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Executive Summary

The purpose of this report was to construct sonterraltive
methods to estimate the effectiveness of investnenscientific
research and development of advanced technologgsecially
their long-term effects.

Study Group decided to focus on the sub-problerfinaling the

relation between the spending on science and taktyjof science
itself. As a result, we have developed two independ
methodologies. The most promising one is basechertheory of
time-delay systems, which allows capturing effexdftshe time-lag

between the use of funds and the results relatadigmtific work.

Moreover, the methodology gives an opportunity teks the

optimal spending scenario that would fulfill someegcribed

constraints (e.g. it would minimize costs and s #ame time
remain above a desired level of quality of science)

The second methodology is premised on Stochastantier
Analysis and it can be applied to determine thenfaf relation
between the amount of financing and the resultsc@ntific work.
It offers considerable advantages for analysesweéral forms of
relation at once (production functions) and fougable choice of
the best one.

Both methods are promising, however, additionalkwemecessary
to apply them successfully to some real-life praide
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1 Introduction

1.1 Problem description

(1.1.1) There is a common belief that channelingdfu for scientific research and
advanced technologies is one of the most efficlways to make long-term
investments. Despite the multitude of reports amolipations on the subject, it is
still unclear whether more money allocated to ddienresearch brings about
desired effects. Thus, long-term funding plans sttboh by politicians are more
and more often brought into question.

(1.1.2) Existing models that describe the correfstibetween funds spent on scientific
research & advanced technologies and prosperifgatats (e.g. GDP) tend to be
inaccurate for several reasons. For instance, feignt difficulties arise when
providing comparable measurement conditions orissitzl insignificance of
input data. On the other hand, a comprehensiveysisatannot be performed by
means of tools like Science, Technology & Innovatindicators, as well as
various econometric, nonparametric or scoring nutheeven after adequate
modifications. The study should also take into actsome long-term effects of
investments in scientific research, like a numbeingplementations, financial
profits, impact on economy or quality of life. Inding long-term effects in the
analysis and predicting the outcome would be akbheaugh, which would allow
managing funds in a more effective way.

(1.1.3) Main challenge

The purpose of this project is to construct sonteradtive methods to estimate
the effectiveness of investments in scientific aesk and development of
advanced technologies, with particular emphasisgpl@n the long-term effects.

1.2 Problem breakdown

(1.2.1) It would be a difficult task to analyze medt impact of financing of scientific
research and advanced technologies by means of ggobal prosperity
indicators (like GDP). This stems from the factttbach global indicators depend
strongly on a large number of various factors (ergpnetary policy, cyclic
fluctuations in the economy, political situationhieh are barely related to the
direct results of e.g. scientific research. Thus; such modeling would need to
describe the economy of the whole country comprgliety (or maybe even the
World Economy) in order to extract exclusively thdesired effects
(correspondence).

(1.2.2) Keeping this in mind, the Study Group falien describing the relation between
the funds used for scientific research and somectdiesults of scientific work.
We are interested in results that comprise amoherstindicators of the quality of
science or indicators concerning the forms of h@ieation of scientific work.

(1.2.3) The two main approaches are consideretenrdport. The first one is based on
the concept of time-delay systems, which allows eflod) the time-lag between
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spending money and resulting changes. The secqmoagh is grounded on one
of the methods of economic modelling — the Stoeb&sbntier Analysis.

1.3 Input data

(1.3.1) Usefulness of the proposed models can hewed by operating on some well
defined instruments (e.g. collective indicatorsyiv from some measurable
indicators. The Study Group proposed the set di dasic, measurable indicators
(which may be further extended, if necessary):

S () - number of trained scientists,

S,(t) - number of PhD students ,

S (1) - number of PhDs working in science,

S,(t) - value of scientific infrastructure,

S (1) - number of PhDs in industry,

S (1) - number of industrial research centers,

S;(t) - number of patents,

S (1) - total maintenance costs of scientific infrastoue.

Note that indicators 1-4 describe the quality aésce itself, whereas indicators
5-7 relate to the application of science and indic8 may be understood as a
fraction of a science budget (spending).

(1.3.2) It is crucial to provide the appropriategaed) formula for constructing collective
indicators (e.g. the quality of science indice P(t), used in Chapter 2), however,

the choice of such a formula remains arbitraryessilsome additional information
is given. For example, during the process of coetitig a collective indicator it
might turn out that economists or politicians decwhich basic indicators are
more important. Therefore, we find this problembi® out of the scope of the
report.

2 Time-delay system approach

2.1 Basic modelling

(2.1.1) Following Pitcher [1] and referenced litera (especially Middleton 2006) we
assume that the evolution of quality of scie P(t) depends on both the current

values of the total budg B(t) and the fraction allocated to science and on their
values at earlier times. We divide the science budgto the education
budge B, (t) and the research bud¢B, (t) due to different ‘delay times’ between
allocation and measurable impact. These time-dedagsdenoted b'r, and 7,
respectively (say 5 and 10 years).

r

(2.1.2) It is convenient to work with the fractioU, :%, U =%. We shall now

model the evolution cP(t) by
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P - g, ) Bt -1.)+ 4. o, +U, (] ()
a, W, (t-7,)B{~7,)+ 4, 5, +U, ()] BK) -y P(t)
where a.,a,,p5..0,.,0,,0,,y are positive parameters which will be briefly

discussed. We can now perceive the equation asdelnfar P given the total
budgetB with the allocationtU,_, andU, as control variables at the discretion of
the Ministry of Science. In this simple modellingnly government funding is
included, however, there is no obstacle to extepthe model.

The right-hand-side of (1) consists of Brig, and describes the evolution of the
qguality of science at timet. The first term indicates how the spending on
education at timt — 7, influences the present increase in the quality 3écond

term describes the dependence on current expeonsesdiication. Note that
parameteld, is used to prevent the artificial effect of comeleeterioration of

the quality of science when no funding is providedwever further study is
needed to better understand its influence on thdiso. The third term and the
fourth one regard the research and their meanirapatogous to the respective
terms described above. The last one simulatespth@aneous deterioration of the
quality of science (depending on the definition P(t), cf. (1.3.2)), due to e.g.
corruption of scientific infrastructure or drop ‘attractiveness’ of knowledge (if
something was invented a long time ago, it hasaisiybbeen already exploited).

(1)

Estimation of the model parameters is basedhe historical data concerning
some discrete moments in time. Subsequently, thelem@l) has to be
transformed into a time-discretized counterpart bygsubstitutingdP(t)/ dt with

(Pt +at)- P(t))/ At. We assume that the valuesB(t), U, (t) andU, (t) can be
provided for a sufficiently large number of timesiants in the history.

During the estimation process, we can lsggpe prescribed values of time delays
r, and r,, and fit the model with regard to the following rameters:
a,.a,,pB..0B.,9,.,0, ,y. On the other hand, we can include ar,>and 7, as

estimated parameters. This allows also adjustimg tdelays, which makes the
estimation possibly more accurate; however, in suchse, the problem of model
identification becomes a discrete optimization oy which is more difficult to
solve.

2.2 Budget optimization

(2.2.1)

(2.2.2)

Having estimated the model parameters, aare use the model to predict the
future values ofP(t) for some given control variableB(t), U, (t) and U, (t).
This kind of a case study for different controllenay be an interesting tagker

se, however, it is far more interesting and usefufita the values for control
variables for which some additional constraintssidbes Eqn. (1), are fulfilled.
This leads to the problem of optimal control.

General, discrete optimal control problem
Minimize the sum
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icpi (P(t).B(,),U.(t).U, t).t), )
subject to the discrete version of Eqn. (1)
w = ae IIUe(ti - Te)EB(ti - Te)+ :Be [ﬁae +Ue(ti )] |:B(tl )+ (3)

ar IIUr(ti _Tr)EB(ti _Tr)+ﬁr [ﬁdr +Ur(ti )]EB(tl)_yEP(tl)
the set of algebraic path constraints
b(P(t;), B(t,).U.(t).U, (t).t)<0, (4)

and initial conditions accounting for time-delayqug@ements (depending on
values oir, andr, ).

Note that, although we have proposed the time-giged version of the optimal
control problem, it transforms straightforwardlyants continual counterpart.

Example 1
We are about to put forward one of the possiblyfulsgpecifications of the
problem (2.2.2). We assume that the total bu B(t) for subsequer years has

already been agreed (it is out of control). The istiy of Science and Higher
Education tries to minimise funds for science. Hegreat the same time, it wants
to meet some minimal requirements about the quafigcience (given by a set of

waypoints 5(ti) for subsequent years). Therefore, the problem.ZR.%vill
become the minimisation of

2B U () +U, 1)), (5)
subject to (3) and constraints
P(t)-Pt)<0 for i=1.K. (6)

Example 2

The second example describes the situation in wénohe total K-year budg C
for science is reserved, and all we have to dowiggtimize the spending in
subsequent years in such a way that the qualiscigince would be maximized.
We may write it down as maximization of

2 P(t), (7)
subject to (3) and constraint
> B(t)Ju.(t)+U, t)]=C. ®

Note that not all specifications of thelgem (2.2.2) make sense. For example, if
we want to maximize the quality of science with goapper limits on funds, then
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the optimal solution will always reach upper limitghich stays in accordance
with real-life experience and the tendency accaydmwhich giving more money
improves the quality.

2.3 Moreadvanced modelling

(2.3.1) The idea proposed in this chapter is basethe fact that scientific workforce is a
crucial factor — having no workers means producingeffects. There are some
assumptions about the modeling. We surmise thahtimeber and the quality of
scientific workforce depend only on population dadds spent on education (we
do not generally model educational system). Undedllgt the reduction of
investments in education to zero does not meanttieaé will be no scientists at
all (e.g. a flux of specialists from industry, ingrants will still remain etc.) — that
is why J, appears in Eqn. (7). Scientific workforce is afgone to degradation

(drop in the quality due to age, retirement, entigra deaths etc.) and this effect
is denoted by the teriy; below.
(2.3.2) The model is given by the set of delayatéhtial equations:

% =a, M(t-7,)W,(t-7,)B(t-7,)+ B, Ho. +U.(t) B(t) -y, IN(H)

dP(t) ®)
— = =a, IN(t-7,)U, (t-7,)B(t-7,)+ B8 IN®) {5 +U, (1)) B(t) - y, (P(t)

dt

where:

N(t) - potential of scientific workforce (hnumber of Piand their quality),

M (t) - population of people around 25 years of agéefuteal PhDs),

U,(t) - fraction of budget spending on research,

Ue(t) - fraction of budget spending on education (esglgcihigher
education),

I, - delay of the entrance of PhDs on the labour etaaksociated with the
cost of education,

7, - delay of effects of research.

3 Data-based modelling

(3.1.1) The methodology proposed in this chaptensaito determine the form of
dependency between the amount of financing anddselts of scientific work.
The method is based strongly on a given set otdhisl) data — from various
available forms of dependency, one needs to chttesene that in certain sense
fits the data best (more precise description below)

(3.1.2) The main idea is to distinguish three sdétsndicators for each research centre
(institute): first, they should describe the qualif scienceper se (indicators of

quality of pure sciencePS"), such as:
PS(t) = SA(t) - number of trained scientists

-9-
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PS}(t) = S)'(t) - number of PhD students
PS; (t) = S)\(t) - number of PhDs
PS;\(t) = S;'(t) - value of infrastructure

indicators describing the usefulness of scientifiork for society/economy
(indicators of application of scienc ASjA), such as:

ASH () = SA(t) - number of PhDs in industry
AS] (1) = S5(t) - number of industrial research centers
ASS(t) = SA(t) - number of patents

indicators describing the financing of science igatbrs of costsC;*), such as:

Cl(t) = SA(t) - total maintenance costs,
where integet is a respective time period ard indicates a research institute.

The analysis is performed in two steps. Tin& one consists in finding the
relation between the indicators describing the iualf pure science and the
indicators of application of science. In this stage select for further analysis
only these quality indicators, which are importané certain sense (given below).
Subsequently, we look for the relation betweenfthancing of science and the
previously selected subset of important indicatdrthe quality of pure science.

For the purpose of modelling dependencyéeh the indicators applied in the
first phase, we use the Stochastic Frontier Angl¢SFA) [1] . The main stages of
the SFA are as follows:

1. Given the form of production volume for a giveisearch institute? :

YA(t) = f{PS (O} {b}, t) (E[&" (10)

where

YA(t) - output indicator (one of the applications aksce indicator)

f(e) - form of production function

{PSA(1)} - set of input indicators (subset of pure sciemeality
indicators)

{b} - vector of parameters of the model (whbds a scaling
parameter)

E - effectiveness of production (random factorjjas the same

type of distribution for each research institutg, éog-normal,
variation and mean are estimated later on.

% - random error, the same distribution for evelesech institute
(only one type is given, mean and variation willdstimated).

2. Choose one of available forms of production fiomc for each product

RO{AS }, e.g. Cobb-Douglas production function [3]:
[Ps’|

fo{PS O} {by, }.) =€™ []PS™ (11)

-10 -
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3. Take a subset of indicatc{P_Sf(t)} O{PSA(t)} (the same types of indicators

for each A) and adequate subset of parame{Pr:} O{bx,}. Then for each
type of produc RO{AS } define the Stochastic Frontier model:

Yr(t) = fA(PS] (0}, {ore}, t) (EL [ (12)

4. For each type of produ RL{AS} perform the simultaneous estimation of

parametersBR,S,ER,vR (using maximum likelihood estimators [2], Bayesian
analysis [4] or any other technique) to fit theadfatr all research institutes:

R*= fRA({P_S?(t)},{BR,r}, t) (EZ2 [&" for every A (13)

5. If estimated random errv, is sufficiently small for eac RO{AS} (meaning
that the model describes the reality well), then sedect the subset of

—A -
indicators {PSj(t)}D{PSA(t)} that have sufficiently high values of
corresponding weigh{br;} 0{br;} .

6. One may repeat the procedure starting with 3tepfind even better subset of
indicators.

7. One may repeat the procedure starting with 3tepfind the model that fits the
data even better.

In order to find the relation between fioggy in science and important indicators
of the quality of pure science we use the SFA aseeaWe repeat also the whole
procedure of testing for the best form of cost fiorc and the best subset of
guality of science indicators. It is very importdotfind a model that would fit
well to reality and have relatively small numberioput indicators. The main
effect of this algorithm is the model (the formtbé model and the corresponding
sets of indicators).

The SFA model of costs is as follows:

=A
Ye(t) = fc({st (t)}.{bc}j (E, [&* (14)
where
Y- (1) - output indicator (total cost of maintenance)
fo(*) - form of cost function
—A
{PS; (1)} - set of input indicators (a subset of importantrep science
indicators)
{b.} - vector of parameters of the model (wheb,: is a scaling
parameter)
EZ O[01] - effectiveness of production (random factor)h@s the same

type of distribution, variation and mean are esteddater on.

-11 -
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- random error; it has the same distribution feerg research

institute (only one type is given, mean and vaoiatvill be
estimated).
As earlier, we estimate all parameters and randaofs of the model.

=A
If some of important indicators of pure scienceliqy:PS;, (t) are connected
only with parameter{b.} with very low value in the best fitting model, thee

=—A
eliminate PS;, (t) .
We assume that the best prize for scientitirk of each quality is its value, thus,
Ex is effectiveness of institute.

Summary
The crux of the study lies in the fact the¢ have proposed the method of

choosing an optimal set of indicators of the qyabt pure science by using the
SFA. The estimation of frontier costs is a standamdthod of measuring
efficiency for units with multiple outputs. Howeveahis methodology might be
too simple because there is always a problem ofrtany indicators (it is hard to
choose the right value of parameters, becauseatwigcare mutually intertwined)
or, alternatively, too few indicators (a poor dgstton of reality).

Elimination of redundant indicators is imfamt, otherwise it might lead to the
reduction of random error without significant rige explanatory power. This
results from a high dependency between input indisaand facts. Additionally,

if we take input indicator independent of outpudtigators, we will almost always
have non zero weights connected with them in SFAeho

First, it has to be indicated that the selcetage of the procedure does not take

into account parameters from the first one (they @fr measure importance in

relation to input indicators). This problem is g@udomplicated, because if we just
take each parameter to power sum (or weighted ge®a its weights, then after

estimation we will achieve the same result as withpowers. The simplest

solution is to assume that cost function exhibdastant returns to scale (so the
sum of parameters without rescaling parameterslegu&) and take indicators to
proper power as input indicators. This solution geaatly increase a random error
of the model.

The next problem is connected with differferms of the production function in
the first step. The solution is simple — if somela# parameters describing effects
of science on the economy/population are modellell @nly by Transcendental
Logarithm [3], then we should create additionalifiaral parameters — one
indicator to exponentiate the log of another onethe case of linear production
form we take exponents of input and output indiato

There is a risk that the actual qualitgcence depends on some other indicators,
but this dependency takes other forms (not testexiir model). Unfortunately, it

-12 -
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is impossible to take into account all substarfaators with the right form of
dependency.

Should any initial grouping of parametdrs introduced? If we have e.qg.
indicators of the number and the quality of PhDeywot to multiply the former
by the latter or to exponentiate them? These questre essential, but cannot be
answered without testing the data

4 Conclusion and further research

4.1 Conclusion

(4.1.1)

(4.1.2)

(4.1.3)

(4.1.4)

The concept of time-delay systems has bpphed with the aim of modelling the
relation between financing scientific research dhnel quality of science. The
specific form of Equation (1) has been put forwandl the problem of estimation
of model parameters has been discussed.

The optimal control problem has been pased problem of finding the optimal
strategy subject to some given constraints. We laése proposed two examples
of such an optimal control problem, which showed tapability of the method

for the purpose of rationalizing funds on scientiésearch..

Introduced in Chapter 2.3, the more advdnoedel includes the effect of the
evolution of scientific workforce and its influenoa the evolution of quality of

science. This modelling can be further extendeg, eombining with the idea

described in (4.2.2).

Proposed was a competitive method baseth@rStochastic Frontier Analysis.
This technique might allow choosing the appropriatedel for a given data set.
Nevertheless, it has many drawbacks in a presem, fget, they might be

overcome further on.

4.2 Further research

(4.2.1)

(4.2.2)

We suggest further exploration of both ms®l methodologies, still, we believe
that the method described in Chapter 2 is more o since it gives the
opportunity to seek for some optimal funding scesarApplication of the models
to the real data would conclusively show the usefs¢ of each method and
possible directions of its development.

One of the ways to model the influencehef tesearch on the widely understood
economy is to monitor the transfer of human capiiveen these two branches.
There is a possibility to measure the respectiaetions of PhD holders and
delays in years between their graduation and thmeno they undertake R&D
projects in industry. Since the data on PhD grastuand R&D projects in
industry is gathered in the OPI databases, theepsas can be given a specific
and quantitative meaning. Additionally, the levélfinances for “granty celowe”
(special purpose grant)/technology transfer graats serve as a measure of the
influence of research on industry. Incorporationtioése two measures may
contribute to the further analyses on the consdalarpic.

-13 -
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