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Chapter 3

MANUFACTURING METRICS

REVIEW QUESTIONS

3.1 What is the cycle time in a manufacturing operation? 

Answer: As defined in the text, the cycle time Tc is the time that one work unit spends being processed or assembled. It is the time between when one work unit begins processing (or assembly) and when the next unit begins.
3.2 What is a bottleneck station?

Answer: The bottleneck station is the slowest workstation in a production line, and therefore it limits the pace of the entire line. 

3.3 What is production capacity? 

Answer: As defined in the text, production capacity is the maximum rate of output that a production facility (or production line, work center, or group of work centers) is able to produce under a given set of assumed operating conditions.
3.4 How can plant capacity be increased or decreased in the short term?

Answer: As listed in the text, the two ways that plant capacity can be increased or decreased in the short term are (1) change the number of work shifts per week Sw or (2) change the number of hours worked per shift Hsh. 

3.5 What is utilization in a manufacturing plant? Provide a definition.

Answer: Utilization is the amount of output of a production facility relative to its capacity. Expressing this as an equation, U = Q/PC, where U = utilization, Q = actual output quantity produced during the period of interest, and PC is the production capacity during the same period.

3.6 What is availability and how is it defined?

Answer: Availability is a reliability metric that indicates the proportion of time that a piece of equipment is up and working properly. It is defined as follows: A = (MTBF – MTTR)/MTBF, where A = availability, MTBF = mean time between failures, and MTTR = mean time to repair.

3.7 What is manufacturing lead time? 

Answer: As defined in the text, manufacturing lead time is the total time required to process a given part or product through the plant, including any lost time due to delays, time spent in storage, reliability problems, and so on.
3.8 What is work-in-process? 

Answer: As defined in the text, work-in-process (WIP) is the quantity of parts or products currently located in the factory that are either being processed or are between processing operations. WIP is inventory that is in the state of being transformed from raw material to finished product.
3.9 How are fixed costs distinguished from variable costs in manufacturing?

Answer: Fixed costs remain constant for any level of production output. Examples include the cost of the factory building and production equipment, insurance, and property taxes. Variable costs vary in proportion to the level of production output. As output increases, variable costs increase. Examples include direct labor, raw materials, and electric power to operate the production equipment.
3.10 Name five typical factory overhead expenses? 

Answer: Table 3.1 in the text lists the following examples of factory overhead expenses: plant supervision, applicable taxes, factory depreciation, line foremen, insurance, equipment depreciation, maintenance, heat and air conditioning, fringe benefits, custodial services, light, material handling, security personnel, power for machinery, shipping and receiving, tool crib attendant, payroll services, and clerical support.

3.11 Name five typical corporate overhead expenses? 

Answer: Table 3.2 in the text lists the following examples of corporate overhead expenses: corporate executives, engineering, applicable taxes, sales and marketing, research and development, cost of office space, accounting department, support personnel, security personnel, finance department, insurance, heat and air conditioning, legal counsel, fringe benefits, and lighting.

PROBLEMS

Production Concepts and Mathematical Models

3.1 A certain part is routed through six machines in a batch production plant. The setup and operation times for each machine are given in the table below. The batch size is 100 and the average nonoperation time per machine is 12 hours. Determine (a) manufacturing lead time and (b) production rate for operation 3.

	
	Machine
	Setup time (hr.)
	Operation time (min.)

	
	1
	4
	5.0

	
	2
	2
	3.5

	
	3
	8
	10.0

	
	4
	3
	1.9

	
	5
	3
	4.1

	
	6
	4
	2.5


Solution: Average Tsu = (4 + 2 + 8 + 3 + 3 + 4)/6 = 24/6 = 4.0 hr

Average Tc = (5 + 3.5 + 10 + 1.9 + 4.1 + 2.5)/6 = 27/6 = 4.5 min

(a) MLT = 6(4.0 + 100(4.5/60) + 12) = 6(23.5) = 141 hr

(b) Rp for operation 3: Tp =  [8.0 + 100(10/60)]/100 = 24.67/100 = 0.2467 hr/pc 
Rp = 4.05 pc/hr
3.1 Suppose the part in the previous problem is made in very large quantities on a production line in which an automated work handling system is used to transfer parts between machines. Transfer time between stations = 15 s. The total time required to set up the entire line is 150 hours. Assume that the operation times at the individual machines remain the same. Determine (a) manufacturing lead time for a part coming off the line, (b) production rate for operation 3, (c) theoretical production rate for the entire production line?

Solution: (a) MLT = 6(10.25) = 61.5 min for an average part after production has achieved steady state operation.

MLT = 61.5/60 + 150 = 151.025 hr for first part including setup 

(b) Tp for operation 3 = 10.25 min, Rp = 60/10.25 = 5.8536 pc/hr
(c) Theoretical production rate for line = 5.8536 pc/hr since station 3 is the bottleneck station on the line.

3.2 The average part produced in a certain batch manufacturing plant must be processed sequentially through six machines on average. Twenty (20) new batches of parts are launched each week. Average operation time = 6 min., average setup time = 5 hours, average batch size = 25 parts, and average nonoperation time per batch = 10 hr/machine. There are 18 machines in the plant working in parallel. Each of the machines can be set up for any type of job processed in the plant. The plant operates an average of 70 production hours per week. Scrap rate is negligible. Determine (a) manufacturing lead time for an average part, (b) plant capacity, (c) plant utilization. (d) How would you expect the nonoperation time to be affected by the plant utilization?

Solution: (a) MLT = 6(5 + 25(0.1) + 10) = 105 hr
(b) Tp = (5 + 25 x 0.1)/25 = 0.30 hr/pc, Rp = 3.333 pc/hr.  
PC = 70(18)(3.333)/6 = 700 pc/week
(c) Parts launched per week = 20 x 25 = 500 pc/week.
Utilization U = 500/700 = 0.7143 = 71.43%
(d) As utilization increases towards 100%, we would expect the nonoperation time to increase.  When the workload in the shop grows, the shop becomes busier, but it usually takes longer to get the jobs out.  As utilization decreases, we would expect the nonoperation time to decrease.  

3.3 Based on the data in the previous problem and your answers to that problem, determine the average level of work‑in‑process (number of parts‑in‑process) in the plant.

Solution: WIP =  AU(PC)(MLT) / SwHsh  = 
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3.4 An average of 20 new orders are started through a certain factory each month. On average, an order consists of 50 parts that are processed sequentially through 10 machines in the factory. The operation time per machine for each part = 15 min. The nonoperation time per order at each machine averages 8 hours, and the required setup time per order = 4 hours. There are a total of 25 machines in the factory working in parallel. Each of the machines can be set up for any type of job processed in the plant. Only 80% of the machines are operational at any time (the other 20% are in repair or maintenance). The plant operates 160 hours per month. However, the plant manager complains that a total of 100 overtime machine‑hours must be authorized each month in order to keep up with the production schedule. (a) What is the manufacturing lead time for an average order? (b) What is the plant capacity (on a monthly basis) and why must the overtime be authorized? (c) What is the utilization of the plant according to the definition given in the text? (d) Determine the average level of work‑in‑process (number of parts‑in‑process) in the plant.

Solution: (a) MLT = 10(4 + 50x0.25 + 8) = 245 hr/order
(b) Tp = (4 + 50x0.25)/50 = 16.5/50 = 0.33 hr/pc, Rp = 3.0303 pc/hr

PC = (25x0.80)(160)(3.0303)/10 = 969.7 pc/month
Parts launched per month = 20x25 = 1000 pc/month

Schedule exceeds plant capacity by 1000 ‑ 969.7 = 30.3 pc. 

This requires overtime in the amount = (30.303 pc x 10 machines)/(3.0303 pc/hr) = 100 hr.

(c) Utilization U = (1000 pc)/(969.7 pc) = 1.03125 = 103.125%
(d) WIP = (245 hr)(969.7 pc/mo)(1.03125)/(160 hr/mo) = 1531.25 parts
3.5 The mean time between failure for a certain production machine is 250 hours, and the mean time to repair is 6 hours. Determine the availability of the machine.

Solution: Availability A = (250 ‑ 6)/250 = 0.976 = 97.6%
3.6 One million units of a certain product are to be manufactured annually on dedicated production machines that run 24 hours per day, five days per week, 50 weeks per year. (a) If the cycle time of a machine to produce one part is 1.0 minute, how many of the dedicated machines will be required to keep up with demand? Assume that availability, utilization, worker efficiency = 100%, and that no setup time will be lost. (b) Solve part (a) except that availability = 0.90.

Solution: (a) Total workload WL = 1,000,000(1 min/60) = 16,666.7 hr/yr

Hours available/machine = 24 x 5 x 50 = 6000 hr/yr per machine

Number of machines n = 
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(b) At A = 90%, n = 
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3.7 The mean time between failures and mean time to repair in a certain department of the factory are 400 hours and 8 hours, respectively. The department operates 25 machines during one 8‑hour shift per day, five days per week, 52 weeks per year. Each time a machine breaks down, it costs the company $200 per hour (per machine) in lost revenue. A proposal has been submitted to install a preventive maintenance program in this department. In this program, preventive maintenance would be performed on the machines during the evening so that there will be no interruptions to production during the regular shift. The effect of this program is expected to be that the average MTBF will double, and half of the emergency repair time normally accomplished during the day shift will be performed during the evening shift. The cost of the maintenance crew will be $1500 per week. However, a reduction of maintenance personnel on the day shift will result in a savings during the regular shift of $700 per week. (a) Compute the availability of machines in the department both before and after the preventive maintenance program is installed. (b) Determine how many total hours per year the 25 machines in the department are under repair both before and after the preventive maintenance program is installed. In this part and in part (c), ignore effects of queueing of the machines that might have to wait for a maintenance crew. (c) Will the preventive maintenance program pay for itself in terms of savings in the cost of lost revenues?

Solution: (a) Without preventive maintenance (PM), availability A = (400 ‑ 8)/400 = 0.98 = 98.0%.
With PM, availability A = (800 ‑ 8)/800 = 0.99 = 99.0%. This 99% value ignores the fact that half the repair time is on the evening shift. If we use time of repair during the day to calculate availability, MTTR = 4 hr, and Availability A = (800 ‑ 4)/800 = 0.995 = 99.5%.

(b) Total operating hours per year = 5 x 8 x 52 = 2080 hr/year. 

Without PM, MTBF = 400 hr.  We expect 2080/400 = 5.2 breakdowns/year for each machine.  With 25 machines, breakdowns/year = 5.2 x 25 = 130.

Total downtime hours = 130 x 8 = 1040 hr/year.

With PM, MTBF = 800 hr.  This means 2080/800 = 2.6 breakdowns/yr for each machine.  With 25 machines, breakdowns/year = 2.6x25 = 65.  Total downtime hours = 65 x 4 = 260 hr/year.
(c) Without PM, cost of downtime = $200 x 1040 downtime hr/yr = $208,000/year
With PM, cost of downtime = $200 x 260 downtime hr/yr = $52,000/year

Additional labor cost of PM program = 1500 ‑ 700 = $800/week

Additional labor cost of PM program/year = $800 x 52 = $41,600/yr

Total cost per year pf PM = $52,000 + 41,600 = $93,600/yr. 

Since this is substantially lower than $208,000/yr, PM program is justified.

3.8 There are nine machines in the automatic lathe section of a certain machine shop. The setup time on an automatic lathe averages 6 hours. The average batch size for parts processed through the section is 90. The average operation time = 8.0 minutes. Under shop rules, an operator can be assigned to run up to three machines. Accordingly, there are three operators in the section for the nine lathes. In addition to the lathe operators, there are two setup workers who perform machine setups exclusively. These setup workers are kept busy the full shift. The section runs one 8‑hour shift per day, 6 days per week. However, an average of 15% of the production time is lost is lost due to machine breakdowns. Scrap losses are negligible. The production control manager claims that the capacity of the section should be 1836 pieces per week. However, the actual output averages only 1440 units per week. What is the problem? Recommend a solution.

Solution: Hours/week = 6 days/wk x 8 hr/day x (1 ‑ 0.15) = 40.8 hr/week. 

Tp = (6 + 90 x 8/60)/90 = 18 hr/90 pc = 0.2 hr/pc, Rp = 5 pc/hr. 

Production capacity of automatic lathe section PC = (40.8 hr/wk)(5 pc/hr)(9 machines) = 1836 pc/wk. 

But the actual output = 1440 pc/wk.  Why? Consider workload of the setup men.

Number of batches set up per week = (2 setup men)(48 hr/wk)/(6 hr/setup) = 16 batches/wk. 

At 90 pc/batch, total pc/week  = 16 x 90 = 1440 pc/week. 

The problem is that the setup workers represent a bottleneck. To solve the problem, hire one more setup worker.

3.9 A certain job shop specializes in one‑of‑a‑kind orders dealing with parts of medium‑to‑high complexity. A typical part is processed sequentially through ten machines in batch sizes of one. The shop contains a total of eight conventional machine tools and operates 35 hours per week of production time. The machine tools are interchangeable in the sense that they can be set up for any operation required on any of the parts. Average time values on the part are: machining time per machine = 0.5 hour, work handling time per machine = 0.3 hour, tool change time per machine = 0.2 hour, setup time per machine = 6 hours, and nonoperation time per machine = 12 hours. A new programmable machine has been purchased by the shop that is capable of performing all ten operations in a single setup. The programming of the machine for this part will require 20 hours; however, the programming can be done off‑line, without tying up the machine. The setup time will be 10 hours. The total machining time will be reduced to 80% of its previous value due to advanced tool control algorithms; the work handling time will be the same as for one machine; and the total tool change time will be reduced by 50% because it will be accomplished automatically under program control. For the one machine, nonoperation time is expected to be 12 hours. (a) Determine the manufacturing lead time for the traditional method and for the new method. (b) Compute the plant capacity for the following alternatives: (i) a job shop containing the eight traditional machines, and (ii) a job shop containing two of the new programmable machines. Assume the typical jobs are represented by the data given above. (c) Determine the average level of work‑in‑process for the two alternatives in part (b), if the alternative shops operate at full capacity. (d) Identify which of the ten automation strategies (Section 1.5.2) are represented (or probably represented) by the new machine.

Solution: (a) Present method: MLT = 10(6 + 1 + 12) = 190 hr. 

New method: MLT = 1(10 + 5.3 + 12) = 27.3 hr.

(b) Present method: For 1 machine, Tc = (6 + 1)/1 = 7 hr, Rc = 1/7 = 0.1429 pc/hr

For 8 machines, plant capacity PC = (8 machines)(35 hr)(0.1429 pc/hr)/(10 ops/pc) = 4 orders/week
New method: For each machines, Tc = (10 + 5.3)/1 = 15.3 hr, Rc = 1/15.3 = 0.06536 pc/hr

For 2 machines, plant capacity PC = (2 machines)(35 hr)(0.06536 pc/hr)/(1 op/pc) = 4.575 orders/week
(c) Present method: WIP = (4 orders/week)(190 hr/order)/(35 hr/wk) = 21.7 orders
New method: WIP = (4.575 orders/week)(27.3 hr/order)/(35 hr/wk) = 3.57 orders
(d) Automation strategies represented: Strategy 2 ‑ combined operations; Strategy 5 ‑ increased flexibility; Strategy 6 ‑ improved material handling; Strategy 8 ‑ process control; Strategy 9 ‑ plant operations control.

3.10 A factory produces cardboard boxes. The production sequence consists of three operations: (1) cutting, (2) indenting, and (3) printing. There are three machines in the factory, one for each operation. The machines are 100% reliable and operate as follows when operating at 100% utilization: (1) In cutting, large rolls of cardboard are fed into the cutting machine and cut into blanks. Each large roll contains enough material for 4,000 blanks. Production cycle time = 0.03 minute/blank during a production run, but it takes 35 minutes to change rolls between runs. (2) In indenting, indentation lines are pressed into the blanks to allow the blanks to later be bent into boxes. The blanks from the previous cutting operation are divided and consolidated into batches whose starting quantity = 2,000 blanks. Indenting is performed at 4.5 minutes per 100 blanks. Time to change dies on the indentation machine = 30 min. (3) In printing, the indented blanks are printed with labels for a particular customer. The blanks from the previous indenting operation are divided and consolidated into batches whose starting quantity = 1,000 blanks. Printing cycle rate = 30 blanks/min. Between batches, changeover of the printing plates is required, which takes 20 minutes. In-process inventory is allowed to build up between machines 1 and 2, and between machines 2 and 3, so that the machines can operate independently as much as possible. Based on this data and information, determine the maximum possible output of this factory during a 40‑hour week, in completed blanks/week (completed blanks have been cut, indented, and printed)? Assume steady state operation, not startup.
Solution: Determine maximum production rate Rp for each of the three operations:

Operation (1) - cutting: Tb = 35 min. + 4000 pc(0.03 min/pc) = 35 + 120 = 155 min./batch

Rp = 
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Operation (2) - indenting: Tb = 30 min. + 2000 pc(4.5/100 min./pc) = 30 + 90 = 120 min./batch

Rp = 
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Operation (3) - printing: Tb = 20 min. + 
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 = 20 + 33.33 = 53.33 min./batch

Rp = 
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Bottleneck process is operation (2). Weekly output = (40 hr/wk)(1000 pc/hr) = 40,000 blanks/wk.

Costs of Manufacturing Operations

3.11 Theoretically, any given production plant has an optimum output level. Suppose a certain production plant has annual fixed costs FC = $2,000,000. Variable cost VC is functionally related to annual output Q in a manner that can be described by the function VC = $12 + $0.005Q. Total annual cost is given by TC = FC + VC x Q. The unit sales price for one production unit P = $250. (a) Determine the value of Q that minimizes unit cost UC, where UC = TC/Q; and compute the annual profit earned by the plant at this quantity. (b) Determine the value of Q that maximizes the annual profit earned by the plant; and compute the annual profit earned by the plant at this quantity. 

Solution: (a) TC = 2,000,000 + (12 + 0.005Q)Q = 2,000,000 + 12 Q + 0.005 Q2 

UC = 
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Profit = 250(20,000) - (2,000,000 + 12(20,000) + 0.005(20,000)2) = $760,000/yr

(b) Profit (= 250 Q -(2,000,000 + 12 Q + 0.005 Q2) = 238 Q - 2,000,000 - 0.005 Q2 
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 = 238 – 2(0.005Q)= 238 - 0.010 Q = 0
Q = 238/0.010 = 23,800 pc
Profit = 250(23,800) - (2,000,000 + 12(23,800) + 0.005(23,800)2) = $832,200/yr

3.12 Costs have been compiled for a certain manufacturing company for the most recent year. The summary is shown in the table below. The company operates two different manufacturing plants, plus a corporate headquarters. Determine (a) the factory overhead rate for each plant, and (b) the corporate overhead rate. The firm will use these rates in the following year.







	
	Expense category
	Plant 1
	Plant 2
	Corporate headquarters
	

	
	Direct labor
	$1,000,000
	$1,750,000
	
	

	
	Materials
	$3,500,000
	$4,000,000
	
	

	
	Factory expense
	$1,300,000
	$2,300,000
	
	

	
	Corporate expense
	
	
	$5,000,000
	


Solution: (a) Plant 1: Factory overhead rate FOHR1 = 
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Plant 2: Factory overhead rate FOHR2 = 
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(b) Corporate overhead rate COHR = 
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3.1 The hourly rate for a certain work center is to be determined based on the following data: direct labor rate = $15.00/hr; applicable factory overhead rate on labor = 35%; capital investment in machine = $200,000; service life of the machine = 5 years; rate of return = 15%; salvage value in five years = zero; and applicable factory overhead rate on machine = 40%. The work center will be operated two 8-hour shifts, 250 days per year. Determine the appropriate hourly rate for the work center.

Solution: (A/P,i,n) = (A/P,15%,5) = 
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 = 0.2983

UAC = $200,000(0.2983) = $59,663/yr

Hours/yr = (16 hr/day)(250 days/yr) = 4000 hr/yr, so Cm = 59,663/4000 = $14.92/hr

Given CL = $15.00/hr, Co = 15.00(1 + 0.35) + 14.92(1 + 0.40) = $41.13/hr
3.2 In the previous problem if the workload for the cell can only justify a one shift operation, determine the appropriate hourly rate for the work center.

Solution: Same UAC as in previous solution: UAC = $59,663/yr, Cm = 59,663/2000 = 29.83/hr

Co = 15.00(1 + 0.35) + 29.83(1 + 0.40) = $62.01/hr
3.3 In the operation of a certain production machine, one worker is required at a direct labor rate = $10/hr. Applicable labor factory overhead rate = 50%. Capital investment in the system = $250,000, expected service life = 10 years, no salvage value at the end of that period, and the applicable machine factory overhead rate = 30%. The work cell will operate 2000 hr/yr. Use a rate of return of 25% to determine the appropriate hourly rate for this work cell.

Solution: (A/P,25%,10) = 
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 = 0.2801

UAC = 250,000(0.2801) = 70,025/year

Machine rate Cm = 70,025/2000 = $35.01

Co = 10.00(1 + 0.50) + 35.01(1 + 0.30)= $60.52/hr

3.4 In the previous problem, suppose that the machine will be operated three shifts, or 6000 hr/yr, instead of 2000 hr/yr. Note the effect of increased machine utilization on the hourly rate compared to the rate determined in the previous problem.

Solution: (A/P,25%,10) = 0.2801 as in previous problem.

UAC = 250,000(0.2801) = 70,025/year

Machine rate Cm = 70,025/6000 = $11.67

Co = 10.00(1 + 0.50) + 11.67(1 + 0.30)= $30.17/hr

3.5 The break-even point is to be determined for two production methods, one a manual method and the other automated. The manual method requires two workers at $9.00/hr each. Together, they produce at a rate of 36 units/hr. The automated method has an initial cost of $125,000, a 4-year service life, no salvage value, and annual maintenance costs = $3000. No labor (except for maintenance) is required to operate the machine, but the power required to run the machine is 50 kW (when running). Cost of electric power is $0.05/kWh. If the production rate for the automated machine is 100 units/hr, determine the break-even point for the two methods, using a rate of return = 25%.

Solution: Manual method: variable cost = (2 workers)($9.00/hr)/(36 pc/hr) = $0.50/pc

Total cost as a function of Q is TC = 0.50 Q assuming no fixed costs.

Automated method: (A/P,25%,4) = 
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UAC = 125,000(A/P,25%,4) + 3000 = 125,000(0.4234) + 3000 = $55,930/yr

Variable cost = 
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Total cost as a function of Q = 55,930 + 0.025 Q
Break‑even point: 0.50 Q = 55,930 + 0.025 Q, 
0.475Q = 55,930 

Q = 117,747 pc/yr

Hours of operation per year:  Manual: H = 
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Comment: This would require two shifts.

Automated: H = 
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 = 1177.47 hr/yr. 

Comment: Plenty of additional capacity in one shift beyond the break-even point.
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