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tural research centers and highlights a severe shortcoming in our understand-

ing of the operation of research systems, particularly publicly sirPPorted

systems.

Tbe Deaelopment of Modern Sugarcane Varieties

To create the model, it will be useful to oPen our discussion with a short

history of sugarcane variety development (see also chapter 8).

Four stages can be identified in the history of sugarcane breeding. First,

sexual reproduction of the cane plant was not known, and as a result, im-

provements in the piant were very slow to come, based on occasional and rare

cases of "natural" sexual reproduction. The second stage can be dated from

1887, when it r,vas discovered that Proper light and temperature conditions

can induce flowering and thus sexual reproduction. Crossings were then made

and offspring observed, and seedlings with superior potentials were selected

and propagated vegetatively. At this stage, crossing rvas random. The major

innovation of the third stage was the directed crossing of selected parents,

aimed at specifically influencing characteristics of offspring. At this stage,

rvild, disease-resistant cane varieties were introduced into the breeding pro-

gram. The fourth stage marks the modern period in sugarcane breeding wlrere-

in most of the effort has gone into the development of species suited to
specific local climate and technology conditions.

Starting with the second, each stage was characterized by an innovation in

the method of research. This innovation augmented significantly the produc-

tivity of research, which in turn encouraged the establishment of new experi-

ment stations and the development of neu' varieties. After a rvhile, however,

returns to research began visibll' to diminish, as the potentials revealed by the

innovation were gradually exhausted.
In statistical terms, each crossing is a random drarving from the population

of all genetically possible types. This selection is a process of search, by draw-

ing, in a population of outcomes. Figure 10-1 depicts the four stages of sugar-

cane development. In the first stage virtually all the observations - cane plants

in the field - were concentrated around one value u'ith very little probability
of discovering different types. In Stage 2 the sample aariance was increased

tremendously; both inferior and superior types were observed among the

seedlings, and the best were selected. By identifying parents, search in the

third stage was limited mostly to one portion of the population' That portion

is in itself a new population centered around a higher mean than those of the

original Stage 1 and Stage 2 populations. Similarly, Stage 4 marks a shift to a

new, different population.
The sele ction depicted in Figure 10-1 is unidirectional, aimed, say, at achiev-

2
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of the crucial issues of applied research' What signals does the research system

get from its "customers," and what dictates its response? We simply assume

that the scientist is aware of the economic implications of his '"vork and acts

to maximize net benefits. The scientist faces a given distribution of genetic

types, which he searches to find the best. An experiment is, in our formula-
tion, a sample drawn from the distribution of unknown outcomes. In each

period the scientist conducts such an experiment, that is, he draws one sam-

ple. The genetic types obtained in the sample are ordered by their yield level,

the highest yield regarded as the outcome of that experiment. If the outcome

of the experiment is better than the currently practiced technology (variety),

the newlv discovered technology rvill replace the old and yield (income) will
rise. If not, the current variety is maintained. Experimentation may then con-

rinue.
The process is illustrated with the exponential distribution which can be

taken to approximate the right-hand tail of the normal distribution. The ex-

ponential distribution is ftj = ).e - tr(* - 0) ,r,d it can be shorvn that for
large samples the distributions of the maxima (which is rvhat we are interest-

ed in here) converge to the same distribution for a large class of original dis-

tributions including the normal and the exponential.6 In Figure 10-2 yield is

measured along the horizontal axis, cumulative probability and probability
density along the vertical axes. The experiment depicted in the figure is com-

posed of a sample of three drawings from the random exponential distribu-
tions-with yields x7,x2, x3. In the figure x3 exceeds the current yield level,

marked y; therefore a variety replacement will take place, yield increment
being ay the difference x3 - y. Had the yield of the best variety in the ex-

periment been smaller than y, the use of the current variety (with yield y)
'"vould have continued-

Since the actual outcome of the experiment is not knor'vn in advance, the
value of the expected contribution, B (a_v), for a given distribution of poten-
tial outcomes depends on the following two magnitudes.

1. The extent of experimentation, that is, the number of observations. The

larger this number, the higher the probability of finding x values of larger

rnagnitude. The probabilities, the density functions for the highest value in a

sample, are depicted for five values of n in Figure 10-3.

2. The value of y -the current yield level. The higher the current level of
technology, the less probable it is that an improvement will be discovered.

The economic value of the expected technological improvement is the
present value of its future contributions. For simplicity of exposition we shall

regard it here as 1/rIE(ay)].Thiswiilbethecorrect contribution if experimen-

tation is to take place only once; if it continues in later periods, an improve-

ment today "spoiis" the chances of improving technologv tomorrow. This

Cumulative

e

Figure 1O-2. The expone::

probability

Probability densitY
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Exponential variate

Figure 1O-3. Density functions for maximal values of the exponential distribu-
tion f(x) = e-x for n - 1, . . ., 5.
Source: E. J. Gumbel, Statistics of Extremes (New York: Columbia University
Press, 1958), by permission of publisher.

means that for an ongoing research project the economic value of the expect-
ed technological improvement is lower than 1/rIE(zry)], but this does not af-

fect the relevant properties of the research system to be analyzed below.
The economic problem of the research system is to decide on the optimal

amount of experimentation to conduct in each period - on the oprimal num-
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ence y - 0 (see Figure 10-2). Optically, this may seem inappropriate, as one ls

inclined to define the technological gzp as the difference between some

potential technological ceiling and the current level of technology. But such

a ceiling can probably never be defined, and our measure, the magnitude

y - 0, measures the ease at which new technological improvements can be

achieved. On more formal terms, the smaller the difference y - 0 the higher

the probability of finding technologies superior to the currect practice for a

given rate of experimentation - a given n.

With our assumptions, ay, the technological change, can be only positive -
technology can only improve with time, ciosing the technological gap as it im-

proves. Even if experimentation continues at the same rate (n = const.), tech-

nological change will decrease with time . Moreover, since the marginal expect-

ed returns to research will decrease with time (as the technological gap closes),

optimal n will decrease with time, reducing even further the acceleration rate

of technology. Eventually, a point will be reached at which expected returns

will be smaller than the cost of a single observation, n = 1, research will stop,

and technology will stagnate forever.

It is worthwhile to recall at this point the assumptions that led to our con-

clusions' (a) technology will stagnate so long as basic knowledge is constant

(0 = const.); and (b) research will stop as its payoff diminishes. Even if 0 =
const., research wiil continue if technology deteriorates or is subject to obso-

lescence. This might be termed maintenance research - the research necessary

to maintain current productivity levels.
'lhe optimal rate of experimentation depends on the present value of future

probable benefits from research - 1/r IE(ay)] . The lower the rate of interest,

the higher the present value of future benefits and the higher the optimal

level of technological research. Like any investment, research (investment in

knowledge) is a decreasing function of the rate of interest.

Scale can enter the economics of research in several ways. Evenson dis-

cusses the effect of the scale of the experiment station.9 He.. economies of
scale in the creation of knowledge stem mainly from the interaction of sci-

entists u,orking in different disciplines and from the integration of research

and graduate university training, factors which cannot be introduced into our

model in its present, simplified one-product stage.

Another, different aspect of scale effect is the size of the industry which

is affected by the new technology. The larger the industry, the higher the

benefits to research. But, particularly in agriculture, size of industry as mea-

sured by acreage, for example, is also associated with diversity in conditions

of production. In this case benefits will not be directly proPortional to

scale. lo

Recall that the first stage in the development of the modern sugarcane va-
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Figure 1O-6. Basic research shifts the population searched to the righr.

timately converge to the rate of advancement of basic knowledge. (A special
case has already been encountered, in the absence of basic research, tech-
nology will eventually stagnate at a constant level.) The level of technological
research in the steady state does not affect the rate of technological advance-
ment, but only the leoel of technology in practice (see Figure 10-7).

Technology y

(nz )

Time

Figure 1O-7. Time path of technology in the steady state at different levels of
experimentation (n2 ) n1).
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tive will iocal research work be. This will have a significant impact on the
future role of the international centers. They cannot be expected to remain
the sole producers of modern technology. Rather, additional emphasis will be

given to their function as clearing houses for knowledge and genetic material.
An excellent example is IRRI's recent International Rice Testing Program in
which "scientists are cooperatively developing a 'critical mass' of genetic
technology that will feed improved genetic materials and breeding informa-
tion to scientists across the rice growing world." The main feature of the pro-
gram is that "each nation contribute[s] ...genetic materials, testing results

and breeding information to help develop the criticai mass effect."11 Such

developments will reduce the relatioe contribution of the international cen-

ters to global agricultural research. Furthermore, more effective scientific
communication systems can be expected to reduce the importance of the
geographic concentration of scientific work in one locality. These effects
should not be expected to materialize fully in the near future, but the cen-

ters should be ready for them, as they should be welcome. The success of the
international research efforts will induce competition among national systems.

This result should be welcomed as an indication of the successful contribu-
tion of the institutes to global research capacity.

I have tried to point out clearly and explicitly the simplifying assumptions
of the model presented in this chapter. I hope that despite its limitations the
model can serve as a starting point for a theory of research and as a stepping-
stone for further analysis. Two reservations are worth mentioning in conclu-
sion.

In the present formulation, basic scientific knowledge is exogenous to the
applied research system. Ruttan has pointed out the reverse link whereby ad-

vances in technology - in instrumentation, for example - contributed to fur-
ther advances in basic science.l2 Changes in factor supplies or in demand may
also exert an independent impact on the productivity of technological re-

search. This observation sheds strong light on the "system" nature of the
science-technology complex which stretches even further. For example, the
level and quality of university education is to a large extent a function of the
quality of the research conducted at the institutes of higher learning. Thus a

high-quality scientific community breeds the technical personnel that later
conducts the applied and adaptive research. On the other hand, the demand
for technicai skills, if properly channeled, strengthens institutions of higher
learning and "pure," basic science. (I am, of course, abstracting from a host
of complicated and important issues which are outside the scope of our pres-

ent discussion.) Against the background of this broad view, ours is a partial
analysis - one buiiding block of the system.

There remains one shortcoming in our understanding of the operation of

public research systems u:..,.-.
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