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FOREWORD 

One of the most important tasks of the CIM Project is to 

prospect the diffusion of advanced manufacturing technologies such 

as CIM and its components. 

The author formulated an integrated model of technology 

diffusion in his previous working paper, entitled "Penetration 

Mechanism of New Technologies: Integrated Formulation from the 

Company Level to the Macroeconomic Level". 

The present paper shows the extensions and applications of 

the above model. In order to explain the actual data, some 

modifications are made to the proposed model. 

The model extensions make it possible to take into account 

uncertainties through probabilistic modeling as well as more 

accurate modelling of learning curve effects. They reveal new 

hypotheses and new features of diffusion. The model extensions 

are also more realistic in the case of different benefits, but are 

still mainly restricted to technologies, the main effect of which 

is labor substitution. 

Prof. Jukka Ranta 
Proj ect Leader 
Computer Integrated Manufacturing 

Prof. F. Schmidt-Bleek 
Program Leader 
Technology, Economy, Society 
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1. Introduction 

Generally speaking, there are two different approaches to the 

diffusion problems. One is called the micro-level approach, which 

focuses on the decision-making problem in introducing the advanced 

technologies at the company (or factory) level. Cost/benefit 

analyses are carried out through a lot of case studies. The other 

approach is called the macro-level approach, which deals with the 

diffusion process of the technologies into the industries by means 

of statistical data and methods. l4acroeconomic models are 

developed to forecast the future diffusion CTani 1987a; Mori, 

1987; Tchi jov, 1987bl . However, there are many difficulties 

concerning the interrelations between these models. 

In order to build a bridge between the two approaches, the 

author proposed in his previous paper, entitled "Penetration 

Mechanism of New Technologies: Integrated Formulation from the 

Company Level to the Macroeconomic Level" C Tani; 19881 a new 

approach to formulate the penetration or diffusion mechanism of 

advanced technological equipment into industry by introducing the 

company size factor. 

In his earlier paper on the "Enterprise Size and its Impact 

on Penetration of Industrial Robots - Application of Econometric 
Analysis" CTani , 1987bl the author shows that the distribution of 
company size is one of the most important factors affecting the 

penetration. Maly C 1987al has also pointed out the importance of 

company size. 

A mathematical diffusion model, as formulated in the previous 

paper, is based upon several empirical laws given below (for more 

detail, see Appendix B). 

a) Cost/benefit assessment at the company1 level; 

b) Economy of scale in user costs; 

c) Wage gap between large and small companies; 

d) Company size distribution; 

e) Decreasing price of advanced technological equipment; 

f > Wage increase. 

'In this paper "company" means establishment (or factory in 
most cases of manufacturers) rather than enterprise. 



Although many parameters related to the above factors are 

introduced, a type of Gompertzn curves can be derived as a final 

mathematical form of our model by assuming an exponential 

distribution of company size. 

However, in order to apply this model to the real-world 

cases, the following modifications are important, as already 

mentioned in the last chapter of the previous paper: 

I >  More adequate distribution function of company size; 

11) Probabilistic function of decision-making; 

111) Learning curve or economy of scale in production instead 

of simple trend function for prices. 

Three types of models (Model I ,  I I and I I I > are developed in 
this paper corresponding to the above three factors. 

Model I is incorporated into Models I 1  and I 1 1  as a basic 

mode 1. 

2. Model Structure 

This chapter reviews briefly the structure of our model 

proposed in the previous paper C Tani, 19881 . 
The diffusion rate R(t> can be expressed in the following 

equation. 

where 

x company size in terms of employees 

f (x> labor distribution function by company size. 

The following linear equation is assumed: 

u(x) = U,, . x 

"With regard to the Gompertz curve, see l Kotz & Johnson, 
19831 and CKurtz, 19841. 



u ( x )  number of u n i t s  i n t r o d u c e d  a t  company s i z e  x  

R ( t )  d i f f u s i o n  r a t i o n  (= U ( t > / U , >  

U ( t >  number of u n i t s  i n s t a l l e d  

U, u l t i m a t e  number of u n i t s  

X ( t >  companies of l a r g e r  number of employees t h a n  X ( t >  

i n t r o d u c e  t h e  advanced equipment 

X ( t >  is c a l c u l a t e d  from t h e  f o l l o w i n g  c o n d i t i o n  on t h e  

c o s t / b e n e f i t  a s sessment  on t h e  company l e v e l .  

where 

C(x ,  t )  c o s t  f o r  i n t r o d u c i n g  advanced equipment a t  company 

of s i z e  x 

B(x, t )  labor - sav ing  b e n e f i t  a t  company of s i z e  x 

n  c o s t / b e n e f i t  a s sessment  c r i t e r i o n  ( y e a r s )  

p ( x ,  t >  u n i t  c o s t  of advanced equipment when i n t r o d u c e d  by 

companies of s i z e  x  

w ( x ,  t )  a n n u a l  wage a t  company of s i z e  x  

1 ( x >  l a b o r  saved  by i n t r o d u c i n g  advanced equipment a t  

company of s i z e  x .  

The f o l l o w i n g  l i n e a r  e q u a t i o n  is assumed on l ( x >  

The f u n c t i o n a l  forms of p ( x ,  t >  and w(x, t )  are assumed below: 

-a 
p ( x , t >  = P,,, X * e -at 

b  13t w ( x , ~ >  = W,. - x  me 

where x-a and e-"'. d e n o t e  t h e  e f f e c t s  of "economy of s c a l e "  i n  



user costs and the decreasing price by technological progress, 

respectively. 

Xb and em% denote the wage gap by company size and increasing 

wage, respectively. 

Parameters PC, and W ,  are constant coefficients. 

By substituting equations ( 3 > ,  (5), ( 6 > ,  ( 7 > ,  (8) and (9)  

into (4>, the cost/benefit criterion can be transformed in the 

following condition on company size x. 

where 

In the previous paper, assuming an exponential function 
e X :-: as f (x), we obtained R(t) as shown below. 

3. Company Size Distribution in Japanese Manufacturinq 

In our previous paper an exponential function was assumed as 

labor distribution function f (x). This assumption led us to a 

type of Gompertz curve as a final mathematical model. However, in 

order to express more precisely the company size distribution 

function in Japanese manufacturing, the other type of function is, 

according to the data analysis, better than the exponential one. 

This chapter shows the result of regression analysis on the 

distribution of company size for the case of Japanese 

manufacturing. 

Firstly, we introduce the cumulative labor distribution 

function by company size F(x> instead of f(x> as follows: 



F(x> denotes the share of labor who work at companies of a 

larger number of employees than x .  The reason for using FCx> 

instead of fCx> lies in the format of available data as shown in 

Table 1. 

According to the regression analysis on F(x>, the best 

fitting function is a logarithmic normative function as shown 

below. 

where 

The results of the regression analysis in Table 2 and Figure 

1 show us a very good fitting with R" = 0.99935. 

From F(x> in equation (14) f(x) can be derived through 

differentiation as follows: 

4. Basic Model: Model I 

4.1 Model equations 

By employing the new company size distribution function 

(equation (16>), our model is revised as follows: 

R(t) = e - X *  Cln X(t))' 

where 

"If we assume F(x) = e-"'3 , we can find the relationship 
between this model and the production function model C Tani, 
1987a1 , see Appendix C. 



Table 1. Format of data available 

Company size 
(employees) 

Total 

Number of 
workers 

Cumulative share 



Table 2. Results of regression analysis 

Size 
X 

Sharer 
F (x )  

Regression Output: 

Constant 
Std Err of Y Est 
R Squared 
Bo. of Observations 
Degrees of Freedem 

X Coefficient (s) 
Std Err of Coef. 

*Source [ MCA, 19831 



LABOR DISTRIBUTION 

Figure 1. ~ i t t i n g  of regression curve. 



By substituting X(t) of equation (11) to (17), the diffusion 

rate R(t) can be expressed explicitly in terms of time t. 

where 

t i t, 

r = (a+j.3)/ (a+b> 

R(t> = 1, when t L t, (23 > 

As shown in equation (19>, our revised basic mdel (Model I >  

leads us to the left-hand side of the normal distribution 

function. 

Parameter t,,, denotes the time when the diffusion reaches the 

saturation level. 

The structure of Model I is outlined in Figure 2. 

4.2 Features of Model I 

R(t) in equation (19) is also a kind of S-shaped curveP as 

shown below. 

> 0 when t < t,::. 
= 0 at t = t,,. 3 
> 0 when t,: > t 
= @ a t  t = t ,  
< 0 when t,. > t > t, I 

where t,: denotes a point of inflection defined below. 

1 
t* = t,. - - r 421 

4The meaning of S-shaped curves in diffusion of technologies 
is discussed in C Tchij ov, 1987a1 . 



Rl t l  = EXP (-A . T~ (to-ti2) t 6 to 

I D~ttuslon rate I 

time 

Investment cost 

C(x.tl 

Benefit of labor-uving 

Blx.t) 

Economy of Tuhnological 

scale x-' progress Number of units Labor uved 
e-O1 u (x )  

User unit cost U n ~ t  cost 

Wage gap Wage increase 

equipment 
Company size E I  

Figure 2. Structure of the Basic Model. 



The impacts of the change of parameter values are summarized 

by the following partial derivatives. 

a R  
a R  ( 0  ax' ap,. 

a R  - a R  > 0 (when t, > t > 0) 1 aa ' aB 

The above impacts are almost similar to our previous model. 

The major difference of the S-shape between the revised model 

and the previous model is considered to be the level of the 

inflection point as described below. 

diffusion level at 
inflection point 

r previous model (Gompertz curve) 36.8% 
< 

1 revised model (Model I )  60.7% 

4.3 Application 

In this chapter we apply our model, Nodel 1 ,  to forecasting 

the diffusion of advanced industrial robots in Japanese 

manufacturing. The advanced types of industrial robots comprise 

playback robots, NC robots, and intelligent robots, excluding 

manual nranipulators, fixed sequence robots, and variable sequence 

robots C Tani, 1987al . 
In order to apply our model, it is necessary to estimate the 

parameters of Model I. 

Parameter 1, related to the company size distribution, was 

already estimated in Chapter 3. 

Parameter a, which denotes the decreasing rate of robot 

prices, can be obtained from the data, i. e. , 7.685 million yen in 
1985 and 12.616 million yen in 1980 C Tani, 1987al . 



The wage i n c r e a s i n g  r a t e  J3 is e s t i m a t e d  i n  a  s i m i l a r  way. 

The wage gap  pa ramete r  b  c a n  be o b t a i n e d  from r e g r e s s i o n  

a n a l y s i s  on t h e  wages by company s i z e  i n  1984 C T a n i ,  1987b1 . The 

r e s u l t s  of t h e  r e g r e s s i o n  a n a l y s i s  a r e  shown below. 

By s e t t i n g  t i m e  t o  z e r o  ( t  = 0 )  we o b t a i n  t h e  y e a r  1980, and 

pa ramete r  W,., is o b t a i n e d  from t h e  averaged  wage d a t a  of 1980 and 

1984 a s  shown below. 

W.:, = 1 . 3 5 9 3  m i l l i o n  yen/person (33  > 

Parameter  a ,  r e l a t e d  t o  "economy of s c a l e "  i n  u s e r  c o s t s ,  can  

be e s t i m a t e d  a s  t h e  r e l a t i v e  c o e f f i c i e n t  t o  t h e  wage g a p  e f f e c t s  

C T a n i ,  1987b1. 

In o r d e r  t o  estimate paramete r  P,,,., we assume t h a t  t h e  

averaged  r o b o t  p r i c e  i n  1980 was a t  company s i z e  x = 1000. In  

a d d i t i o n ,  t h e  r a t i o  of s y s t e m  c o s t s  t o  r o b o t  p r i c e  is se t  a t  2 . 8 7  

a c c o r d i n g  t o  t h e  d a t a  of JIRA CTani, 1987a1. The e s t i m a t e d  P,., is 

a s  f o l l o w s .  

P, = 36 .924  m i l l i o n  y e n l u n i t  (35 > 

The o t h e r  p a r a m e t e r s ,  1,. and n ,  a r e  assumed below, a c c o r d i n g  

t o  t h e  su rveyed  d a t a  of r o b o t  u s e r s  by J  IRA C J  IRA, 1984; Mori , 
19871. 



1, = 1.51 labor saved/unit 

n = 3.5 years 

By using the estimated parameters described above, our 

diffusion model can be expressed by the following equation. 

where 

t 5 t, = 12.045 (year of 1992). 

The saturation year t ,  is forecast to be 1992. 

The resulting diffusion curve is shown in Figure 3. 

The dotted line in Figure 3 shows the more realistic case 

with a gradual price saturation from 1985 to 1990. The resulting 

saturation year in such a case will be about ten years later than 

in the case without price saturation. 

In order to estimate the population of advanced industrial 

robots by using R(t> described in equation (38>, the following 

condition is introduced: 

CU,. - U, R<t)I2 - >  min 

where U.,, denotes the observed population at time t, and U, is a 

parameter to be estimated. 

The results of the regression analysis are shown in Table 3 

and in Figure 4. Figure 4 gives us a good fitting of Model I to 

the observed data. The saturation level is estimated to be 193 

thousand units. 

This saturation level, 1.e. 193 thousand units, is much 

higher than that of 142 in the case of a simple logistic curve 

C Tani, 1987al . 
The difference between these two levels might be explained by 

the meaning of saturation level in Model I ,  1.e. that even very 

small companies introduce the robots at that saturation stage. If 

the relative price of robots to wage rate, namely the cost/benefit 

ratio is saturated at some level, the diffusion of robots is 

limited for companies larger than some respective scale. In such 
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Figure 3. Diffusion curves (Model I) 



Table 3. Results  of Hodel I 

Model 1: R ( t )  = EXP(-ganmt(T0-t)^2) 

PARAKETERS YEAR 

LAHBDA 
ALPHA 
BETA 
a 
b 
PO 
WO 
LO 
n 

Regression Analysis 
U ( t >  = A * R ( t )  

Constant 
Std E r r  of U E s t  
R squared 
Bo. of Observation 
Degrees of Freedom 

Coefficient  ( A )  U, 
S td  E r r  of Coef. 

U ( t )  E s t  



F i g u r e  4 .  D i f f u s i o n  c u r v e  o f  Model I. 



a case the diffusion is saturated at the intermediate level of 

potential users. 

Figure 5 shows the relationship between the saturated C/B 

ratio at a company size of one thousand employees and the 

saturation level of diffusion as a whole. 

If the C/B ratio is saturated at 0.75 and 0.50 in the case of 

company size x = 1000, the saturation levels of diffusion are 30% 

and 66%, respectively, according to Figure 5. 

This means that the saturation level depends greatly upon the 

future prospects of the saturated C/B ratio. In other words, in 

order to forecast the future saturation level of diffusion, it is 

necessary to set the future trend of the C/B ratio. The absolute 

saturation level, estimated by simple methods of growth curve 

fitting, such as a logistic curve model, might be considered 

unreliable, even though the statistical index apparently seems to 

be good. One of the reasons is that a small change of the C/E 

ratio trend in the future leads to a relatively large change of 

the saturation level if smaller companies have a large share in 

industry. 

Another reason is related to the meaning of further 

diffusion. According to our model, the diffusion curve shows an 

extension of user companies into smaller sizes. This means that 

the structure of users in terms of industrial sectors and 

applications is also in the future assumed to remain unchanged. 

However, some new applications and diffusions into other 

industrial sectors usually appear in the real world, and they play 

an important role of promoting further diffusion in case of 

advanced technological goods. 

5. Probabilistic Model: Model I I 

5.1 Model equations 

It is assumed in Model I that the C/B ratio is determined -- 

without variances -- only by company size x and time t. The 

criterion of decision-making, namely the pay-back year (n) for 

investments, is also assumed to be deterministic. These 

assumptions lead to the deterministic company cut-off size X(t> in 

equation (11). Such a situation is not realistic. In the actual 

cases there are many differences in the C/B ratio and the 



SATURATION LEVEL VS C/B RATIO 

CostIBenef i t RATIO a t  corpany s ize  x = 1000 

Figure 5. Sa tura t ion  l e v e l  vs. C/B r a t i o .  



criterion n a m n g  companies of the same size. In other words, 

those variables should be considered as probabilistic variables. 

Therefore we introduce a probabilistic variable to Model I in 

this chapter. 

At first, the condition of decision-making in equation (4) is 

modified to the following equation by introducing a random 

variable <z> of normal distribution with a mean = 0 and a standard 

deviation = r .  

The probabilistic distribution function of z, namely g(z>, is 

expressed as follows: 

The condition (40) imposes the following condition on size x. 

In other words, the cut-off size X becomes probabilistic. 

Based upon the above condition, the diffusion level R can be 

obtained as shown below. 

where 

By subtracting equation (43) on X into equation (44>, R can 

be expressed as an explicit function of z. 



where 

The result of the integral in equation (46) can be expressed 

by using the cumulative normal distribution functionG N as shown 

below. 

where 

z 
Q = exp [ - 2 + y') I 

As shown in Table 4 and Figure 6, the speed of diffusion 

becomes slower if the standard deviation w is larger. In 

addition, Model I 1  reduces to Model I when w approaches zero. 

5.2 Distribution of diffusion 

Model I 1  can give us the distribution of diffusion in terms 

of company size x as explained below. 

Firstly, in order to obtain the distribution function of 

"With regard to the cumulative normal distribution function, 
see C Abramowitz & Stegun, 19701 . 



Table 4. Results of Impacts by a 

model I 1  

parameters 
a= 0.05014 
b= 0.1337 

lambda= 0.04224 
alpha= 0.0944 
beta= 0.0415 
PO= 36.924 
W O =  1.3593 
LO= 1.51 
n =  3.5 

s i gma= 

CASES 
YEAR sgm=l sgm=0.5 sgm=0.1 0.01 
1970 0.02208 0.00078 0.00001 0.00001 
1971 0.02931 0.00145 0.00004 0.00003 
1972 0.03843 0.00260 0.00011 0.00009 
1973 0.04977 0.00453 0.00027 0.00023 
1974 0.06365 0.00768 0.00064 0.00054 
1975 0.08042 0.01265 0.00142 0.00122 
1976 0.10040 0.02025 0.00299 0.00262 
1977 0.12385 0.03150 0.00603 0.00538 
1978 0.15100 0.04764 0.01161 0.01053 
1979 0.18195 0.07002 0.02137 0.01967 
1980 0.21670 0.10003 0.03761 0.03511 
1981 0.25512 0.13888 0.06327 0.05983 
1982 0.29692 0.18742 0.10174 0.09736 
1983 0.34163 0.24584 0.15640 0.15127 
1984 0.38870 0.31361 0,22984 0.22442 
1985 0.43743 0.38929 0.32289 0.31794 
1986 0.48711 0.47058 0.43362 0.13010 
1987 0.53700 0.55437 0.55667 0.55558 
1988 0.58639 0.63688 0.68317 0.68529 
1389 0.63463 0.71423 0.80149 0.80716 
1990 0.68107 0.78329 0.89891 0.90781 
1991 0.72499 0.84234 0.96402 0.97495 
1992 0.76550 0.89033 0.99323 0.99984 
1993 0.80246 0.92716 0.99954 1 
1994 0.83601 0.95390 0.99996 1 
1995 0.86565 0.97205 0.99999 1 
1996 0.89127 0.98397 0.99999 1 
1997 0.91307 0.99148 0.99999 1 
1998 0.93138 0.99585 0.99999 1 
1999 0.94657 0.99808 0.99999 1 
2000 0.95904 0.99906 0.99999 1 
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Figure 6. Diffusion curve of Model I1 



diffusion, we introduce the following function h (x, t, z) (see 

Figure 7). 

The function h(x,t,z> denotes the cumulative diffusion level 

up to company size x from +a in the case of random variable z. 

An expectation of h(x, t, z>, namely the cumulative diffusion 

level up to x from +m of company size H(x,t> can be obtained by 

the integral using g(z> as given below. 

By substituting equations (54) and (43) into (55>, HCx, t) can 

be expressed as an explicit function of x and t. 

-%(ln x > ~  In x - Y,. 
H(x,t> = e . " C r ,-, I 

where 

1 ,  = v /  (atb) 

Finally, we can obtain the distribution function of diffusion 

F,,, (x, t > as shown below. 



Figure 7. Function h(x,t,z). 



where F,(x,t> is also related to the total diffusion rate R(t> 

through the following equation. 

From equation (61) F,(x,t> can be calculated as follows. 

F,,,. (x, t > approaches f (x) . x in equation (16) when t - >  t,. 

By using F,::. (x, t > , we can see how the diffusion proceeds into 
smaller companies in the course of time. An example of F,...(x,t> is 

shown in Figure 8. 

If there are available data on the distribution of advanced 

industrial robots from the viewpoint of company size, we could 

estimate the parameter r ,  namely the variance of the C/B ratio. 

However, such data are not available at present. The author 

estimated the distribution of total industrial robots including 

conventional robots CTani, 1987bI. The estimated distribution of 

the year 1984 is shown in Table 4. The share of advanced robots 

was about 30% in 1984. Therefore the share of large companies 

would be considered higher than that in Table 4, if we could 

exclude the conventional type from the data. 

In order to investigate the value of parameter cr, we tried to 

calculate the distribution for several values of cr by using 

F,(x,t>. The results are also shown in Table 5 .  Compared with 

the data, cr seems to be less than 0.2. This means that more than 

60% of the C/n-B value are within the range of -2% from the mean 

value. In the case of IY = 0.2, the estimated trend of diffusion 

by size classes of companies is shown in Figure 9. 





Table 5. Advanced Type Robots 

S I Z E  
4 - 

10-  
20-  
30 -  

100-  
3 00-  

1000 -  

ADVANCED TYPE ROBOTS 
(CASES ABOUT SEVERAL sigma) 

1 . 0  0 .5  0 . 4  0.3 0 . 2  0 . 1  
7 .5% 2.6% 1.4% 0 .4% 0 .  0% 0.0% 
8.4% 4.2% 2 .5% 1.1% 0 .  OX 0.0% 
5 .8% 3.6% 2 .5% 1.2% 0 .2% 0.0% 

19.6% 15.8% 13.4% 9.2% 3 .6% 0.1% 
18.3% 19.0% 19.0% 18.1% 14 .9% 6.7% 
16 .8% 21.1% 23.0% 25.8% 29.7% 35.6% 
23 .7% 33 .8% 38.3% 44.2% 51.5% 57.7% 

TOTAL 
ROBOTS 

OBSERVED 
1 . 0  
2 .o 
2 . 0  
6 . 0  
9 .5  

22 .1  
57.3 



YEAR 
1000- + 300- 0 100- A 30- x 10- V TOTAL 

D [FFUS ION TREND BY SIZE 
(e i gme=D. 2) 

Figure 9. Diffusion trend by size. 

1 
0.9- 
0.8- 
O.?- 
0.6- 
0.5- 
0.4- 
0.3- 
0.2- 
0. 1- 
0 

--- 
# 

P-------'-- ,< 

-'-- 
C 
,,-- 

ye'- ,-w ----------- x 
*,- N,4.- ,---- 

I-,/ 
;-./ A 

+----,---------------+------------------.+-------------------- + 
,-l U 

I I I I 

1980 1983 li86 1989 1992 
I 

1995 



6. learn in^ Curve Type Model (Model 11 1 )  

6.1 Model equations 

It is assumed in Wodel I that the price of advanced equipment 

decreases year by year due to technological progress. In other 

words, a time-trend function is used. 

In order to clarify the diffusion mechanism, the learning 

curve effects or economy of scale effects in production should be 

incorporated into our model. 

Therefore we introduce the following relationship between 

price and diffusion rate into Wodel I. 

PC, = K,, R-c (65 > 

where 

K,,. > 0, c > 0. 
I.e., we use R in the above equation instead of the 

cumulative number of production (in case of the learning curve) or 

annual production (in case of economy of scale in production), 

because of the similar shapes of these three curves and for 

reasons of simplicity. 

By substituting PC. of equation (65) into equation (19>, we 

can obtain the following quadratic equation with respect to-ln R. 

where 

Y = In R. 

The solutions for Y can be derived from the above quadratic 

equation. 

where 



The condition for having real solutions in equation (67) is 

as follows: 

where 

Condition (70) can be written as given below. 

On the other hand, time (T,.) is, when saturation occurs, 

obtained by setting Y = 0 in equation (66). 

By introducing the following parameter A, equation (67) can 
be expressed in a simpler form. 

where 

According to the condition that Y equals zero at time t = T,,., 

the following final solution is selected from the two solutions in 

equation ( 7 4 ) .  

R(t) = EXP [ [ - (T, - t - A + 24 A . (t-Tw)) ] 
C 



6.2 Features of Model I I I 

At first, the diffusion curve R(t) has the following values 

at both boundaries of time t. 

R(T,,> = 1 (saturation) when t = T,,, 

(a+b)z R(T.:) = ~ x p  [ -  tacz2 ] < 1 when t = TI: 

Secondly, the differentiation of R with respect to t shows us 

a monotonously increasing feature of R as given below. 

dR 
dt = 0 when t = T,::, 

dR > 0 dt when T ,  > t > Tx 

dR - >  + m  
dt when t -> T*: 

Thirdly, the second derivative of R with respect to t is 

calculated as follows. 

d z'R 
= -  dt" 

a+B Cml < 0 when t = T, 

d2R - >  -c*, p when t - >  TI: I 
In order to investigate the shape of R(t) in more detail, we 

check the points of inflection by setting 

This leads us to the following equation. 



where 

The function q(y> has the same sign as 

The features of q(y> are shown below. 

According to the values of parameter A, the function q(y> has 

different shapes as shown in Figure 10. If A is less than 27/4, 

there is no point of inflection in R(t> as shown in Figure 10a. 

On the other hand, if A is greater than 27/4, there are two points 

of inflection in R(t> as shown in Figure 10b. 

In usual cases, A is considered to be greater than 27/4 as 

explained in the following chapter. In other words, the diffusion 

curve of Model I 1 1  is not a kind of simple S-shaped curve such as 

the logistic curve, the Gompertz curve and Model I in this paper. 

The curve obtained here is a more sophisticated growth curve. 

Several interesting features, which our model shows, are 

summarized as follows. 

The first one is the existence of a discontinuous starting 

point (T,) in the diffusion curve. This means that there is a 

kind of "critical" mass ("volume" > R(T,,> for starting the 
diffusion as in nuclear fission reaction. 

The second one is related to the number of inflection points. 

Our model has usually two points of inflection, T, and TZ, while 

an ordinary diffusion curve has only one point. 

The first inflection point (T,> might be considered to occur 

mainly because of the saturating trend in the price of advanced 

equipment as shown in equation (65). On the other hand, the 
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second point (T,) might be considered to occur mainly because of 

the saturating trend in cumulative company size distribution F(x) 

in equation (13). 

The third feature is the period of diffusion from starting to 

saturation, namely A in equation (75). The impacts on the 

diffusion period A by the various parameters in our model are 

similar to Model I, as was expected. 

6.3 Comparison with Model I 

The parameters, except for a, c and K,., are the same as set 

in Model I. Parameter a is set zero because this effect is 

considered by parameter c in Model I 1 1  as follows. 

Parameter Kc. is set on the basis of the condition that the 

resulting PC, is equal to that in Model I. 

The results of Model I 1 1  are summarized in Table 6. In 

addition, Figure 11 shows the differences of the diffusion curves 

between Model I and 11 1 .  

By introducing a type of learning curve effects into Model I ,  

the speed of diffusion in Model 11 1  becomes lower than that in 

Model I ,  as could be easily expected. Accordingly, the saturation 

year (T,.) is postponed from 1992 in Model I to 2004 in Model 1 1 1 .  

The period of diffusion A is estimated to be about 25 years, 

1.e. from 1979 to 2004. 

The starting point of diffusion is also estimated to be R(T:*> 

= 0.005 at T,: = 1978.96. 

7. Generalized Models 

The model equations in this paper are written with the 

assumption of constants a and J3. These parameters are used in the 

form of 

-at e Bt and e . 



Table 6. Comparison of Hode 1 I and Model 

HODEL I 1 1  

PARAWETERS 
alpha 
lambda 
a t b  
beta 
vo 
LO 
n 
C 

KO 
alphatbeta 
de l ta  
T X 
TO 
R(T*) 
t=O (1980) 
A 

YEAR 
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Figure  11.  Cornparis-on of Model I and Model 111. 



In order to apply our models to long-term forecasting for 

real cases, it is necessary to formulate the models in a more 

general form by using t ime-dependent general functions of prices 

and wages. 

The results of these formulations are as follows. 

We introduce the function PC. (t) and W,(t) instead of 

-at P, = e Pt and W, - e . 
The resulting R(t) can be calculated from the following equations. 

Model I 

Model I I 

where 

[in( P,:. (t ) R(t) = EXP [ - (a+b) ~,(t) l,,=n ) 17 

In Model I I I we introduce only W,,.(t) instead of constant W.,, 

because the price P is, in this case, a function of R(t) as shown 

in equation (65). 

(a+b>z 4 X c  K ,::, 
R(t) = EXP [ - 

4Xc2 
[ 1 - J 1 - (a*b)' In(- W, (t) - 1,:; n (77' > 

T,:, 2 t L T, (75l ) 

The starting point T, and the saturation point T ,  can be 

obtained by solving the following equations 

If we use the above generalized models, the resulting 

diffusion curves become more realistic, more sophisticated and 



more easily applicable than those of the simple functions of 

Models I ,  I 1  and 1 1 1 .  

8. Conclusions 

Integrated models, namely Models I ,  I I and I I I ,  have been 

developed in this paper for the diffusion of advanced technologies 

into industry. These models have also been applied to the 

diffusion curve of advanced industrial robots in Japanese 

manufacturing. 

According to the results of this study, the following might 

be concluded with regard to our models: 

The models developed here are applicable for forecasting the 

diffusion of advanced technological equipment into industry. By 

using these models, we can see the distribution of diffusion in 

industry from the viewpoint of the company size. 

Our models can be applied to any diffusion problem if costs 

and benefits are expressed as a function of company size. In 

other words, the labor-saving benefit used in this paper is only 

an example of various benefits. 

Finally, the following point should be kept in mind when we 

forecast the diffusion of advanced technologies: 

As mentioned in the previous paper, advanced technology 

diffuses three-dimensionally (see Figure 12). 

Our models should be applied to each application and sector. 

In other words, in order to apply our model, it is essential to 

extract the important applications and sectors which do not yet 

appear at present. 



Diffus ion  t o  

(1; sma l l e r  companies 

( 2 )  o t h e r  s e c t o r s  

( 3 )  o t h e r  a p p l i c a t i o n s  

Applications 

Figure 12. Three-dimensional diffusion of advanced 
technologies. 



APPENDIX A: Notation of Variables and Parameters 

x : company size (number of employees in company) 

L : total number of employees in industry 

f (x) : labor distribution density function with respect to 

company size x 

F (x> : cumulative labor distribution function from +a to x of 

company size 

F (x) = 1; f (x '  )dxB 

parameter of labor distribution 

F (x> = EXP (-1- (In XI'> 

number of units introduced in company of size x 

density of advanced equipment (units per employee) 

labor saved by introducing advanced equipment in company 

of size x 

labor saved per unit of equipment 

investment cost for introducing equipment in company of 

size x at time t 

unit cost of equipment in company of size x at time t 

parameter showing the effect of "economy of scale" in 

user cost (cost = x-...*' 

annual rate of price decrease (price o: e--.."- ) 

constant coefficient which denotes the unit cost of 

equipment in company size x=l at time t=0 

benefit of labor saving in company of size x at time t 

annual wage in company size x at time t 

parameter showing the effect of the wage gap between 

large and small companies (wage o: xb> 

annual wage increase rate (wage a ePt.> 

constant coefficient which denotes the annual wage in 

company size x=l at time t=0 

decision criterion for investment (years) 

minimum size of companies which decide to introduce 

advanced equipment at time t 

population of advanced equipment in industry at time to 

upper limit of the population 

diffusion rate of advanced equipment CR(t> = U(t>/UwI 



C Model I  I 

t <:-. : saturation time 

t*.: point of inflection 

[Model I 1 1  

z : random variable which represents the variance of the C/B 

va 1 ue 

w : standard deviation of the C/B value 

g ( z ) :  normal distribution function with a =an = 0 and a 

standard deviation = r 

N(z): cumulative normal distribution function with a mean = 0 

and a standard deviation = 1 

h(x,t,z): cumulative diffusion level up to company size x from +a 

in case of random variable z at time t 

H(x, t): expected value of h(x, t,z) 

F,,., (x, t): distribution function of diffusion in terms of company 

size (In x) at time t 

[Model 1 1 1 1  

c : coefficient of learning curve effects [ P, = K., - R 1  

Kc:, : constant of learning curve effects C P, = K.,, - R.-.cl  

TIK : starting time of diffusion 

Tcz, : saturation time of diffusion 

A  : period of diffusion [ A  r T,:. - T x l .  



APPENDIX B: Empirical Laws in Technology Diffusion 

When we review the past history of technology, we can observe 

some kinds of broad, general trends in the diffusion processes of 

new technological equipment into industries. These general trends 

might be called "empirical laws" in technology diffusion. The 

following "empirical laws" are used in our formulation of 

penetration mechanisms. 

(1) Decreasing price of advanced equipment (see Figure B-1). 

The price has a tendency to decrease year by year, although 

it is high at the initial stage of diffusion. The reasons 

generating this tendency could be classified into the 

following factors: 

a) The technological innovation effect C Ayres, 19871 

b) The "Economy of scale" effect in production 

c) The "Experience curve" <or learning curve) effect in 

production L Tani, 1987b; Ayres 81 Funk, 19871. 

However, it is difficult to extract these three effects 

separately from the statistical data because they work 

simultaneously to reduce the costs of production in the real 

diffusion process. 

(2)  Large companies <or factories) introduce the advanced 

equipment earlier than smaller companies in terms of the 

statistical <macro-level) diffusion rate C Tani, 1987b1 . 
( 3 )  Decision-making to introduce the advanced equipment at the 

company level depends mainly on the cost/benefit evaluation 

criterion C JIRA, 1984; Maly, 1987b; Sheinin & Tchijov, 1987; 

ECE 19861. If the major benefit is a labor-saving effect, 

the relative cost of equipment to the wage rate becomes the 

most important factor in decision-making C Mori, 1987; Tani, 

1987a; Ayres, Brautzsch & Mori, 19871 . 
( 4 )  "Economy of scale" in user costs. 

The cost-performance of advanced equipment has a tendency to 

be better in larger companies than in smaller companies 

C J IPDEC, 19871 . 
( 5 )  The wage gap between large and small companies CMITI, 19861. 

(6) Company size distribution C MCA, 19831. 

Small and mediunrsize companies have a great share of labor 

in industry. 
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The above two tendencies are clearly observed in Japan. 

The same patterns are also seen in the U.S.A., although the 

differences among company sizes are smaller than in Japan 

(see Figure B-2 1.  

(7) As the diffusion proceeds with technological progress and 

price reduction, various applications of advanced equipment 

appear; the equipment is of higher quality and is used in the 

broader industrial sectors, which accelerates the further 

diffusion of technologies C JIRA, 1985; Tani, 1987~1. 
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APPENDIX C: Comparison with the Production Function Model 

The author applied the production function model proposed by 

S. Mori CMori, 19871 to the diffusion of advanced industrial 

robots in Japanese manufacturing CTani, 1987al. 

According to the model, the robot density (U/L) is expressed 

as a function of the ratio of robot price to wage rate, (P/W). 

The parameter a ,  denotes an elasticity of substitution 

between robots and workers as shown in the following CES function. 

C + A .  ,a,:, l/ac:, Equivalent Labor Force = 

On the other hand, if we assume 

-'' ln instead of e -1- (In x)' e 

in equation (14) as F(x), the diffusion rate R(t) has the 

following relation to (P,:../W,, according to the model described in 

this paper. 

As L can be approximated as a constant in the above case, the 

parameter a, is considered to have the following relationship with 

a, b and I. 

By using the estimated I, a, can also be estimated through 

the model in this paper. 

The parameter X takes various values for the range of sample 

data as shown in Table C-1, because 

e (ln x, is more appropriate than e - X =  (In X) 



Table C-1. Comparison with production function type model LTani, 1987a1 

SIZE F(x) In (x) In (F (x) ) 

Production Function Hodel 

Equivalent labor force 
= (LAa,, t AtUAa,) ^ (l/a,) 

a ,  = 0.717 
L Tani, 1987a1 

Estimated 
Parameters Samples for Regression analysis (Size) 



The estimated a, has a tendency of being larger in the sample 

range of large company size as shown in Table C-1. 

In case of sample range (x  1 500>, a, is estimated to be 

0.7070, which is very near the value of 0.7171, estimated by the 

production function model. 

This means that the parameter value, a,. = 0,7171 in the 

production function model is effective only in the early stage of 

diffusion. 

At the later stage of diffusion, the lower value is 

considered more appropriate for a,. 
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