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U t i l i z a t i o n  of Goddard and I lTRl  Formulae tor t h e  
Evaluation o f  the Cost o f  Satellites 
Application to the ESRO Programs 
J. F. Lafay’ 
International Working Paper No. 277 
European Space Research and Technology Center 

. I .  Introduction and References 

This memorandum has the goal of continuing work already undertaken a t  

ESRQ t o  apply the Goddard and IITRI f o r  the purpose of estimating t h e  cos t  

of t h e  ESKO s a t e l l i t e  program. 

Two ESRC mcmorznda have already been published on t h i s  subject :  [1] 

and [Z] .  

In  addition, these formulae have been used for estimating the  cost  of 

The two American references used are [3] the  LAS and the cosmic satell i te.  

and [43. 

2. -Presentation of the Goddard and I ITRl Formulae 

Before presenting the  Goddard and IITRI formulae it  is necessary t h a t  

def in i t ions  of the cost of a satel l i te  program be provided. 

2.1 Total Cost of a S a t e l l i t e  Program 

Let us first  o f  all provide a d e f i n i t i o n  of  the t o t a l  c o s t  of an ESRO 

or NASA satel l i te  program, 

the one provided i n  [2]  but  i t  corresponds b e t t e r  t o  the de f in i t i ons  given 

i n  [3) and 143 and applied t o  ESRO for the LAS and COS pro jec ts .  

cost  of the development of the Cp includes: 

This de f in i t i on  is  percept ibly d i f f e ren t  from 

The t o t a l  

-- 
I Noordwijk, 27 June 1968, Ccyartment of S a t e l l i t e s  and Sounding Rockets. 
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a) the  cost of t he  devcloymcnt o f  the  Cs s a t c l l i t c l ,  including 

i t s e l f  the development cost of the spacecraf t  C 

ment cos t  of s c i e n t i f i c  experiments C 

and t h a t  of the  develop- sc 

E' 
b) the  support cost for mission C t h i s  cos t  including: MS ' 

- the  cost o f  supplementary ground support equipment f o r  da ta  

acquis i t ion.  

- the cost of launch operat ions a,> operations ca r r i ed  on during 

the  serv ice  l i f e  of the sa te l l i t e  (data  acquis i t ion ,  communications, pos- 

s i b l e  contractual  support ,  e tc  ...) 

- the  cost f o r  ana lys i s  nnd da ta  processing. The Chs does not 

include ESRO or NASA personnel cos ts .  

c)  t he  cost of developing new t e s t i n g  i n s t a l l a t i o n s  and the  

locat ion cost f o r  e x i s t i n g  tes t  i n s t a l l a t i o n s  C 
F 

d )  the  cost of the  launch vehic le  and the  launch expenses for  

t h i s  vehiclc GL. 

e) the  cost  of personnel (ESRQ o r  NASA) p a r t i c i p a t i n g  i n  t h e  

program (pro jec t  team, functional support ,  personnel i n d i r e c t l y  involved) 

The following relat ion,  hence, is t rue:  

' We s h a l l  use i n  t h i s  memorandum the  terminology of the  GSFC according t o  
which a s a t e l l i t e  is made up by a spacecraf t  and sc i en t i f i c  experiments. 
This p r a c t i c a l  terminology has already been used f o r  t h e  LAS and COS. 
communications s a t e l l i t e s  not including s c i e n t i f i c  experiments, only the  
term s a t e l l i t e  w i l l  be employed. 

For 
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with 

2.2 Presentation of the Goddard Formula 

The model 111 Goddard formula is  as follows: 

0,035 cs J. cjis = 148 x CF l J 4  x (N x WT) 1s88 x (DTC x TAR) 

OX- 

Cs 4 CMs is the  development cost  of the s a t e l l i t e  and the support cost  

of the mission expressed as  M. 

CF is the  complexity f ac to r .  

m = - -  wTD with 
W'F P 

weight of the telecommunications and da ta  processing system i n  Founds WTD 

and WT t o t a l  weight of the s a t e l l i t e  i n  pounds. 

N is the t o t a l  number of s a t e l l i t e s  i n  the program. The f u l l  proto- 

type and the  development models preceding it  count for 1. 

counts for 1. 

Each f l i g h t  model 

DTC is the degree o f  compression of  the development time. DTC includes 

four categories : 

minimum DTC = 1 
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1 ow DTC = 2 

medium DTC = 3 

high DTC = 4 

TAR is the  degree of technical  advancement required for  the program. 

TAR includes three  categories:  

1 ow TAR = 1 

medium TAR = 2 

high TAR = 3 

Indeed, as pointed out  by [2J, the  product: 

0 035 (DTC x TAR) 

is  very close t o  1 and hence can be disregarded. The l i n e a r  approximation 

suggested i n  the same reference f o r  the  Goddard formula is  completely va l id .  
- . .  . .  

I n  the continuation of t h i s  memorandum we s h a l l  use a formula G giving 

- - -  wm-. the  cost i n  MFF for the  weights i n  kg. _ -  . . _  - . -  
-2 cs 4- cpis = N x WT (2s2 - 4 x - 10 . .  ). 

T.  .. .. - . - _ _  Formula G 

The Goddard formula was set up beginning from the  12 following satel-  

l i t e  programs : 

-telecommunications s a t e l l i t e s .  A (Relay) - observator ies  B (OAO) 

-telecommunications s a t e l l i t e s .  B - observator ies  D,  

- sa te l l i t  - f o r  appl icat ions A - observator ies  A (OGO), 
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-meteorological s a t e l l i t e s  A - explorers C, 

-meteorological s a t e l l i t c ' s  A '  - explorers  A 

-observatories C (OSO) - explorers  D. 

The first p a r t  of Table No. 1 summarizes the results obtained by re- 
m 

moving OAO whose cost  i s  not known. 

Comment 5 

-The exponent C ind ica tes  t h a t  i t  is a matter o f  computed cost  and expo- 

nent B t h a t  i t  concerns ac tua l  budgetary cos t .  

-The e r r o r  is  expressed by the  Napier logarithm of  the r a t i o  of the  

cost  computed w i t h  the  budgetary cos t .  

C 
A ' =  I& . 

8 

This method f o r  expressing t h e  e r r o r  i s  not useful  when the e r r o r s  a r e  
C €3 small but  i t  is necessary when C is  very d i f f e r e n t  from C . Indeed, t h e  

conventional e r r o r  formula: 

B cc - c 
cB 

E P  -- 

i s  no longer symmetrical and gives much more weight t o  e r r o r s  of over esti- 

mation than t o  e r r o r s  of  under es t imat ion.  The (a) formula is  symmetrical, 

t h i s  being much more log ica l ,  and i t  gives the same r e s u l t s  as t h e  (b) 

formula when A i s  low. The u t i l i z a t i o n  of the  (a) formula s ignif ies  t h a t  

i f  A = 0.1 the  e r r o r  is approximately 10%. 
0. 
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- t h e  mean quadra t ic  e r r o r  is  equal t o  0.12 which corresponds t o  a r a t i o  

equal t o  0.89 o r  1 .12 ,  CC 

CB 
- 

2.3 Presentation of the I l T R l  Formula 

The de f in i t i on  of  subsystems f o r  t he  appl ica t ion  of the  IITX formula 

requires  some 

weight of the 

wS 

preliminary explanations.  I t  is considered t h a t  the t o t a l  dry 

s a t e l l i t e  i s  made up of s i x  p a r t s :  WTS 
Weight o f  the s t ruc tu re  subsystem including t h e  s t r u c t u r e  i n  

the t r u e  sense, devices for  tllermal cont ro l ,  pyrotechnic devices and the 

WTD Weight of the  telecommunications and da ta  processing subsystem 

including telemetry,  command guidance, antennae, repeaters  ( i n  the case of 

telecommunications F a t e l l i t e s )  , cen t r a l  computer, sequent ia l  devices, '%house- 

keeping". 

D r y  weight of  the propulsion subsystem including a l l  the 'PR 
devices modifying the s a t e l l i t e  path t o  the exclusion o f  the  propel lan ts .  

Dry weight of the a t t i t u d e  control  subsystem including a l l  WAC 

the  devices mcasuring o r  cont ro l l ing  the  a t t i t u d e  of the s a t e l l i t e  arodnd i t s  

center  of grav i ty  t o  the exclusion of the propel lan ts .  

Wps Weight o f  the e l e c t r i c a l  power supply subsystem including the 

s o l a r  cel ls ,  b a t t e r i e s ,  governors, converters,  e tc . .  . 
Weight of  the  subsystem including t h e  s c i e n t i f i c  experiments 

I n  the case of  telecommunications s a t e l l i t e  W i t  i s  general ly  zero. E 
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' 5 s  TaLle No, 3 gives the value of  the parameters WTs, Ws, WTD, IfAC, 

and W i n  kg and i n  percentage of the wcight I!' E TS f o r  d i f f e r e n t  ESKO and 

NASA s a t e l l i t e s  .. 
The IITRT formula i s  then the  following: 

where C is t h e  s a t e l l i t e ' s  development cost  S 

N has the  same d e f i n i t i o n  as i n  thc  Goddard formula. 

WTs is the  t o t a l  dry weight of t h e . s a t e l l i t e ,  i . e . ,  t he  t o t a l  weight 

W 

a t t i t u d e  control  systens of the  sa te l l i t e .  

less the  weight of the gas o r  propel lan ts  used i n  the  propulsion and T 
This weight is  expressed i n  pounds. 

Wsc is the  spacecraf t  weight expressed i n  pounds. 

WTD, Ws and WpR are the  weights expressed i n  pounds of the systems f o r  

telecommunications, da ta  processing, s t r u c t u r e  and propulsion. 

We s h a l l  use i n  t h e  following an IITRI formula providing t h e  cost i n  

MFF f o r  weights i n  kg. 

Formula I 

The IZTRf formula w a s  es tab l i shed  beginning from t he  10 following satc 

l l i t e  programs: 

- Ranger 1 - 5  

- Ranger 6 - 9  

-syncom 

-0GO A-E 
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- Surveyor 1 - 7  

- Mariner R 

- IhP A-C 

-IMP D-E 

- Mariner 64 -Relay 

The first  p a r t  of Table No. 2 summarizes the results obtainet'. by apply- 

* ing t h e  formula to  t h e  above programs. The mean quadrat ic  e r r o r  i s  equal- t o  

0.25 corresponding t o  a r a t i o  

equal t o  0.77 o r  1.28. cc 
CB 

I__ 

This f i n d i n g  i s  r o t  q u i t e  as good as i n  t h e  preceding case of  t h c  

Goddard formula. 

3 .  Comparison o f  the Goddard and I ITRl Formulae 

I t  should first of a l l  be noted that formulae G and I do not give t h e  

same cost .  

C 

gives only cost  C 

i n  form. 

i t y  coef f ic ien t  which i n  the  case of formula G is based on t h e  r a t i o  

Formula G gives the cost  f o r  development support of  the s a t e l l i t e  
e 

increased by the  support cost  f o r  the mission C S MS ,whereas the formula I 

Apart from t h i s ,  t h e  two forniulae a re  qu i t e  i den t i ca l  S' 
The cost  i s  proportional t o  t h e  product N x WT and with 2 complex- 

- wTD whereas formula I takes i n t o  account on an equal bas i s  the s t r u c t u r e  

subsystem and the propulsion subsystem. 

I t  is i n t e re s t ing  t o  note  t h a t  these two formulae were not es tabl ished 

beginning from the same programs. 

I t  is ,  thcrcfore ,possible  t o  apply each one of  the formulae t o  the  s a t e l l i t e  

Only OGO and ReJay programs a re  i n  common. 

I 
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programs selected to  e s t ab l i sh  t b  

second pa r t  of Tables Xo. 1 and No. 2. 

other .  The findings arc sham i n  t hc  

%he fornula G applied t o  the  IITRI gives a mean quadrat ic  error of 

2 0.635, &hereas t h e  formula I applied to  the Goddard s a t e l l i t e s  gives an 

eraor o f  2 0.455 which is c l c a r l y  smaller. More espec ia l ly ,  the formula G 

is applied very p~?.*ly (A = -1.5) t o  the  Surveyor program a r i s i n g  fmm t h e  

for t h i s  s a t e l l i t e  i s  small (0 .07) .  ?his is  l i k c -  fact t h a t  t he  r a t i o  w Wn, 
T 

% 
*T 

v i se  true for the INP D-E program. (A = -0.830 for - = 0.08) .  

In the case of the appl icat ion of formula I t o  the Goddard programs, 

a large overestimate appears f o r  2 programs: 

application s a t e l l i t e s  A and A = 0.670 for the OS0 program. 

n s t  possible t o  c l ea r ly  ident i fy  the  program of appl icat ion satellites which 

makes the r e s u l t  of computation controversial .  

A = 0.875 for the  program of 

Now, it  was 

As for the OS0 program, it 

is known t o  !-e a program which w a s  r a the r  inexpensive. 

At can therefare  be provis ional ly  concluded, and t h i s  conclusion w i l l  

be confirmed l a t e r  on after appl icat ion to  the  . ESRO s a t e l l i t e s ,  t h a t  the 

Goddard formula is only poorly applicable when programs a re  considered which 

is small. were not used t o  eszablish it and espec ia l ly  when the  r a t i o  - Wn, 
w-r 

4. Search for  Improvement of the I l T R l  Formula-Formula I Modified 

The IITRI document [4J explains how the formula was establ ished.  .More 

par t i cu la r ly ,  the e f f e c t  of cach one o f  the subsystems on the  f i n a l  cost  was 
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studied and the  three subsystems ifli), W 

i n  t h a t  o rde r ,  the  most effect. 

and WpR appear as those having, S 

I t  is nevertheless  su rp r i s ing  t h a t  a system 

as l a rge  and expensive as t h e  a t t i t u d e  control  does not become a f a c t o r  in 

ehe formula. 

control  systcui alone accounts for more than 27% of t he  cost of  t h e  satellite. 

An attempt was therefore  made to  f i n d  a modified IITRI formula which would 

introduce t h e  term NAc. I t  was not poss ib l e  t o  make a complete optimization 

for machine computations would be  requircd which was not included within the 

scope of t h i s  memorandum. 

In the  case of the  TU 2 satell i te,  for example, t he  a t t i t u d e  

Nevertheless, the  following formula appears 

advantageous : 

Formula L Cbdified 

This formula applied t o  the IITRI program gives a mean quadra t i c  

error of t 0.24 or very s l i g h t l y  less than the one given by t he  o r i g i n a l  

IITRI formula. In the  case of the  ESRO s a t e l l i t e s ,  the  IM formula gives 

more uniform results than the  formula I .  A more vigorous optimization would 

lead, undoubtedly, t o  b e t t e r  r e s u l t s .  

5 .  Cost of H i s s i o n  Support and Cost of Experimentation: 
I ITRl and M o d i f i e d  I ITRl  Formulae to the ESRO Programs 

Application of  t h e  

The appl ica t ion  of  the G, I and IM formulae t o  the  ESRO programs 

requires  hypotheses on the  cos t  of mission support compared t o  the  cos t  o f  

s a t e l l i t e  development and on the  cos t  of experiments compared t o  t h e  cos t  Qf 

the  s a t e l l i t e .  
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5.1 Cost of  Mission Support 

B 
Cs + Table No. 4 provides,  according t o  [35 and [4] ,  the  values of 

B B 
+ Cbs and Chis i n  ).IFF for a c e r t a i n  number of NASA programs. 

column of t h i s  t a b l e  the r a t i o  

In t h e  fourth 

is given i n  perccntage. I t  can be seen t h a t  the  dispers ion of t h i s  per-  

centage is q u i t e  large. On the averagc, it is poss ib l e  t o  allow, neverthe- 

less, a r a t i o  of 10% except for the  communications s a t e l l i t e s  for which 

t h i s  r a t i o  is close t o  50%. 

5.2 Cost o f  Experiments 

Table No. 4, likewise, provides the  r a t i o  i n  % of t he  cost of the  

experiments r e l a t e d  t o  t h c  cos t  of t h e  s a t e l l i t e s .  

This percentage is t o  be compared wi th  the r a t i o  i n  % of the  weight of the  

experiments over the t o t a l  weight of the  s a t e l l i t e  - . I t  can be seen t h a t ,  
wT 

for a given s a t e 1  1 i t e ,  t h e  values 
- 3 

L: and - a re  q u i t e  c lose.  I t  is  poss ib le  thcrefore  t o  accept t he  conclusion 
wT 



of [4] according t o  uh.ich the ccst in kg of the s q e r h e n t s  of a sa te t t i t e  

is, on the avemge, cqrctzt to t h g  cost iq kg of this sa te t t i t e .  

5.3 Application to the LSRO Satellites 

The appl ica t ion  of t h e  G ,  I and I N  formulae t o  t h e  ESRO satellites is 

p o v i d c d  by l 'abl- No. 5 .  

t h i s  t ab l e :  

lhe folloii ing hypotheses were made for es t ab l i sh ing  

(a) Th? number N is i d e n t i c a l  for a l l  satellites and equal t o  3. Taking 

[3] and (45 i n t o  ccount, t h i s  hypothesis appears t o  be the most j u s t i f i e d .  

I t  corrcsponds tc a complete P2 prototype and wi th  2 f l i g h t  un i t s .  

case of TD2 it  shuAd be noted t h a t  the second f l i g h t  u n i t  is not  in tegra ted .  

The cost of t h i s  i n t eg ra t ion ,  moreover, wou:d lead t o  an increase  of SNMF 

I n  t%e 

a t  the  maximum. 

(b) 
B 
S 

In  the  case of  ESRO 11, it  is a matter  of the  ac tua l  cos t  up t o  launch 

The reference cost considered C is  t h e  cost of the  spacecraf t  

alone.  

of t h e  first f l i g h t  u n i t .  In  the  case o f  ESRO I and HEQS, it is a matter of 

the  b e s t  estimates t h a t  can be made a t  t h e  present  time, these  estimates be- 

ing c lose  t o  the  real cos t .  In the  case of TQ2, a s i n g l e  s a t e l l i t e  was 

considered and added to  t h i s  was the  est imate  of the agreed p r i c e  given by 

the  cont rac tor  on the b a s i s  of  work packages (163 MFF) and the  margin of 

r i s k s  foreseen by ESRO (25 MFF). In the case o f  t h e  GETS, the  estimate of  

the  p r i c e  made by ESRO was considered beginning from subsystems and a p r i c e  

estimate of the prime cont rac tor  wxs added. 

C 
(c) I n  order  t o  ob ta in  the cost of t h e  spacecraf t  Csc beginning from 

given by t h e  Goddard formula, t h e  conclusions of C 
+ 

the cost cs 
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paragraphs 5.1 and 's .2 were accepted owing t o  the absence of data  on' the  

cost of mission-support and on the experiments of  the  ESRO s a t e l l i t e s .  

exception t o  t h i s  r u l e  was done f o r  the LAS where the  mission support cost 

was estimated i n  the  PDP t o  approximately 20% of s a t e l l i t e  cost .  

One 

(d) The conclusions of paragraph 5.2 have likewise been applied i n  
C 
SC S order  t o  obtain the cost o f  the  spacecraf t  C 

by the  formulae I and IM. 

formulae can be wri t ten:  

beginning from Cc provided 

I t  can be noted, i n  t h i s  respect ,  t h a t  these 

5.4 Comnts on Table No. 5 

The values given i n  Table No. 5 are sometimes d i f f e ren t  f r o m  those t h a t  

can be  found i n  [1], [a] and i n  the  LAS document. 

p re t a t ion  of t h e  weight of the subsystems (paragraph 2.3) and t o  the f a c t  

that the  IITRI formula includes the cos t  of scientific experiments contrary 

t o  what was applied f o r  the LAS. 

I t  is owing to  the i n t e r -  

The Goddard Eormula provides very disperse  and incoherent r e s u l t s  for 

I n  these three  cases, the  u n d e r e s t h a t e  t h e  HEOS, TD2 and GETS satell i tes.  

provided by the formula is considerable. This is explained by t he  low value 

i n  the case of HEOS and TD2. of the  r a t i o  - This explanation was not 'TD 
wT 

adequate for GETS. 
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The modified IITKI and IITRI formulae provicic rather close r e s u l t s .  

The r e s u l t s  provided by t h e  l b l  forniula a re ,  nevertheless ,  less d isperse  

(included between + 0.30 and + 0.48 for  the ESRO I ,  ESRO 2, HEOS and TD2 

sa te l l i t es  ins tead  of  + 0.28 t o  0.73 i n  the case of formula I ) .  From the  

look of the  results obtained f o r  the  four  sa te l l i t es  mentioned above, i t  

would appear t h a t  a ce r t a in  t r a n s a t l a n t i c  f a c t o r  e x i s t s .  This f a c t o r  i s  

probably on the order  of about 1.35. 

firmed for  CETS whcre A is negative.  

bIoreover, these r e s u l t s  are not con- 

The explanation f o r  CETS can only 

come from thc fact t h a t  the formulae do not  take i n t o  account the  degree of 

technological complexity which is espec ia l ly  g rea t  for  t h i s  sa te l l i t e .  

6. Conclusions 

(a) The Goddard and IITRI formulae give a proport ional  cos t  t o  the  

number N, the  l a t t e r  being equal to  the  number of complete prototypes and 

t o  the number of f l i g h t  u n i t s .  

PI = 3 is t o  be recommended even i f  the number of e lectr ic  prototypes is  n o t  

For conventional ESRO p r o j e c t s ,  a number 

t h e  same and even if the second f l i g h t  u n i t  is not in tegra ted .  Indeed, i f  

the  TD2 i s  considered, for  example, the cost of one complete f l i g h t  un i t  

represents  10% of the t o t a l  cost and not  33% as could be thought i f  t h e  for -  

mula was applied t o  f ind  t h i s  cos t .  

a convention. 

Ths r,w,lbzr 2; = 3 therefore represents 

In the  NASA pro jec t s  where N is  la rge ,  i t  is a matter general ly  

of series of sa te l l i tes  involving d i f f e r e n t  experiments and occasional ly  re- 

qui r ing  new prototypes (case of t h c  Surveyor). 

(b) The degree of  technological complexity, not appearing i n  any of 

the  formulae presented,  should certa'inly be taken  i n t o  account. The 
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appl icat ion t o  the CETS is an example of this. (?'he maximum dcgree of 

technological complexity considered i n  the Goddard formula before  s i m p l i f i -  

ca t ion  is 3 which gives a neg l ig ib l e  cor rec t ive  f a c t o r  of 1.04). 

(e) The modified IITRI and IITRI formulae provide c l ea r ly  b e t t e r  

r e s u l t s  than the  Goddard formula both f o r  the NASA programs as well as for 

the  ESRO programs. The Goddsrd forn.s:Ia, giving too much importance t o  the  

, is not t o  be recommended. s i n g l e  r a t i o  - wTD 

'vT 
(d) The modified IITRI formula appears t o  give less dispersed results 

than the  IITRI formula, a t  l e a s t  where the ESRO.programs are concerrled. The 

number of these programs i s ,  nevertheless ,  too small f o r  a d e f i n i t i v e  con- 

c lusion t o  be drawn. 

The IITRI formula o r  a de r iva t ive  formula can be used j u s t  i n  (e) 

order  t o  give an order of magditude of the  sateZZite cost. 

obtained can be estimated a t  approximately t 30 o r  2 40%. 

The prec is ion  

I t  is c l e a r l y  absolutely necessary t o  apply, from the very f e a s i b i l i t y  

study s t age ,  o the r  methods o f  cos t  evaluat ion such as the  e v d u a t i o n  o f  cost 

by subsys tern. 

(f) The Goddard and ILTRI formulae are based on the  cos t  of s a t e l l i t e s  

whose production is staged general ly  between 1960 and 1965. For fu tu re  ESRO 

pro jec t s ,  these a r e  grounds for t a k i n g  i n t o  account the increase i n  the  cost 

of l i v ing .  
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