Version AB/4

MET?2
MANUFACTURING ENGINEERING TRIPOS PART ITA

Tuesday 4 May 2021 9.00 to 12.10

Paper 3

MODULE 3P4: OPERATIONS MANAGEMENT
(SECTION A)

MODULE 3P5: INDUSTRIAL ENGINEERING
(SECTION B)

Answer all questions from sections A and B.

All questions carry the same number of marks.

The approximate percentage of marks allocated to each part of a question is indicated

in the right margin.

Write your candidate number not your name on the cover sheet.

STATIONERY REQUIREMENTS
Write on single sided paper.
You may type your answers.

SPECIAL REQUIREMENTS TO BE SUPPLIED FOR THIS EXAM
CUED approved calculator allowed

You are allowed access to the electronic version of the Engineering Data Books.
3P5 Data Sheet

10 minutes reading time is allowed for this paper at the start of
the exam.
The time taken for scanning/uploading answers is 30 minutes.

Your script is to be uploaded as a single consolidated pdf
containing all answers.
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SECTION A

1 (a) Consider the following modification of the EOQ problem. A company orders
2 items from their supplier. Let D; be the annual demand, K; the fixed ordering cost, and
h;j inventory holding cost per unit per time for item i=1,2. It is more convenient to order

both items at the same time.
(i)  What is the total cost function for the company? [20%]

(ii) Find the optimal order quantity and discuss how it differs from the values
calculated with the EOQ formula. [20%]

(b) EOQ comes with very rigid assumptions. Discuss how one can update the inventory

policy when we relax some of the assumptions as follows:

(i) demand is stochastic; [20%]
(ii) backorders are allowed; [20%]
(iii) costs are not known for sure. [20%]
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2 (a) A hard-drive repair facility is organised such that each incoming hard-drive
undergoes an initial registration process. Each fault is then diagnosed by a technician, and
is given either a software upgrade, or a complete refurbishment. Currently, 50 hard-drives
per hour arrive at the facility, 10% of which are sent for refurbishment. On average, 30
hard-drives are waiting to be registered and 40 are registered and waiting to be seen by the
repair technician. The registration process takes, on average, 2 minutes per hard-drive.
The repair technician spends, on average, 5 minutes for hard-drives which receive software
upgrades and 30 minutes for those that require refurbishment.

(i)  On average, how long does a hard-drive stay in the repair facility?

(ii) On average, how many hard-drives are being examined by the technician at
any given time?
(iii) On average, how many hard-drives are in the repair facility?

(b) Discuss the advantages and disadvantages of using an MRP system.

(¢) Isjust-in-time (JIT) applicable to services? If not, why not? If so, how?
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SECTION B

3 (a) A worker operates a machine in an environment with a background noise of
83 dBA. The machine produces an additional noise, also of 83 dBA.

(i)  What is the maximum length of time the worker could operate the machine to
ensure the daily personal noise exposure level does not exceed 85 dBA? [20%]

(ii) Describe and justify three approaches that could be taken to allow the worker
to operate the machine for a full 8 hour shift. [20%]

(b) A production machine is scheduled to run for 10 shifts per week. Each shift lasts
for 7.5 hours. The standard cycle time for producing a component on this machine is 5
minutes. Calculate the OEE for this machine for a given week, considering the following
information:

*due to a breakdown, the machine was not operational for 3 hours;
*the machine operator was not available on one of the ten scheduled shifts;
*the average scrap rate was 2%;

ewhilst running, the machine was producing 10 components an hour. [20%]

State any assumptions you make.

(c) A direct time study was performed for a task. The regular cycle included four
elements, a, b, c and d. Elements e and f are irregular elements performed every six and
four cycles respectively. The performance rating for each element is shown in Table. 1.

Table 1
Work element a b c d e f
Observed time (min) 0.50 0.25 0.58 0.72  0.85 1.01
Performance rating 80%  100% 95%  100% 100% 95%

(i)  Calculate the basic time and the standard time for the cycle using an allowance
factor of 17%. [20%]
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(ii) It is planned that element e of this task will be replaced by element g. The
observed time of element g is estimated to be 0.32 min and the performance rating
will be 96%. Calculate the basic time and the standard time for the cycle using the

same allowance factor of 17%. [20%0]

4 (a) A workshop is lit by 50 lights, positioned at a height of 5 metres. Calculate
how many lights can be removed, while maintaining the same level of luminance, if lights
are repositioned at a height of 3 meters instead? [20%]

(b)  You have just taken over as the cell leader for a poorly performing production cell.
Scrap levels are high, mainly due to careless mistakes by operators. Efficiency is low,
due to high product variation, high work-in-progress and poor raw materials control. The
factory manager has instructed you to carry out a 5§ implementation and to develop a
six-month improvement plan based on the principles of the Toyota Production System.

(i)  Explain the general set of activities that are involved in your 5S implementation

for this production cell. [40%]

(ii) Describe in detail the three initiatives that would underpin your six-month

Toyota Production System improvement plan. [40%]
END OF PAPER
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MET2A 3P5 Data Sheet

Energy expenditure

Table 1: Recommended Energy Expenditure

Physiological measure

Male worker

Female
worker

Energy expenditure rate of the physical activity

(maximum time-weighted average during shift) £R

Energy expenditure of the physical activity for the
entire 8 hr shift FRyg,

Heart rate (maximum time-weighted average during
shift) HR

5.0 kcal/min

2400 kcal

120
beats/min

4.0 kcal /min

1920 kcal

110
beats/min

Table 2: Typical energy expenditure for a person weighing 72Kg

Activity

Energy Expenditure (ER)!

Sleeping

BMR,,

Resting Seated
Standing (not walking)
Walking at 4.5 km/hr
Jogging at 7.2 km /hr

Mowing lawn (push mower)
Office work seated
Light assembly work seated
Bricklaying

Shoveling coal

1.5 kcal /min
2.2 kcal/min
4.0 kcal /min
7.5 kcal /min
8.3 kcal/min
1.6 kcal /min
2.2 kecal/min
4.0 kcal /min
8.5 kcal/min

! If a person’s weight is W, multiply ER by W/72



Noise

Sound intensity is measured relative to a reference pressure and converted to
logarithmic scale called sound pressure level (SPL) with units of decibel (dB):

2
SPL = 1010g10p—52 = 2010g1o&
pr p

T

where p; = sound pressure from source, N/m® and p, = reference sound
pressure, N/m? (the usual reference pressure is 0.00002 N/m?)

The noise regulations are based on an average SPL over an 8-hour shift.
For SPL above 80dBA, hearing protection must be available on request, above 85dBA
it must be used.

Light

Illuminance - luminous flux shining per unit area on a surface, measured in lux.

l

E:ﬁ

where E = illuminance, | = luminous intensity, and d = distance from the light
source.

When incident light is at an angle

l
E = Fp cos @
Visual acuity (VA) — capability to discriminate small objects or fine details.

VA = 1/, where a0, is measured in arc min.

Normal Vision VA=1

Eye i

s

d

—



Table 9.2 llluminance recommended by the IES for industrial tasks
(adapted from Kaufman and Christensen, 1984)

Range* of
illuminance
Type of task (lux)

Workplaces where visual tasks are only occasionally
performed 100-200

Visual tasks of high contrast or large size: printed
material, rough bench and machine work, ordinary
inspection 200-500

Work at visual display terminals for exended periods of
timef 300-500

Visual tasks of medium contrast or small size, e.g.
pencilled handwriting, difficult inspection, medium
assembly 500-1000

Visual tasks of low contrast or very small size, e.g.
handwriting in hard pencil on poor-quality paper, very
difficult inspection 1000-2000

\

Visual tasks of low contrast and very small size over a
prolonged period, e.g. fine assembly, highly difficult
inspection 2000-5000

Very prolonged and exacting visual tasks, e.g. extra-fine
assembly, the most difficult visual inspection 5000-10 000

*The upper values in the range are for individuals aged over 55 years and the
lower values are for individuals younger than 40 years.
+This recommendation is from ANSI/HFS 100 (Human Factors Society, 1988).

Luminance (L) measures the amount of light reflected from a surface
E-R
L=—o
T

where E = Illuminance, R = Reflectance
Weber Contrast is expressed by the ratio:

Lobject - Lbackground

Lbackground



Object Typical Reflectance

Mirrored glass 0.85
White matt paint 0.82
Light green paint 0.65
Aluminium paint 0.65

Medium blue paint 0.35
Dark blue paint 0.08
Black paint 0.04

Learning Curves

Learning Curves have the form y = k2™

y = time/unit, k£ = constant representing the value of the time for the first work
cycle,

x = number of work units completed, m = a constant related to the rate of learning.
(Note m is negative)

Reliability

Let T be a random variable defining the lifetime of a component with distribution
function F(t), and let f(t) be its probability density function (PDF).

The reliability function is given by
t
R =P(T>t)=1-F(@t) =1 —J f(&hHdt'
0

Failure rate or hazard rate:

f@®

"O=%0

Mean Time to Failure:

MTTF = Jmt - f(t)dt
0



Maintenance
Dobson’s table for age-based preventive replacement policy assuming a Weibull
lifetime distribution with shape and scale parameters f and n respectively.

Optimal interval = m-n

Table 1. Values of m

B
ClC, 1.5 20 25 3.0 4.0 5.0 7.0 10.0

20 2.229 1.091 0.883 0.810 0.766 0.761 0.775 0.803
22 1.830 0.981 0.816 0.760 0.731 0.733 0.755 0.788
24 1.579 0.899 0.764 0.720 0.702 0.711 0.738 0.777
2.6 1.401 0.834 0.722 0.688 0.679 0.692 0.725 0.766
28 1.265 0.782 0.687 0.660 0.659 0.675 0.713 0.758
3.0 1.158 0.738 0.657 0.637 0.642 0.661 0.702 0.749
33 1.033 0.684 0.620 0.607 0.619 0.642 0.687 0.739
3.6 0.937 0.641 0.589 0.582 0.600 0.627 0.676 0.730
4.0 0.839 0.594 0.555 0.554 0.579 0.609 0.662 0.719
4.5 0.746 0.547 0.521 0.526 0.557 0.591 0.648 0.708

5 0.676 0.511 0.493 0.503 0.538 0.575 0.635 0.699

6 0.574 0.455 0.450 0.466 0.509 0.550 0.615 0.683

7 0.503 0414 0418 0.438 0.486 0.530 0.600 0.671
8 0.451 0.382 0.392 0.416 0.468 0.514 0.587 0.661
9 0411 0.358 0.372 0.398 0.452 0.500 0.575 0.652
10 0.378 0.337 0.355 0.382 0.439 0.488 0.566 0.645
12 0.329 0.304 0.327 0.357 0417 0.469 0.550 0.632
14 0.293 0.279 0.306 0.338 0.400 0.454 0.537 0.621
16 0.266 0.260 0.288 0.323 0.386 0.441 0.526 0.613
18 0.244 0.244 0.274 0.309 0.374 0.430 0.517 0.605
20 0.226 0.230 0.263 0.298 0.364 0.421 0.508 0.598
25 0.193 0.205 0.239 0.275 0.343 0.402 0.492 0.584
30 0.170 0.186 0.222 0.258 0.328 0.387 0.478 0.573
35 0.152 0.172 0.207 0.245 0.315 0.374 0.468 0.564
40 0.139 0.160 0.197 0.234 0.304 0.364 0.459 0.557
45 0.128 0.151 0.187 0.225 0.295 0.356 0.451 0.550
50 0.119 0.143 0.179 0.217 0.288 0.348 0.444 0.544
60 0.105 0.130 0.167 0.204 0.274 0.335 0.432 0.534
70 0.095 0.120 0.157 0.193 0.264 0.325 0.422 0.526
80 0.087 0.112 0.148 0.185 0.255 0.316 0.415 0.518
90 0.080 0.106 0.141 0.177 0.248 0.309 0.407 0.513
100 0.074 0.101 0.135 0.172 0.241 0.303 0.402 0.507
150 0.057 0.082 0.115 0.150 0.217 0.278 0.379 0.487
200 0.047 0.071 0.103 0.136 0.203 0.263 0.363 0472
300 0.035 0.058 0.087 0.119 0.182 0.243 0.343 0.454
500 0.025 0.045 0.071 0.100 0.161 0.219 0.319 0.431

1000 0.016 0.032 0.054 0.079 0.135 0.109 0.288 0.403

Source: BRYAN DODSON (1994) DETERMINING THE OPTIMUM SCHEDULE FOR PREVENTIVE MAINTENANCE, Quality Engineering, 6:4, 667-679



THE CUMULATIVE NORMAL DISTRIBUTION FUNCTION

1 ¥ 2
D(u) = -:\ ¢ Tdz FOR 0-00 < u <4-99.
V2J'l‘—eo

u ‘00 ‘01 02 -03 04 -05 -06 07 -08 -09

0 | -5000 -5040 ‘5080 5120 ‘5160 5T90! 5239 5279 5319 5350

T} 53087 | 5438 Tmdg8 8817 (<5857 5596 5636  °5675 5714 ‘5753

) *5793 5832 5871 ‘5910 5048 5987 6026 6064 6103 6141

3. | +6179 6217 ‘6255 6293 6331 6368 6406 6443 -6480 6517

4 6554 6591 6628 6664 6700 6736 6772 6808 6844 6879

5 | ‘6gr5 6950 6985  -7019  -7054 7088  -7123  -7157 7190  -7224

o) | \s7287. 7298 7324 71357 7389 ‘7422 ‘7454 7486 7517 7549

7. || 7580, 61T 642 9673 | 9703 7734 7764 ‘7794 7823 7852

8 | «88r. 910, 939 7967 -7905 8023 ‘8051  -B078  -Bro6  -8133

9 -8159 -8186 8212 -8238 8264 -8289 8315 -8340 -8365 -8389

10 -8413 -8438 8461 -8485 -8508 8531 -8554 -8577 -8599 -8621

83 ¢ 8643 -8665 -8686 -8708 -8729 -8749 -8770 8790 -8810 -8830

12 -8849 -8869 -8888 -8go7 8925 -8044 8962 -8980 -8997 Qo147
I3 | -90320 90490 -9ob58 -go824  -gog88 ‘91149 '9I309 91466 -91621 91774
I'4 | -91924 92073 92220 92364  -92507 ‘92647 '92785 -92922 ‘93056 93189
5 | -93319 93448 -93574 ‘93699  -93822 ‘93943  '94062 94179  '94295 - "94408
16 | -94520 94630 94738 94845  -94950 ‘95053 ‘95154 '95254 95352 95449
7 | -95543 95637 95728 95818  -g95907 ‘95994 ‘96080  -96164 96246 ..-96327
8 | 96407 96485 96562 96638  -g6712 ‘96784 ‘96856 96926  -9bgg5 97062
19 | -g7128 -97193 97257 97320 97381 ‘97441 ‘97500 -97558 97615  -97670
20 | -97725 -97778 97831 -97882  -97932 ‘97982 -g8030  -gBo77 -98r24 98169
21 | -g8214 -g8257 ‘98300 98341 -98382 98422  '98461  -98500 -98537 98574
22 | -g8610 98645 98679 -98713  -98745 ‘98778  -g8809 98840 -g8870 98899
23 | -g8928 -gBgs6 98983 -920097 ‘9?0358 9?0613 9?0863 9?1106 -9*I344 ‘9’1576
2.4 | 9180z 9?2024 9?2240 -g*245I -Q*2656 ‘9?2857 -9*3053 ‘9?3244 °'9*343T 9?3613
25 | -9?3790 9?3963 ‘9?4132 -9*4297 °'9*4457  ‘9*4614 9?4766 ‘9?4915 9?5060 9?5201
26 | -925339 9?5473 9?5604 ‘9?5731 9?5855 ‘9?5075 -9*6093 9?6207 -9*6319 96427
27 | -9*6533 9?6636 9?6736 9?6833 -g6928  -g*7020 9?7110 -9*7197 9?7282 9?7365
28 | 9?7445 9?7523 ‘9?7599 ‘927673 -'9*7744  '9*7814 9?7882 9?7948  -g*8orz 9?8074
29 | -9*8134 -9*8193 -9?8250 ‘9?8305 -9?8359  -9*841r -g*8462 -9?851r 9?8559 -9*8605
30 | -g*86s0 -928694 -9?8736 -928777 -9?8817  -9*8856 9?8893 -9?8g30 9?8965 9?8999
3I -9*0324 930646 -9*0957 ‘931260 ‘931553 91836 -gl2112 -9*2378 -932636 -9>2886
32 | -933129 933363 '9°3500 ‘9?3810 924024 ‘9?4230 ‘9’4429 ‘9°4623 -9’4810 934901
33 | 9?5166 9?5335 9?5499 9?3658 -93sBIr  -9i5059 926103 92624z 926376 936505
34 | 9°6631 96752 9?6869 96982 -gi7o9r 97197 ‘9’7299 97398 9’7493 -9*7585
35 | 927674 937759 ‘97842 -9*7922 -937999 9’8074 9?8146 -938215 -928282 9’8347
36 | -9*8409 -938469 98527 938583 -9?8637 928689 -938739 928787 928834 938879
37 | -9°8g2z 938964 -9*0039 -9*0426 -g*0799  9*II58 -9*1504 -9*1838 -g*2159 942468
38 | -g¢2765 -943052 -9*3327 '9*3593 -9*3848  9*4004 -9*4331 -9*4558 -9*4777 -9*4988
39 | -g*s190 ‘945385 -9*5573 ‘9*5753 '9*5926  9*609z -9*6253 -9*6406 -9*6554 -9*6696
40 | -g*6833 946964 -g*7090 -g*72II -g47327 947439 °'9*7546 -9*7649 -9*7748 -9*7843
41 | 947934 -9*802z -g*8106 -g*8186 -g+8263  -9*8338 -9*8409 -9*8477 -9*8542 -9*8605
42 -g48665 -9*8723 -9*8778 -g+8832 -g*8882 -g*8931 -9*8978 -950226 -g50655 ‘g% 1066
43 | -9°1460 -951837 -952199 952545 952876 ‘953193 953497 953788 -94066 -9°4332
44 | -9%4587 954831 955065 95288 -95502 ‘985706 935002 956089 956268 956439
45 | 936602 -gs6759 956908 97051 937187 ‘957318 -g9s7442 -9*7561 -9S7675 957784
46 -g37888 957987 -gs8081 -gs8172 -9 8258 -958340 ‘958419 -958494 -958566 -958634
47 | 98699 958761 -gs8821r -g58877 938931 98983 -9°0320 -gt0789 -9f1235 -9¢166I
48 | -9v2067 -9°2453 9282z 963173 -963508 93827 Q64131 964420 -964696 904958
49 | -9b5208 95446 Q5673 965889 -gs6094 ‘96289 Q86475 96652 966821 -96g8I

Example: @(3:57) = 98215 = 0-9998215.



FRACTILES OF THE ¢ DISTRIBUTION. t,_p = —{p.

& ' : PROBABILITY IN PER CENT
PN | e 70 fod 90 95 97'5 99 995 1999 999
I 325 727  1-376 3078 6:314 12-71 31-82 63:66 3183 636-6
2 289 617  1-061 1-886 2+920 4:303 6-965 9'925 22:33 31-60
g fe2py 584 g8y TOAKE - 2:353 3182 4541 5841 1022 12704
4| 295 +569" ioqT |- T533% 23132 21776 | 3747 4604  7a73 | 8610
5 267, ‘550 . 9200 © T496 ' 2015 257r 3365 © 4032 ' 5893 - 6859
6 265 <553 006 I-440' ' 1043 2447 = 3143 3707 ' 5208 51950
7 263 . 549 896 - 1415 = 1805 2:365 2998 3499 4785 5405
8 262 546 889 1:397 1:860 2-300 2-896 3355 4501 5°041
9 261 543 -883 1-383 1-833 2262 2-821 3250 4297 4781
10 260 ‘542 879 1:372 1-812 2228 2-764 3169 4144 4587
11 260 ‘540 -876 1-363 1-796 2'201 2718 3106 4025 4437
12 280" 9839 <8y@y. X:386 .. 1782 2:x79 . 2681 3:085 . 3:930 4318
13 *250 538 -870 1-350 1-771 2-160 2650 3°012 3-852 4221
14 1288 | BRw . «BBRYE 1348 4 Ye0Y 2:145 2624 2977 3787 4140
15 288 9536 | <8667 DI U 1953 2°13% | 2:602. ' 2947 3733 4973
16 258 ‘535 -865 1:337 1746 2120 2583 2921 3-686 4015
17 257 w34 «Bb3t. (1333 1 X:740 2110 2567  2:898 3646 3965
18 257 ‘534 -862 1:330 1'734 2101 2552 2:878 3011 3922
19 287 ) B3F | =86x" 1:328 T XRg 2:093 2539 2:86r 3579 3883
20 257 ‘533 -860 1:325 1-725 2086 2-528 2-845 3552 3-850
21 257 °  '532 -859 1:323 1721 2'080 2:518 2-831 3527 3-819
22 256 532 -858 1:321 1-717 2:074 2-508 2-819 3505 3792
23 256 ‘532 -858 1:319 1714 2069 2500 2-807 3485 3767
24 250 . 53T | 857N T3TBMN TG 2:064 2492 2797 3467 3745
25 -256 531 -856 1-316 1-708 2-060 2+485 2:787 3450 3725
26 286 | | 8gE | 8K6LY TBTSH 4 X706 20056 2479 2779 3435 3707
27 256 531 855 1:314 1:703 2:052 2:473 2:771 3421 3:690
28 286 530 | BEBVEX:313 0 T TIOK 2:048 2467 = 2763 3408 3674
29 256 | B30, 854 ¢ 13T | 1609 2045 2462 2756 3396  3.659
30 ‘256 530 <8s4 ¢ 1310 1607 2042 2457 2750 3385 3646
40 255 ‘529 851 1:303 1-684 2:021 2:423 2704 3:307 3:551
50 255 528 849 1-298 1:676 © 2:009 2403 2678 3262 3495
60 254 527 848 1-296 1671 24000 2390 2:660 3232 3:460
80 254 527 846 1292  1-664 1990  2:374 2639 37195 3415
100 254 520 845 1:290 1:660 1:984 2-365 2626 3174 3389
200 254 525 843/ 1286 | 1053 I972 . 2345 « 2601 3T 3330
500 253 ‘525 842 1-283 1:648 1-965 2:334 2-586 3106 3:310
) 253 ‘524 842 1-282 1:645 1-960 2:326 2:576 3090 3291
2(1-P)| 8o 60 40 20 10 5 2 1 0-2 o1

Example: P{t < 2:086} = 97:5%, for f = 20.
P{lt| > tp} = 2(1—P). P{jt| > 2:086} = 5% for f = 20.

The greater part of this table is reproduced from Table IIl of R.A.FisuEn and F. YAtes: Slalistical Tables,
Oliver and Boyd, Edinburgh, by permission ol the authors and the publishers.
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