Mgmt 120 

Management of Operations
Problem Review for Capacity and Queuing
This section contains study problems for 

• Capacity Planning

• Queuing

Answers for all the problems are found in the back of this section.

Note: the answers to the queueing problems, are shown both with calculations and with results from the OMExplorer software.  For this semester you are responsible to perform calculations for cases with a single server model.  For multiple servers models or finite source models, you are expected to be able to tell what values would be entered into the software and to be able to answer questions from a printout of the results.  In this problem set, the ones you should know how to compute by hand are problems 6, 9, and 10.  

At the end is a complete set of formulas for queuing models.  You only need to know the single server formulas.  (You may bring a sheet of formulas to the exam.)  Note these sheets have a couple extra variables we did not use this semester, ait and r.  

Capacity Planning Formulas Summary

Capacity = maximum amount of work a person, processor, process, or system can accomplish in a given time period.  

Theoretical capacity = the maximum output that a process or facility can achieve under ideal conditions.  Can only be sustained for the short term.

Effective capacity = the maximum output that a process or facility can economically sustain under normal conditions, allowing a cushion for maintenance, interruptions, scheduling inefficiencies, and demand fluctuations. 


N = 
total number of hours per period during which the process operates; the theoretical capacity per machine or person, expressed in hours available. 

Capacity cushion = % of effective capacity reserved to handle uncertainties in output rate due to demand surges, needs for maintenance, and scheduling inefficiencies.


M =
the number of machines or people that provide service.  


N = (hours/day)*(days/year)  or

 

    =  (hrs/shift)*(shifts/day)*(days/yr)  or

 

    =  (hrs/shift)*(shifts/day)*(days/week)*(Weeks/year), or etc. 



Theoretical capacity = N*M = hours per machine*number of machines



Effective capacity = N*(1-capacity cushion%/ 100%)*M

Utilization = the ratio of output to capacity

	utilization = 
	actual output rate

	
	maximum capacity




capacity cushion = 100% - utilization                      (utilization expressed as %)

Processing requirements (R):

  R = hours needed = [dp + (d/Q)s)]product1 + [dp + (d/Q)s]product2 + … + [dp + (d/Q)s]productn
	machines needed=
	[dp + (d/Q)s)]product1 + [dp + (d/Q)s]product2 + … + [dp + (d/Q)s]productn

	
	N [ 1 – C/100 ]


  where


d =
number of units of product demanded in the period


Q = 
number of units of product made in a batch (made per setup)


s = 
hours required to setup the machine before producing a batch of parts


p =
processing time required per unit (in hours)


C =
the capacity cushion (expressed as a percentage) 

1. The copy center in the Pruit, Ackman, Lewis, and Boswell accounting firm has three copy machines.  The center is open from 8 to 5 (including the lunch hour) 5 days a week, 50 weeks a year.  How many hours of capacity could this copy center provide if they were able to run 100% of the time?    What is the effective capacity if a cushion of 10% is used?

2. McDowell Manufacturing works two 8 hour shifts per day, 250 days of the year.  Department 17 has 3 identical machines that process the two kinds of parts made.  The first part requires 4 minutes per part to process, requires 30 minutes to set up the machine, is produced in batch sizes of 250, and has an annual demand of 50,000.  The second part requires 3.5 minutes per part to process, requires 50 minutes to set up the machine, is produced in batch sizes of 500, and has an annual demand of 60,000.   It is anticipated that in three years the demand will increase to 70,000 and 82,000 respectively.  The capacity cushion used for planning purposes is 25%.  How many more machines will they need in three years?

3. Life Spice company estimates that they will need 12,000 hours of required processing time (including processing time and setup) in their cinnamon grinding operation during the next year.  They run the machines 24 hours a day, minus maintenance time, repair time, and so forth.  The plant is operating 360 days of the year.  What will be their utilization if they have 2 machines?  What will it be if they have 3?  

4. Terry manages a center that processes mortgage applications.  There are 10 employees who each work 8 hours per day.  A mortgage application takes 45 minutes of employee time to process.  If they process 90 applications a day, how much of a cushion does this leave?
5. Arlan Muelke is the manager for Sails Up, a company that manufactures sail boats.  Some of his business friends are encouraging him to adopt a Six Sigma program for his company.  His cost estimate is that the startup costs for things like training and administrative reorganization would cost about $120,000.   He would then have 1 fulltime equivalent employee working as a Quality manager, a position that does not current exist. The rest of the staffing for the program will come from reassignments and have no net cost.  The cost of the Quality Manager will be $75,000 per year, including benefits.  Other annual costs are estimated to be $35,000.   The projected payoff from is two fold.  Arlan estimates that the improved quality from this initiative will reduce costs by 1% of revenues the first year, 2% the second year and 2.5% for all years thereafter.  Arlan also expects demand to be 3% higher if the quality initiative is taken compared to the levels if it was not.  The table below shows the forecast demand and costs for the next 5 years.  Boats sell for an average of $12,000.  Will this initiative pay for itself in the next five years?  Hint, because both demand and costs are changing, you will need to compute profit from each case separately and then compare.  
	Year
	Demand (boats)
	Cost as a % of revenue

	1
	300
	45%

	2
	320
	45%

	3
	340
	45%

	4
	360
	45%

	5
	380
	45%


6. There is only one person on duty at the Commuter Airline Ticket Counter.  It takes this person an average of 3 minutes to serve a customer.  Customers come to the counter about one every five minutes.  Assuming that the service time and the interarrival time are both exponentially distributed, 

a. How long does the average customer spend in line?

b. How long does the average customer spend in total, waiting in line and being served? 

c. What is the probability of finding the system without a waiting line?  (that is, either one person being served or no people in the system at all?)

d. What is the average number of customers in total at the counter? 

7. During the holiday season at the Commuter Airline Ticket Counter (  = 20 per hour) , business picks up and approximately 20 customers arrive per hour at the counter.  This requires that they have two servers at the counter.  Assume that the second teller serves at the same rate as the first.  Under these conditions,  

a. How long does the average customer spend in line?

b. How long does the average customer spend in total, waiting in line and being served? 

c. What is the average number of people in total at the counter (in line and waiting to be served) ? 

8. McCoy Manufacturing has six of a certain type of machine that fails frequently.  On average, a machine fails every 4 days.  There is a full time repair person assigned to these machines.  She can fix an average of 2 machines per 8 hour day.  Using the finite source model, answer the following questions. 

a. What is the repair woman's average utilization?

b. How many machines, on average, are being repaired or waiting to be repaired?

c. What is the average time a machine is down (waiting and being repaired)?

9. Customers arrive at St. Paul Emergency Clinic at a rate of 6 per hour.  Each arrival must first be checked in, stating his or her condition, filling out forms, and so forth.  This processing takes an average of 8 minutes per customer, distributed exponentially.  

a. What is the utilization at the check in station?

b. How many customers on the average are waiting in line to be checked in?

c. What is the average number of minutes spent waiting to be checked in? 

d. What percentage of the time is the system idle?

10. Suppose that St. Paul's (arrival rate still 6 per hour) wants to reduce average time waiting and checking in to 15 minutes and the average number of people in the check in system, waiting and being processed, to less than 2.  What average service time would be necessary for them to meet these service goals?  (For simplicity, treat the service time for this problem as exponentially distributed.)

11.  Since deregulation of the airline industry, increased traffic and fierce competition have forced Global Airlines to reexamine the efficiency and economy of its operations.  As part of a campaign to improve customer service in a cost-effective manner, Global has focused on passenger check-in operations at its hub terminal.  For best utilization of its check-in facilities, Global operates a common check-in system—passengers for all Global flights queue up in a single “snake line” and each can be served at any one of several counters as clerks become available.  Arrival rate is estimated at an average of 52 passengers per hour.  During the check in process, an agent confirms the reservation, assigns a seat, issues a seat, issues a boarding pass, and weighs, labels, and dispatches baggage. The entire process takes an average of 3 minutes, and thus the service rate per server is 20 per hour.    Agents are paid $20 an hour, and Global’s customer-relations department estimates that for every minute a customer spends waiting in line, Global loses $1 in missed flights, customer dissatisfaction, and future business.

a. How many agents should Global staff at its hub terminal?

b. Global has surveyed both its customers and its competition and discovered that 3 minutes is an acceptable average waiting time.  If Global wants to meet this industry norm, how many agents should it have on duty at a time?
	Servers
	3
	
	
	
	

	Arrival Rate ()
	52
	
	
	
	

	Service Rate ()
	20
	
	
	
	

	Probability of zero customers in the system (P0)
	0.0345

	Probability of
	at most
	4
	 customers in the system (Pn)
	0.4300

	Average utilization of the server ()
	
	
	0.8667

	Average number of customers in the system (L)
	
	7.5328

	Average number of customers in line (Lq)
	
	4.9328

	Average waiting/service time in the system (W)
	
	0.1449

	Average waiting time in line (Wq)
	
	
	0.0949


	Servers
	4
	
	
	
	

	Arrival Rate ()
	52
	
	
	
	

	Service Rate ()
	20
	
	
	
	

	Probability of zero customers in the system (P0)
	0.0651

	Probability of
	at most
	4
	 customers in the system (Pn)
	0.7696

	Average utilization of the server ()
	
	
	0.6500

	Average number of customers in the system (L)
	
	3.2582

	Average number of customers in line (Lq)
	
	0.6582

	Average waiting/service time in the system (W)
	
	0.0627

	Average waiting time in line (Wq)
	
	
	0.0127


(see tables on next page as well.)

	Servers
	5
	
	
	
	

	Arrival Rate ()
	52
	
	
	
	

	Service Rate ()
	20
	
	
	
	

	Probability of zero customers in the system (P0)
	0.0721

	Probability of
	at most
	4
	 customers in the system (Pn)
	0.8513

	Average utilization of the server ()
	
	
	0.5200

	Average number of customers in the system (L)
	
	2.7610

	Average number of customers in line (Lq)
	
	0.1610

	Average waiting/service time in the system (W)
	
	0.0531


	Average waiting time in line (Wq)
	
	
	0.0031


	Servers
	6
	
	
	
	

	Arrival Rate ()
	52
	
	
	
	

	Service Rate ()
	20
	
	
	
	

	Probability of zero customers in the system (P0)
	0.0737

	Probability of
	at most
	4
	 customers in the system (Pn)
	0.8712

	Average utilization of the server ()
	
	
	0.4333

	Average number of customers in the system (L)
	
	2.6427

	Average number of customers in line (Lq)
	
	0.0427

	Average waiting/service time in the system (W)
	
	0.0508

	Average waiting time in line (Wq)
	
	
	0.0008


12. The cost of a server is $15 per hour.  The cost of waiting is $28/hour for each customer in the line (not including those currently being served).  The arrival rate is 25 per hour.  And the average service time is 2 minutes.  The system currently has one server, would it be economical to add a second server?

	Servers
	1
	
	
	
	

	Arrival Rate ()
	25
	
	
	
	

	Service Rate ()
	30
	
	
	
	

	Probability of zero customers in the system (P0)
	0.1667

	Probability of
	at most
	4
	 customers in the system (Pn)
	0.5981

	Average utilization of the server ()
	
	
	0.8333

	Average number of customers in the system (L)
	
	5.0000

	Average number of customers in line (Lq)
	
	4.1667

	Average waiting/service time in the system (W)
	
	0.2000

	Average waiting time in line (Wq)
	
	
	0.1667


	Servers
	2
	
	
	
	

	Arrival Rate ()
	25
	
	
	
	

	Service Rate ()
	30
	
	
	
	

	Probability of zero customers in the system (P0)
	0.4118

	Probability of
	at most
	4
	 customers in the system (Pn)
	0.9823

	Average utilization of the server ()
	
	
	0.4167

	Average number of customers in the system (L)
	
	1.0084

	Average number of customers in line (Lq)
	
	0.1751

	Average waiting/service time in the system (W)
	
	0.0403

	Average waiting time in line (Wq)
	
	
	0.0070


Answers:

1.  theoretical capacity (no down time) = (9 hours/day)(5 days/ week)(50 weeks/year) = 2250 hours / year per machine
effective capacity = 2250  EQ \B(1 - \F(10,100))  = 2025 hours per machine  
Copy center theoretical capacity is 2250 hrs/machine* 3 machines = 6750 hours/yr.
Copy center effective capacity is 6075 hours/yr.
2.  
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Since they currently have 3 machines, then will need 1 more.

3.  output rate = 12,000 hours
N = (360 day/year)(24 hours/day) = 8640 hours/year

Utilization = 
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     C/100 = 1 - [ (90)(45 minutes)(1 hour/60 minutes) / (10)(8)]  =  .156;  C = 15.6%

5.  Revenue = demand*$12,000;       Cost = Revenue * Cost % ;        Profit = Revenue – Cost
     If the quality initiative was not taken:

	Year
	Demand
	Cost %
	Revenue
	Cost
	Profit

	1
	300
	45%
	$3,600,000 
	$1,620,000 
	$1,980,000 

	2
	320
	45%
	$3,840,000 
	$1,728,000 
	$2,112,000 

	3
	340
	45%
	$4,080,000 
	$1,836,000 
	$2,244,000 

	4
	360
	45%
	$4,320,000 
	$1,944,000 
	$2,376,000 

	5
	380
	45%
	$4,560,000 
	$2,052,000 
	$2,508,000 


    If the quality initiative was taken:

	Year
	Demand
	% change
	Cost %
	Revenue
	Cost
	Additional expense
	Profit

	0
	
	
	
	
	
	$120,000 
	

	1
	309
	1%
	44%
	$3,708,000 
	$1,631,520 
	$110,000 
	$1,966,480 

	2
	329.6
	2%
	43%
	$3,955,200 
	$1,700,736 
	$110,000 
	$2,144,464 

	3
	350.2
	2.5%
	42.5%
	$4,202,400 
	$1,786,020 
	$110,000 
	$2,306,380 

	4
	370.8
	2.5%
	42.5%
	$4,449,600 
	$1,891,080 
	$110,000 
	$2,448,520 

	5
	391.4
	2.5%
	42.5%
	$4,696,800 
	$1,996,140 
	$110,000 
	$2,590,660 


Net cash flows:
	Year
	Net Cash Flow

	0
	($120,000)

	1
	($13,520)

	2
	$32,464 

	3
	$62,380 

	4
	$72,520 

	5
	$82,660 


Yes, it will pay for itself in 5 years. 

6.   =  EQ \F(1,5 minutes)  *  EQ \F(60 minutes,hour)  = 12 per hour;   =   EQ \F(1,3 minutes)  *  EQ \F(60 minutes,hour)  = 20 per hour 

a. Wq =  EQ \F(12,20(20-12))  = .075 hours = 4.5 minutes

b. W =  EQ \F(1,(20-12))  = .125 hours = 7.5 minutes

c. P0 =  EQ \B(1-\F(12,20))  = .40        P1 =  EQ \B(1-\F(12,20))\B(\F(12,20)) 1 = .24

    Probability of 0 or 1 in system = .40 + .24 = .64

    Or,  P≤n = 1 -  EQ \B(\F(12,20)) 1+1 = 1 - .36 = .64.

d. L =  EQ \F(12,(20-12))  = 1.5 customers

Output for #6 if done on Solver:

[image: image7.png]Inputs

Solver - Waiting Lines

Enter data in yellow shaded areas.

@ Single-server model O Multiple-server model O Finite-source model

Servers 1 (Nurber of servers is assumed to be 1 in single-server model)
Arival Rate (4) 12

Senice Rate () [___200

Probability of zero custorners in the system (Pg) 0.4000
Probability of [2tmest ] 1 customers in the system (o) 06400
Average utiization of the senver (5) 0.6000
Average nurber of custorners in the syster (L) 1.5000
Average nurmber of custormers in line (Lq) 0.9000
Average waiting/senvice time in the systern (W) 0.1250

Average waiting time in line (W) 00750




7. For this semester, this problem would be done with the solver.  

      = 20;   = 20;   s = 2.

   See output on next page. 

   Immediately below are computations not expected for this semester. 

  a.   EQ \F(l,m)  = 1   From P0 table, formula, or software: P0 =  EQ \F(1,3)    ; =  EQ \F(l,sm)  = .5

Lq = EQ \B(\F(.3333\B(\F(20,20))2.5,2! (1-.5)2))  =  EQ \F(1,3)             Wq =  EQ \F(.3333,20)  = .01667 hours = 1 minute

b. W = 1 minute+  EQ \F(1,20)(60 minutes/hour)  = 4 minutes = .0667 hours
c. L =W =   EQ \B(\F(20 customers,hr))(4 minutes)\B(\F(1 hr,60 minutes))  = 1.333 customers

[image: image8.png]Inputs

Solver - Waiting Lines

Enter data in yellow shaded areas.

Osingle-server model @ Mutiple-server model O Finite-source model

Servers 2

Arival Rate (4) 2

Senice Rate () [__200

Probability of zero custorners in the system (Pg) 03333
Probability of [2tmest ] 1 customers in the system (o) 0.6887
Average utiization of the senver (5) 0.5000
Average nurber of custorners in the syster (L) 13333
Average nurmber of custormers in line (Lq) 03333
Average waiting/senvice time in the systern (W) 0.0857

Average waiting time in line (W) 00187




8. This is a finite source problem with 6 customers.   =.25;   = 2.  See printout on next page.

ait = 4 days.  =  EQ \F(1,4 days)  = .25 per day.   = 2 per day. 

    a. P0 =  EQ \F(1,\I\SU(n=0,N,\F(N!,(N-n)!)\B(\F(l,m))n)) 
  = 1/ ( EQ \F(6!,(6-0)!)(.125) 0+ EQ \F(6!,(6-1)!)(.125) 1+ EQ \F(6!,(6-2)!)(.125) 2+

                  EQ \F(6!,(6-3)!)(.125) 3+ EQ \F(6!,(6-4)!)(.125) 4+ EQ \F(6!,(6-5)!)(.125) 5+ EQ \F(6!,(6-6)!)(.125) 6)   =

  =  EQ \F(1,(1 + .75 + .4688 + .2344 + .0879 + .0220 + .0027))  = .3897

 = ( 1- .3897) = .61 or 61% utilization

b. L = 6 -  EQ \F(2,.25)(1-.3897)  = 1.118

c. W =  EQ \F(1.118,(6-1.118)(.25))  = .916 days

[image: image9.png]Inputs

Solver - Waiting Lines

Enter data in yellow shaded areas.

Osingle-server model O Multiple-server model @ Finite-source model

Customers 6

Arival Rate () 025

Seniice Rate (1) 2

Probability of zero custorners in the system (Pg) 0,389
Probability of [2tmest ] 4 customers in the system (P #UA
Average utiization of the senver (5) 06102
Average nurber of custorners in the syster (L) 11160
Average nurmber of custormers in line (Lq) 05078
Average waiting/senvice time in the systern (W) 09180

Average waiting time in line (W) 0.4180




9. This is a single server model and you will be expected to be able to use formulas manually to solve. 

    a. =6/hr    = EQ \F(1,8)(60 minutes/hr)  = 7.5 /hr    =  EQ \F(6,7.5)  = .80

b. Lq =  EQ \F((6)2,7.5(7.5-6))   = 3.2

c. Wq =  EQ \F(3.2,6)  = .533 hours = 32 minutes

d. P0 = (1-.8) = .2 or 20% of the time.

The solver output follows.  

[image: image10.png]Inputs

Solver - Waiting Lines

Enter data in yellow shaded areas.

@ Single-server model O Multiple-server model O Finite-source model

Servers 1 (Nurber of servers is assumed to be 1 in single-server model)
Arival Rate (4) 6

Seniice Rate (1) 75

Probability of zero custorners in the system (Pg) 0.2000
Probability of [2tmest ] 4 customers in the system (o) 06723
Average utiization of the senver (5) 0.8000
Average nurber of custorners in the syster (L) 40000
Average nurmber of custormers in line (Lq) 32000
Average waiting/senvice time in the systern (W) 0.6887

Average waiting time in line (W) 05333




10. This is another single server case.  

     W = 15 minutes = .25 hours =  EQ \F(1,(m-l))  =  EQ \F(1,(m-6)) 
(-6) =  EQ \F(1,.25)  = 4      thus, =10/hr

L = 2  =  EQ \F(l,(m-l))  =  EQ \F(6,(m-6)) 
 EQ \F(1,2)  =  EQ \F((m-6),6)          or      3 = (-6)     thus,  = 9/hr

To satisfy both of these requirements,  must be 10 per hour or more.  

Ten per hour is one every 6 minutes.  

On software, use trail and error until you find  that satisfies requirements, then take 1/ to find average service time.  

11. a. Cost is server cost + waiting cost.

Server cost is $20*number of servers

Waiting cost is $1/minute*60 min/hr*average number waiting in line (Lq)

	Servers
	Server cost
	Number in line
	Waiting cost
	Total cost

	3
	$60
	4.9328
	$295.97
	$355.97

	4
	$80
	0.6582
	$39.49
	$119.49

	5
	$100
	0.1610
	$9.66
	$109.66

	6
	$120
	0.0427
	$2.56
	$122.56


The lowest cost is with 5 servers.

b. The target average waiting time of 3 minutes is 3/60 = .05 hours.    Average waiting time for 3 servers is .0949 hours, waiting time for 4 servers is .0127 hours.  This is lower than the desired .05 hours, so 4 servers is enough.  

12. Current total cost is server cost + wait cost  

                                     =  $15*1    +   $28*4.1667 =  $131.67
      With an additional server total cost is

                                     = $15*2    +   $28*0.1751 = $34.90
     Yes, it is economical to add another server.  The savings is waiting cost more than compensates for the additional server cost.  
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Po table for Multiple Server Waiting line

 (Poisson arrivals and Exponential service times)

	
	Number of servers

	
	2
	3
	4
	5

	0.15
	0.8605
	0.8607
	0.8607
	0.8607

	0.20
	0.8182
	0.8187
	0.8187
	0.8187

	0.25
	0.7778
	0.7788
	0.7788
	0.7788

	0.30
	0.7391
	0.7407
	0.7408
	0.7408

	0.35
	0.7021
	0.7046
	0.7047
	0.7047

	0.40
	0.6667
	0.6701
	0.6703
	0.6703

	0.45
	0.6327
	0.6373
	0.6376
	0.6376

	0.50
	0.6000
	0.6061
	0.6065
	0.6065

	0.55
	0.5686
	0.5763
	0.5769
	0.5769

	0.60
	0.5385
	0.5479
	0.5487
	0.5488

	0.65
	0.5094
	0.5209
	0.5219
	0.5220

	0.70
	0.4815
	0.4952
	0.4965
	0.4966

	0.75
	0.4545
	0.4706
	0.4722
	0.4724

	0.80
	0.4286
	0.4472
	0.4491
	0.4493

	0.85
	0.4035
	0.4248
	0.4271
	0.4274

	0.90
	0.3793
	0.4035
	0.4062
	0.4065

	0.95
	0.3559
	0.3831
	0.3863
	0.3867

	1.00
	0.3333
	0.3636
	0.3673
	0.3678

	1.20
	0.2500
	0.2941
	0.3002
	0.3011

	1.40
	0.1765
	0.2360
	0.2449
	0.2463

	1.60
	0.1111
	0.1872
	0.1993
	0.2014

	1.80
	0.0526
	0.1460
	0.1616
	0.1646

	2.00
	
	0.1111
	0.1304
	0.1343

	2.20
	
	0.0815
	0.1046
	0.1094

	2.40
	
	0.0562
	0.0831
	0.0889

	2.60
	
	0.0345
	0.0651
	0.0721

	2.80
	
	0.0160
	0.0521
	0.0581

	3.00
	
	
	0.0377
	0.0466

	3.20
	
	
	0.0273
	0.0372

	3.40
	
	
	0.0186
	0.0293

	3.60
	
	
	0.0113
	0.0228

	3.80
	
	
	0.0051
	0.0174

	4.00
	
	
	
	0.0130

	4.20
	
	
	
	0.0093

	4.40
	
	
	
	0.0063

	4.60
	
	
	
	0.0038

	4.80
	
	
	
	0.0017
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