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1. INTRODUCTION

This chapter opens up for new perspectives on how to understand the development and the choice of technology solutions by distinguishing between (i) moving the best practice frontier downwards and (ii) settling on a specific factor combination (specific factor ratio). As a matter of fact, higher levels of efficiency can be obtained with two distinct forms of technological change: i) neutral technological change consisting in general and symmetric shift of the map of the isoquants towards the origin; and ii) biased technological change that consists in asymmetric change of the form of the isoquants. In the latter case efficiency gains are obtained because of higher levels of congruence between the local factor markets and the output elasticity of production factors. The main idea is that an economy, at the aggregate level, as well each firm, industry and region, are rewarded if it manages to choose factor proportions that are congruent with localized resource composition, such that e.g. labor abundant economies apply labor intensive technology solutions. 
The empirical evidence shows that significant changes in the distribution of revenue across production factors have been taking place in the last thirty years in the major OECD economies. Specifically in many countries the share of labor has been falling and the share of capital increasing. These changes in the distribution of income can be considered the consequence of the introduction of biased technological changes directed towards labor saving innovations aimed at reducing the use of labor after the increase of unit wages so as to make the most efficient use of capital, by now the most abundant production factor.

This chapter attempts to make two contributions to this debate. First to disentangle and identify the effects of the changes in technological congruence, as defined by the matching between the ratio of output elasticities and the relative abundance of production factors, brought about by the introduction of biased technological changes and their separation, from the effects of the introduction of neutral technological changes that increase the overall efficiency of the production process. Second to establish a clear and direct relationship between the literature on technological change, and specifically the analysis of the determinants and effects of neutral and biased technological change and the recent advances of the economics of innovation and knowledge. 

The rest of the chaper is organized as it follows.  Section 2 summarizes the main acquisitions of the recent return of interest on the direction of technological change. Section 3 elaborates the basic methodology to distinguish the effects of absolute and congruency efficiency for the empirical analysis of the changing levels of the absolute and relative efficiency. Building upon these bases, section 4 highlights the role of the direction of technological change in affecting congruency and absolute efficiency. This section presents a novel methodology to disentangle empirically the shift effects of neutral technological change on the levels of absolute efficiency from the bias effects of directed technological change on congruency efficiency so as to identify correctly the actual effects on the total efficiency of the production process. Section 5 implements a simple model of localized technological change that frames the dynamic conditions for the occurrence of increasing technological congruence. The conclusions wrap up the analysis carried out in the chapter.

2. THE DIRECTION OF TECHNOLOGICAL CHANGE AND THE QUEST FOR CONGRUENCY EFFICIENCY

Much attention has been paid to assessing the causes and effects of the shift of the efficiency frontiers.  In the recent years there has been a renewed and growing interest upon the analysis of the bias of technological change and its effects on the actual efficiency of production processes after the introduction of non-neutral technological changes. The induced technological change approach after years of shadow has returned under the light cone of the contemporary debates (Ruttan, 1997).

According to the induced innovation perspective, technological change is endogenous and it is the result of the incentive to make the most efficient use of locally abundant production factors. When input prices change, agents within countries, have a clear incentive to try and innovate and to search for new technologies that are consistent with the relative local endowments (Ruttan, 2001). 

The induced technological change approach suffered from the divide between the original approach, outlined by Hicks (1932) and implemented by Binswanger and Ruttan (1978), according to which both the rate and the direction of technological change is explained by the conditions of factor markets. Technological change is introduced to cope with changes in factor costs and directed to reduce the use of the input whose cost increased. In the induced approach as elaborated by Samuelson (1965), instead, the relative abundance of production factor accounts for the direction of technological change but not for the rate: technological change is biased to increase the use of the production factor that is locally most abundant. These two lines of analysis are clearly inconsistent as according to the former an increase of wages would induce the introduction of labor saving technologies even in labor abundant countries where instead, according to the second approach, firms would have a clear incentive to introduce labor intensive technologies
Empirical analysis upon the actual direction of technological change in the induced approach has not provided conclusive evidence able to sort out the contrast. This line of enquiry, moreover, has not been able to appreciate the effect of the changing ratio of output elasticity on the actual levels of efficiency in production.

The contributions by Abramovitz and David (1996 and 2001) may be considered the starting point of the new phase in the debate. They identified in the notion of technological congruence a major factor in the uneven capability of countries to participate to the benefits of technological change. They provided the definition of technological congruence as the matching between the relative abundance of production inputs in local factor markets and the characteristics of the technology of the production process and explored both its effects and determinants. Their contribution has fed a growing awareness and concern about the idiosyncratic features of technological change and more specifically about the determinants and the consequences of its characteristics in terms of directionality or mix of output elasticity of the production factors. 

Hall and Jones (1999) note that output per worker varies enormously across countries. Their analysis, based upon standard accounting methodology, shows that differences in physical capital and educational attainment can only partially explain the variation in output per worker and that total factor productivity accounts for a large amount of variation in the level of output per worker. Yet Hall and Jones note that the effects of technological change differ widely across countries and some are more able to benefit of it than others. Institutional differences are claimed to be the main cause of the variance. Differences in factor endowments seem to play a role, although no clues are provided to account for their effects.

Caselli and Coleman (2006) find that higher-income countries use skilled labor more efficiently than lower-income ones. Lower income countries use unskilled labor relatively and, possibly, absolutely, less efficiently. According to their interpretation rich countries, which are skilled-labor abundant, are able to introduce technologies that are best suited for the local factor markets. Lower income countries, which are unskilled-labor abundant, adopt these skill-intensive technologies while their factor endowments should induce them to choose technologies more appropriate to unskilled workers.

Jerzmanowski (2007), uses a frontier analysis to show that the world technology frontier is shifting out faster at input combinations that match the relative factor abundance of the R&D leader, as a consequence countries with different factorial endowments are less able to exploit the new technologies efficiently and less able to access them. New technologies may lead adopting countries to the inefficient use of inputs according to their relative costs.

Crafts (2009) provides an excellent synthesis of this debate focusing the distinction between input efficiency and technological efficiency and relates it to the well known models of induced technological change. The induced technological change approach in fact is able to relate the direction of technological change to the relative factor intensity of countries that are able to generate it. 

Following this line of analysis it seems clear that capital abundant countries have an incentive to use and hence to introduce capital intensive technologies. Changes in factor price, typically the increase of wages, in capital abundant countries should push firms to try and save on labor. Technological change augments the traditional technical substitution along existing isoquants. New technologies are superior both in terms of technological advance and in terms of their more efficient use of the local production factors. As a consequence technological change is directed, as opposed to neutral, and more specifically strongly capital intensive. Acemoglu (1998) has recently implemented this approach introducing the argument that firms have an incentive to make the most efficient use of locally scarce factors such as skills, and hence to increase the output elasticity of skilled labor when the size of the market, and hence the profits to innovations, are associated to the relative abundance of complementary production factors such as, in the specific case, capital. 

3. THE ANALYSIS

3.1. THE THEORETICAL FRAME

Technological congruence is a neglected source of efficiency. Congruency efficiency is well distinct from absolute efficiency. Congruency efficiency consists in the alignment between the structure of local factor endowments and the type of technology in use, as defined by in terms of facto intensity, or more precisely composition of output elasticity of the production factors in the production function. For a given level of total costs, output will be larger in labor abundant countries, the larger is the output elasticity of labor. For the same token output will be larger in capital abundant countries, the larger is the output elasticity of capital. The sum of congruency efficiency and absolute efficiency identifies the levels of total efficiency. All changes in the production function and hence in the levels of both congruency and absolute efficiency are but the result of the introduction of technological change. 

3.2. THE INCLUSION OF ABSOLUTE AND CONGRUENCY EFFICIENCY IN THE PRODUCTION FUNCTION

The understanding of the full array of characteristics of technological change is necessary to grasp the dynamics of growth and change as much as the detailed analysis of the growth of output and inputs is necessary to understand the characteristics of technological change.

Let us start with a standard Cobb-Douglas production function where K denotes the amount of capital and L the amount of labor.  Our production function includes the notion of total efficiency (ATOT) stemming from the sum of absolute efficiency (ASHIFT) and congruency efficiency (ABIAS). Let us outline the main passages in what follows. The standard Cobb-Douglas takes the following format:

(1)  Y(t)  =  ATOT(t) (K(a)  L((1-a))






                    

Where a represents the output elasticity of K.

The cost equation has the standard specification and includes labor costs (w) and capital rental costs (r).

(2) C = rK + wL 

Firms select the traditional equilibrium mix of inputs according to the slope of the isocosts given by ratio of labor costs (w) and capital rental costs (r) and the slope of isoquants. The equilibrium condition is:

(3) w/r = (1-a/a) (K/L)

The growth of output through time and its relationship with the changing levels of inputs can be understood only if the dynamic specification of the production function includes the changing levels of total efficiency (ATOT)(t) that depends upon the sum of the levels of absolute and congruency efficiency:

(3) ATOT(t)=(ASHIFT(t)+ABIAS(t))                                                                                     

ASHIFT(t) measures the levels of absolute efficiency defined as the effect of the introduction of Hicks-neutral technological change. A Hicks-neutral technological change consists just in a pure shift effect and accounts for the leftward change in the position of the map of isoquants. A Hicks-neutral technological change has no effects on the slope of the isoquants: the new map of isoquants can be defined a radial contraction of the previous one. ASHIFT coincides with the measure of total factor productivity (TFP) measured with the methodology first introduced by Solow (1957). The Solow procedure to measure the efficiency effects of technological change in fact grasps only the shift effects of the new technologies independently whether they were actually Hick-neutral or not. In the Solow methodology to measure the effects of the introduction of technological changes, in fact, output elasticities are allowed to change through time, so that the effects of their changes do not affect the index of efficiency. The numerator Y is the actual output, at time (t+1), the denominator is the expected output, in equilibrium conditions, with given levels of (w) and (r) and the actual levels of a as they happen to be in the year of observation. Hence we can write it as it follows:
(4) ASHIFT= TFP  = Y /  (Ka(t)  L1-a(t))                                                                                                  

ABIAS(t) measures the changing levels of congruency efficiency. It depends on the levels of technological congruence. Technological congruence increases when, in equilibrium, firms can make the most efficient use of the inputs that are locally more abundant. In other words, technological congruence is highest when the output elasticity of capital is high in a capital abundant country and viceversa. With such a technology in use and a slope of isocosts > 1 it is in fact clear that the production process will be most intensive of the most abundant production factor.  For given levels of (w) and (r) and for a given level of total production costs, the congruency efficiency (ABIAS) measures the effects, upon equilibrium levels of the output (Y*), of the changing ratio of the output elasticities taking into account the slope of the isocost. This effect in fact is influenced by the interaction between the slope of the isocost and the ratio of the output elasticities. When the slope of the isocost =1 the ratio of output elasticities has no effects on (Y*). The ratio of output elasticities affects (Y*) positively when the slope of the isocost is either larger or smaller than 1. 

For the sake of clarity let us consider a simple numerical example that makes extreme assumptions to grasping the basic point. Let us assume that in a region characterized by an extreme abundance of capital and an extreme scarcity of labor, a firm uses a labor-intensive technology:

(5) Yt =  Ka  L1-a  where a= 0.25








(6) C =  rK + wL  where r=1 ;  w=5 ; C = 100





Standard optimization tells us that the firm will be able to produce in equilibrium at best Y*=17. Let us now assume that the firm, at time t+1, is able to introduce a technological innovation with a strong capital-intensive bias so as to take advantage of the relative abundance of capital and the relative scarcity of labor in the local factor markets. Specifically let us assume that the new production function will be:

(7) Yt+1 =  Ka  L1-a , where a= 0.75








(8) C =  rK + wL  , where r=1 ;  w=5 ; C = 100







The introduction of a new biased capital-intensive technology, characterized by a much larger output elasticity of capital and hence, assuming constant returns to scale, a much lower output elasticity of labor, with the same budget and the same factor costs, will now enable the output maximizing firm to increase its output so that Y*= 38. 

This is the effect of the introduction of a new technology. The new technology differs from the previous one only in terms of the slope of the isoquants. No shift has been taking place, but just a change in the form of the isoquants. After and because of the change in technology Y* is 2.2 times as productive as the old one. If we reverse the time arrow and we assume that the original technology was capital-intensive with an output elasticity of capital 0.75 and hence a labor elasticity of 0.25 we can easily understand that the introduction of a labor-intensive technology might actually reduce output.

In this extreme case it is clear that technological change consists just of a bias and yet has powerful consequences on the levels of output in equilibrium. This strong effect of technological change, clearly distinct from any shift effect, has been rarely considered in the literature. The numerical example shows clearly that, when the slope of the isocost differs from unity, equilibrium levels of output change, albeit at a less than proportionate rate, with the changes of a. When the changing levels of (a)(t) and (1-a)(t) and their ratio (1-a / a) (t) are taken into account, the equilibrium level of output Y* changes. Hence we can identify the following relationship where, for given levels of w/r different from 1, the effects of all changes in the technological congruence of the production function brought about by the introduction of biased technological changes, on the equilibrium levels of Y are specified
: 

(9) ABIAS =    (Ka(t=n)  L1-a(t=n)        / (Ka(t=1)  L1-a(t=1) )                                                                                                                                                                                      

Figure 1 helps grasping the point. We see clearly that when the slope of the isocost = 1, the ratio of output elasticities has no effect on equilibrium output. When instead the slope of the isocost is < 1 and hence production takes place in a labor abundant country, it is clear that the levels of technological congruence are low. The lower they become, for each level of isocost slope such as for (w/r)C < 1, and the larger is the capital intensity of the technology of the production function and hence the larger the ratio of  (1-a / a) and the lower will be the actual output. With even lower levels of the isocost slope such as for (w/r)E < (w/r)C  the effect of the same ratio of output elasticities will be even stronger with clear negative effects on the levels of output. On the opposite, when the slope of the isocosts > than 1 such as for (w/r)A and hence production takes place in a capital abundant country, the larger is ratio of  output elasticities and the larger will be the output. Additional increases in the slope of the isocosts, such as for (w/r)D >  (w/r)A, will have additional positive effects on output levels with the same range of possible ratios of output elasticities.
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4. THE 

4. TECHNOLOGICAL CHANGE AND CONGRUENCY EFFICIENCY

All changes in total efficiency stem from the introduction of technological changes. Changes in absolute efficiency are engendered by the introduction of neutral technological change. All changes in the congruency efficiency stems from the introduction of biased technological change. The efficiency effects of technological change are supposedly positive when total efficiency is considered. No technology with negative effects in terms of total efficiency could be introduced and adopted by rational agents. Positive result in total efficiency, however, may the product of an algebraic sum where absolute efficiency associated with a new technology increases and the congruency efficiency declines or viceversa. 

Biased technological change consists just in a change in the slope of the map of isoquants that, for given levels of factor costs, enhances the use of either input. The introduction of new biased technologies will affect the efficiency of the production process provided that the slope of the isocosts differs from unity. Capital intensive technological changes in a capital abundant country consist of a change in the slope of the map of isoquants that leads to the more intensive use of capital. Hence it will increase the technological congruence of the production function and will engender an increase in its relative efficiency. The introduction of capital intensive technological change in a capital scarce country on the opposite will reduce the technological congruence and hence the relative efficiency of the production function. The introduction of either capital intensive or labor intensive technologies in a country characterized by even factor endowments will not affect the levels of technological congruence and hence of relative efficiency. 

For the same token the introduction of neutral technological change will not modify the congruency efficiency of the production function, but rather the absolute efficiency. Neutral technological change in fact consists just in a shift effect that pushes the map of isoquants towards the origins without any effects on the slope of the isoquants. The identification of the notions of shift and bias as distinct components of technological change enables to grasp the general effect of technological change, that is the effects on the total efficiency, as defined in terms of both absolute and congruency efficiency. 

While neutral technological change consists of just a shift effect that has direct consequences in terms of increase of the absolute efficiency, and biased technological change consists only in a change in the slope of the map of isoquants, there is a large spectrum of intermediate forms of technological change, that consists both of a shift and a bias effect. In this case we may distinguish between complementarity and substitution effects. The latter takes place when the shift effects is positive and the change in the slope of the map of isoquants increases the technological congruence of the production function: the bias effect adds on to the shift effect. The increase in the total efficiency is engendered both by the increase of absolute and congruency efficiency. The former takes place when, instead, the introduction of directed technological change consists in a positive shift effect and in a change in the slope of the map of isoquants that leads to the more intensive use of locally scarce production factors, the increase in the total efficiency is the algebraic result of the decline of the congruency efficiency compensated by an increase of the absolute efficiency. In this case the increase in the absolute efficiency stemming from the shift effect is sufficient to compensate for the decline of the congruency efficiency. The alternative case may take place when a negative shift effect is compensated by a strong positive bias effect that enhances the levels of congruency efficiency. This takes place when the shift effects cannot be separated from a change in the slope of the new map of isoquants, that will have positive effects on the levels of congruency efficiency when, because of the higher output elasticity of capital will favor the use of capital in a capital abundant country. In this case the increase in the total efficiency will be lower than the increase in the congruency efficiency: the absolute efficiency in fact will decline. 

This analysis has important implications for comparative analysis and to understand the dynamics of the international diffusion of new technologies. The introduction of the same technology with the same shift effect in two different countries will have different effects according to the effects on the relative efficiency. The adoption of a new technology implemented in a capital abundant country and as such locally neutral, by firms active in a labor abundant country, may deploy a lower positive effect because of the interplay between the increase in absolute efficiency and the decrease in the relative one. Hence profitability of adoption is lower and technological resilience may be fully justified as the consequence of a rational choice (Johansen, 1972).

4.1 A METHODOLOGY FOR EMPIRICAL INVESTIGATION

To elaborate a measure of the total effect of the features of the technology on the efficiency of the production process we elaborate upon the so-called “growth accounting” methodology, which draws upon the seminal contribution by Solow (1957) implemented by OECD (2001).

Our goal is to elaborate a comprehensive empirical measure of both the relative and absolute efficiency engendered respectively by the absolute efficiency effects engendered by the introduction of shift neutral technological change, the pure congruency effect engendered by the introduction of fully biased technological changes and the wide array of new directed technologies that consist both in a change in the position and in the slope of the map of isoquants with the consequent combination of bias and shift effects.

Output Y of each unit of analysis (be agent, industry, region or country) i at time t, is produced from aggregate factor inputs, consisting of capital services (K) and labour services (L). ASHIFT is defined as the effect of the introduction of a pure Hicks-neutral technological change. Let us outline the main passages in what follows. If we take logarithms of equation (4), we can write ASHIFT=TFP as follows:

(10) ln ASHIFT = ln Y (t, i)  – a  (t, i)  ln K  (t, i)   - 1-a (t, i) ln L (t, i)    

Where ai,t represent respectively the output elasticity of capital and labour for each unit of analysis at each year. 

Next, following Euler’s theorem as in Solow (1957), we assume that output elasticities equal the factors’ shares in total income, as we consider constant returns to scale and perfect competition in both factor and product markets. In view of this, the output elasticity of labour is:

(11) 1-a  (t, i)=   w L (t, i) / Y  (t, i)

and hence:

(12) a  (t, i) = 1 – b (t, i)

The measure of ASHIFT obtained in this way, accounts for “any kind of shift in the production function” (Solow, 1957: 312), and it might be considered a rough proxy of TC (Link, 1987). By means of it Solow intended to propose a way to “segregating shifts of the production function from movements along it”. Solow is right if and when technological change is neutral, and/or factors are equally abundant. Instead, the effects of biased technological innovations introduced in countries where factors are not equally abundant, are made up of two elements. Besides the shift effect one should also account for the bias effect, i.e. the direction of technological change. 

Once we obtain the ASHIFT accounting for the shift in the production function, we can investigate the impact of the bias effect with a few passages. First of all we get a measure of the TFP which accounts for the sum of both effects (for this reason we called it ATOT), by assuming output elasticities unchanged with respect to the first year observed. At each moment in time the log of total-TFP is equal to the difference between the log of the output and the log of inputs weighted by their elasticities fixed at the first observed year:

(13) ln ATOT = ln Y (t, i)  – a  (t=0, i)  ln K  (t, i)   - (1-a) (t=0, i) ln L (t, i)

Once the coefficients have been calculated, it is possible to estimate the expected output in value added, which would have been produced each year, after the increase in input levels had the output elasticity of factors remained unchanged.

Next we get the relative efficiency index that measures the effect of both the shift and the bias effect as the difference between the total effect of technological change (ATOT) and the shift effect (ASHIFT):

(14) ABIAS= (ATOT - ASHIFT)                                                                                  

Finally we measure (R) as the ratio between the two indexes, i.e. ASHIFT, the Solow index and the total TFP (ATOT) we introduced above:

(15) R =  ATOT/ ASHIFT                                                                                                

The indexes obtained from Equations  (14) and (15) are straightforward and easy to interpret. Assuming that the slope of isocosts differs from unity, it is clear that when ABIAS in a country is 0 and R=1, technological change is typically neutral. When R in one case is above (below) one, then its technological activity is characterized by a high (low) directionality When ABIAS and R are large and positive, technological change is directed and has both a strong positive shift effect and a positive bias effect. When ABIAS is negative and ASHIFT is positive we grasp the case of a unit of analysis that has introduced a superior technology with low(er) levels of technological congruence. 

5.  THE DYNAMICS OF LOCALIZED TECHNOLOGICAL CHANGE

The localized technological change approach provides a suitable starting point to integrate in a single frame the dynamic conditions that can sustain the introduction of biased technological changes able to increase over time the technological congruency of an economic system. In the localized technological change approach enables to understand how and why a dynamic process, induced by changing levels of factor costs, can engender the introduction of directed technological changes that are consistent with the changing levels of factor endowments and hence increase the technological congruence of the production process (Antonelli, 1995, 2003, 2008). 

According to its original formulation, technological change is localized by the source of competence and knowledge that is acquired mainly if not exclusively by means of learning by doing, learning by using and learning by interacting. The localized origins of such ‘tacit’ knowledge limit the mobility of firms and the ray of possible techniques that firms can use. As Atkinson and Stiglitz (1969) note “knowledge acquired through learning by doing will be located at the point where the firm (or economy) is now operating” (p. 574). In this approach, in order to introduce technological innovations such firms rely mainly if not exclusively upon a form of localized technological knowledge based upon the skills of the workforce active at the plant level and implemented in the interactions with customers and clients. Localized technological knowledge has been built out of learning activities. It is the result of bottom-up processes of induction based upon tacit knowledge that is eventually implemented and codified. Firms can improve only the technologies they have been able to practice and upon which they have acquired a distinctive competence that is characterized by an idiosyncratic and narrow scope of application. Localized technological knowledge cannot be easily stretched and applied far away from its original locus of accumulation. These firms are not able to command a broad and codified base of scientific knowledge and to extract out of it, with the typical top-down deductive procedure, a wide range of new possible applications that can characterize all the range of production techniques represented on the full isoquant (Atkinson and Stiglitz, 1969; Antonelli, 1995). 

The introduction of biased technological innovations enables more efficient production processes because they are able to adapt existing technologies to the specific conditions of the local factor markets, while they are the result of the specific historic path of growth of each firm in terms of their acquired competence and the stock of quasi-irreversible tangible and intangible production factors. Such technological changes consist mainly in incremental innovations that improve the cost efficiency of existing techniques. Biased technological changes twist the form of isoquants rather than move them in the space of techniques consist in modifications of the shape of existing isoquants rather than in their shift.

The localized technological change approach provides the basis to build a non-ergodic path dependent dynamic process where historic conditions can account for a variety of outcomes. Localized learning processes enable to associate the idiosyncratic characteristics of the tacit knowledge and competence to the characteristics of the techniques in use at each point in time. Localized learning processes, consisting of learning by doing and learning by using capital intensive techniques where K/L>l will lead to the accumulation of idiosyncratic and specific technological knowledge that cannot feed the introduction of neutral technological change. 

The localized generation of technological knowledge based upon learning processes that take place in a circumscribed and restricted technical space that firms have been actually practicing, enables to increase only the output elasticity of capital and hence to introduce capital intensive technologies. For the same token, it is clear that firms learning to using labor intensive technologies will be able to implement labor intensive technologies rather than capital intensive ones. Hence the factor intensity of the production process at each point in time has non-ergodic effects on the direction of technological change. The dynamic outcome, however, because of the changing slope of the isocost, is far from a trajectory: the direction of the process, in fact, keeps changing.

To make an example, it is clear that firms active in capital abundant regions, with a given amount of resources available to try and innovate, have not the competence, the technological knowledge and the incentives to introduce new labor intensive technologies. Moreover they have much stronger incentives to try and introduce capital-intensive superior technologies, than labor-intensive ones. The bias in technological change is both the result of the circumscribed competences of the firms and of the structure of incentives determined by the local structure of factor markets (Antonelli, 2003 and 2008).

In Figure 2 firms in region A explore the surroundings techniques within the limits of the ray R. Firms try and move from region A, in the attempt to produce the same quantity with a lower amount of inputs and hence to increase their efficiency by means of new technologies (Farrell, 1957). They cannot move beyond the ray of exploration R. The generation of the necessary technological knowledge and the introduction of technological innovations respectively because of missing competence and switching costs. The new techniques that allow for the most intensive use of cheaper inputs are likely to engender the most effective results in term of output. 

Smaller skill-intensive firms active in capital abundant countries able to command a localized, skill-based technological knowledge, are able to generate just a minor shift and hence a small change in the position of the isoquant. They will find it more convenient to introduce new and superior techniques that make a more intensive use of capital. The search for new techniques will be localized in the upper portion of the technical region identified by the ray R, in the proximity of the region A where the skill-intensive firms operate and have acquired their distinctive competence. 

FIGURE 2. THE QUEST FOR CONGRUENCY EFFICIENCY WITH THE INTRODUCTION OF BIASED TECHNOLOGICAL CHANGE IN CAPITAL ABUNDANT FACTOR MARKETS
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FIGURE 3. THE QUEST FOR CONGREUNCY EFFICIENCY WITH THE INTRODUCTION OF BIASED TECHNOLOGICAL CHANGE IN LABOR ABUNDANT FACTOR MARKETS
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Their new technology will be shaped by such efforts. The tools of the traditional theory of production can be used to represent the equivalent isoquant that belongs to new technology: as the dotted line in Figure 2 shows, the slope of the new isoquant will change and became more flat. The new equilibrium A’ will be found on a much lower isocost with evident advantages in terms of reduction of unit costs, and a strong increase in output for a given budget cost.

In Figure 3 we see that with innovative firms, based in labor intensive regions, characterized by a flatter isocost, in equilibrium in the technical region B, the same process will engender the generation of competence and tacit knowledge in labor intensive technologies so as to favor the eventual introduction of new superior labor intensive technologies and consequently much a steeper form of isoquants.

This comparative statics can be implemented into a dynamic analysis when other complementary dynamic forces are taken into account and brought into the frame. We can articulate the hypothesis that there is an historic trend that favors the reduction of the use cost of capital and the increase in wages. Following the Marx-Hicks line of analysis, we introduce the second hypothesis that firms will be induced to introduce technological innovations by such changes in factor markets. According to the changing factor intensity of the production process, however, the direction of the dynamic process can change. The dynamics is non-ergodic, but path rather than past dependent. It is sufficient to integrate the localized technological knowledge hypothesis to see that firms will be induced to introduce new technologies that will be labor intensive when labor is abundant because of the higher opportunities to learn about labor intensive techniques, and viceversa labor saving techniques when labor becomes scarce and capital abundant. In both cases firms will be induced by the changing conditions of factor markets to introduce new technologies that will initially labor intensive and eventually capital intensive. In both cases the technological congruence of the production process will increase and with it the congruency efficiency of the economic system.

Let us now try and formalize the arguments presented so far. There is a direct and clear relationship between the technique defined in terms factor intensity of the production process at each point in time and the direction of technological change. The relevance of localized learning processes, as the main source of technological knowledge explains the relationship between techniques and technology. Firms in equilibrium in capital intensive techniques will have more opportunities to learn about capital intensive techniques and firms in equilibrium in labor intensive technologies will have better opportunities to learn about labor intensive techniques. 

Hence firms localized in capital intensive techniques will have more opportunities to introduce capital intensive technological changes so as to increase the output elasticity of capital.  This means that:

(16) da = f(K/L)   for K/L > 1                with f’ >0

Firms in equilibrium in labor intensive techniques will have more opportunities to introduce labor intensive technologies so as to increase the output elasticity of labor.  This means that:

(17) d = f(K/L)  for K/L <1                     with f’ <0

Let us try and analyze the dynamics of biased technological change stemming from our localized technological knowledge assumptions. Let us assume as a starting point of the dynamic process the conditions identified by point B of figure 3 where firms are in equilibrium in labor intensive techniques with labor intensive technologies and factor markets characterized by labor abundance and capital scarcity, hence a flat isocost and a map of vertical isoquants with a large slope. 

Let now consider a historic trend of increase of wages and decline in the capital user cost stemming from increasing availability of savings and hence supply of capital. That is:

(18) w/r = f( t) with f’>0

Firms will cope with the increase of wages by means of both standard substitution process along the existing isoquants and the induced introduction of a new superior technology. Following the Marx-Hicks induced technological change approach we assume in fact that the introduction of technological innovations is triggered by changes in factor markets and specifically, in our case, by the increase in wages and the reduction of capital user costs. The new technology, however, will impinge upon the competence acquired by means of localized learning processes. Hence in labor abundant countries, even after the increase of wages, firms will be able to introduce a new technology biased towards higher levels of output elasticity of labor. 

From equation (16) we know firms that have acquired their technological competence by means of localized learning process will try and cope with the changes in factor markets with the introduction of labor intensive technologies. The new technology will exhibit higher levels of  The new technology is biased and more congruent with the local factor markets. This is consistent with the Samuleson-von Weiszacker induced technological change approach. The congruency efficiency will increase as long as the slope of the isocost remains below 1. The capital intensity of the production process will be increased by the working of the standard substitution process albeit affected  by the effects of introduction of a new labor intensive technology.

According to the dynamic representation of standard equilibrium conditions recalled by equation (3) we can make the following steps:

(19) K/L = w/r + 
(20) d K/L = d (w/r) () + d((w/r)

if we divide both sides by K/L and we use its equivalence on the right hand side, we get:

(21) ((d K/L) / K/L))t = ((dw/r) / (w/r))t + (d  

Equation (21) shows that the new capital intensity depends upon the effects of the changes of wages and the effects of the bias of the induced and localized technological change. After the increase of wages a labor abundant system will remain in technical regions characterized by high levels of labor intensity, yet the new labor intensity will lower than the original ones. As long as the capital intensity of the production process remains lower than 1 and the slop of the isocost is also lower than 1, the dynamics of induced technological change, based upon localized learning processes, and biased towards the more intensive use of labor, the locally abundant production input, will yield the increase of technological congruency and hence congruency efficiency.

As soon as the rate of increase of wages and the contemporary decline of capital cost push firms towards equilibrium techniques that are actually capital intensive, the dynamics is reversed.

The continual rate of increase of wages and reduction of capital user costs associated with the increase in savings, in countries that are becoming more and more capital abundant will favor the accumulation of competence in capital intensive techniques and hence the induced introduction biased technological changes that are now characterized by the increase in the output elasticity of capital. The new technology is biased because it is pushed by the dynamics of factor markets and yet it is now directed towards the introduction of capital-intensive technologies. The technological congruence is augmented as well as the congruency efficiency.

The well-known argument elaborated by Habbakuk (1962) and implemented by Paul David (1975) finds here a new application. The fully localized technological change that characterized the US economy can be interpreted as the effect of the strong command of technological knowledge based upon capital-intensive techniques. The latter were determined by the local abundance of land ever since the origins of the US economic growth. The relative abundance of capital and the large kept the trajectory of technological change straight along high levels of capital intensity indifferent to the transient declines of wages due to strong immigration flows. The UK economy, on the opposite, as characterized by the relative abundance of labor and the fast rate of introduction of new technologies biased towards the intensive use of the locally abundant production factor was able to implement labor intensive technologies and grow over time keeping much a lower capital intensity. Stretching this argument we can see that countries such as Italy where the rate of introduction of technological change could not match the rate of increase of wages abandoned labor intensive techniques and moved towards more capital intensive ones and changed drastically the direction of technological change moving from a labor intensive direction to a capital intensive one (Antonelli-Barbiellini Amidei, 2011).
Provided that the rate of increase of the actual factor intensity of equilibrium production processes and the rate of increase of the slope of the isocosts are such that the transition from labor intensive (such L>K) to capital intensive (such that K>L) techniques and the slope of the isocost become larger than 1 at the same time, we have shown that the dynamics of localized technological change, based upon the tight non-ergodic and path dependent relationship between the characteristics of the production process in terms of factor intensity and hence the specific conditions for the accumulation of competence and tacit knowledge, is able to account for the introduction of biased technological changes that are directed towards the most intensive use of most abundant production factors hence favoring the increase of the technological congruence and the congruency efficiency of the production process.

The microeconomic exploration of the determinants of technological change within the framework of the localized technological change approach enables to implement a consistent interpretation of the broad array of factors that cause the rate and the direction of technological change.  The localized technological change approach builds upon the tradition of the induced technological change, but, building upon the path dependent dynamics between techniques and technological changes,  enables to accommodate in a single frame both the Marx-Hicks and the Samuelson-von Weiszacker arguments integrating much a broader range of outcomes and determinants within the same integrated framework.
6. CONCLUSION

The understanding of all the characteristics of technological change is necessary to grasp the dynamics of growth and change as much as the detailed analysis of the growth of output and inputs and their changing relations is necessary to understand the characteristics of technological change. Much attention has been paid to the changes in the efficiency of the production process brought by the changes in the position of the map of isoquants, much less attention has been paid, so far, to the effects of the changes in the slope of the maps of isoquants. Assuming that the elasticity of substitution remains =1 and hence within the framework of the Cobb Douglas production function it is possible to appreciate the effects of the changes in the ratio of output elasticity brought by the introduction of directed technological changes. This is the legacy of induced technological change approaches.

In the search for total efficiency, technological congruence becomes a major factor that requires to be considered. Technological congruence consists in the matching between the relative abundance of production factors locally available and the factorial characterization of the technology used in the production. Capital intensive technologies yield much a smaller output when they are applied in labor abundant countries rather than in capital abundant ones. Technological congruence affects directly the relative efficiency of the production process and has important consequences upon the relative profitability of introduction and adoption of new technologies. Its effects have been substantially ignored in the literature, as well as its causes. The identification of the consequences and the causes of technological congruence can shed new light upon the analysis of the rate and the direction of technological change. When the notion of technological congruence is taken into account we see that the effects of technological change are much deeper and wider than currently acknowledged as they consist both of a shift and a bias effect. The latter has been rarely taken into account. The relation between the two effects can both additive and substitutive. The bias effect can magnify the shift effect as well as reduce it. The interaction between the bias of technological change and the characteristics of local factor markets favors some actors and reduce the actual performances of others. 

The implications of the notion of technological congruency are most important in the global economy. First, the ranking of technologies is no longer univocal. A new technology can be qualified as superior only after taking into account the local endowments. A new technology may be qualified by higher levels of absolute efficiency and lower levels of congruency efficiency. Its actual, total efficiency clearly depends upon their algebraic sum. A new capital intensive technology with low levels of higher absolute efficiency may be less efficient if it is  characterized by a strong negative congruency efficiency in a different factor market. Second and consistently, the bias of new technologies play a key role in determining their rate of diffusion in heterogeneous factor markets. The adoption of capital intensive technologies in labor abundant ones may be far less profitable than currently assumed. Their diffusion is rationally delayed. Third, the lack of technological congruence of new technologies may contrast the convergence towards common, shared levels of economic efficiency. Users of capital intensive technologies based in labor abundant countries may find their adoption profitable and yet experience persisting differences in efficiency due to their different factor endowments. Fourth, adoption cannot be passive, but rather creative. Adopters must try and change the technological bias of new technologies conceived and originally introduced in countries with different factor endowments so as to adjust them to their local factor market conditions. Finally, each country and region cannot rely upon international technology transfer without the systematic implementation of local and localized technological competence.

The identification of absolute and congruency efficiency as the distinct outcome of different forms of technological change and the analysis of the process of localized technological change that is at their origin contribute a better understanding of the causes and consequences of technological change and provide a useful frame to implementing effective innovation policies.   

7. BIBLIOGRAPHY

Abramovitz, M. and David, P. A. (1996), "Convergence and Delayed Catch-Up: Productivity Leadership and the Waning of American Exceptionalism", in R. Landau, T. Taylor and G. Wright (eds.), The Mosaic of Economic Growth. Stanford: Stanford University Press, 21- 62. 
Abramovitz, M. and David, P. A. (2001), "Two Centuries of American Macroeconomic Growth: From Exploitation of Resource Abundance to Knowledge-Driven Development", Stanford Institute for Economic Policy Research Discussion Paper No. 01-05. 

Acemoglu, D. (1998), "Why Do New Technologies Complement Skills? Directed Technical Change and Wage Inequality", Quarterly Journal of Economics, 113, 1055-1089. 

Acemoglu, D. (2009), "When Does Labor Scarcity Encourage Innovation?", NBER Working Paper No. 14809. 

Acemoglu, D., F. Zilibotti, F. (2001), “Productivity Differences”, Quarterly Journal of Economics 116 (2), 563–606. 

Aghion, P. and Howitt, P. (2006), "Appropriate Growth Theory: A Unifying Framework", Journal of the European Economic Association, 4, 269-314. 

Antonelli, C. (1995), The Economics of Localized Technological Change and Industrial Dynamics, Kluwer Academic Publisher, Boston.

Antonelli, C. (2003), The Economics of Innovation New Technologies and Structural Change, London, Routledge.

Antonelli, C. (2008), Localized Technological Change. Towards the Economics of Complexity, London, Routledge.

Antonelli, C., Barbiellini Amidei, F. (2011), The Dynamics of Knowledge Externalities. Localized Technological Change in Italy, Edward Elgar, Cheltenham.

Atkinson, A. B. and Stiglitz, J.E. (1969), “A New View of Technological Change”, Economic Journal, 79, 573-578. 

Basu, S., D.N. Weil, D.N. (1998), “Appropriate Technology and Growth”, Quarterly Journal of Economics, 113, 1025–1054. 

Binswanger, H. P. and Ruttan, V. W. (1978), Induced Innovation. Technology Institutions and Development, The Johns Hopkins University Press, Baltimore.

Broadberry, S. N. (1994), "Technology Leadership and Productivity Leadership in Manufacturing since the Industrial Revolution: Implications for the Convergence Debate", Economic Journal, 104, 291-302. 

Caselli, F., Coleman, II. W.J., (2006), “The World Technology Frontier”, American Economic Review 96 (3), 499–522. 

Comin, D.B., Hobijn (2004), “Cross-country Technology Adoption: Making the Theories Face the Facts”, Journal of Monetary Economics 51 (2004) 39–83. 

Crafts, N., (2009), “The Contribution of New Technology to Economic Growth: Lessons from Economic History”.Paper presented as the Figuerola Lecture, Madrid, October 2009.

David, P. A. (1975), Technological Choice, Innovation and Economic Growth. Cambridge: Cambridge University Press. 

Eckaus, R.S. (1955), “The Factor Proportions Problem In Underdeveloped Areas”,  American Economic Review 45, 539–565.

Eckaus, R.S. (1987), “Appropriate Technology: The Movement Has Only A Few Clothes On”, Issues in Science and Technology 3, 62–71. 

Habakkuk, H. J. (1962), American and British Technology in the Nineteenth Century. Cambridge: Cambridge University Press. 

Hall, R. E. and Jones, C. I. (1999), "Why Do Some Countries Produce So Much More Output per Worker than Others?", Quarterly Journal of Economics, 114, 83-116. 

Hicks, J.R. (1932), The Theory of Wages, Macmillan, London.

Kaldor, N. (1981), “The Role of Increasing Returns Technical Progress and Cumulative Causation”, Economie Appliquee 34, 593-617.

Jerzmanowski, M. (2007), “Total Factor Productivity Differences: Appropriate Technology vs. Efficiency”, European Economic Review 51 (2007) 2080–2110. 
Johansen, L. (1972), Production Functions, North-Holland, Amsterdam.

Gollin, D. (2002), “Getting Income Shares Right,” Journal of Political Economy, 110, 458–74.

Nelson, R.R., Winter, S.G., (1974), “Neoclassical vs. Evolutionary Theories of Economic Growth: Critique and Prospectus”, Economic Journal, 84, 886-905.

OECD, (2001), Measuring productivity. Measurement of Aggregate and Industry-level Productivity Growth, Paris.

Ruttan, V.W., (1997), “Induced Innovation Evolutionary Theory and Path Dependence: Sources of Technical Change”, Economic Journal, 107, 1520-1529.

Ruttan, V.W., (2001), Technology Growth and Development. An Induced Innovation Perspective, Oxford University Press, Oxford.

Samuelson, P. (1965), “A Theory of Induced Innovation along Kennedy, Weiszacker Lines”, Review of Economics and Statistics 47, 343.

Solow R. M., (1957), “Technical Change and the Aggregate Production Function”, The Review of Economics and Statistics, 39, 312-320.

Solow, R.M. (1967), Some Recent Developments in the Theory of Production, in Brown, M. (ed.), The Theory and Empirical Analysis of Production, National Bureau of Economic Research, Studies in Income and Wealth, vol. 31, New York.

FIGURE 1  OUTPUT ELASTICITY AND CONGRUENCE EFFICIENCY
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� With the help of simulation techniques we can specify a relationship that takes into account the possible changes in w/r, as it follows:


 (9.1) ABIAS = Y*a t / a (t)) (w/r – 1)         / (Ka(t=1)  L1-a(t=1))  


Where at the denominator there is the equilibrium level of Y* calculated under the assumption that neither output elasticity of production factor changed.
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