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Production technology, in general, must internally evolve to maturity to be fully effective in a
manufacturing system. In this article, we propose that the process of technology development can
be affected by learning occurring both inside and outside the production system. Consistent with
the model characteristics described later, we developed a system dynamics model, based on
which we offer two significant implications: (i) an optimal dynamics to bring initial technology
from outside to inside is quite sensitive to particular combinations of induced and autonomous
learning rates, (ii) the autonomous innovation has doubly accelerating effects on the optimal
dynamics since it affects not only the technology costs, but also the system'’s induced learning

capability. For an optimal planning of technology development, firms have to take into account

the interplay between induced and autonomous innovation.

1. Introduction

Production technology development is an essential part of operations strategy. But, production
technology must become ‘system-specific’ to be fully effective in a manufacturing system, i.e., it
must internally evolve to maturity so as to be effectively utilized. The process of technology
development can be affected by innovations occurring both inside and outside the manufacturing
system. Thus, the manufacturing firm must incorporate into its endogenous technology
development process both internal and external innovations. A critical question is “How much
initial technology needs to be brought into the internal system and when?” The question can be
certainly more complicated when the rate of external innovation differs from that of internal
innovation to a significant extent. In this article, we endeavor to answer .the question by

capitalizing on the theory and simulation of system dynamics.
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There are related works in the literature. Kim (1996) suggested the importance to reach an
optimal balancing between in-house technology development (i.e., internal) and outsourcing of
the development efforts (i.e., external). Jatkumar and Bohn (1992) studied on “where™ to create
new technological knowledge, offering three such ways. (i) purchasing outside knowledge. (11)
intensive R&D outside manufacturing. and (iii) learning within existing manufacturing process.
This kind of decision making was also studied under several different situations. Kennedy (1993)
modeled in-house versus contract maintenance, taking into account fixed costs and learning
effects. Gaimon (1985 and 1989) approached a probiem of automation acquisition from a binary

decision making perspective.

We view the innovation as a learning process, 1.¢., learning is a fundamental force for innovation
(Dosi 1982). Accordingly, the difference in rates of innovation can be expressed with the learning
rate difference associated with the two types of innovation. More elaborate definitions are as
follows: (a) External Innovation (Awtonomous Learning) 1s a type of learning that could occur
without individual firms’ conscious efforts channeled to the learning activities, i.e., autonomous,
primarily correlated with a time-related variable (Adler and Clark 1991), (b) /nternal Innovation
(Induced Leaming)'is an induced learning planned and managed inside the firm, requiring

intentional efforts on the managers’ part (Hayes, et al. 1996).

2. Analysié of a Learning Model in System Dynamics

In order to answer the research questions, we developed a system dynamics model, and ran a
simulation. The model context can be described as follows: (a) in order for a production system 0
develop its production technology, it needs to purchase the initial technology (say, raw
technology/resources) from outside, paying purchasing costs, (b) before becoming fully effective
in the production process, the initial technology has to be nurtured inside the system, incurring
internal nurturing costs, (c) fully nurtured technology generates profit equivalent to the unit
market value, (d) autonomous innovation affects the outside purchase costs, while induced

learning has an effect on the internal nurturing costs.



Assumptions related with the learning effects can be described as follows. An autonomous
learning rate (ALR)=0.1, t.e., 10%, implies that as the time doubles, the unit purchase cost would
be reduced by [0%. For instance, suppose ALR=0.1 and the purchase price 1s S10 at time 5. Then.
at time 10, the purchase price will be $9. ie., S10x(1-0.1). On the other hand. the induced
learning rate (/LR) affects the internal nurturing cost. depending on the cumulative amount of
technology raised inside the production system. For example. if /LR=0.1, the current nurturing
cost per unit technology is S10, and the cumulative amount of technology aurtured up to datz is
50 units. then the unit nurturing cost would be $9 by the time the cumulative amount reaches (00
units, t.e., doubles. This is a general learning situation, well-established in the literature (Yeile

1979).

Table |. Relative Profits by Induced and Autonomous Leaming Combinations [ *

Induced Learning Rate
Autoromous | 45 | go5 | 010 | 0.5 | 020 025 | 030 | 035 | 040
Learning Rate
0.00 10 | 13 1.8 25 3.1 3.7 4.1 4.5 4.7
0.10 6.1 | 177 | 378 | 625 | 868 | 1075 | 1236 | 1355 | 1443
0.20 483 | 3808 | 12496 | 23915 | 34373 | 42603 | 48752 | 53297 | 36676

*Base value is the value at induced learning rate=0.0 and autonomous learning rate=0.0.

Table 2. Relative Profits by Induced and Autonomous Learning Combinations [T **

Induced Learning Rate
Autonomous | g 55 | 605 | 010 | 0.15 | 020 | 025 0.30 | 035 0.40
Learning Rate
0.00 10 | 13 18 | 25 | 3.1 37 | 4.1 4.5 47
0.10 10 [ 29 | 62 | 103 ] 143 ] 178 | 204 | 224 238
0.20 1O | 79 | 259 | 495 ] 712 | 882 | 1010 | 1104 [17.4

**Base value is the value at induced learning rate=0.0 for each autonomous learning rate.

We ran the simulation for 100 periods. Other parameters used in the simulation are defined as
follows: ‘initial unit purchase cost=S10, initial unit nurturing cost=310, market value for a unit
technology=530," and each period’s technology purchase amount is determined as maximum of 5
units or 0.8x(current total profit/current unit purchase cost). Some of the limits of this particular

modeling will be discussed in the last section.

857



Figure 1. Relative Profits by Induced and Autonomous Learning Combinations II
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The simulation result is in Table [ and 2. Table | shows the relatjve profits from the technology
development by various combinations of induced and autonomous learning rates, its base being
the profit when both induced and autonomous learning rates are zero, i.e., with no learning effects
(the base value ig scaled to be one, and others have scaled values relative to the base). Let's
denote the profit when ‘ALR=x and ILR=y’ as [x, y]. Then, the base value in Table | is 1.0=[0.00,
0.00]. Table 2 tabulates the relative profits for each autonomous learning rate: for each
autonomous learning rate, the base is the value when the autonomous leaming is zero. For
instance, there are three base values, [0.00, 0.00], [0.10,_ 0.00], and [0.20, 0.00], all scaled to be
one, for the three different autonomous learning rates. The result in Table 2 is also shown in

Figure [. From this simulation analysis, we can infer:

* An optimal dynamics to bring initial technology from outside into inside is quite sensitive to
the learning rate changes: in Table 1, the value when ALR=0.1 and [LR=0.1 is almost 38 times

the base value, and that when AZR=0.2 and ILR=0.2 is about 34373 times the base value.

* The autonomous innovation occurring outside the production system has doubly accelerating
effects on the optimal dynamics since it affects nor only the technology purchasing costs, bur
also the internal nurturing costs by affecting the system's induced leaming capability: in

Table 2, when ALR=0.0, the profit.increases by only 3 times as /LR changes from 0.0 to 0.2.



whereas it increases by more than 7! times as [LR changes similarly. Autonomous
innovation's compounding effects seem more significant as the induced learning capability

improves.

3. Implications and Discussion

In this article, we tried to investigate the dvnamic effects of induced and autonomous learning or
firms' production technology development. The analysis indicated that it s critical for the firms
to take into account the two learning effects separately and also simultaneously when planning fos
technological innovation. Another implication is that the autonomous innovation can have doubly
accelerating effects on the dynamics: this also implies that in order to fully capitalize on the
autonomous innovation, firms must have their internal learning capability. Figure 2 suggests ¢

dynamic cause-effect structure consistent with this analysis.

Figure 2. Dynamic Cause-Effect Relation for the Learning Model
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When a firm can realize strong induced learning and is operating in an environment conducive t
rapid autonomous innovation, its capability to develop production technology can be greatl

enhanced if it can capture the dynamic interplay between the two Kinds of learning.

Although the research outcomes in this article support our propositions reasonably well, w

believe it can be further improved. First, we would like to consider a more realistic setting |
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which a limiting or balancing mechanism plays a role: the present model does not take into
account a balancing cycle that puts a limit on the amount of technology a firm can develop at a
time. Second, it seems interesting to consider a situation where each different type of technology
requires a different period for internal maturing. Using actual data, e.g., parameter values like
purchase and nurturing costs and market value, from a particular industry should also contribute
o this line of study. Finally, we would apply the model in this article to other managerial

situations such as R&D and human resource management.
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