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IT APPLICATION TC TRANCTORTATION
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This 13 the second part of the notes of
lécturea given in the Spring of 1949 by
the former author and recorded by the

latter. The matsrlal can be regarded as

an alsboraiion of the contents of LPC 401.

(Errata have been given effect ©to.)



Lecture 11 --Rﬁay 19} 1949;

AsPLICAT 0N €7

LINEAR ALLOINITEN 20Dl Lo TLS O TATICH

A Statle wodel with two porte only. ‘wh.éhall bezin v lth a cou-
gldaration of a almplifled ehipping nodel, keeping in mind that 1t is
posaible to trangkﬁthahipe into trains or alreraft, and porte lnto
terminale or airflelﬂs. cur preesent example. 1hvolvea two povrta, 4 and
3. The model ie Iiven in Table 17 below {see p. 94)

Table 17 ie to be read in the aame way our tables of technalayival-
coef{f lcliente for previsus mcAels vere repd,  There are tuo sctivitiee
for ;aéh port, ioadlﬁg and dlecharzing carzs; there are two activitice
vhereby a ship le moved from -ne nort Lo tﬁe other, calllnj wlth car:o
and ealilinz In baildst-(vlthout éarga). It ehould be noted that the
ireek letlters agpearint in the last three rowe of the table eyabollze
numbere valech have the dlneas ion "tine” meﬁeured ln wonthe. Tor
cxaxnole, the number}%kfdenmtea the ﬁuﬁbgr_of monthe regulred to land
a shiip In Pord A."Binqe the activitiea[ﬁfe all In unlts of "Ehlpﬂ pEYT
month", vhen Jlﬁ'16=mult1pl1ed by Eailalnumbgb_havin; the dlmeneion
"anipe" resulte. That iz to eay,

(Ll.1) - (;A e;h1.ps/‘;nf::-ntfh;}‘;&{?&,]fL mon_t.na) - ('.EA) (:"LA) shipe

tied up at any inetant {or on the average for mony inetante of tlne)
;n lond Ing at A; Thie_is aleo the dimenhimp'of.z, the total fleet in
use, Similarly with the othetr Jreek 1etbereﬁi'

.Note ﬁleo'thaﬁ'we arc agzuming that‘gll the ehipe are of the sane

type, and sre thercfore conplefely Interchanzeable,
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AR exaninatlon of Tabile 17 reveales that the requireiuent that
the net Tlowe of intermedlate comnoiitles in the category "net flows
of loaded ehips” be zero Impliece that ocertaln activitles must be
operated in the same ajdosunt, 7or exanole, the requirements thot the
net flow of loaded ehlne nt i for 3 be'éefo,"oxcther vith the reguire:

aent th-t the net flom af loaded =k ehipe at 2 from A be zero imply

{11,2a) KA :XAB - xB.'

5imilarly, the requilrcment that the'rcmaining two nst flovwe in

the catexory be zero imnlles

(11.2b) §é-= X, = X,

But 1f. three ‘activities are renuired to bve carried out in equal
anounts, we oan cambiné the three separate activitiee into a sinzle
activity, ellminatin’ the internediate prcducta betveen them. Thue,
ve c¢can Asflne = new mctivltv, "traneporting earzs from A to 3" which
eorelete of loadinz at A, eailin: loaded from A t5 B and dlecharzing
car:o at 3, Simllariy'ﬁe cenn define a new activity, "traneporting
car:o from o to A, In'terms of tﬁeee nev: activities our natrix of
technical cocfflolents ajpears ae in Tab1e L8q-(see 2. 98).

Notlce that

. s ‘»‘
(11.3a) = A, 4
Tas = Aa + g + 4
that is, the numbeb_af aonthe a shls le tled up in tranenortin: cargo

fron & to 3 is the nunber of monthe required to 1224 1t at A, to anke

the voyaze from A to B and to Alecharze it at 3., Similarly,

(11.3b) ’Ejga = 7143'“f”d§;§ ‘F.C‘;

The number )‘A of nonthe a berth ls tled up in Port A by‘the activity
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"trane sorting cario frov Alt.a 3" 1e the nuader of zonthe 1t tasges t9
load a ehip at Jort A, Simllarly, J‘B’ iz the nunbecr of. monthe a
berth le tied us in rort U,

The m2del as 1% now etonds cont_aine' tnrec factore whlch could
conee ivably be bottlenecke, denendin. on thelr zlven 1nltlal etacké.
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Theea are smfpyﬁnj; 2, Tacllitice (tortne) in 2ort 4, %y s sadl fostiitis,
in Jovt 3, Zye hg ghall eimolify ~ur 10del further by agsunin: that
<20t facllitlee at hoth A and 3 are inovn to be go nlentiful as to
srealuile thelr_bein; a bottlencak. “thue, we are n»s lonier Intercsted
in hah.mgny berthe_éré tied up hy any of osur activitlee, Thie elinin.
ates from cansideratian‘the lagt two rowé{of our technolo:y matrix,
leavins ue vith three varlables of Intercet, VAB' Ygp #nd z. Cur
arablem ie to find the efficlent bolnt eeﬁ-;n the epace of thege three
varliablea,

e equatlone sbtalined fron Table 13 are

(llaaa) ng XAB

(11.40) Y8a = Fma

(Ll.4¢) 0 =z -xp - xAB«#‘ ;3A+xﬂﬂ-

(11.42) 0 = X, pof % ~ Xgy = Xy,

(il.4e) 2 = ~'qﬁg EAB_“ CTKQXAB = oA xaa - CT;AxBA
e ¢an uge (ll.4a) and (11.4b) to elininate x. . =2nd X. . we aleo

A3 7 BA
note that (1ll.44) le 1mpliled »ny (1l.4¢). ue ean therefors omit it.
(Théce tvo eauatione dre the samne becruse ve have a cloeced ayeten,
vithout any activitiee that ilntroduce or revove gnlive. The net flows
in o2ne -~ort ﬁgat equﬁlithe net flowe in the oiher goft), Thus, ve are

left with the followin: equitione:

(11.52) 0 = =y, = x,5 Y.sa“*"‘m .
(11.5b) =z = % Yap + GR XAB + BA%A"‘” 8A %BA

remzmboring that

{1l.5¢) Yis 0 and
'yaa'?O because of (ll.4a) ~nd (11l.4b).
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(11.54) ‘xmﬁﬂand Koo 4(? 05

and that by thelr very nature all serfornance tinee are posltlve
1l.5¢) & . e : .
(11.5¢) ‘t:a?"-a Tos 7 Tgn 705 Ogqy 70

our nroblem E}o find the effinienf ~oint set 1n the enace

’ z)] may be stated by askinz: for ziven Yan and ¥

(YABJ yBA BA’

vhat le the maximum z (or the pinimun ~2)%

Numerical 3 ggmg . Bpecify

(11.6a)
{11.6b)

25 chiploadse »er month '

i

Yas
Yga

[T 2

15 chiploads ner month

reeune (11.6¢) G:;B - Q’g; - 1/2 month |

(11.64; ’fr;sg’r;ﬁgi

The amount »f sargo to be trane:nrteﬁ fronm 4 to B exceede the
amount 5 be traqeported from 5 t9 A. € ¥will have to eend some
enilpe from 3 to A empty. “owever, voulﬂ abvisuely be waeteful

t> send empty ehipe from A to 3. Therefore, ef7inzlency requlree

(1107&) xAB - 0

mpran (11.58), {11.6a), (11.6b) -n1 (11,7a) 1t follows that
(11.7b) X gy 7 0

subetltuting in (11.5h) we find

(llo'fo) a2 = 1,05 4$(1/2)0 F 1,15 + (1/2)10 = 45

Thua, the point (YAB' Yaa z) = {25, 15, 45) ie an efficlent
point. If ve followeﬁ thie nroﬂeiure far all valueeg of yAB and ﬁ&ﬁ
gatiefying equatlone (11.5a~d) we v>ull fint all the ef“lclent sainte.,

An alzebrals metnod woull, however, be ¢ Lapler.

.9'3:9




<€ beln ag in our numer o~ examnyle vith n';iven trans portation
eraran; l.e., with :lven values of i and.yaa. Thua, revritin:

(11.5a) ve have
(11.8a) X,n " Xpy = Yea - YAaﬁ= a xiven number,

we distln;uieh between two ~apes,

(11.8a) etill sermite ue to add to or subtract frop both X\ and xﬁb@
the eame numher, eubjot to (11.8d). Loskin: at (11.5b) in the 1i:ht
of (1l.5%e), ve see that -z ic ninimlzed by rubtracting the larzest

nwnber that 12¢8 nat vislate (11.54), Thué; efflelency requires

o 10) - oY hiens
(11: D) xBA =0 and b g e

" .
Subetituting in (11.5b)

(L.3) <2z Yghet Tog (Yaa— Fis) + Toa fou O
ar (11.8¢) -~z . (’b'M-f»d;&‘)rm + ('ﬁs"@i’é)?;&@

~muation (11.%) ie' the cauatlon of one faget of the efflelent »oint

3

. 33

get.,

ra—ng,

2ase I, Yga ~ Yap e 0+ 0w, efflelency requives

(11.9b) 84 = Yapn - yaa}'o
Subntitutinz 1n (11.%8b), ve have

(11.9¢) -z = (T = GZ4)%4+('B:W+OZA) 748

vialoh lg the equatlsn of the cecosnd facet of the efficient point =et.




If we usc the values aesumed in ¢ountione (11.6¢) and (11.64) =
our numerical exan-le we enn 3Iraw the ‘rash of the efficiecnt soint cet.

e have then

(11.10a) ~Z
(11.10b)  az

172 yg o 372 Yap

bi

L]

et z - -5

Then, 71;, 50 euosve the efflizlent ~nd acilcvable poInt sete in the

epace (¥,q, yﬂi) and T1i. S1 ehswe the ef“lelent (an3 acalevable)

polnt ecte In the enacc of (YAB’ z},

yBAP

© ] - D~ “‘"’34

187

%

The ashlevable nolnt cet le the arez enclosed by Ci:G; the

efflcient Doint cet conelets of the lilncs A9 and 8%,
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Bz -4

| b B
A

Y

The adhievablg_paint get 1o the cone epannedron g;. i, O 2
CD. The c¢ffliclent galnt set conglete of the faccte ACH and 5(C. ihe
bouﬁdafy Cﬁ.bétwe&n-theifacete renalhe.wlbhln the gn1e vertical
plene 31; - yBA 1rres§ect1vc of the valuee of the perf{orvance tinmes.

T2 increase yAB-vith ane unit on 1 lven faeet. {l1.8e) or
(11.9e), ne the oase may be, -lves the requireﬂ 1nﬂreaec in shiszin:
in uee, the marzinal.fate of enchanse of ship uee for transortatlon
perf ormance, SInﬁefthere te only one_eQﬁrdefprlmary factor in the
m23el, ehloning, we can aled refar to thie rate as the marzinal coet
oF tfnnsaartatlan in terme of ahi*vlnw'réquifed In tuie fernlnolovy,_
the mar inal caet, in terme of enli: ~1n¢, cf traneporting a rhipload
‘from B t5 A when the dominating car:zo mavanent 1s from B to A; l.e., |
on the facet YBA. - AB?O' le (‘KM ‘f%) Thie 1e t..he,turn*mj_?\unc' |

tine for a ahip'narryin; earigo from 3 42 A and returalng eupty. wa

- 181 -



the other facet; i.e., yBA ~ ¥aB 0, vhe mar-inal cae#laf trang-
partiny carzo from 3 $o A s (“EE&‘“‘%) vhioh ie the coet of trara-
ferrln? a fhiﬁ fron aallin: enpty froﬂ'ﬂ_ta A t2 sailin: vith cargo
fron 2 to A, |

It 1lg sroper that these marrlnal oast 02effloiente be me;eureﬂ
in nonthe, Lhe addition to losdel traffio from ¥ to A le neaqurcd in
ehips pe; nonth, tie eneuing additlon to requireﬂ ehlgpln; ie
meagured In shipe. The ratio> 1ermeaeur;d in

ghips/chiipe per month = maonths




Lecture No, 12 -~ May 24, 1949,

TRANSFOITATION MOIEL (CONT'D)

In Lecture 11 we found that the equation for the two facets of

aur efficlent point ecet were

¥

(12.32)  (ypy > 7pp) -2 = (T o+ Gpdvg, + (T - Tan? g

3

(12.10)  y,5 > 75,) ~z = (B, - 05, )v,, + Vs + 5075

Wa gould have‘deﬂuced there egquatisne by a direct arxument.
Argune we are on the facat (yBA > ?AB)’ B2y Yp, = 25, Yag 2 15.
Thiz zeans that there iz a monthly flow of 2% loaded ehipe from B
to A; and two flowe-=one of 15 loaded ahlpe and sne of 10 enpty
gshipg-~from A4 to B, Now wa gend an additiohal ehlp from B to A e;:L
montn., In a etatlc'model thle nececearily increases the flow of
empty enlpe from A to B from 10 to 1L a mbnth. Thue, each month
we connlt one shilp for (%, + 0. x) monthe; it.e., the time for a
logded moavement 3 to A folloved by an empty movement 4 to &, Thus,

at any time ve have in additional enployment
- 3. - (T
(12.2) {1 ehip/month) (1£B ¥ Gzé)mopthe = { A +-O;B)sh1pa

If we added'tvo ehlploads to monthly traffie from B to A, wve would
have %o add 2(12; +-q;g) gshipes to the employed fleet, etc. Theref ore
the coet in ghiloe of gendinz one additional ghipload of gargo per
month from 3 to A when shlpmente from B to A exceed those from A to
B is (1§A 4-013). This ratio appliee to5 redustione ag wgll ae ln;.}
ereages in ehipmente on the facet yBA'> YAB' ;
If on the pame facet we add a eshinload pver month =olng from A

to 8, tale carzo 1le londed on a ghlp that would othefwlee move empty,

-~ 103 =



Therefore we elmulﬁaneouely cammit’F;B ghipments each month and |
savecr“ ehipnenta each'month. The net sffeat on ehlpping employed
cat any ziven time le the addltion of (Zr a' } ghipa. Therefore
the coet in shipe af an ad&itlonal ehlpload per month from A to B
on the facet (yBA )'yAB) 18 (T B " 0:%) Thie gives equation
(12.1a). By the sama _reagoning we could cbtaln (12,1b) directly,
Howevar, at Yaa & ’AB' note that marginal cost for an increase ig
not the esame ae marglnal coest for a dacreate, because marginal cost
depends on vhich facet we move onisg, _

Generalization 4o Mors Porte. With only two porte in our
nodel, ve had two_paira‘nr‘aolumna, one pair for each port, If we
add andther port we will obta;n eix palre of columna, ziving us all
pogelble polinte cf_deetination from each port for loaded and empty
ghipe, As commodltleé &e will have six final flowe, three inter-
medlate flove and one primary factor., te ﬁish to find the efficient
polint set for this cune; Our pregent approach will be intultive,

Ve shall epeeiry tne cargo flows at eash port (in Table /%) and

minimize coet as meagured in ghipping employed.

gble 1

To_Port Zééﬁ "
We now strike a balance between 1nrlawa and outflows of loaded
shipe at eaeh port., _

~ Table 20
““Forte Outf tow of - Infiow of
Loaded Q;gg : Loaded Shipa Net Surplus
A 27 ' ' 6
E:—- -E_ - Lé - -IO
33 e : 4
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The coluan "net surpluz” in Table 20 represents the monthly
number of ehlpe completingz diecharge at each port in excess of tﬂ
.number required to commence loading to maintaln the prescribed
car@o'flow from that port. Thue, port A has 6 extra cshipe a month:
Fort B hae a defloelt of 10 ships a month and Fort O hae 4 extra
ehipe a month, It 1l intultively clear that to send ampty ahipa
from A to C or from ¢ %o A would be wasteful. Similarly, it would
be wasteful to send empty ships %o A or ¢ from B, Thug, the effli-
clent sgolutlon ie to send § empty shipe each montn from A to B and
4 empty shilps each ﬁonth frém C to B, Thle wili ﬁbsorb the net
surpluses of ships in each port. Flg. 52 1llustrates thils,

Net Surplus z 6
A

6 Empty

4 Empty Ships per Month '
B Owrmnfmmes -0 G
Net Surplus = =10 Net Surplus z 4

Fiz, 52 .

-/08-



Table £1, List of Arecas

—ar
-

——
p——

i

Bumbenr Representative Ports Areas
1 New York Atlantic (incl. Quif)
Loast of Canade and U.S.
2 San Franclsco Pacific Coast of Canada
and U.S.
3 St. Thomae Mexico, Caribbean, North
Coast of 5. America amd
: Brazil
A Buenos Alras Argentina
5 Antofagasta Weat Coast of &, America
6 Rottsrdam Baltic countries, Norway,
~ Germany, Netherlands,
Belgium, Great Britain
and Ireland
7 Lisbon France, Spain, Portugsal
g Athens Mediterrsnean except
France and Spain
9 Odessa Black Sea couniries
10 lagos “est Africa
11 Purban South and East Africa
12 Bombay Argb, Iran, Indie
13 Singapor Malay, Silam, Indo China,
Phillipines and Indonesia
14 Iokohaaw‘ Japsn, China, aaiatic
- USSR
15 Sydney Australia and New Zealand

- 10‘?. L



Table 22, HNeb reselpts of goods ir overzess trade, 1925.

(1) ek 2) (3) {4)
Arsa repre- Ali cargoas other than mineral oils
sented by
Fecelved Dispatched Net receipts

New York 23.5 2.7 9.2
San Franciasco Foid Q, ~.5
3%. Thomas i3 11.5 -1.2
Buznos Alress F.0 9.6 ~2.b
Antofegenta Y4 b6 =32
Rotterdamst 1264 1720.5 ~dya
Iisbhon*® :?ﬁrfd A 17,0 20.5
Athens® 28,3 14 13.9
Odeasa 0.5 L.7 ~h. 2
Lagos 2.0 2.4 0.l
Durbant 2.1 Lo3 N
Bombay 5,0 3.9 ~3.9
Singapore 3.6 6.8 ~3.2
Yokohama 3.2 3.0 6.2
Sydney 2.8 6.7 ~3.9
Total 2hb0,8 206.8 G.0

Unit: Millions of motrio tons.

Source: Der Quterverkehr der Weltachiffehrt, Statistisches
Relchsamt, Berlin, 1528.

#The figures in columns (2) and (3) for this area contain
an equel amount of traffic within the area, between smaller
~ ereas from which this area was composed.
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change these smounts, Sinee shipping iz the sole input it is natural to meaf
cost In terma of 1t, We shall do so. |

| vie wish to determine the coat of an additional-shipload of cargo transported
tech month from B to A, wher> the original situation is as in Figure 52; i.e,,
efficlent transportation. Instcad of expllcit mathematical derivation leading to
"an equation for the facet of the efficient point set similar to (12.1a), we shall
give an equivalent verbal argument. It is clear that ‘sending the additional
shinload of cargo per month requires the loeding, sailing with carge from B to 4
and discharging of a ship each month. Thus, "direct® cost; i.e., shipping engaged

in loading, loaded movements, or discharging, increases by'?é But sending sn

K
additional lcaded ship to A each month leaves Port A with a net surplus of 7
ships and Port B with a net deficit of 11 ships. Therefore, an additional empty
ship must be sent from A to B each month, adding 0;5 to the "indirect cost"; i.e,,
the shipping engaged in empty movements., Thus, the marginal cost of eargo traL

portation from B t0 A~tc be denoted MBA~~13

(13.2) 'HBA - ’%‘A * GZB

Notice that this is the same marginel cost as in the two port case. The
existence of a program involﬁing the third port ia irrelevant, as long as effi-
clent executicn of the program raquires &mﬁty movementslfrom A to B.

Although marginal cost is defined here with respect to unit incrcazes, the
eoneept can also be applied to decreases. We wish now Lo explore the range in
viiich the margihal ¢oat, glven by équatiOn (13.1) is applicable. Ye note first
that equation (13.1) epplies for indefinitely large increazes in shipments from
B 4o A, (We have not assumed any fixed initial stock of shipping and we have
rulad out the possibility of port congeation;). In the case of decreases, however,
we connot meke negetive shipments from B to A, 80 that the most we can reduce

shippinz by is 8 ships p;f‘month; i.e.,

(13.2) By, £ 8
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v whe il oeall she veatrdotion coprcessd by (03,20 the feaglivitity jdndt.

ethee, hovzver, that {17.1) ccases to apply bafore this 1imdy is roached.
If we dsaresze shipments fvom B %o 4 by six ships per month, thz net sur
ety ehipa at A will be zero. I shipments from B to 4 are than further redoc

by L oehdp per month, 3% will he nscsugary to sead en adddtlonal anpty shlp frog

C to A grd reduce the flow of ewphy shins frem © 1o B by one.  Tau,

2
5.3) HY =D

BA

The fg;bristian‘axpTEﬂeed by {32.3) may be eolled the Limi% of applicebili

ST . AT A e e

of the marginnl cost eceftiolent (13.1). This 1imit is reachod st the point

whers some [lom of enpty ships “dides up®, Thus, in the proscnt case, bLie

marginal cost ghlven by esuation (13.1) Zs an

B

plicable only to shanges nlgehralcea

greates than -6, If:ﬁygﬁﬁﬁ & we nove onto anothav facet eof tho effinfent in
i

gat wher: a different marsingl 203t confflelert apolies. Tabl: 24 beziow sho
mavginal costa and thely llaits nf Feanibility and applicability for the erasen

aa g eyt Sy
thrae-porh casn.

s
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The marginal cost of trarsporiing cargo from A to C, MAC in Table 24, rest

from the fact that sending an additional lecded ship from A te O reduces by one
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the net surplus of smpty ahipr 26 & gzag inerzascs by one the r-t surplug of
enpty ehips at C. This reduces by ane the number of monthly empty sailings fro
A to B and incresses by one the number of monthly emphty sailinga from § o B,
resulting in a saving‘ofC:;B end an addition to cost of(T;B. Thase, together
with the direct marginal cost 11; make up ‘the total marginal cost given in line
5 of Table 24.

The limit of feasibility is obtalned from Teble 19 where it is given that
to reduce cargo transportation frou A e € by more thun 15 ships per month woulc
rezull in negative shipments,

The Llmits of applicabllity of the mareinal cost coefficlents are set by fk
fact that a surplus of only four eapty chips per month is initially available #1
Foart G. 12 cargo transportatlen from A to C is reduced by more than four ships

per month C becomezs a defici% pert, and the lines of flow of empty shipping rust

=

change. U8imilarly, the upper limit of applicabilitj of the marginal cost ¢ =
ficlents is a consequence of the fact that Lhe initial net surnius of empty ship
at A ia six. If cargd transportation from A to C is increesed by more than six
ships ner month, A becomes a deficit port and the lines of flow of empty shipplr
must be changed.

By an analogous argument we can justify line 6 of Table 2L which shows the
mirginal coat of eargo transportation from C to A, and the 1imits of fegsibilit:
and applicability of the coefficlents,

The analysis employed to find the various marginal cost coefficlents and
their limits of applicability suggests that we can 1dentify facets of the
efficlent point set by the lines of flow of empty ships. Diagrams (such as
Fig. 52) indicating such linea of flow are called iinear graphs and are analogou
to dingrams of electrical networks commonly employed in physics.

Four-Port Example. We shall assume that the required pattern of cargo

transportation (in shiploads per month) is as given in Table 25,
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Tabla 25
A T W TS e (ol

Required Flows o o7 ) ;
From Port... To Port A B C D
R L L e e L P D L T P S T T Y e 'Lm‘wm
A 0 8 0 9
- B o ) 0 0 £
- I - 16 2 Q1.7
e 'D o _ i . S ‘..L !0
Table 26
I N T G VY Intion of
Pepts ¢ loaded hips Loadad Ships Net, Surnlus
A R 22 . 5
s 1 15 15 -3
VR S . 3), A
I ',J' ‘ -
ey P S Rl T mm.wmznmaw?cmmﬂ~-'wﬁmm=

Qur firct : cblem fa to f1nd an efficient viey to satisfy the required

pattern of car; “ranspertation. Ue shall assune
L. 1 7 ':'
(13.4) UaB +G‘(-::o 9B

Ve then fin .hat the lines of flow cof empty ships ghown in Fig. 53 represents

an efficien 2llocation of ships.

Ng? SU,Q;:); >

HJLT' D

° rd NeT Soamtusz= 8
_ PaT C (6).
Ngj SuAFLgs A

?A".J'ﬁ

Notioe that now.it is necessary to know and compare the timss it take~w
sail an empiy ship from one port to another in order to determine what is effi~

'q.iant.. If the inecuslity sign in (13.4) had been reversed we would have sent
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enpty shlps on the peuts O to B irchend of & to B.

Having found en efficient point, we proceed to gensrate the facets of the
efficlent peint set by finding the coat of changea in the prﬁyram of gargo trans-
portation; fz need note explicitly : ﬂlj the marginal cost for the routed BC and

CB sincs the remaining ones are quite analogous to those of the thres~port cace,

(13.58) Mg = ’%c + g - Tpp « e
ST LT T o
(13:50)  tgp = Tog = g + ip ~Uop

Thus. to add onz shipload of cargo tranaported frem B to C we incur the direst

addition %o ecozt of an additional loading, seilling and unloading between B and
f’F’ .
BGC
sdditlonal enpty ship at C. Ue obltain the required empty ship at B from A,

C; L.e., We 2lso-need an additlonul emphy ship at B and we acguire an

directing cne which previously went to Port D, and we send the extra empty ship

from C to D. The limits of fecsibility is
\ } '
(13.6) QyBc & 10, from Table 25

while the 1limit of applicability of ecuations (13.5a) and (13.50) are

> o
? "A‘f'nc =3

ﬁ :’r F ”uu

(22.7)

L

The opportunity cost of making changes in the equivalence ratios between
cargoes on the verious routes is piven by the ratio of the marginal costs in-
volved.

In terms of the institutional setting in which the problem of allocating
shipping is met, the history of the dry-cargo shipping industry affords examples
of two extremely different institutional strustures. During both World Wars
there existed 8 central agency, or coordinated central agencies, which allec l;d

shipping for all the Allied Powers. For such an agency, the information resultin
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from the analysis il%ustrated by our examples, is of direct operating importamce.
Nﬁt only wﬁuld such an agency wish to route shipping efficiently for a given
geographicael pattern of demend for cafgo in order to desl intelligently with
competing demands by other agencles for tﬁe services of scarce shipping. but
it must know the opbortunity cost of making changea in the program.

The opposite ext}eme is an institutional pattern in the history of shinning
is the peace~time organization of the tramp shipping industry. Prior to 1935,
this industry was characterized by almosﬁ perfect competition. Apart from the
effects of uncertainﬁy regarding future demand, it can be shown that competition
between shipuowne;a would result in an optimal aolﬁtibn to the routing problem.
Freight rates competitivelj arrived at would give expression to the marginal

coat coefficlents we have derdved.
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Lacture No, 14 .- June 2, 1949,

4 STATIC MULII-POHT TRANSZORTATION :ODEL

The preegent model employs data showinz movements of dry cargo
In 1925, shown in Tebles 21, 2% and 23 (see pp. 106-108), These
data repregent elilpments between arsas, bub for elmpilclity we assunme
that the entire itraffic of an zres goee throuzh Ate reprecentative
port. Althouzh the data we use vere actually zenerated in a marke?
gltuation, we eghall first zecune them to be given as o degired
pattern of carso trangportatl-on to a central ghlnping authority
whoze Job 1t 1lp to perform the indlsated tranzportation, unchanging
Trom year to year, at minloum cont in terme of shipping,

Wie phall assume that the time g ship spende on an emnpty voyage
e proportional to the distance 1t salls,

our first problem e to lay out the flowse of enpty movements 8o
a® to minimlzes the amount of shilpping engazed 1n theee movemente.
Tiile aiount zquale the amount of ship-use committed to theee move-
mente each year, the unit of ship-use belnz the uee of one millicn
tons .of cargo-carrying capacity for the time 1% tokes g ehip to sall
1,000 nautical miles, (We Aisrezard the slizht dependence of a shlp'
carrying capaclly a~ the lsngth of the voyage.)

_ The method ve uee 1s that of trial and error., First we ghall
draw arbitrarily linee of flow of empty movemente from surplus to
deflecit arcaes, and then we shall try to make succesgive improvements
in termes of minimlzing ship-use, We begin at Yokohama, a surplus
area, and decide tentatlvely to send empty shipe to Sydney and to
San Francleco. We also send empty ehipe from Lisbon to the two
deflolt porte above. Thie le shown in Flg. 54, vhere the numbers
written next to each port show the net surplue of empty ehlpping at

that port. o
‘AMCISCa
45 San F -2 5




Notlice bthat 4T wa ahart ob RO Doty say Llsban, and Spract bha
routee 1in one directlion; ¢.g., closkwles, we end up &t Lisbon with-
oul having traced any route twilce. (We trace the routes irrespectiv
of thelr direction.) Thus the graph in Fig. 54 forme a clozad fizur
Such a graph we shall oall a gireult. In the present case we heve
a clrcult consletinz of four routes.

The queetion Immedistely arises: Jan a clrcult be the whole
or a part of cur optimal graph? To answer this queagtlon we asgesure
“that Fizg. 54 1a part of an over-all routing plan which 1s claimed
to be efficient. We now tentatlvely make puch modifications asg we
can in the flows of empty snips on this circuit provided that thesge
modificatlone are auch that they do not affect any flowe of empby
ships on other routes. A modificatlcn of the routing plan of this
type le called a glrcular traneformation. Our object iz to swee
whether we can find a oircular troneformation vhich will make us
better off, In order to determine thie, however, we necd the
performance times of empty ships on thepge routes. From our geleo-
tion of unite in whieh to meesure ahlp-use it follows thet we talke
our unit of tlme asg the time 1t tskes for an empty ehip to eall
1,000 neutlical miles, Having sseumed performance time to be propor-
tional to dictance salled, we obtein the unc irecled numbers gttached
to the lines of Plow in Plgz. 54,

We now conelder the followinz pcireular transformation, Add one
unit of shlippin: %o the annual flow of empty shipe from Yokohama
to Ban Francieco. To balance %he Ziven net surplus mt San Franclseco
we Lake one unit of empty shipping off the Lisbon~to~San Francieco
route., Slmllarly, to balance the net surplucee at Lisbon, Sydney
and Yoxkohama we muet add one unit of shipping annually to the Lisbon
to-Sydney route and subtrsct one unii from the Yokohama~to=Sydnoy
route. Thege changee are ghown Iin Flg. 55,

+1 .
. .M-ﬂ‘?‘m'_ﬂ-‘

’?J'xj &8

Thie transformatlon ieg sald to have a modulus of +1. If two
shlpe were added and subtracted on the name routeg, the modulus woul:
be +2, If one shlp were added where it Lz now subtracted and con-
vereely, the modulus would be -l; eto,
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Vol hersing whothaor o CoanElosun s tan of maduian <L L hoas 1ot
uE belter or worae off wo SO around st alrouls gverving, say, at
Llsbon and sun the resulting ohanges 1in ehlpping employsd, On ihe
Lisbon-Sylney route we nda 10,6 units of Bhilp-uee to our coobs
annuslly, On the Yokohama~ﬁydnﬁy route we desresse our costs by 4
units of ahlp-use, Gimilarly,

fTor bhe other routes, The net ~han
In cost 1z 2iven in Tabla 27

-

»

Tale 27

[. A
2
4, 5 .6
OO IS B W
[ P
mm:mm?ﬁi‘m" kn-zzg'azg:m}ﬁ%:_m‘:

Net ohange = 3.2 millions of tong of cargo-
carrying capecity,

It 1o elear from Tablo 27 that we would make our:ielven betier
of f Lf we choze a nezgetlive modulusm for sup transformation; l.e., if
we added shine to the Lisbhon-San Francisco and Yokohama-Sydncy
routes and dearsssed the caphby salilinge on the Ligbon-8ydney and
Yokohamn~San Franeiaoo routea. Ve could conbtinue to do this uniil
empty sellinze on one of iLhe outen were reduced to sero, On ‘wrich
route thle would ocour, and by how many units we could reduce ghin.
uge dependd on the flows of enpty shlps specifiecd in She orlzinal
route plan. These nunbers glve ue the higheet and (alzebralcally)

Llowvast Limit Lo the modulus wish waleh we can sarry out %he cirsuls
transformation,

Although 1n the prescnt case we cculd Ilmprove ocur conta by not
ueing one of the routez, 1t 13 concaivable that a clrzult sould
exzlat such that the net chiange in nost rezulting fror aoctircular
traneformation would be Zero.  Such a olrcult 1s gallsd neviral
{(no matter how many routes 1t gontalned) and could conce lvagbly Dhe
part of an optimal greph, To test the nsutrality of a ciroult 1t %
sufficlent to trace out the routes, say, in a clockwlue direction,
8ddinz the empty voyage times on thosze routes heving the same
dlrection and subtracting ths performance Limee on those going in
the opposite direotlon. TIf thile sum is zero, the circult i neutra
In general, neutral clrouits ccour only by accldent, There is,

however, one eyatematic cause of neutral elircults, illustrated in
Fiz. 56, D
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The poris A and B are surplus poerte; the ports C and D are
deflclt ports. Choose a fixed point F, psat which all routes must

&0. Denote the dlstances from F-to each port by the small letter
correaponding to the letter indlecating the port.

Since voyaze time
18 apsumed proportional to dletance, we have
Table .28
~ _ S5ign with which

Route Voyege Time term ocours in sum

AC st 0 +

A%_ a + d -

B R+ 0 -

B . b2 AR P +=uﬁ TR

Clearly such a 'cireult (where all routes have to pasa the same

"obstacle") wlll always be neutral.

In order to £ind the moet economical modulus of the cirgular
traneformation we made above we shall aseume the initial flows of
anlppling on the varlous routes, Theee are the cilrcled numbere
attached to each line of flow in Flz, 54, Of the two routes whose
traffle ve diminish the Lisbon-Sydney route has the smaller initilal
nunber of unite of ship-use, 0.9 unite, Therefore, the most econ-
omlcal modulue of our traneformation s -0.9. Carrying out the
traneformatlon, the routing plan now appzare ae in Fig, 57.

\{oxok.\mg 48  Caw FRANCISCO

«*f ‘ -mi\%é_
<j§§\‘\\ .

\\L.}sg Ow

*20. 5

Gy +3

SJ}NEY

134 6‘? £1

The route Lisbon-~-Sydney hae been sbandoned for empty ships.
Ueing the trilal and error method we continue our search for an optl
route plan, The ports we consider next are given in Fig., /9, It
geems clear that New York and Rotterdam are best supplied with empt;
ehipping from Lisbon., Coneider now the South American port Anto-
fagaeta, From which asurplus ports should it be esupplied? Concelval
1% could be suppiled from boeth Yokchamd and Lisbon which in edditio
to our previous routes gives ue the graph in Fig. 59.
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e nee taab the routes Lls boa-Antofazaste, Yokohama-AntsTazasta,
Yokohamna--3an krmacznuo and Liabon»ian Pranviaeo form o four-rouls

?ircuit, Tracing the poutaa oloslwlae bo teet Tor neutrality, we
nad

Tatila 29

. b+
. ! R
. L BB
o 6 : ‘!I:.-'-; - e dei
§ 1 ! . }

* e . -
Y & i

Het ohenze = 5.9 unlte o ahip-age,

Thue, the clreult L& not neunirsl and we oan lmpﬂo @ ouy rousea
by deereasing iraffic on the Yokohcme~Antofagasts and [iehon-
San Francinco routes.  Since Ythe smzller iniiial razfvv is on the
route Yokohsma-sntofageets, thia rcute will "breck” yiiet, thus
making the mcet economical modulus of our Lraneformabion 'a?. The
routes now appear as in Fiz. 5%, :

Ererelee, Complete the trizi end siror method of eonelrusting
an ocptimal graph for 211 ports, following the rule of lalencing the
ziven net eurpluces of ahlpping &¢ each port. The four of th@ ‘
answer ghculd be g map indlcating the linesr of flow of smphy ehipping, |
and optimal maznitudee of the flows. Ap an opblon&l erovelire Lry !
to determine whetner the optimal ?raph ir unﬁque apd vuether tho
optimal flove on ite routes are unloue,
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ERAATE

i X

Change p. 121 to p. 120. Change p. 122 to p. 121,

Change "Fig. 59" on p. 120 (rovisad) to "Fig, 58%,

line 8 from bottom of p. 120 {revised) -~ Ghunge "Fig. 60" to "Fig. 59".

Pege 121 (revised) ~ Change "Fig. 60" %o "Fig. 59",

In Teble 23; p. 108, the distance "Athens to Buenos Aires" should be changed
from 6,7 to 7.1; the distance”Athens teo Antofzgasta' should be changed from .
8.1 to 8.5; and the distance "Athens to St. Thomas" should be changed from 4.7

to 5.0. Also, the distance "athens to Mew York" should be chanzed from 4.7 to A«
FEE NN

Lecturs o. 16 ~a June 7, 194%.

=

nicueness of Optimal Grapn. we ailstinguisn Delween two cases,

""J

Cage 1. There exists an opbimal groph which bontaina a circult, Then, as
we nave previouely shown, this circult must be neutral., Therefore, in such a
caze the solutions for optimal flows cf ballast traffic on the routes of that

optimal graph is not unlque; for we are indifferent as beiween circular trans-
formations on neutral cirscuits.

Case 2. There exists no optlmal graph which bontains a circuit. In this
case we assert withput proof that the optimal graph f8 uniqua; and we shall show
that the flows along the lin=s of such a graph are also unique.

Aspume that the optimal graph in Fig. 60 i3 a graph which contains no

circults, but connects every pair of ports conaidered. Such a graph ls called
a Lree.



It 1s o propzrty of trees that 12 any "oranch® (or route) is cut, ihe
graph brealks into two separate parts, Lhese parts separately being trees.
(A single port to which no route leads is here considered as a gpecial case of a
tree.) In the present illuatrsticn, eliminete the route B %o A. Thie leaves us
with two trees, one consiating of the routes between B, D, B and G and ths other
of the routes hetween A, C, H and V. We then compute the Joint net surplus
(deficit) of shivs of all poris touched by one of the trecs, sey CAHF. Since sur
optimal graph was given to be unlque by assertion, there is only one way in whizh
the net defielt of this tree zan be supplied; i.e., by the route B to A, and this
net deficlt i a unicue numher.

The same argument applies, of course, to other routes and to route plans
which consist initlally of several disconmnected trees. In the latter case we
simply treat ¢ach iree sepcrately.

we ca&n briefly suggest the mathematlcal reason for the uniqueness of the
optimsl graph, 1f no optimal graph contalns a circult. Our rule for finding an
optimum graph has been that no circular transformaticn made possible whrough
the addition of ene route to the presumed optimal graph should decrease cost.
A graph so found is unlque if a "local® optimum is always an absolute optimum--
"local" to be understood with refersnce ‘o a space X in which the coordinates
are the flows x34 of ballast traffic. Mathematically, an optlimum solution is
defined by requiring that

(15.1) F(x) = ﬁi.cﬁbxiji to be minimized subject to
N

. F)

{15.2) %?~xij ~ %% X34 = 843 and

(15.3) xij 2z 0.

The pointy x = [x1 » K13 cres X n} (flow patterns of empty shiopping)
which satisfy (15.2) ahg (1573) conatitute a convex point set in the space X:
(15.2) and (15.3) restrict the x's to a linear sub-space in which all coordinates

ere positive. Therefore, if x(1) and x{(2) are polrts satisfying (15.2) and {15.72
then

(15.4)  x =)x(1) & (l*>x)x(2); whare 0 4 A €1

in also such a point. Equation (15.4) defines convexity. Thus, we are minimiz-
ing a linear function on & convex set.

Now, suppose a local Ti dmum F[xcz)] were reached at a point x(2), and a
lower absolute minimum Flx{1)] at & point x(17;

F[x(l)] ﬁLF[x(z)]

Then F(x) becomes by (15.4) a linear function of l.m and by taking,l small
enough we can bring x arbitrarily close to x{2) snd still have

F(x) zﬂ-FLx(z)Jo

But. this contradicts the asssumption of a local minimum different from the absclut:
minimam. ‘
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Lecture No. 16 -~ June'é, 1949.

Several meihods have been sugtestzd by .tenbers of the class for finding the
optimal graph by direct procedures not invelving construction of tentative
¥ihile these methods caimot be regarded ss necessarily leading to the
optimal graph, they are quite useful in that they may provide a tentative graph
very closs to the optimum, and sometimes give the optimal graph in one step -

eircuits.

{although, without gi
timal).

THE LOCATIONAL FOTENTIAL

ving certainty that the graph so obtained ia actually op-

Having arvived at an optirum outlay of flows of ballaster on an optimal
gravh; l.e., at an efficlent polnt, x, cur problen is now to Zind axchange
ratios between the following commodities:

(a) Final -- Cargo transportation services on all routes.
(b) Intermediaste -~ Appearances of ships in various locations.,
(¢) Primary ~- Use of shioping.

e shall use Table 18, p. 96, reproduced below and now to.be considersd as part
of a larger technology matrix involving many ports and all routes between them.

Table 1&
Commod - Transp. Cargc | LmpLy 3ailing | Transp. Cargo |Empty Salling
Prices | itles AtoB AtoR Bto A B to A
X\B ;B *BA Xgp
Pa3 A 1
Pga - B o1
Py A -1 -% 1 1
Py ' {g X 1 -1 -1
q % 4‘;13 "UiB "%A “Og,

Note that this larger metrix, in the columna referring to the routes AB and By,

hes zero coefficients in all rows exeept those appearing in Table 18.

(In othar

columnsg referring to other routss involving either A or B, it does have additional

non-vanishing ccefficlents in the last three

in the first two rows shown.)

-;.121“..

rows anpearing in Table 18, but not
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_ e rename y, end y. as deroting the rate of appearances of empty ships at
A and B, respect&vely, o matter from what activity the ship came,

Suppose we are given that the ballast traffic route A to B is part of our
optimal graph, That is, on the facet corresponding to our optimal graph,

16.1) 0
Then, applying the zero-profit rule to this activity, we have
(16.2) ~Py * Py ~gipd = O

If we normalize on the "price" of the uze of shipping by q = 1, we express the
"prices" of all other commodities in ship-use-equlvalents. This leads to

(16.3) Pg ™ Py +Tn

Equation (16.3) says that the value of the appearancem of one ship per
month in Port B exceeds the value of the appesrance of one ship per month in
Port. A by the cost of sending one eapty ship per month from A to 8. This equatio
reflects the circumstance that we found it eccnomlesl regularly to send empty
shipping from A to B in our optimal routing plan. Further, auch an equation must
hold for all pairs of ports connected by empty shipping routes in our optimal
graph. The interconnected "prices” p,, pn, ...80 obtained can be regarded as a
.aet of differential valustions on the location of empty shipping. Such a set of
valuations ve shall call a pobentiel function of ths locsticn of s ship.

Assume that our optimal graph does not consist of two or more discormnected
parts and that therefore in our optimal graph empty shipping routes penetrate to
all ports. Then we can find the potential function in & way which we shsll
describe in terms of the example of 1925 dry cargo movements,

In the first olace, since we defins our valuations as relating to a rate of
appearance of one ship per month, we musi choose the month as the unit of time,
rather than (as previously) the time required to sail 1,000 nautical miles. iie
shall assume that the latter time is 1/5 months. ~This mesns that the figures in
Table 23 (n.108) need to be divided by 5 in order to yield sailing time in months.

Now, we place ad arbitrary value zero on the appearance of an empty ship
per month in an arbitrarily selected port, say Athens.

Paty. = O

If we then consider the route athena~to-Durban, the value of an appearance per
month in Durban is defined to be

Phurd = Path * Tath-Durp ™ O * 1.04 = 1.04
according to equation (16.3), where (Jpyn.purp %8 Now measured in months.
Repeating this procedure for other ports to which ballast traffic moves from
Athens yields the prices ( values of the potentlal function) for Sydnsy (1.80),

Bombay (0.74), Singapore (1.14), Odessa (0.14) and Lagos (0.92) as shown in
Fig- 61.
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Turning now to Sydney, vhere the value of the appearance of one ship per
month was found to be 1.80, we move counter to the direction of the route
along the Yokohama-Sydney route. Thus, we musmt subtract from the value at
Sydney the sailing time 0.86 from Yokohama to Sydney to obtsin the value of an
appsarance per month at Yokohsma; namely: 0.94. Having obtsined this figure,
to find the value of an appearance per month at San Francisco we add the sailing
time 0.50 for the route Yokohama to San Francisco to the value of an appearance

at Yokchama, gilving us the valuation 1.84 of one appearance per month at San
Francisco.

Turning now to Lgges, we trace the Lisbon-lagos route to obtain the value
of 3 ship per month at Lisbon and by resnplying the same procedure at all the
renaining ports which are served by Lisbon only. Wotice that we have moved
only along empty shipping routes actuslly in our graph.

Since as we noted in a previous lecture, an optimal graph may be identified
with a facet of the efficlent point set, and since if the optimel graph were to
change ocur potential function would change, the potential function applies only
within o facet, If we were to move to another facet we would have to find the
new values of the potential function corresponding to that facet. |

Potentisl and Mepgzinel Cost. Take any two ports in which the potential
function is defined, say San Francisco and Antofagasta. e now inquire what is
the marginal cest of sending an additional cergo per month fraom San Francisco
to Antofagasta. Applying the zero-profit rule on the cargo tramsportation
activity on that route {(snd having already normalized on q) we have

(léfh) Prran-Ant ~ PFran * PAnt = "Pren-ang = ©

or (16.5) Phrancins - #t;?an-hnt * PPpan ~ PANS

Thus, the marginal cost of an additional monthly eargo from Fran to Ant consists
of the direct cost (Pppgn_sq) Plus the loss in potential (Pe.g. - Ppnt) sus-
tained by a ship as a r@sui% of carrylnz cargo on that route. Phe loss in
potential reflects all the repercussions of the change, thus giving as a simple
way to compute the indirect costs of a change in the shipping program. To see
this, follow the repercussions of the change indicated in the flovws of empty
shipping on each route of the chsin Antofagsste-Lisbon-Lagos-Athens-Sydney-
Yokohame~san Franeiseo, and convince yourself that the net indirect cost is

. obtalned by the ssme calculation that has entered into the definition of the
potential differesnce beiween San Franclsco and Antofagsata. Notice that the
calculstions servs cnly for chenges in eur shipping program small enough to keep
us on the same facet; l.e., small enough so that on no route in our original
optimal graph ballast trafflic would have to bedome negative to balance the given
net surpluses.

Uses ¢f Lhe Fotentisl Function. Several examples follow in which knovledge
of the petential funetion wiuld rprove helpful.

(1) In e war situation where ahipping is centrally directed ard cholices ~ues
be muds ag hetween obtaining row moterial from one part of the world or another,
indirest as well as dirvsct coazbs must bve considered. Indeed in such cases the
indirect costs mey often be the determining facter in the deaision taken.

Y




Leciure Ho. 16 (Cont'd).

(2) Knowledge of the polentlai function-ia ugeful to a central shipping
agency in its efforta to decide botween competling claims for the use of the same
shipping. This function convsys the information neceasary to determine vhe

oppartunity cost of meeting one cleim, in terms of the size of the other claim
vihlch has t¢ be denied.

{3) If @ ship Le half-loaded when a convoy is ready to ssil, should the
ship be sent or should it be loaded fully and held to wait for the next cnrvoy?
Ihis is left 25 an exergise.

FH IR R
Iecture No, 17 - June 14, 1949.

 DYNAMTS MODELS

In cur discussion of the opiima) silocation of shipping we have scnaidered
only static models. However, soms of our concepts carry over Lo dynsmie models.
For exanple, if changes over time in the shippirg program are smell enough so
that the same graph is optimal after us well as bafore the change, then the
potential functicn remaine a aseful concept. In other respects, hovever,
dynamic models require modification and extension of our previously developed
methods. We can dete tranaportation services, and regard flows of cargo in
different perlods as different commodities to which we apply the same efficiency
analysis. This enalysis would be sppropriete if the changling program is fully
known at the beginpdng of the period covered by it, However, an interesting 3
problem of shart notice arises if = change in program occurs during the period,
such that the central shipping suthority has. insufficlent time to make optimal -
adjustments., This mill typically involve addibional costs. Such costs we
call the gost of short potice. 4a an extreme exasmpls, an empty ship may be
half way from LX gbﬁ to New York when 2 sudden change in program requires that
the ship be recalled to iisbon. A route of this kind; i.e., Lisbon to mid- ‘
Atlantic to Lisbon, camnot be part of an optinal graph for a atatic program.

Shipping Under Compebition whith Static Dempnd. while both tramp and -
linep ahipping-aixii in the pSEbewtime ashipping Industry, we shall assume that
only tramp shipping exists. Y“e also sssume conditions of unchanging demand.,
These zssumptlions amount to assuming perfect competition in a static world.
we ohall athempt %o shos that under thesz conditions our theory is useful in )
explaining the formation of freight rates. Fop purposes of simplicity we chzll
assume Lhat ship-owners lease thelr ships to.epsrators-entrepreneurs on a Lime~
charter vasls; 1.4., the ship-owner provides & ship, crew, supplies, insurance, ™
repairs, etc., apd receives piayment on Hhe basis of the thzs the ship is ppderq
the direction of the operator. IR
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Classlfication of Costs to Cuerator:
I. Costs Proportional to Time Spent in Any Activity

A. Time Charter Rates, to cover
l. Vages
2. Supplies
3. Insurance
4. Generzl Rapsirs
5. Depreciaticn
6. Prorit to Ship-ovner (quasi-rent)

The cost items IA, 1 to 6, appear to the operator as a single cost, the time~
charter rate.

II. Costs Proportional to Sea Time.

A, Fuel for Propulsion of Ship.

I1I. Costs Depending on Cargo and Route.

A. Port and Canal Chargss
B. idepair Needs Specific to Route
C. Cost of Cargo Handling

Under the condlitions assumed, and with svery ship cperator maximizing his profit,
the freight reate for one shipleoad of a given carge on a given route equals:

costs apecific to cargo and route # (sea time x fuel cost per day) +
(cargo transportation time x daily time éharger rate) + net loss in
potential in money units sustained by a ehip performing this transnortation;

where .
cargo transportetion tims = time for loading, salling and discharging +
time allowance for fueling and making standard
repalra.

potential difference in money units = potential difference in time units
X time charter rate per day + daily
fuel cost + costs sp@cific to route.

potential difference in time units = sailing time + time allowance for
. fueling amd making standard repairs.

Freipht ratea between any two ports will then be such that,no matter vihat
combination of routes the ship opsrator chocses to make up a round voyuge, he
will come out with zerc profit, providsd he does not let his ship sail empty on
routes that do noi belong to the optimal graph of ballast traffic. In particuler
on such routesz, freight rates nust be such that the ship operztor is indifferent
as to whether he should send the ship aleng an empty route or to accept cargo.

Actually, the tramp shipping industry operates in a highly dynamic and

uncertain world, not in the static one ve have assumed, and therefore incurs
certain costs arising from uncertainty. Thusg, our conclusion that optimal
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shipping will result from a competitive msrket may or may not apply to dynamic
situations where uncertainty exists. :

Railroad Transportation. Rallroad transportstion differs from shipping
in several important respects. Fixed equipment, as diatinguished from rolling
equipment, constitutes a much higher proportion of rallroad capital than does
the comparahle class of assets for the shipping industry. Because of the

nature of fixéd equipment in the rallroad industry, lndivisibilities are guite
important.

Marginal cost pricing of railroad transportatlon will not, therefore,
recover the total investment excopt at very high densities of traffic. It
hae been argued, however, by Hotelling thet marginal cost pricing constitutes
an optimal set of freight rates. Thla would require that either the capital
be compensated by subsidy or that there be government ownership with deficits
financed from general taces. Carrying Hotelling's reasoning to its conclusion,
we would have to have freipght rates which depended on the direction of movement.
Thus, in the U,S$., the rates on cast to west traffic would generally be lower
than the rates on west to east triffic since empty freight card move largely
from east to west.

In prectice, the ICC takes the position that total cost should be recoverec
from freizht {and passonger) charges. The problem then arises of selecting
those commodities to be charged higher than marginal cost prices. This selectic
is usually made on the basis of the elastlicity of demand for railroed trans-
portation, Thera is, lowever, ro clear principle of sclection digscernible in
the literature.

The difflcultles of formulsting a rate situatlon for railroads based on
marginal cost are considersble in that such rates would have to depend on the
composition of traffic. Thie implies that, in the absencs of a market with
contracts for forward performance, the composition of traffic must be forecastec
by the railroad system. I1f the compesition of traffic fluctuates, the problem
of forecasting is, of course, complicated, For seaacnal fluctuotions the
difficuity ia not extreme. Goud seasonal rate patterns could be found and thea:
vould glve proper incentive wiih regard to the location of storage of commoditl:

Cyelicsl fluctuwaticns present a more serious problem. Here it is difficul”
to say whether reforming the freight rate structure would, If possible, be of
net benefit or harm to the whole economy. I.g., low freight rates in depreasio
and high rates in booms mlzhi through thelr effects on movements in the general
price level and the anticipetlens crsated thersby result in eyclical fluctuatio
of greater avnlllude.

Thus, it may be that 3 freight rate structure baged on marzinal cost,
and thersfore providiing proper incentives with regard to locatlon of industry,
could only be defended in a situation in which over-all c¢yclical fluctuations
“had already bozn minimized.
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