9.2

p-Dc- CcE-E A- E - = )i '
a) érom = F ( D>C>E-F)is a divecled path

PD-FD (A D>F) ‘
(A-CE-EF (A>C—E~F) ]Lar:;e;n watta\ Y‘ctffc{'t’d Pafl’ls
AD-ED-EF (A2>D—E7F)

b AD-DC-CA
De -CE-ED are directed  cycles
Pe -cE-EF-FD

CA-~CE-EF-IFP-DB-AB /5 4h undirected cyele which
every node. % hich [ncludes

) {CA,CE“,DC,FP,PB} 15 & spanning Tree .

L) ( d)
d) «, C ) gw (. (b) ;_“?@ )
® 3 &

@ tb)

334
2)

} Selved andes s closesf | Foral afh 5 ks
n cwnnceted t2 connceted dstasc< ,\eams*" aiasoad | last
vasolved nodes | uadel tavelved rode distance | eomechion
N ° A 20 A ¥ 0A |
e =3 $O Py <o 1 oc
123 4ot+iozSo B So ' AB
D Lo+o= 110
€ so+ho 390 é 90 RE
[ Lo 4 So=i00
A D Lo+ Fo= Vo
S 2 D So+55=105 D 100 ED
\ & D Qo+io=loe
\ e
A D T 100 + 60160
, - l eE___ 1 '_" o +80= 130 _I:__J l6o0 DT

T Shortest tob€e. O-A-B-€-D-T Total dés*"ﬁcc cléo

&) Yes  4) Yes

9-1



From To On Route Distance Nodes  Net Flow Supply/Demand
Origin A 1 40 Origin 1 f ;
Origin B 0 60 A 0 = 0
Origin C 0 50 B 0 =

A B 1 10 C 0 = 0

A D 0 70 D 0 = 0

B o] 0 20 E 0 = 0

B D (o] 55 Destination -1 = -1

B E i 40

C E 0 50

D E 0 10

D Destination 1 60

E Destination 0] 80

(= D i [12)

Total Distance = 160
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34
() Solved nodes |its closect | totad ath its cts
n ([connected to ionnected [ dustarce |[[nearest  [mincmum | last
unsolved nododunsolved wde | ¢ nvolved node distance [connection
§ 0 A b4 4 4 01
0 2 it 2 13 02
1 ! 2 §440 = IF 2 12
3 0 3 34
q 3 f124= 29 3 29 13
] 3 {3442 » 30
Alter buying new troctor, reploce ct at end of uear 4
and them Keep the new kil the end of year3 for
Eotal eost of 29,000
¢)

From To On Route Cost Nodes  Net Flow Supply/Demand
Node 0 Node 1 i 1 $8,000 0 1 = 1
Node 0 Node 2 0. ] $18,000 1 0 = 0
Node 0 Node 3 4 $31,000 2 0 = 0
Node 1 Node 2 ] $10,000 3 -1 = -1
Node 1 Node 3 $21,000
Node 2 Node 3 $12,000

Total Cost =
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¢)

From To On Route Time Nodes  Net Flow Supply/Demand
SE A B R 4.6 SE 1 = 1
SE B 0 4.7 A 0 = 0
SE C % I 4.2 B 0 = 0
A D 0 3.5 C 0 = 0
A E 0 34 D 0 = 0
B D 0 36 E 0 = 0
B E 0 3.2 F 0 = 0
B F B 3.3 LN -1 = -1
c E o 3.5
c F e 34
D LN ) 34
E LN 3.6
F LN 3.8

Total Time =
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95-3

a)

Sources Transshipment Nodes

Sink

maximum Flow =395

From To __Ship Capacity Nodes Net Flow Supply/Demand
R1 A ’ 75 R1 140

R1 B 65 R2 140

5 8 8 T O - 0
R3 Cc 70 D 0 = o]
A D 60 E 0 = 0]
A E 45 F 0 = 0
g B 7 Toow

c F 90

D T 120

E T 190

F T 130

Maximum Flow = | ;3957

954 )




Distribution

a4 L)

Centers

Refineries

Oil Fields
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e)

From To Ship Capacity
X NO 9 11
X CH 7 7
X SE 2 2
X SL 8 8
CA NO 0 5
CA CH 4 4
CA SE 7 8
CA SL 7 7
AK NO 7 7
AK CH 5 5
AK SE 12 12
AK SL 6 6
ME NO 8 8
ME CH 9 9
ME SE 4 4
ME SL 15 15
NO PT 5 5
NO AT 9 9
NO KC 6 6
NO SF 4 4
CH PT 4 8
CH AT 7 7
CH KC ] 9
CH SF 5 . 5
SE PT 4 4
SE AT 6 6
SE KC S A 7
SE SF c 8 8
SL PT {2 12
SL AT ER L 11
SL KC 9 9
SL SF - 4 7

Nodes Net Flow Supply/Demand
TX 26
CA 18
AK 30
ME 36
NO 0 = 0
CH 0 = 0
SE 0 = 0
SL 0 = 0
PT -25
AT -33
KC -31
SF -21

Maximum Flow =

§-5 . —
1 For COWCmencc, Call Foureparc statron .ﬂ'dc»q 0 amd the

Portstown station siding s+4. Let node (i) represent
5ding ¢ at time | Por - 0,4,...,5,5+4 and §=0,-4,-3,...,33.9.
Node 0,0) (s the Source and nede (544,839) the sink.
Arcs with copacity 4 will exist between modes U,j)ard

Litd) o) f avd onby oF a Breqhit Erain leaving scding ¢

at time | could not be overtaken by a scheduled passenger
train before it veached scding +h. Avcs with capacd by n;

will exist bebween modes L, §) and U, §#) for §=0,-1,2,..,23.8

No other arcs excst.
Tor example ,if ti=4.3 and o scheduled passenger train
could overtake o Preight train leaving stding ot time 5%

be fore & reached scdim (44, the VOL\OWL'Y\% would be aportion

of the ‘he,&worf.

A,

q-9

Solving the moxdmal flow problem

wil moaximire the number of
Precght trains that are sent.



1.56

b

From To Ship Capacity Nodes Net Flow Supply/Demand
A B 8 ¥ 9 A 15
A C 7 7 B 0 = 0
B D 7 7 C 0 = 0
B E 1 2 D 0 = 0
C D 2 4 E 0 = 0
C E 5 6 F -16
D E 3 3
D F 6 6
E F 9 9

Maximum Flow =

| rol (o]

-~
9.6 (0] [-20]
¥y 3 T
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AF A
NI ¢ =t excepf Cal
‘)
AL )

9 (o0) £-90]

9-10



WU b)) Min Fr_ o #3% 4ax e HK o X Ty

W, f‘| ) Dw, ) 2 72
= ¥
subjeet 4o X_w, + X -
uby F W £,D Xz » 4-)(':1 W = 70
X + X * = &O
Fiw i - g/
(et} X + X 7
rw, F2 W,
X b~ X + X -~ X = \j
943 1)
0 o &
18
-4 a
36 : supply nodes transshipment nodes demand nodes
b)
[200] (0] [-150]

-1t



e)

From To Capacity Unit Cost Nodes Net Flow Qutput/Demand
P1 Wi < 125 $425 P1 200 = 200
P1 w2 < 150 $560 P2 300 = 300
P2 Wi < 175 $510 W1 0 = 0
P2 w2 < 200 $600 w2 0 = 0
Wi RO1 < 100 $470 RO1 -150 = -150
Wi RO2 < 150 $505 RO2 -200 = -200
Wi RO3 < 100 $490 RO3 __-150 = -150
w2 RO1 < 125 $390
w2 RO2 < 150 $410
W2 RO3 < 75 $440
Total Cost =|

9.6-5
@) supply nodes transshipment nodes demand nodes

Capacity Unit Cost Nodes Net Flow Output/Demand
< 6 $23,440 Vi 10 = 10
< 6 $22,960 V2 10 = 10
< 6 $23,150 v3 10 = 10
< 6 $23,200 Wi 0 = 0
< 6 $23,200 w2 0 = 0
< 6 $23,000 F1 -10 = -10
< 6 $200 F2 -6 = -6
< 6 $700 D -14 = -14
- $0
< 6 $400
ol < 6 $500
- $0
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9.8-1

Activity Crash Length of Path
to Crash Cost A-C B-D
14 16
B $5,000 14 15
B $5,000 14 15
D $6,000 14 14
C $4,000 13 14
D $6,000 13 13
C $4,000 12 13
D $6,000 12 12
9.8-%
a)

Let x, = reduction in A due to crashing
Let x = reduction in C due to crashing

Minimize C =5,000x, +4,000x,,

subject to x, <3
X, <2
X, +xo 22
and x, 20, xc 20. (covT ‘D)
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9.8-2 Uonm D)

X2 J‘lh.

X1

Optimal solution (x,, x.) = (0, 2) and C = 8,000.

b)

Let x; = reduction in B due to crashing
Let x;, = reduction in D due to crashing

Minimize C =35, 000x, +6,000x ,,

subject to Xy <2

x, <3

Xp+xp,24 xz2 M
and x5 20, x,20.

i
—

of 12 3 4 N

Optimal solution (x,, x,) = (2, 2) and C = 22,000.
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c)

Letx, =
Let x,
Let x.
Let x,,

reduction in A due to crashing
reduction in B due to crashing
reduction in C due to crashing
reduction in D due to crashing

Minimize C =5,000x, +5,000x , +4,000x,. +6,000x,,

subject to

and

x4 £3

xg <2

xCSZ

xp, <3

X, tx. 22

Xp+x,24

X4 20, x5320, x,20, xp,20.

Optimal solution (x,, x,, x, x,) = (0, 2, 2, 2) and C = 30,000.

d)
Maximum Crash Cost
Time Cost Time per Week Start Time Finish
Activity | Normal _ Crash | Normal Crash | Reduction _saved Ti uction_ Time
A 8 5 $25000 $40000 3 $5000 : 8
B 9 7 $20000 $30000 2 $5000 7
C 6 4 $16000 $24000 2 $4000 12
D 7 4 $27000 $45000 3 $6000 12
e) Deadline of 11 months: ,80%() .
Maximum Crash Cost
Time Cost Time per Week Start Time Finish
Activity | Normal __ Crash | Normal Crash Reduction _ saved i Reduction Time
A 8 5 $25000 $40000 3 $5000 . 7
B 9 7 $20000 $30000 2 $5000 7
C 6 4 $16000 $24000 2 $4000 B
D 7 4 $27000 $45000 3 $6000 N
Deadline of 13 months:
Maximum Crash Co
. Time Cost Time per Week Start Time Finish
Activity | Normat  Crash Normal Crash Reduction  saved Time Reduction Time
A 8 5 $25000 $40000 3 $5000 : : Q8
B 9 7 $20000 $30000 2 $5000 7
C 6 4 $16000 $24000 2 $4000 13
D 7 4 $27000 $45000 3 $6000 13



b)

9.8-3

0
Activity Crash Length of Path
to Crash Cost A-B-D| A-B- | A-C-E
E
10 11 12
C $1,333 10 11 11
E $2,500 10 10 10
D&E $4,000 9 9 9
B&C $4,333 8 8 8
New Plan:
Activity Duration Cost
A 3 weeks $54,000
B 3 weeks $65,000
C 3 weeks $68,666
D 2 weeks $41,500
E 2 weeks $80,000
$7834 is saved by this crashing schedule.
Maximum Crash Cost
Time Cost Time per Week Start Time Finish
Activity 1 Normal  Crash Normal Crash Reduction  saved Reﬂ:tionr Time
A 3 2 $54000 $60000 1 $6000 w0 e 3
B 4 3 $62000 $65000 1 $3000 28
C 5 2 $66000 $70000 3 $1333 8
D 3 1 $40000 $43000 2 $1500 12
E 4 2 $75000 $80000 2 $2500 12
Maximum Crash Cost,
Time Cost Time per Week Time Finish
Activity | Normal  Crash Normal Crash Reduction  saved Reduction Time
A 3 2 $54000 $60000 1 $6000 0 3
B8 4 3 $62000 $65000 1 $3000 s 7
C 5 2 $66000 $70000 3 $1333 .7
D 3 1 $40000 $43000 2 $1500 1
E 4 2 $75000 $80000 2 $2500 n

7->1




2.8->

(coNTD)
Maximum Crash Cost
Timme Cost Time per Week Start Time Finish
Activity | Normal  Crash Nomal Crash Reduction  saved Time Reduction Time
A 3 2 $54000 $60000 1 $6000 0 3
B 4 3 $62000 $65000 1 $3000 : 7
C 5 2 $66000 $70000 3 $1333 7
D 3 1 $40000 $43000 2 $1500 10
E 4 2 $75000 $80000 2 $2500 10
Finish Time = 10
Total Cost = $300833
Maximum Crash Cost
Time Cost Time per Week Start Time Finish
Activity ] Normal  Crash Nomal Crash Reduction  saved i Reductior  Time
A 3 2 $54000 $60000 1 $6000 3
B 4 3 $62000 $65000 1 $3000 7
C 5 2 $66000 $70000 3 $1333 7
D 3 1 $40000 $43000 2 $1500 9
E 4 2 $75000 $80000 2 $2500 9
Total Co
Maximum Crash Cost
Time Cost Time per Week Start Time Finish
Activity | Normal  Crash Normal Crash Reduction saved Time Reduction Time
A 3 2 $54000 $60000 1 $6000 =0 BbE 3
B 4 3 $62000 $65000 1 $3000 ) 6
C 5 2 $66000 $70000 3 $1333 3 6
D 3 1 $40000 $43000 2 $1500 6 8
E 4 2 $75000 $80000 2 $2500 6 . 8
Finish Time'=
Totol Cost =.:5309
Maximum Crash Cost
Time Cost Time per Week Start Time Finish
Activity ] Normal  Crash Nomal Crash Reduction  saved Time Reduction Time
A 3 2 $54000  $60000 1 $6000 0 2
B 4 3 $62000 $65000 ] $3000 2 5
C 5 2 $66000 $70000 3 $1333 2 - 5
D 3 1 $40000 $43000 2 $1500 5 7
E 4 2 $75000 $80000 2 $2500 5 7
Finish-Time s b7

Crash to 8 weeks.

9-22
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7~ 8"¢

Maximum Crash Cost
Time Cost Time per Week Start Time Finish
Activity 1 Normal  Crash Normal Crash Reduction  saved Reduction Time
A 5 3 $20 $30 2 $5 L2 3
B 3 2 $10 $20 1 $10 1 2
c 4 2 $16 $24 2 $4 0. 7
D 6 3 $25 $43 3 $6 0 9
E 5 4 $22 $30 | $8 0 7
F 7 4 $30 $48 3 $6 0 9
G 9 5 $25 $45 4 $5 1 15
H 8 6 $30 $44 2 $7 2 15
Finish Time = 15
9.8-5 Total Cost = §217
. Maximum Crash Cos
me Cost Time per Week Start Time =ini
Activity | Normal  Crasr Normal Crash Reduction  saved Reduction Timsg
A 32 28 $160 $180 4 $5 0 40
B 28 25 $125 $146 3 §7 3 25
C 36 31 $170 $210 5 $8 0 76
D 16 13 $60 §72 3 $4 0 4
E 32 27 $135 $160 5 $5 o 57
F 54 a7 $215 $257 7 $6 3 76
G 17 15 $90 $96 2 $3 0. 58
H 20 17 $120 $132 3 $4 0 78
| 34 30 $190 $226 4 $9 0 92
J 18 16 $80 $84 2 $2 2 92
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Cases

e e .

9.1

a) There are three supply nodes — the Yen node, the Rupiah node, and the Ringgit node.
There is one demand node — the US$ node. Below, we draw the network originating

from only the Yen supply node to illustrate the overall design of the network. In this
network, we exclude both the Rupiah and Ringgit nodes for simplicity.
9.6 mil

\mu'oo«)TS\

<9.6 mil
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b) Since all transaction limits are given in the equivalent of 1000 dollars we define the flow
variables as the amount in 1000's of dollars that Jake converts from one currency into

another one. His total holdings in Yen, Rupiah, and Ringgit are equivalent to $9.6

million, $1.68 million, and $5.6 million, respectively. So, the supplies at the supply
nodes Yen, Rupiah, and Ringgit are -$9.6 million, -$1.68 million, and -$5.6 million,
respectively. The demand at the only demand node US$ equals $16.88 million. The
transaction limits are capacity constraints for all arcs leaving from the nodes Yen, Rupiah,
and Ringgit. The unit cost for every arc is given by the transaction cost for the currency

conversion.
A B C D E F G H | J K | L | M
R | [
2 From To Capacity [Unit Cost Nodes ] Net Flow Supply /Demand
Yen Rupiah 5000 0.005 Yen -9600 = -8600
4 Yen Ringgit 5000 0.005 Rupiah -1680 = -1680
5 Yen U 2000 0.004 Ringglt -5600 = -5600
6 Yen Can$ 2000 | 0.004 _US$ 16880 = 16880
Yen Euro 2000 0.004 Can$ 0 = 0
Yen Pound 2000 0.0025 Euro 0 = 0
9 Yen Peso 4000 | 0.005 Pound [¢] = 0
piah Yen 5000 0.005 Peso 0 = 0
11 Rupiah | Ringgit 2000 | 0.007
12 Fupiah 200 0.005
13 Rupiah Can$ 200 0.003
14 Rupiah Euro 1000 0.003
Rupiah Pound 500 0.0075
16 Rupiah | Peso 200 | 0.0075
Ringgit Yen 3000 0.005
18 RAingnit | Rupiah | 4500 | 0.007
19 Ringgit Uss 1500 0.007
20 Rnggit Can$ 1500 0.007
21 Ringgit Euro 2500 0.004
22 RAinggit | Pound | 1000 | 0.0045
23 Rngit | Peso | - 1000 | 0.005
4 Can$ Uss - 0.0005
25 Can$ Euro 0.002
26 Can$ Pound 0.001
27 Can$ Peso - 0.001
28 Euro US$ - 0.001
29 Euro Can$ - 0.002
30 Euro Pound 0.0005
Euro Peso 0.005
32 Pound uss 0.001
33 Pound Can$ - 0.001
4 Pound Euro - 0.0005
35 Pound Peso - 0.005
Peso US$ 0.001
37 Peso Cang 0.001
8 Peso Euro - 0.005
39 Peso Pound - 0.005
40
41 Total Cost §$83,380.0
J
Net Flow
S |=-SUM(D3:DS}+DT10+DT7
F=-SUM(DT0:D18)¥D3+D18
5 |=-SUM(D17:D23)+D4+D1 1
© [=D5+D12+D19+D24+D28+D32+D36
T=D6+D13+D20-SUM{D24:D27)+D29+ D3 3+D3 7
8 |=D7+D14+D21+D25-SUM(D28:D31)+D34+D38
v =D8+D10+22+026+D30-8UM(D32:D35)+D39
W 1=D8+D16+D23+D27+D31+D35-SUM(D36:D39)
U

- 28




$D$3:9D$23 <= §F$3:$F$23

$3$3:$34$10 = $L$3:$L$10

Jake should convert the equivalent of $2 million from Yen to each US$, Can$, Euro, and
Pound. He should convert $1.6 million from Yen to Peso. Moreover, he should convert
the equivalent of $200,000 from Rupiah to each US$, Can$, and Peso, $1 million from
Rupiah to Euro, and $80,000 from Rupiah to Pound. Furthermore, Jake should convert
the equivalent of $1.1 million from Ringgit to US$, $2.5 million from Ringgit to Euro,
and $1 million from Ringgit to each Pound and Peso. Finally, he should convert all the
money he converted into Can$, Euro, Pound, and Peso directly into US$. Specifically,
he needs to convert into US$ the equivalent of $2.2 million, $5.5 million, $3.08 million,
and $2.8 million Can$, Euro, Pound, and Peso, respectively. Assuming Jake pays for
the total transaction costs of $83,380 directly from his American bank accounts he will
have $16,880,000 dollars to invest in the US.



¢) We eliminate all capacity restrictions on the arcs.

A B C D E F G H ] J j K | L
1 | {
2 From To _Ship Capacityl Unit Cos Nodes | Net Flow Supply /Demand
Yen Rupiah [iiiea0. - 0.605 Yen -9600 = -9600
4 Yen | . 0.005 Rupiah | -1680 = -1680
5 Yen | - 0.004 Bnggit! -5600 = -5600
6 __Yen | - 0.004 uss 16880 = 16880
7 Yen - 0.004 Can$ 0 = 0
8 Jen - 0.0025 Ewo Q = Q
9 Yen - 0.005 Pound 0 = 0
10 Rupiah - 0.005 Peso 0 = 0
11 Rupiah - 0.007
12 Rupiah - 0.005
13 Rupiah - 0.003
14 Rupiah - 0.003
Rupiah - 0.0075
16 Rupiah - 0.0075
17 Ringgit - 0.005
18 Binggit - 0.007
19 Ringgit - 0.007
20 Ringgit - 0.007
21 Ringgit - 0.004
22 Ringit - 0.0045
23 Ringgit - 0.005
24 Can$ - 0.0005
5 Car - 0.002
26 Can$ - 0.001
27 Can$ - 0.001
28 Euro - 0.001
29 Euro - 0002
30 Euro - 0.0005
31 Euro - 0.005
Pound - 0.001
33 Pound - 0.001
34 Pound . 0.0005
35 Pound - 0.005
Peso - 0.001
7 Peso N 0.001
Peso - 0.005
39 - 0.005
40
42

Jake should convert the entire holdings in Japan from Yen into Pound and then into US$,
the entire holdings in Indonesia from Rupiah into Can$ and then into US$, and the entire
holdings in Malaysia from Ringgit into Euro and then into US$. Without the capacity
limits the transaction costs are reduced to $67,480.00.
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d) We multiply all unit cost for Rupiah by 6.

. A B C D E F | G H I J % K } L
2 From Capacity | tnit Cost Nodes | Net Flow Supply/ Demand
3 Yen - 0.005 en -96 00 = -
4 Yen 0.005 Rupiah -1680 = -1680
Yen - 0.004 RAinggit -5600 = -5600
6 Yen - 0.004 Uss 16880 = 16880
7 Yen - 0.004 Can$ 0 = 0
8 Yen 0.0025 Bro 0 = 0
g Yen 0.005 Pound 0 = 0
Rupiah - 0.03 Peso 0 = 0
11 Rupiah - 0.042
Z Fupiah - 0.03
13 Rupiah 0.018
14 Rupiah 0.018
15 Rupiah - 0.045
16 Rupiah - 0.045
17 Hingait - 0.005
18 Ringgit 0.007
Ainggit - 0.007
20 Ringgit - 0.007
Hnggit - 0.004
22 Ringgit - 0.0045
23 Bnaqit - 0.005
24 Can$ 0.0005
25 Can$ 0.002
6 Can$ - 0.001
27 Can$ - 0.001
Euro e 0.001
29 Euro - 0.002
30 Euro - 0.0005
31 Euro 0.005
32 Paund 0001
33 Pound - 0.001
34 Pound - 0.0005
35 Pound - 0.005
36 Peso - 0.001
7 Peso - 0.001
38 Peso 0.005
39 Peso 0.005
40 ;
41 TotalCost $$92.68000
42 | |

The optimal routing for the money doesn't change, but the total transaction costs are now
increased to $92,680.

In the described crisis situation the currency exchange rates might change every minute.
Jake should carefully check the exchange rates again when he performs the transactions.

The European economies might be more insulated from the Asian financial collapse than
the US economy. To impress his boss Jake might want to explore other investment
opportunities in safer European economies that provide higher rates of return than US
bonds.
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Cases

9.2 a) The network showing the different routes troops and supplies may follow to reach the
Russian Federation appears below.




b) The President is only concerned about how to most quickly move troops and supplies
from the United States to the three strategic Russian cities. Obviously, the best way to
achieve this goal is to find the fastest connection between the US and the three cities. We
therefore need to find the shortest path between the US and each of the three cities.

The President only cares about the time it takes to get the troops and supplies to Russia. It
does not matter how great a distance the troops and supplies cover. Therefore we define
the arc length between two nodes in the network to be the time it takes to travel between
the respective cities. For example, the distance between Boston and London equals 6,200
km. The mode of transportation between the cities is a Starfighter traveling at a speed of
400 miles per hour * 1.609 km per mile = 643.6 km per hour. The time is takes to bring
troops and supplies from Boston to London equals 6,200 km / 643.6 km per hour =
9.6333 hours. Using this approach we can compute the time of travel along all arcs in the
network.

By simple inspection and common sense it is apparent that the fastest transportation
involves using only airplanes. We therefore can restrict ourselves to only those arcs in the
network where the mode of transportation is air travel. We can omit the three port cities
and all arcs entering and leaving these nodes.

Finally, we define a new node (“dummy” node) in the network called “US,” and we
introduce two new arcs: one going from the US to Boston and the other going from the
US to Jacksonville. The arc length on both new arcs equals 0. The objective is now to
find the shortest path from the US to each of the three Russian cities. We define the US
node to be a supply node with supply 3, and we define each of the three nodes
representing Russian cities as demand nodes with a demand of -1. The nodes
representing the three European airfields — London, Berlin, and Istanbul — are all
transshipment nodes.

The following spreadsheet shows the entire linear programming model, which identifies
the three shortest paths.

A B C E E G H ] J K
1 From To ute |Distance [Time (hr) Nodes Net Flow ISupply/Demand
Us Boston L 0 0 us 3 = 3
3 Uus Jacksonville | 0 0 Boston 0 = 0
4 Boston London 6200 [9.63331 Jacksonvile 0 E 0
Boston Berlin 17250 [11.2648 London 0o E 0
6 Boston Istanbul 8300 112.8962 Berlin 0 E 0
7 Jacksonville London - 7900 1122747 _Istanbul 0 E 0
8 acksonville |  Berin | 9200 | 14,2946 St, Petersburg -1 = -1
Jacksonville Istanbul 10100 | 15.693 Moscow -1 E -1
10 London St. Petersburg ﬁ980 3.07644 Rostov -1 = -1
1 London Moscow | Eoo 3.57365
London Rostov 2860 14.44375
13 Berlin | St Petersburg | 1280 _11.98881
Berlin Moscow 1 1600 12.48602
15 Berlin Rostou : 1730 2.688
Istanbul St. Petersburg 2040 |3.16967
17 Istanbul |  Moscow | 1700 [2.64139
18 Istanbul Rostov 990 1.53822
19
20 Total Time = |89:86948415
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The spreadsheet contains the following formulas:

F

Time (hr)

IHiolo

E4/(400*1.609)

=E5/(400%1.609)

=E6/(400%1.609)

=E7/(400*1.609)

=E8/(400*1.609)

N]lajalalalalajlalatal o
= T B BN ) L BN R TSI =) 5 e el A B R D e

=E9/(400*1.609) |
=E10/(400*1.609) 1 Net Flow
=E11/(400*1.609) 2 [=SUM(D2:.D3)
=E12/(400*1.609) 3 |[=-D2+SUM(D4:D6)
=E13/(400*1.609) 4 [=-D3+SUM(D7:D9)
=E14/(400*1.609) 5 |=-D4-D7+D10+D11+D12
=E15/(400*1.609) 6 |=-D5-D8+D13+D14+D15
=E16/(400*1.609) 7 |=-D6-D9+D16+D17+D18
=E17/(400*1.609) 8 |=-D10-D13-D16
=E18/(400*1.609) 9 |=-D11-D14-D17

70 |=-D12-D15-D18

11

C D
20 Total Time =|=SUMPRODUCT(D2:D18,F2:F18) |

The solver dialogue box appears as follows.

Solver Parameters

93



From the optimal solution to the linear programming model we see that the shortest path
from the US to Saint Petersburg is Boston — London — Saint Petersburg with a total
travel time of 12.710 hours. The shortest path from the US to Moscow is Boston —
London — Moscow with a total travel time of 13.207 hours. The shortest path from the

US to Rostov is Boston — Berlin — Rostov with a total travel time of 13.953 hours.
The following network diagram highlights these shortest paths.

?-32



The President must satisfy each Russian city’s military requirements at minimum cost.
Therefore, this problem can be solved as a minimum-cost network flow problem. The
two nodes representing US cities are supply nodes with a supply of 500 each (we
measure all weights in 1000 tons). The three nodes representing Saint Petersburg,
Moscow, and Rostov are demand nodes with demands of —320. -440, and 240,
respectively. All nodes representing European airfields and ports are transshipment
nodes. We measure the flow along the arcs in 1000 tons. For some arcs, capacity
constraints are given. All arcs from the European ports into Saint Petersburg have zero
capacity. All truck routes from the European ports into Rostov have a transportation limit
of 2,500*16 = 40,000 tons. Since we measure the arc flows in 1000 tons, the
corresponding arc capacities equal 40. An analogous computation yields arc capacities of
30 for both the arcs connecting the nodes London and Berlin to Rostov. For all other
nodes we determine natural arc capacities based on the supplies and demands at the
nodes. We define the unit costs along the arcs in the network in S1000 per 1000 tons.
For example, the cost of transporting 1 ton of material from Boston to Hamburg equals
$30,000 / 240 = $125, so the costs of transporting 1000 tons from Boston to Hamburg
equals $125,000.

The objective is to satisfy all demands in the network at minimum cost. The following
spreadsheet shows the entire linear programming model.

E F G H !

A 8 o] 3] J K
1 From To i Capacity (in 1000 tong) iCost of Transport | Unit Cost (in $1000 per 1000 ton) - Nodes Net Flow| | Supply/Demand
"2 | Bosfon | Hamburg B50 30000 125 osTon 50 [= ﬂ!zm——
i3 Bostan Roflerdam 500 30000 125 Jacksonville 500 |= 500
T4 ] Boston_ | Napoli 500 32000 133333133 Hamburg 0 [= [
5} Boston | London 500 45000 300 Rotterdam Q = 0
6. Boston | Berlin 500 50000 3333333133 Napoli [1] = 0
7 | Boston istanbul 500 55000 366 6666667 London 0 = 0
B Viacksonville | _Ramburg 500 48000 200 ~_Berlin 0 |= ()]
g lacksonville | Rofterdam 500 44000 18333333 Istanbil 1] = 0
110 Macksonville Nepoli 500 56000 233333333 St Pefersburg| -R0 i= -R0
11 Packsonvile | London 500 49000 326 6666567 Moscow -440 |= -440
12 Packsonville | Beriin 500 57000 380 Rostov 280 1= -240
13 L ll Istanhu 3 500 61000 406 6666667
J4 ] Hambug ISt Petersburg]. 0 300 187.5
115 | Rotterdsm_|St. Petersbur 0 300 187.5
116 | Napoli  [St. Petersburg | 0 5000 3125
! Londbn _|St. Petershurs 320 22000 146.6666667
S8 1 Berlin _[st Petersburg 320 24000 160
10 letanbul. S4.- & 320 28000 186 6666567
0 | Hambug |  Moscow 440 4000 250
21 1 Rotterdam Moscow 440 5000 3125
22 Napoli Moscow 440 5000 3125
23] Londn Moscow 440 19000 126 6666667
Berlin 44 146.6666667
ﬁ'_ _Tstanbul | m”'ﬁim 448 %888 166 6666567
26 | Hanbug |  Rostov 40 7000 437.5
224 Rotterdam | __Rostov [ 40 8000 500
281 Napoli Rostoy. 40 9000 562.5
129 Lonchn Rostov 30 4000 2666666667
a0 Berlin Rastay a0 23000 153 33373033
1 Istanbul Rostov 240 2000 1333333333
33 Totat Cost = | 412866 6667
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The following formulas appear in the spreadsheet.

Net Flow

=SUMCZCY)

=SUM(C8:C13)

=-C2-C8+C14+C20+C26

=-C3-C9+C15+C21+C27

=-C4-C10+C16+C22+C28

=-C5-C11+C17+C23+C29

=-C6-C12+C18+C24+C30

=-C7-C13+C19+C25+C31

=-SUM(C14:C19)

=-SUM(C20-C25)

N Y
AR 23 o cd v o] o sy =

=-SUM(C26:C31)

F

Unit Cost (in $1000 per 1000 tons)

=E2/240

=E3/240

=E4/240

=E5/150

=E6/1560

=E7/150

=E8/240

OO~ B WIN| —

=E9/240

—
[

=E10/240

—_
—

=E11/150

N
(28]

=E12150

b
w

=E13/150

—
H

=E14/16

-
o

=E15/16

-
»

=E16/16

N
~

=E17/150

-
o

=E18/150

-
©

=E19/150

N
o

=E20/16

N
-

=E21116

=E22/16

N
w

=E23/150

N
E-S

=E24/150

=E25/150

26 |=E26/16

=E27/16

28 |=E28/16

29 |=E29/150

01]=E30/150

31 |=E31/150

32

B

C

33

Total Cost =]=SUMPRODUCT(C2;C31,F2:F31) |
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We use the following solver dialogue box for this model.

Solver Parameters

C$2:$C431 <= $D32:$D¢31
1$2:$1$12 = $K$2:$K$12

The total cost of the operation equals $412,866,666.67. The entire supply for Saint
Petersburg is supplied from Jacksonville via London. The entire supply for Moscow is
supplied from Boston via Hamburg. Of the 240 (= 240,000 tons) demanded by Rostov,
60 are shipped from Boston via Istanbul, 150 are shipped from Jacksonville via Istanbul,
and 30 are shipped from Jacksonville via London. The paths used to ship supplies to
Saint Petersburg, Moscow, and Rostov are highlighted on the following network
diagram.
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d) Now the President wants to maximize the amount of cargo transported from the US to the
Russian cities. In other words, the President wants to maximize the flow from the two
US cities to the three Russian cities. All the nodes representing the European ports and
airfields are once again transshipment nodes. The flow along an arc is again measured in
thousands of tons. The new restrictions can be transformed into arc capacities using the
same approach that was used in part (c). The objective is now to maximize the combined
flow into the three Russian cities.

The linear programming model describing the maximum flow problem appears as

follows.
A B C D E F G ]
1 From To Ship | Capacity (in 1000 tons) Nodes Net Flow Supply/Demand
BoSon Hamourg 19.2 500 Boston 2822
3 Boston Rotterdam 216 500 Jacksonville 240
4 Boston Napol 46.4 500 Hamburg [¢] = 4]
5 Boston London 75 75 Rotterdam 0 = 0
Boston Berlin 45 45 Napoli 0 = 0
7 Boston Istanbul 75 75 London 0 = 0
8 ['Jacksonville| Hamburg 0 500 Berlin 0 = 0
9 [Jacksonvile| Rotterdam 0 500 Istanbul 0 = 0
[0 [ Jacksonville Napol 0 500 St. Petersburg | -225
1] Jacksonville London 90 90 Moscow -104.8
JAacKsonviie Benin 15 ) KOSIOV ~T9Z2.4
13 [ Jacksonvillé Tstanbul 75 105
14 Hamburg | St Petersburg 0. 0
15| Rotterdam | St. Petersburg} 0 0
76| Napoli ™ [ St Pefersburg] 0 0
17 | London | St. Petersburg] 150. 150
18 Berlin — | St. Petersburg] 75 75
Istanbul” | St. Petersburg] 0 0
Hamburg Moscow 112 12
otterdam Moscow 96 96
22 Napoli Moscow 24 24
London Moscow (¢ 30
Berlin Moscow 45 45
25T 1stanbul MOSTHOW 15 TS
Hamburg Roslov 8
27 | Rottergam ROStOV 12
8 Napoli Rostov 22.4
J onaon ROSIOV (5]
Berlin Rostov 0
1Sidinoul KOUSILUYV 100
[ 32
TOECOSt =1 522.2
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The following formulas appear in the spreadsheet.

G
Net Flow
SUM(C2:C7)
SUM(C8:C13)
=-C2-C8+C14+C20+C26
=-C3-C9+C15+C21+C27
=-C4-C10+C16+C22+C28
=-C5-C11+C17+C23+C29
=-C6-C12+C18+C24+C30
=-C7-C13+C19+C25+C31
10 |=-SUM(C14:C19)
11 [=-SUM(C20:C25)
12 [=-SUM(C26:C31)

OO} N[O W[N] —

B
33 Total Cost =[£#SUM(G2.G3

O

We use the following solver dialogue box.

Solver Parameters

$C$2:$C$31 <= $D$2:$D3$31
$G$4:4$G$9 = $1$4:41$9

The worksheet shows all the amounts that are shipped between the various cities. The
total supply for Saint Petersburg, Moscow, and Rostov equals 225,000 tons, 104,800
tons, and 192,400 tons, respectively. The following network diagram highlights the
paths used to ship supplies between the US and the Russian Federation.
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e) The creation of the new communications network is a minimum spanning tree problem.
As usual, a greedy algorithm solves this type of problem.

Arcs are added to the network in the following order (one of several optimal solutions):

Rostov - Orenburg 120
Ufa - Orenburg 75
Saratov - Orenburg 95
Saratov - Samara 100
Samara - Kazan 95
Ufa — Yekaterinburg 125
Perm — Yekaterinburg 85

The minimum cost of reestablishing the communication lines is $695,000.



Cases
?, 3 a) A diagram of the project network appears below.

START ¢

Q l

Evaluate th e prestige of each potential underw rier 3
&l |
L5
Selecta syndicate of underwriers
Negotiate the commitmen tofeach 2 Negotiate thespread for each 3
menb er of the syndicate member of the syndic ate
Prep are the registraton satement N
F] ’
Submi t th e regist ation statement © the SEC 1
© L ) g O
Make presentationsto Distribuge the Calculate the Receive deficiency
instimtional investors and develop 6 red herring 3 issue price 5 memorandum fom the 3
the inter est of potential buyers SEC

A mend satement and
resubmit to he SEC

O

Receive registration
confrmation from he 2
SEC

™

Confirm that the A ppoint a A ppoint a

new issue complies 1 registrar 3 transfer agent 35
with OHue slyO aws

Issue final prospectus 4.5 Phone interested buyers

FINISH 0
By Tnspechln, the lvnje/f/at/ and 5o e o»/‘f/cq//w/( s
START 2A>B2C D2 ESF Tk 5L 509 P » Fonisd,
The /e7 £ o/ this /ed and so the duration f the injtial/ pud/%e

A ; eek
offering proctss 15 275 CEEL
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B

c | D £
B>

F

G

H
L

!

I J
BTacK

3] ActivtylDescriplion el =3 LS Cnical?
4 A |Evaluate prestige 3 0 =£4+D4 =H4-D4 =G5 =H4-F4 | =IF(14=0,"Yes","No")
5 B |Select syndiate 1.5 J=MAX(H) =E54D5 =H5 D5 | =MIN(G6G7 =H5F5 | =IF(15=0."Yes" . “No"
[ C_ Negotiae wmmiiment2 |=MAX(S) L 5+D6 =HGD'F¥'B_‘_‘_2—W_ =Ho = R
7 D INegotiae spread 3 =MAX(FS) =E74D7 =H7 D7 | =G8 =H7-F7 _[=IF(17=0 "Yes" "No*")
8 £ |Prepare regigration 5 = MAX(FB F7) =E8+D8 =H8 D8 |=GI =HB-FB | =IF(18=0, Yes" ."No*)
F iSubmit registration 1 =MAX[FB] =EJ+DF =HIDI [=MIN{GT0,GTIGI 2GT3) =HI-F [=IF19=0."Ves","No™)
10| G [Present 6 =MAX(R) =E10+D10 =H10-D10 =G16 =H10-F1{J=IF(110=0." Yes"," No/
11 H  |Distribute red herring 3 =MAX(P) =E11+D11 =H11-D11=C16 =H11F1 §=IF{(11=0." Yes"," No}
12 T [Calculale price 5 =MAX{F3) =ET2+072 =H12-DIZ =GT8 =HTZFT 4 =IF{112=0."Yes","No'
13 J _ |Receive defidengy 3 =MAX(F9 } =E£13+D13 =H13-D13=G14 =H13F1 J=1F(113=0," Yes" " No}
14 K __|Amendstat ement 1 =MAX(F13} =E£14+D14 =H14-Di4 =G15 =H14F14=F(114=0," Yes" " No
15] L |Receive reqigtration 2 =MAX(F14} =E15+D15 =H15-D15 =MIN(G18,G17.G1 6} =HI5F1 g =1F(115=0." Yes" "~ No/
S8l M__ [Confirmblue gy =MAX(F10.F11F12 F15)=E16:D16 =H16-D16 =MIN(G13,G2 0} =H16F1dg=IF(116=0"Yes" ' No!
17 N__lAppoint reqistrar =MAX(F15) =E17+D17 =H17-D17 =MIN(G19,G2 0) =H17F1 A =IF(117=0," Yes" " No
Q. _JAppoint t ransfer 5 [=MAX(F15) =E£18+018 =H18-D18 =MIN(G19.G20) =H18F1 g =IF(118=0." Yes" " No
1 P |lissue prospectus 4.5 |=MAX(Fi6Fi7F18) =£19+D19 =H19-D19 =F22 =H19+F1 4 =IF(119=0." Yes* " No
2(1) Q F’hone buyers 4 |=MAX(F16F17F18) =E£20+D20 =H2 0-D2Q =F22 I =H20F2( =IF(120=0," Yes* " No
I
22 [ | Projed Duration =MAX(F19 F20) {

The values in the new spreadsheet appear below.

Al B C D E F G H I J
3 Activity Qescripﬁon Time | ES EF LS LLF | Slack |Critical?
4 A |Evaluate prestige 3 0 3 0 3 0 Yes
5 B |Select syndicate 1.5 3 4.5 3 4.5 0 Yes
6 C__|Negotiate commitmenit 2 45 ] 65| 55 | 75 1 No
7 D |Negotiate spread 3 4.5 7.5 4.5 7.5 0 Yes
8 E |Prepare registration 5 75 | 125 7.5 | 12.5 0 Yes
9 F  [Submt registration 1 1251 13.5] 12.5] 13.5 0 Yes
10 G [Present 6 135) 19.56| 16 22 2.5 No
11 H |Distribute red herring] 3 1351 165 | 19 22 5.5 No
12 | |Calculate price 5 135 ] 18.5 17 22 3.5 No
13 J  [Receive deficiency 3 135] 16.5| 13.5| 16.5 0 Yes
14 K |Amend statement 1 165]| 17.5| 16.5| 17.5] © Yes
15 L |Receive registration 2 1751 195 17.5| 19.5 0 Yes
16 M  |Confirm blue sky 1 195] 205 | 22 23 2.5 No
17 N |Appoint registrar 3 195 | 225 | 20 23 0.5 No
18 O |Appoint transfer 3.5 | 1951 23 19.5| 23 0 Yes
19 P llssue prospectus 4.5 23 1275 ] 23 27.5 0 Yes
20 Q |Phone buyers 4 23 27 | 23.5| 27.5] 05 No
21
22 Project Duration £ 27.5
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b) We formulate a linear programming problem to make the crashing decisions.

ALE ¢ [0 2 F e T w : e P
3 | Maximum | Crash Cost

4 Ti Cost Time per Week Start Time Finish

5 Activit] Normal [ Crash]Norma! {Crash Redudtion saved Time Reduaion Time

3 B 5" B0 1 4000=C6D6  [=(FEEEYVEE : 15 6 46 U6

7 B [15 p.5 B500 8000 =C7-D7 |=(F7TE7YGT 16 E| 7+C77

) Yz p 000 o =CeD8 [0 0 B+C8J8
9 D |3 g 2000 Jo =CeD9 o D 0 9+C99
70 E |5 n 0000 195000=C10D10/=(F10-E10)/ G105 0 10+C104J10
-1 2 i i SR TTHDTTO 0 0 MTITJTT
12 G |e i 5000 [60000=C12D12]=(F12-E12) G121 0 12+C12J12
13 H |3 b 5000 [22000=C13D13|=(F13E13Y G13114 0 =113+C13413
AK) ™15 5 JT000 3 000=CIA DT A= (FI4ETZ T GIA 11 [} STATTEITT
75 & g 5 0 =Ci5075(0 11 0 S5+ CI5J15
16 K It b.5 000 9000 =Ci16D16=(FIGEI6Y G614 05 =11 6+C1616
17 Lz b i 0 =C1I701710 14.5 0 S 7+CI7J17
B Ml 55 000 800 =CIeDIBEFTSETEV BT (i EA B CT8ITE
7 N |3 .5 [T 2000 [T000=C19D19[=(FIGETIV Gi916.5 15 L EDEE)
>0 O 155 .5 F 3000 [71000=C0 D20 =(F26-E20 G20/16.5 2 B0+ C20J20
21 P |45 b 0000 [99000=C21D2 1= (F21-E21)/ G1/18 05 2 1+C2142 1
3% o |4 75 P00 POOO0=CHDIIEFx 18 0 e IIT
73 - T TR A

24 Desired Finish 2
25 inigh Time = 22 . 7.
26 b Total Cog == SUM|
The values used in the spreadsheet appear below.
A B (0] D E F G H i J K

3 Maximum | Crash Cos

4 Time Cost Time per Week Time | Finish
5 Activit yNormal| Crash| Normal| Crash | Reduction] saved Reduction Time
6 A 3 1.5[$8000[$1400p 1.5 $4000 =154 1.5
7 B 1.5 0.5 | $4500[ $800( 1 $3500

8 C 2 2 $9000, $0 0 $0

9 D 3 3 |$12000 $0 0 $0

10 E 5 4 1$50000%$2500p 1 $45000

11 F 1 1 $1000, $0 0 $0

12 G 6 4 1$2500086000p 2 $17500

13 H 3 2 1$15000%$2200D 1 $7000

14 | 5 3.5 |$12000%3100p 1.5 $12667

15 J 3 3 $0 $0 0 $0

16 K 1 0.5 ] %6000/ $900( 0.5 $6000

17 L 2 2 $0 $0 0 $0

18 M 1 0.5]$5000 $830( 0.5 $6600

19 N 3 1.5 1$12000%$1900p 1.5 $4667

20 (o] 35 | 1.5]|$13000$2100p 2 $4000

21 P 4.5 2 |$40000$9900p 2.5 $23600

22 Q 4 1.5 ] $9000/$2000p 2.5 $4400 ,

23 :

24

25

26
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The Solver settings for the linear programming appear below.

Parameters

[geizz g5
~Sg_}lj:ject to the Constr

$1$10 >= §K¢8
$1$10 >= $K$9
$1411 >= $K$10
$1$12:41$15 >= $K$11
$1616 >= $K$15
1$17 >= $K$16
21218 >= iKilZ
$1$15 >= §K$13
114118 >= $K$14
1141418 >= §K$17
$1$19:41$20 >=$K$17
§1$21 $1522 »>=$K$18
1$21:$1$22 >= $K$19
$1$21:41$22 = $K$20
$146 >=10
{4147 >= $K¢6
18188 >=$K47
$149 >= gK$7 . »
1 1$3$25 >= $K$21
1141425 >= $k$z22
$1$6:$3422 <= $G$6:$G$22
$356:$2$22 »>=0

Janet and Gilbert should reduce the time for step A (evaluating the prestige of each
potential underwriter) by 1.5 weeks, the time for step B (selecting a syndicate of
underwriters) by one week, the time for step K (amending statement and resubmitting it
to the SEC) by 0.5 weeks, the time for step N (appointing a registrar) by 1.5 weeks, the
time for step O (appointing a transfer agent) by two weeks, and the time for step P
(issuing final prospectus) by 0.5 weeks. Janet and Gilbert can now meet the new
deadline of 22 weeks at a total cost of $260,800.
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€) We use the same model formulation that was used in part (c). We change one constraint,
however. The project duration now has to be greater than or equal to 24 weeks instead of
22 weeks. We obtain the following solution in Excel.

Al B [ D E F G H [ J K
3 Maximum |Crash Cosf
4 Time Cost Time | per Week Start Time _|Finish
5 Activit yNormal|CrashfNormal | Crash | Redudtion| saved Time | Reduction| Time
6 A 3 1.5 ] $8000;$140 1.5 $4000 : 5
7 B 1.5 1 0.5]$4500 $8000 1 $3500 .
8 c 2 2 | $9000 $0 0 $0
9 D 3 3 81200 $0 0 $0
10 E 5 4 [$50000$ 9500 1 $45000
11 F 1 1 1$1000/ $0 0 $0
12 G 6 4 [3250005600 2 $17500
13 H 3 2 [$15000$2200 1 $7000
14 [ 5 3.5 |$12000$31000 1.5 $12667
15 J 3 3 $0 $0 0 $0
16 K 1 0.5 136000/ 59000] 05 $6000

L 2 2 $0 $0 0 $0

18 M 1 0.5 | $5000]$83m0] 0.5 $6600
19 N 3 1.5 |$12000319004 1.5 $4667
0 0 35 | 1.5 |$13000$21004 2 $4000
21 P 4.5 2 |$4000399004 2.5 $23600
22 Q 4 1.5 | $9000/$20000 2.5 $4400
23
24
25
26

Janet and Gilbert should reduce the time for step A (evaluating the prestige of each

potential underwriter) by 1.5 weeks, the time for step B (selecting a syndicate of

underwriters) by one week, the time for step K (amending statement and resubmitting it

to the SEC) by 0.5 weeks, and the time for step O (appointing a transfer agent) by 0.5

5\gveeks. Janet and Gilbert can now meet the new deadline of 24 weeks at a total cost of
236,000.
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