
  customers	
  in	
  the	
  waiting	
  line	
  

𝐿! = 𝜌𝐿 =
𝜆!

𝜇 𝜇 − 𝜆

Average	
  time	
  spent	
  in	
  the	
  system	
  including	
  service	
  

𝑊 =
1

𝜇 − 𝜆	
  

Average	
  waiting	
  time	
  in	
  line	
  

𝑊! = 𝜌𝑊 = !
! !!!



Probability	
  that	
  n	
  customers	
  are	
  in	
  the	
  system	
  

𝑃! = 1− 𝜌 𝜌!	
  

Probability	
  that	
  0	
  customers	
  are	
  in	
  the	
  system	
  

𝑃! = 1−
𝜆
𝜇	
  

Probability	
  that	
  less	
  than	
  k	
  customers	
  are	
  in	
  the	
  system	
  

𝑃!!! = 1−
𝜆
𝜇

!

Probability	
  of	
  more	
  than	
  k	
  customers	
  are	
  in	
  the	
  system	
  

𝑃!!! =
𝜆
𝜇

!!!





MRP
Item: 

Item: 

Item: 

Item:

Item:

Item:

Item:

Safety stock:
Lead time:
Lot size:

8
Due:

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7

Planned order releases
Planned reciepts
Projected on hand
Scheduled reciepts
Gross requirements

Week: 1 2 3 4 5 6 7 8

Planned order releases
Planned reciepts
Projected on hand
Scheduled reciepts
Gross requirements

Week: 1 2 3 4 5 6 7 8

Planned order releases
Planned reciepts
Projected on hand
Scheduled reciepts
Gross requirements

Week: 1 2 3 4 5 6 7 8

Planned order releases
Planned reciepts
Projected on hand
Scheduled reciepts
Gross requirements

Lead time:
Safety stock:

Week: 1 2 3 4 5 6 7 8

Due:
Release:

Week:

Week: 1 2 3 4 5

Week:

Release:

Lot size:

6 7 8
Due:

Release:

Lot size:

Lead time:
Safety stock:

Lead time:
Safety stock:

Lot size:




