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SUMMARY 
 

R&D IN THE NATIONAL SYSTEM OF INNOVATION:  
A SYSTEM DYNAMICS MODEL 

 
By 

 
Sara Susanna Grobbelaar 

 
Supervisor  : Professor A. J. Buys 
Department  : Department of Engineering and Technology Management 

  UNIVERSITY OF PRETORIA 
Degree    : Ph.D. 
 
There exist some concern regarding the sustainability of the production of R&D output 
and R&D capacity in South Africa. Recent trends indicated evidence of disinvestments 
and decay of South Africa’s R&D capacity. 
 
Questions arise concerning the detrimental effects these trends could have on South 
Africa’s ability to generate R&D output. As problems are addressed insufficiently and the 
system is allowed to decay, the costs of rebuilding the system might increase even 
further.   
 
The main research of objective of this thesis is to develop a computer simulation program 
of R&D performance and the creation of R&D output in the NSI.  This model will in turn 
produce a tool to be used for policy testing, what-if scenario testing or policy 
optimisation. 
 
The purpose of the model is to simulate R&D output generated in the South African 
system of innovation and to model and explain the effect the presence/lack of long-term 
investment in R&D and R&D resources could have on the system’s ability to produce 
R&D output.   
 
In developing this model and by using the corresponding simulation programme, 
decision-makers in government and industry are provided with a tool to analyse policy 
alternatives. The model will provide a better understanding of the interrelationships 
between different elements of the NSI, in particular those interacting as funders and 
performers of R&D. This model will also aid decision makers in enhancing the efficiency 
of addressing problem areas within the South African R&D system. 
 
The contribution made by this thesis to the body of knowledge is that the development of 
a system dynamic model will result in the establishment of a dynamic hypothesis of the 
development of new knowledge through R&D in an R&D performing sector. The 
dynamic hypothesis will in turn lead to a method for modelling the effect of R&D 
investment on the development of an R&D capacity, i.e. the system’s ability to absorbed 
knowledge and produce R&D output.  The above is essentially a dynamic description of 
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the process around creating and absorbing knowledge through R&D activities.  
 
Keywords: System Dynamics, R&D, South Africa, National System of Innovation, 
Research output, absorption of knowledge
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Glossary 
 

Term Explanation 
GDP Gross Domestic Product 
R&D Research and Development 
NSI National System of Innovation 
S&T Science and Technology 
HSRC Human Science Research Council 
FRD Foundation for Research and Development 
OECD Organisation for Economic Co-operation and 

Development  
HES Higher Education Sector 
SAPSE South African Post Secondary Educations 
FTE Full Time Equivalent 
USPTO United States Patent Office 
CLD Casual Loop Diagram 
ROI Return on Investment 
NESTI National Experts on Science and Technology 

Indicators  
TPP Technological Product and Process 
GDER Gross Domestic Expenditure on Research 
FDI Foreign Direct Investment 
BRD Degree of involvement in R&D in the private 

business sector  
EM Employment in technology-oriented programs  
EME Engineers/scientists in R&D programs 
EDU Total education expenditures 
EDUT Tertiary education expenditures 
MAS  Masculinity Index 
IND Individualism Index 
PDI Power Distance Index 
UAV Uncertainty Avoidance Index 
PPP Purchasing Power Parity 
LIT Size of a country’s literate population 15 years or 

over 
POPU Size of country by population 
LFOR Size of country’s labour force 
PAUS Patents in the US by residents of a given country 
PATE External patents by residents  
PATR Patents by a country’s residents 
PATT Patents by residents and non-residents in the country  
PUB Publication counts 
CIT Citation counts 
PRO Productivity 
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RICYT Red Iberoamericana de lndicadores en Ciencia y 
Tecnologia  

HAU Historically Advanced Universities 
HDU Historically Disadvantaged Universities 
HWU Historically White Universities 
HBU Historically Black Universities 
CSIR Council of Scientific and Industrial Research (CSIR) 
HSRC Human Sciences Research Council  
MRC Medical Research Council  
MINTEK Mineral Technology Council 
SABS South African Bureau of Standards 
GCS Council for Geosciences 
ARC Agricultural Research Council 
NRF National Research Foundation  
SAAO South African Astronomical Observatory  
HartRAO Hartebeeshoek Radio Astronomy Observatory  
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1. INTRODUCTION AND BACKGROUND 

 
1.1. Introduction: Growth through Science and Technology  

 
Michael Porter (1990:6) states that a nation’s principal economic goal is to produce a 
high and rising standard of living for its citizens.  The ability to do so depends on the 
productivity with which a nation’s resources are deployed.  Porter defines productivity as 
“the value of output by a unit of labour or capital.” He argues that productivity is the 
prime determinant for a country’s standard of living, as it determines the per capita 
income of a nation. In other words, by increasing the productivity of the citizens in a 
country, the per capita GDP will increase, from which economic growth should follow.   
 
Technological change is seen as a key driver for growth in a country. Charles Edquist 
(1997:1) argues that it is almost universally accepted that technological change and other 
kinds of innovations are the most important sources of productivity growth and increased 
material welfare and that this has been the case for centuries. 
 
Technological change has provided firms with the power to circumvent scarce factors via 
new products and processes. The use of materials, energy and other resource-based inputs 
has either been substantially reduced or synthetic substitutes have been developed.   
 
Modern materials, such as engineering plastics, ceramics, carbon fibres and silicon, used 
in producing semiconductors, are cheap and ubiquitous, considerably reducing the 
importance of scarce factors at large.  Automation and process innovations resulted in a 
reduction of the labour content within many industries, thereby rendering access to high 
technology more important than low local wages (Porter, 1990:14). 
 
It will be shown in the next section that this argument also holds true for the South 
African economy, since it has became increasingly dependent on technology and 
technological progress. The section also explores the pivotal role that technological 
progress has played in South Africa’s economic growth performance over the past 
decades.  
 
1.2. The Role of Technological Change in the South African Economy 

 
Fedderke (2002) investigated the nature and extent of changes in the underlying 
production structure of the South African economy by identifying the main sources of 
economic growth and any changes that might have occurred in their relative 
contributions/importance over time. He performed a simple accounting exercise to break 
down output growth into growth in capital, growth in labour and growth in technology or 
total factor productivity. 
Table 1-1: Contributions to Growth: 1970 – 2000 (%) 

Sources of Growth Period Real 
GDP 

Growth 
Constant Returns to Scale Decreasing Returns to 

Scale 
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Labour 
Growth 

Capital 
Growth 

Technology 
Growth 

Technology Growth 

1970-1979 3.03 0.80 3.64 -1.41 -0.30 
1980-1989 2.24 0.42 1.72 0.10 0.62 
1990-1999 1.58 -0.52 0.58 1.52 1.73 

 
The above table indicates that the single strongest contributor to output growth during the 
course of the 1990s is a strong rise in technology. While output growth in the economy as 
a whole was driven by growth in factor inputs during the 1970s and 1980s, the 1990s saw 
a growing reliance on technological improvements and efficiency gains in the economy.  
 
This phenomenon can in part be ascribed to the decline in formal sector employment in 
South Africa during the 1990s. Consequently, growth in labour inputs could not possibly 
have added to the growth in real output of the economy. As far as the declining 
contribution of capital is concerned, the growth performance of the South African 
economy can in turn be ascribed to the declining investment rate that South Africa has 
experienced.  
 
Fedderke finds that the contribution of technological progress to South African growth in 
aggregate has been rising steadily since the 1970s, but that it has contributed a rising 
share to a declining growth rate in output.  
 
The increased and substantial contribution of technology growth since the 1990s reflects 
the policy and institutional changes during that specific period.  During the post-apartheid 
era, South Africa engaged in policies for social upliftment in support of education, health, 
crime and infrastructure. More importantly, South Africa also gained access to world 
markets and economies.  International trade and investment offered important vehicles 
for technological spillover effects, while greater private sector participation in the 
economy increased the scope for technological innovation.  
 
It can be concluded from the above section that science and technology indeed plays a 
pivotal role in the development and growth of the South African economy. Technological 
progress has become the engine of economic growth and a powerful tool to be used by 
economic policy makers to address the growth and employment problems of the South 
African economy effectively.  
 
1.3. The Role of R&D in Technological Change 
 
In the literature the importance of a country’s ability to perform R&D as well as the role 
it plays in a country’s ability to improve its competitive position is widely acknowledged 
and documented.  
  
Chris Freeman (1978) introduced the concept of a National System of Innovation (NSI) 
to describe and interpret the performance of Japan, the economically most successful 
country of the post World War II period.  Freeman defined the NSI as "the network of 
institutions of private and public sectors, whose activities and interactions initiate, import, 
modify, and diffuse new technologies".  The systemic approach of innovation is based on 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  



the perception that innovations are ultimately brought about by the various components 
and the relations between them.  
 
The innovation systems approach aims to identify the key components playing a central 
part in performing the system’s functions. Freeman (1992:170) acknowledges the 
importance of R&D in formal scientific and technical organisations within the NSI.  He 
believes that although R&D is not the only source of technical change, it is one of the 
foremost points of entry for new scientific development and the central focus for the 
development of new products and processes in most branches of industry.   
 
R&D is also introduced as a form of organisational learning.  Cohen and Levinthal 
(1989) argue that R&D plays a dual role within an economy.  They assert that R&D not 
only generates new information, but also enhances the ability to assimilate and exploit 
existing information. The ease and character of learning in an industry influences and 
affects both the R&D spending and condition the appropriability and technology 
opportunity conditions in an industry.  The cost of learning is borne from the 
development of a stock of knowledge, which constitutes absorptive capacity.   
  
A significant benefit of R&D is its contribution to the current knowledge base. Cohen 
and Levinthal believe that since the long-term investment in developing an R&D capacity 
is substantial, it is not a trivial issue and is a matter of urgency that should be looked into 
(Cohen and Levinthal, 1989).  
 
The above section concludes that R&D plays a crucial role in the NSI. Although not the 
sole driver of technological change, it certainly remains a pivotal one.  R&D not only 
plays a key part in the development of innovative knowledge, it also enhances the ability 
to absorb knowledge and to keep up with technological change in the external 
environment.  
 
Another key factor established in the above section is that the development of R&D 
requires a considerable investment in terms of time, funds and effort.   
 
The following section provides a brief description of the development of the South 
African R&D system.   
 
1.4. History of the South African R&D System 
 
The use and development of new technology and science in South Africa has been an 
integral part of Africa in terms of both identity and culture.  Archaeological discoveries 
dating back as far as the first Stone Age provide evidence of the success with which S&T 
has been employed on this continent (CENIS, 2000).  These facts and artefacts testify to 
the technological abilities of the indigenous people of Africa as well as the central place 
that science and technology had in their lives.   
 
The first formal documentation of scientific and technological activities in South Africa 
dates from the 18th century when the Cape colony attracted scientists from a bold young 
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science born of the European Renaissance (CENIS, 2000). 
 
1.4.1. Science for the sake of knowledge 
During 1751 to 1880, scientific exploration in South Africa was an activity mainly 
conducted by travelling scholars.  An example is Abbot de la Caille from the French 
academy of science who, apart from other important contributions, determined the 
position of nearly 10 000 stars classified in order of brightness and identified 42 nebulae 
(Marais, 1999: 174).  
 
Another factor that spurred scientific exploration was the abundance of fauna and flora in 
the Cape colony.  Since 1652, collections and examples were sent to Europe for further 
study.  However, the foreign scientists’ interest also extended beyond fauna and flora to 
include areas such as geomorphology and mineralogy (CENIS, 2000).   
 
Given the dispute over ownership of the Cape colony between the English and the Dutch, 
many field notes were never published, resulting in a large amount of work being 
duplicated locally.  Each change in military fortune resulted in the losing party destroying 
the knowledge thought to be of strategic importance (CENIS, 2000).  
 
The English’s final occupation of the Cape in 1810 was followed by the establishment of 
a number of public institutes and organisations, such as the Vaccine institute in Cape 
Town (1811), The Royal Observatory (1820) and The South African Museum (1825) 
(Naude & Braun, 1977:70).  
 
Since 1830, private initiatives had spawned colleges such as the South African College at 
the Cape as well as colleges at Grahamstown, Bloemfontein and Stellenbosch.  Many of 
these colleges gained university status after 1873.  In 1873, the University of the Cape of 
Good Hope was opened.  The period between 1906 and 1916 also saw the establishment 
of a number of colleges, including those at Pretoria, Natal and Fort Hare. 
 
1.4.2. Industrialisation and ‘science for practice’ 
The discovery of gold and diamonds in 1867 to 75 resulted in a large numbers of people 
agglomerating to search for precious materials. The 1886 gold rush to the Witwatersrand 
not only created the need for a better-developed mass food production as well as a rail 
and road system but also for a mechanism to cope with pressing shortages of, amongst 
others, wood and timber (CENIS, 2000). The vertical and horizontal value chains that 
consequently developed around the mines formed the basis for the modern economy 
(Kahn, 2004:1).   
 
The novel circumstances also altered the face and grounds for operating science in South 
Africa.  The mining enterprises’ dire need for professionals, such as engineers, 
geologists, geophysicists, doctors and chemists, aggravated by the colony’s inability to 
supply these resources, resulted in the necessary professionals being imported from 
Europe.  This also resulted directly in science as a career becoming a reality.  The last 
decade of the 19th century saw many professional societies being established to increase 
the standing of the numerous disciplines (CENIS, 2000:9).    
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The demands of the new system for more people, mass production of food supplies and 
importation of unchecked plant stock placed a lot of stress on the environment, which, in 
turn, led to a series of disasters, such as human and plant diseases as well as animal 
parasite attacks.  The government turned to science for answers to these problems by 
hiring world-renowned specialists, who were later replaced by young scientists.  Science 
was indeed employed successfully to solve many of these problems.  
 
Following the successful development of a serum for rinderpest by Theiler (a French 
specialist from the Pasteur Institute in France), government gave permission that an 
institute aimed at developing and producing vaccines and sera against human and animal 
diseases be founded.  Theiler’s successes in controlling epidemics therefore resulted in 
government building the country’s first Institute of Research, namely Onderstepoort, 
which opened in 1908.  
 
Private initiative added a second important dimension to research performed locally.  The 
mining industry noticed a high incidence of illness amongst employees, which impacted 
negatively on production. This problem led to the establishment of the second research 
institute in South Africa, the South African Institute for Medical Research (SAIMR), 
which was originally funded mainly by the mining sector to research occupational 
diseases. 
 
Born from the necessity of production, South Africa took its first steps towards producing 
‘home-grown’, applied research. From this, government was also pressurised for 
assistance in basic research activities. 
 
1.4.3. The period between WWI and WWII (1920’s -1930’s) 

As universities in South Africa grew, they started to show some interest in performing 
research in the paradigm of ‘science for the sake of knowledge’. Research within these 
organisations tended to have no association with either social needs or the movement of 
science worldwide. During this period, academic university research remained within the 
realms of botany, entomology, zoology, human palaeontology and archaeology.  
Universities produced preciously little work of significance outside these fields. 
 
Until the 1940s, the leading figures of fundamental science were however from 
institutions other than universities. During this period, the paradigm of ’science for 
doing’ dominated the field by providing research scientists with better working 
conditions and facilities.  
 
Factors promoting applied research in the inter-war period were even more prevalent.  
Following the Ministry of Mines’ movement to an increasingly more scientific approach 
to geological surveying, a wealth of minerals was discovered and new mining companies 
were formed, thus enhancing the need for more engineers, scientists, geologists, experts 
in mechanics, etc.  
 
The emergency of energy problems resulted in the Institute of Fuel Research being 
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formed in 1932.  This led to the exploitation of local oil and coal, but also to the 
establishment of an iron and steel industry to stimulate such a measure.   
 
Other industries were also converted to science, for example the Natal sugar refiners, 
who established research facilities for the valorisation of by-products as well as 
entomology. 
 
The Ministry of Agriculture was also convinced of the many merits associated with an 
involvement in science, resulting in, amongst others, the Departments of Agriculture 
being established at the Universities of Pretoria and Stellenbosch.  
 
WWI revealed the weaknesses of an economy dependent on primary products.  The 
Industries Advisory Board, established in 1916, under auspices of the Ministry of Mines 
and representatives of commerce and industry, appointed a Scientific and Technical 
committee and undertook to formulate an industrial development policy.  This decree 
resulted in the creation of a foundation for funding university research.   
 
H.J. van der Bijl was appointed as the Prime Minister of the Union of South Africa’s 
Scientific Advisor. Van der Bijl developed a strategy to resolve research priorities, 
thereby ensuring South Africa’s future independence in techno-scientific areas.  Although 
the strategy achieved little more than gathering dust initially, van der Bijl eventually (at 
least partly) succeeded in accomplishing his plan as head of public companies ESKOM 
(responsible for electricity production, founded in 1923), ISCOR (Iron and Steel 
Corporation) and IDC (Industrial Development Corporation, founded in 1940). 
   
1.4.4. The Nationalist ideology: strategic science 
As WWII broke out, the South African economy had to substitute many of its imported 
products, including oil.  The country also had to supply armies in Africa as well as the 
Middle East with items, ranging from vaccines to food. 
 
During this period, South Africa was required to evolve manufacturing abilities for spare 
parts, i.e. aircraft, boats, etc., and to start manufacturing armaments such as rifles, bombs, 
armoured vehicles and precision equipment, e.g. RADAR. The search for minerals such 
as chromium, titanium, vanadium and uranium received a new boost. Industry was rushed 
into action.  Capabilities within South Africa were tracked down and where unavailable, 
imported from Europe.  The outbreak of WWII therefore resulted in South Africa 
experiencing its first industrial revolution, from which it would not revert back to a 
purely primary economy (CENIS, 200:23). 
 
The South African Prime Minister, General Jan Smuts, a scholar and philosopher, 
appointed B. Schonland as scientific adviser to the Prime Minister. His major task was to 
formulate plans for establishing an organisation to advise the South African government 
on the best methods for developing the country’s natural resources to the full and to co-
ordinate scientific research in the national interest. Schonland’s proposals adopted the 
Australian and Canadian research councils as the most appropriate models. In June 1945, 
the Scientific Research Council Act was passed. A few months later, on 5 October 1945, 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  





National Research Foundation FRD/HSRC 1999 Pretoria ACST 
 
Although South Africa lagged behind other commonwealth countries in terms of the 
establishment of science councils, the organisational space became densely populated 
since the 1960s (Marais, 1999:87).  The 1960s and 1970s were characterised by tight 
government control of the science councils and the council presidents were all ministerial 
appointments. Government control over universities was less effective. The government 
thus found it easier to create ethnic universities and regain a degree of control over their 
governance (CENIS, 2000:32).  
 
As the apartheid policy was institutionalised more rapidly, it led to the promulgation of 
the Extension of University Education Act in 1959.  The act resulted in four new 
universities being established for students of specific population categories, namely the 
University Colleges of the North (Turf loop), Zululand, Western Cape and Durban-
Westville. The Fort Hare Transfer Act restricted students attending this university to 
Xhosa-speaking Africans (CENIS, 2000:31). 
    
During the early 1980s, five more universities with the same basic ideological framework 
were established. Race remained one of the main criteria determining access to higher 
education until the late 1980s. These universities, now referred to as Historically Black 
Universities (HBUs), focused primarily on vocational training on an undergraduate level. 
The proportion of students on postgraduate level was very small. Master degrees and 
doctorates awarded from these universities represented approximately 1% of the total 
number of all degrees and diplomas awarded. R&D expenditure by HBUs during 
1991/1992 represented 7% of the national R&D expenditure of the university sector 
(Marais, 1999:80). 
 
Technikons were established in 1978 along the same line as British polytechnics. These 
educational bodies emphasised skills training, which inhibited them from developing a 
research culture. Technikons were granted a research mandate in 1983 and degree-
awarding status in 1993. This decree stimulated R&D activities in Technikons on the 
levels of policy development and postgraduate training. During the 1990s and 1980s, the 
FRD and HSRC started programmes for promoting R&D in these institutions (Marais, 
1999:81).  
 
1.4.5. The 1980s and early 1990s 
Government adopted the system ‘Framework Autonomy and Base Line Funding’ for the 
management of the science councils in April 1988. A government subsidy was fixed to 
force councils to secure funding from clients in the public or private sectors.  This system 
was enforced specifically to increase linkages between councils and industry (Kaplan, 
1995:8).   In this respect, implementation of the framework can be regarded as successful.  
 
However, this decree held a number of negative consequences for research culture within 
the councils.  The councils’ research portfolios became increasingly more market driven, 
which resulted in a shift in focus from the socio-economic and development goals. 
Collaboration between institutes declined and competition became the order of the day. 
This shift towards a more market driven model came under fire (CENIS, 2000: 35). 
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examples of system dynamics models created for single R&D project models as well as 
models that have been developed for R&D and innovation on a more aggregate level. 
 
1.9.2. Research design and methodology 
Chapter 4 comprises a presentation of the project’s research design. The chapter also 
includes a discussion on the system dynamics methodology and explains its suitability for 
the problem at hand.  
 
1.9.3. The conceptual model  
Chapter 5 focuses on the development of a conceptual system dynamics model for the 
South African system of innovation.  The knowledge obtained during the literature 
review enables an identification of the major elements necessary to represent the system’s 
relevant aspects. These elements establish the structure of the model, while causal 
relationships and feedback loops between elements are conceptualised.  
 
1.9.4. Data Gathering and Analysis 
 
Chapter 6 documents the research project’s primary data gathering phase.  This includes 
a detailed discussion on the questionnaires and responses received from a group of 
experts participating in the Delphi study. Conclusions drawn from the Delphi study is 
used to develop a selection of scenario tests, which are run on the system models 
developed in Chapters 7 to 9.  
 
Chapters 7 to 9 document the process of applying the dynamic hypothesis to the higher 
education sector, public sector and private sector in South Africa. The chapters also 
discuss the secondary data gathering process and document the data sources. The model-
testing phase and simulation runs are also discussed. Each model is discussed separately 
in the following chapters: 
 
Chapter 7: Higher education sector model 
 
Chapter 8: Public sector model 
 
Chapter 9: Private sector model 
 
1.9.5. Summary and conclusions  
 
Chapter 10 highlights the contributions made to the body of knowledge in this research 
project by discussing the areas in which the model has contributed to a better 
understanding of R&D in the South African system of innovation. Based on the outcome 
of the scenario tests on the models, certain recommendations are made regarding R&D 
policy in South Africa. Finally, a section of chapter 10 is allocated towards self-
assessment and lessons learnt from this project. 
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authors focus mainly on technological innovation and are consequently interested in 
organisational and institutional change. 
 
This section documents an overview of the concept of innovation within a systems 
framework.  It should be noted that innovation has not always been viewed as a complex 
systemic process and that the understanding of the concept evolved over a period of time. 
The following section provides a brief overview of the evolution of the innovation 
concept. 
 
2.2.1 The linear model of innovation 
The 1960s saw the development the linear model of innovation, a concept that led to 
much discussion. This model of innovation states that the innovation process starts with 
the onset of basic research. The model depicts a system in which the development of new 
technologies follows a clear-cut time sequence that originates in research, involves a 
phase of product development and leads to production and commercialisation (OECD, 
1994b). According to this model, the innovation path exists by being pushed by advances 
in science or pulled by needs of markets. 
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Figure 2-1: The Linear Model of Innovation 
 
During the majority of the 1970s, the merits of both the science-push as well as the 
market-pull models were discussed. Market-pull models were criticised for its simplistic 
use of the market as a causal mechanism, whereas the science-push model was rejected 
for its failure to acknowledge the role that the market plays. Both these models were 
criticised for failing to acknowledge the complex interactions between involved groups 
(Rogers, June 1998:24). 
 
2.2.2 The chain-linked model of innovation 
The chain-linked model of innovation was essentially an improvement on the linear 
model in that it acknowledged interactiveness and feedback between stages. This model 
recognises that although innovation can draw on existing knowledge, it could also lead to 
the creation of new knowledge. 
 

 
 
Figure 2-2: The Chain-linked Model (Kline and Rosenberg, 1986) 
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The chain-link model depicted in Figure 2-2 conceptualises innovation in terms of 
interaction between market opportunities and the firm’s knowledge base and capabilities. 
Each broad function involves a number of sub-processes with highly uncertain outcomes. 
Accordingly, there is no simple progression, which often necessitates going back to 
earlier stages to overcome difficulties in development. This signifies feedback between 
all parts of the process.  A key element in determining the success of an innovation 
project is the extent to which firms manage to maintain effective links between the phases 
of the innovation process.  The model emphasises, for instance, the central importance of 
continuous interaction between marketing and the invention/design stages. 

 
The chain-link model views research not as a source of inventive ideas but as a form of 
problem solving to be called upon at any point. When problems arise in the innovation 
process, as they are bound to do, a firm draws on its knowledge base at that particular 
time, which comprises earlier research findings as well as technical and practical 
experience. The research system takes up the difficulties that cannot be settled with the 
existing knowledge base, and so extends it if successful (OECD, 1996:25). 
 
Accordingly, the chain-link approach does not view research simply as the work of 
discovery that precedes innovation. Research is a complex and internally differentiated 
activity, which is an adjunct as opposed to a precondition to innovation. The above is in 
line with the results gained from studies of innovative behaviour, which indicated that 
innovations rarely result from research activities alone (OECD, 2002d).  
 
2.2.3 Summary 
This thesis centres on the concept of R&D from an NSI perspective. This section 
discusses two earlier models of innovation, both of which acknowledge the role of R&D 
in the innovation process.  
 
The first model, i.e. the linear model of innovation, describes the process of innovation as 
a linear process originating with the creation of new knowledge, i.e. research.  This is an 
extremely simplistic view and fails to acknowledge the complex feedback loops and 
dynamics involved in innovation and the R&D processes.  
 
The second model, i.e. the chain-linked model of innovation, acknowledges the feedback 
loops, the more complex nature of innovation and the role of R&D as an adjunct rather 
than a precondition to innovation.   
 
The above clearly indicates that R&D has been acknowledged as integral in the 
innovation process even in the very first models of innovation. The concept has since 
evolved from viewing R&D as the entry point of innovation to acknowledging it as a 
problem-solving device throughout the entire innovation process. The latter approach 
also implies that R&D is not the only entry point to innovation.     
 
The most recent framework aimed at explaining the inherent complexity of innovation is 
the systems view.  Before explaining the system of innovation concept in more detail, 
attention is given to the system concept in general.    
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Both the definition of a system as well as the properties listed above implies that a system 
must have behaviour that is not exhibited by any of its subsets. Blanchard and Fabrycky 
(1998:2) believe that although the components of a system qualify as systems themselves, 
each system forms part of an even bigger system in the hierarchy. 
 
It is therefore imperative to define the precise system under consideration by specifying 
its limits, boundaries or scope.  Everything outside the boundaries is considered to be the 
environment.  
 
 

 
 
Figure 2-3: The System Interacting with its Environment  
 
Blanchard and Fabrycky (1998:3) state that no system can function in complete isolation 
from its environment. Materials, energy and information often pass through boundaries as 
inputs to the system.  The reverse is however also true:  materials, energy and 
information pass through the system to the environment, which can also be referred to as 
output. 
Figure 2-3 visually depicts the interaction between a system and its environment. 
Blanchard and Fabrycky’s (1998:3) definition of a total system is: “The total system, at 
whatever level in the hierarchy, consists of all components, attributes and relationships 
needed to accomplish an objective.” 
 
Forrester (1974:4-2) illustrates similar views on defining the system boundary by stating 
that the specific behaviour of a system must be produced by a combination of interacting 
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discusses the differing views that various authors have on the components, relationships 
and attributes of the system.   
 
2.4 Systems of Innovation 
 
Chris Freeman was the first author to introduce the systems of innovation approach. He 
introduced the concept of a NSI to describe and interpret the performance of Japan, the 
country that was economically the most successful in the post World War II period.  
Freeman (1987) defined the NSI as “the network of institutions of private and public 
sectors, whose activities and interactions initiate, import, modify, and diffuse new 
technologies”.  
 
The systemic approach of innovation is based on the perception that innovations are 
ultimately brought about by the various components and the relations between them.  
 
The innovation systems approach aims to identify the key components playing a central 
part in performing the system’s functions.  Before analysing the NSI concept in more 
detail, the reasons, merits and problems of analysing systems of innovation on a national 
level is discussed in the following section.  
 
2.4.1 The analysis of innovation on the national level 
The majority of innovation systems research is defined on a geographic scale.  Although 
the national level proved predominant in the past, research has since been performed on 
regional and local level. 
 
A number of researchers have argued against referring to systems of innovation on a 
national level. Lundvall (1992:3) disputes the use of studying innovation systems on a 
national level, whereas Nelson and Rosenberg (1993: 5) argued in favour of a sectoral 
approach.  Pavitt’s (1984) research focussed on innovative firm behaviour and functions 
as well as qualities and sources of technologies, consequently pursuing the development 
of a sectoral taxonomy of technological development as opposed to a geographical 
approach.  Howells (1999: 67) suggested that regional systems of innovation could 
provide an additional layer to the NSI approach. He believes that geographical distance, 
accessibility, agglomeration and the presence of externalities provide a powerful 
influence on knowledge flows, learning and innovation. 
 
Bo Carlsson and his team developed the ‘technological system’ approach within the 
framework of a research project on Sweden’s technological systems and future 
development potential. This approach describes technology systems in different 
technology fields. Carlsson et all (1992: 49) argues that whereas the nation has natural 
boundaries, many technological systems co-exist.  According to Carlsson, the size of a 
technological system depends on the technology and market requirements, various 
agents’ capabilities as well as the degree of interdependence among agents.  
Technological systems can therefore be local, regional, national or international. 
 
Strong arguments in favour of referring to systems of innovation on a national level also 
exist. Nelson’s case studies (Nelson, 1993) conclude that differences on a national level 
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exist in language, culture, standard of living, lifestyle, consumption patterns and the size 
of public sector.  Public policies are designed on national level, which highlights the 
influence that politics and policy ultimately have on innovation processes.  
 
Arguments both for and against analysing innovation on a national level can therefore be 
presented with a certain amount of conviction. Since the main objective of the model 
building study is the development of a policy tool for government officials to formulate 
national R&D policies, the national level approach is chosen. As Lundvall (1992, 3) 
points out that although globalisation and regionalisation might be interpreted to weaken 
the coherence and relevance of a national system, studying innovation on a national level 
will highlight the role and workings of a NSI.  
 
The above arguments indicate that the national systems approach still plays an integral 
part in supporting and directing processes of innovation as well as learning.  The national 
systems approach therefore remains relevant for the purpose of this study.  
 
The decision to analyse the NSI on a national level also directs the system boundary 
definition for the model building study.  
 
2.4.2  Components of systems of innovation 
Authors tend to use the terms ‘organisation’ and ‘institution’ rather inconsistently in the 
literature analysed (Balzat, 2002; Edquist, 1997).  The term ‘institution’ is used to refer to 
both organisations as well as institutions.   As this study distinguishes between these 
terms, a proper definition of ‘organisation’ and ‘institution’ is necessary. The definitions 
provided by North (1994) are adapted for the purpose of this study. 
 
Organisations comprise groups of individuals bound together by some common purpose 
to achieve certain objectives.  Organisations include political bodies, e.g. political parties, 
the senate, a city council and regulatory bodies, economic bodies, e.g. firms, trade unions, 
family farms and co-operatives, social bodies, e.g. churches, clubs, athletic societies, etc. 
and educational bodies, e.g. schools, universities and vocational training centres. 
 
Institutions are the humanly devised constraints that structure human interaction.  These 
include formal constraint, e.g. rules, laws and constitutions, as well as informal 
constraints, e.g. norms of behaviour, conventions and self-imposed codes of conduct.   
 
North (1994) states that: “It is the interaction between institutions and organisations that 
shapes the institutional evolution of an economy. If institutions are the rules of the game, 
organisations and their entrepreneurs are the players”.  
 
He argues that the emerging organisations are a direct reflection of the opportunities 
provided by institutions, e.g. if a country’s institutional framework rewards innovation, 
innovative organisations are bound to flourish. 
 
As the interest of this thesis is focused mainly on the framework of analysing innovation 
from a systems perspective, drawing parallels between the generic definition of a system 
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interactions and linkages are crucial to the system’s nature and performance. Galli and 
Teubal (1997), Andersen (1992), Edquist (1997) and Lundvall (1992) agree that the 
linkages within an NSI are a vital contributing factor to the development and innovative 
behaviour of the system.  
 
The environment within which the NSI interacts is also imperative. The NSI is not an 
isolated system and is influenced by other subsystems of an economy, for instance the 
legal system, tax system, financial system or the labour market (Balzat, 2002). Nelson 
(1993) and Lundvall (1992) also stress the influence of globalisation, the development of 
telecommunication technologies and the emergence of global companies on innovation 
processes. 
We can conclude that government might well play an integral part in creating an 
environment conducive to innovation. Porter stresses the role that government plays in 
ensuring that the environment in which the system exists is inductive to innovation and 
R&D.  The institutional framework contributes to the environment.  According to North, 
the environment will determine the attributes of the organisations in the NSI. Galli and 
Teubal (1997) as well as Gregersen (1992) agree on the role of the public sector, and in 
particular government, in ensuring the quality of the linkages in the NSI. 
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Effect of Experience on Cost
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Figure 3-1: The effect of Experience on Cost 

 

Learning by doing, R&D and the resulting process improvement are embedded in the 
organisation’s capital stock, worker knowledge and routines. Although this knowledge stock 
is slow to develop, it also takes time to decay, provided that the human resources remain in 
the system.  
 
3.4.5 Summary 
An important and insightful model developed by Cohen and Levinthal (1989) is based on the 
argument that the R&D process is not merely the creation of new knowledge but that the 
performance of R&D also results in the development of an absorptive capacity that enables 
the system to absorb knowledge from the external environment. The absorptive capacity then 
develops a capacity in the system that ultimately equips an R&D system to create its own 
knowledge.  
 
This model holds important implications for the dynamic behaviour inherent to the system 
model developed in this thesis. The model is applied to the firm level and incorporates not 
only the knowledge spillovers from the firm’s own industry but also from outside industries. 
The model however does not incorporate the effect of decaying knowledge stocks in the 
system, i.e. forgetting.   
 
Caballero and Jaffe (1993) developed another important model for estimating the growth of 
knowledge.  Knowledge increases in the presence of research labour. Caballero and Jaffe’s 
model again emphasises the important role that human resources play in a system’s ability to 
accumulate knowledge. As the model acknowledges the exponential decay of knowledge in a 
system as well as the time it takes for the diffusion of older ideas into current general 
knowledge, it is therefore able to incorporate the flows of knowledge from its creation to the 
time that it becomes obsolete.  
 
An important aspect of Caballero and Jaffe’s model for the purpose of this study is the 
modelling of the contribution of old knowledge to the development of new knowledge as a 
function of the citation rate. This approach is also followed in the thesis. 
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An example of a typical mission for a university would be producing human capital, i.e. 
graduates.  

 
Noisi stresses the importance of developing meaningful and reliable indicators for innovation. 
The following table provides possible indicators for measuring NSI performance: 
 

Table 3-3: Examples of Indicators for NSI performance 

 
 Level Indicators (Benchmarks) 

University University graduates as a percentage of new enrolment 
University University publication per university 
Industry Industry patent per industrial researcher 
Government policy Number of firms conducting R&D 

Effectiveness 
indicators 
  
  
   Government policy Number of research universities 

University Cost of university graduates 
University Cost of university publications (publications/HERD) 
Industry Cost of industry  patents (total industrial patents/BERD) 

Efficiency indicators 
  
  
  Government laboratories Cost of government laboratories' patents 

All institutions Citations to patents 
All Institutions Citations to publications 
Industry Number of innovations 

Quality of output 
  
  
  Industry Export of technologically intensive goods and services 

Personnel flows among organisations 
Knowledge flows 
Technology transfer 
Technological alliances 
Machinery diffusion 
Financial flows 
Venture capital for new high-technology firms 
Government subsidies for R&D 
Regulatory flows 
Intellectual property registration 
Legislation on standards 
Anti-trust and cooperative rules and laws 
Human flows 

Flows/synergy 
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  

University graduates supply and demand by discipline 
and institution 
GERD/GDP 
Revealed technological advantages 
Input/output macroeconomic ratios 

Ratios and indexes 
  
  
  

At NSIs level 
  
  
  Trade balances on high-technology goods and services 

 
Niosi’s contribution touches on one of the biggest problems obstructing the analysis of 
innovation as well as the modelling of innovation systems, namely the availability of 
indicators. Even where indicators are available, the process of analysing the systems remains 
difficult. 
 
3.5.2 Interrelationships among the elements of the NIS 
The model developed by Nasierowksi et al (1999) is a comprehensive causal model of the 
interrelationships among the elements of the NIS, the first model of its kind in literature. The 
model contemplates how NIS inputs affect NIS related outputs, from patents of various kinds 
to citations and publications. These, in turn, are expected to affect technological progress 
through its effect on productivity.  
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funding. 

 
 

Figure 3-4: British Columbia system of innovation (adapted from CPROST (1997))  

Using data available from Statistics Canada for 1993, the R&D funding linkages taken from 
Figure 3-3 are shown in Figure 3-4. The figures are shown as a percentage of gross GDP to 
facilitate comparisons with other NSIs. In addition to R&D funding flows, estimates of the 
value of the flows of the knowledge embedded in private sector transactions in intellectual 
property and high-technology products are also included. 
 
A similar static analysis has been conducted on the South African system of innovation 
regarding the flow of funds. The following figure depicts the most important flows of R&D 
funds between the sectors in the South African system of innovation.  
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in 1978, the majority of system dynamics models focused on describing and modelling 
specific development projects, while fewer models were centred on multi-project 
management of the relationship between R&D function and the rest of the enterprise. 
 
Repenning (1999) reasons that the lack of interest in the R&D function might in part be 
attributed to the dramatic success enjoyed by single project models.  According to 
Repenning, Pugh-Roberts consulting company used Roberts’ approach in dealing with single 
project dynamics (Roberts, 1964) to help Ingall, a huge shipyard, to settle a multi-million 
dollar claim against the United States Navy (Repenning, 1999). The same company also 
developed a huge model for Litton industries encompassing the entire design, development 
and engineering phases of the DD and LHA shipbuilding programmes.  Pugh-Roberts have 
since become the industry leaders in system dynamics modelling. 
 
Since the vast amount of literature on system dynamics models of R&D deal with single 
project models, the following section briefly describes some of these models. 
  
3.6.1 SD models of single project R&D and R&D on the firm level 
In his volume, Roberts (1978) describes an R&D simulation model developed by Weil, 
Bergan, Roberts (1978) as a management tool to decide on strategy. The model’s use is 
described in terms of the different ways in which R&D strategies can be implemented.  
 
Repenning (1999) lists some influential models of R&D. Abdel, Hamid and Madnick, (1991) 
developed a model of a single projects R&D system for applications to software 
development, while Homer’s (1993) model dealt with the construction of pulp and paper 
mills. Ford and Sterman (1998) developed a single project R&D model of the design and 
development of semi-conductors. 
 
Milling’s (2001) product innovation process model depicts the development of new 
technology by incorporating an evolutionary module of product improvement. This model is 
applied on a single firm and single product level.   
 
Hilmole, Helo and Kekale (2004) analysed a theoretical model of a start-up technology 
company as an input-delayed economic transformation process. The purpose of this model is 
to reach a better understanding of the working of the system where three different parameters 
are changing, namely R&D productivity, R&D share and budgetary expenses. Qingrua Xu et 
al (2004) model the motivational aspects of human resources in an R&D company. The 
company’s performance is modelled as a function of competency and incentive. 
 
Moizer and Towler (2004) developed a generic model characterising and capturing the causal 
feedback structure and performance behaviour inherent to a generic R&D system within a 
firm. Alternative what-if scenarios are tested on the mode to estimate the effect of R&D 
resource decisions coupled with changes in market demand.  
 
Hansen, Weiss et al (1999) developed a model aimed at depicting funding allocations within 
a firm with considerable R&D activities.  The issues relating to spending is the ever-present 
struggle between redistributing profits to investors versus reinvesting in the R&D function. A 
second decision regarding spending is to decide on the type of R&D expenditure in terms of 
basic, applied and experimental development. The model uses the system dynamics 
methodology to illustrate the effect of the allocation of funding to different phases in the 
R&D process. The model therefore aims to optimise resource allocation in real organisations.  
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Figure 3-6: Stock and Flow Diagram from Jan and Jan’s (2000) Model 

 

The Taiwanese experience reveals that R&D capacity is a key factor in weapons acquisition 
policy making for NICs. Such a capacity is slow to establish and costly to maintain.  
Inappropriate policies also have the ability to erode such capacity rapidly. This study applies 
system dynamics methodology to analyse the problem. It assists in examining the 
characteristics of weapon system development and constructs a dynamic model to improve 
understanding of the structure of weapon system development. The study also provides a 
basis for a clearer and broader understanding of future policy making considerations for 
NICs. 
 
A similar model has also been developed for the South African armament industry (see Buys, 
1990).  
 
This section discussed and illustrated the use of a system dynamics model to develop a model 
of the development of R&D capacity in the armaments industry. Many of the concepts 
included in the model also apply to general R&D capacity development, an issue that will be 
discussed in more detail in the model development chapter in this thesis.  
 
The following section describes a system dynamics model developed to simulate and analyse 
funding decisions in R&D investment in South Korea.    
 
3.6.2.3 Leverage strategy to R&D investment in South Korea 
Over the years, the Korean R&D investment institution has made substantial commitments to 
the expansion of total funding packages awarded to selected national R&D projects.  
Increases in the dollar amounts of these targeted projects resulted in the stage-by-stage 
evolution of Korean technologies. What demarcates the Korean national R&D investment 
institution from its international competitors is the unusually high discrepancy between the 
total investment stock and consequential research results that have the benefit of international 
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recognition (Park, Oh and Kim, 2004). 
 
To various studies conducted before the system dynamics model was created failed to address 
these structural issues inherent in the Korean R&D system, especially on the dynamic 
structure of making funding decisions. Although some extant studies noticed the ongoing 
decisional problems within the Korean national R&D system, a knowledge gap was identified 
that no empirical simulation models had been fully developed or tested that could detect 
underlying structural anomalies rampant in the R&D system.  
 
Park et al (2004) identified three cyclical loops of strategy, structure, and efficacy. These 
interact continuously with each other to produce both intended and unintended outcomes of 
national R&D projects. The causal loop diagram is depicted in Figure 3-7. 

Budget

Investment

Coordination

Performance

Implementation

Efficiency

Efficacy

Strategy

 
Figure 3-7: Three Cyclical Loops of Strategy, Structure and Efficacy (Park et al, 2004)  

 

Research performance is examined both quantitatively and qualitatively. The quantitative 
option simply implies count all completed projects within a given deadline, while qualitative 
measurement relates to researchers’ attitudes. 
 
The number of completed projects measures research performance by researchers’ actual 
attitudes. The actual attitudes concept incorporates both will and real activity levels held by 
researchers and are expressed in terms of the level of confidence on research performance 
held by researchers multiplied by their actual research activities. It is assumed that the level 
of confidence is correlated with researchers’ positive attitudes toward their projects. The 
efficacy loop has the following stocks and flow structure:  
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Figure 3-8: The Efficacy Loop (Park et al., 2004)                 

 
NIS projects can be classified into competency building programmes and strategic 
technology development programs.  
 
Capacity building programs include foundational science, human resource development and 
short-term projects. It is thus assumed that knowledge accumulation will grow exponentially 
past a specific tipping point, although this will not be visible in early stages.  
 
Strategic technology development programmes usually include long-term projects for 
developing strategically targeted new technologies, although they quickly adapt to changing 
environments. It is assumed that the finished results of each project might be extremely 
visible, although new technologies can easily become obsolete when the market is saturated. 
In the long run, strategically developed technologies disappear from the market. Strategically 
developed technologies maintain linkages between different dimensions of technologies. In a 
linear relationship between stages of technological development, basic technology serves as a 
basis for application and add-on technologies. Absorptive capacity determines the learning 
capacity and how successful it is applied in the domestic environment. 
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Figure 3-9: The Efficiency Loop (Park et al., 2004) 

 
The model simulation runs yielded output which showed that emphasis on application and 
‘add-on’ or developmental technologies resulted in long inter-stage temporal gaps, although 
their short-term economic benefits were obvious.  
 
In a similar vein, myopic investments in specifically targeted technologies in strategically 
designed R&D projects led to decreasing levels of absorptive capabilities, whereas far-
sighted investments brought about adversary results. Finally, it was found that an initial 
investment package did not have significant impact on the level of researcher efficacy, which 
predicts a more complex dynamics of researcher motivation structures than usually assumed.  
 
The above section therefore holds that a system dynamics model explaining the influence of 
R&D investment in the South Korean innovation system has been developed. This model 
simulates the effects of different types of R&D investment decisions on the R&D capacity of 
South Korea. It should also be noted that many qualitative aspects, such as ‘researchers’ 
beliefs’, etc. are included in the model. The use of unquantifiable concepts in system 
dynamics models has unleashed much criticism in the approach.  
 
3.6.3 Summary  
This section thus describes how system dynamics models have been implemented to foster a 
better understanding of dynamics in R&D systems.  Models developed for R&D on the 
project level as well as on the firm level were scrutinised.  
 
The second section focussed on existing models developed for the analysis of system 
dynamics models of R&D on the macro level. These models clearly indicated that R&D 
investment plays a crucial role in the development of R&D capacity in an innovation system. 
This was especially clear in the model developed for the Taiwanese armament industry as 
well as the model for R&D investment in the South Korean R&D system. 
 
The section therefore concludes that the system dynamics methodology has been employed 
previously for the implementation of an R&D model of a system of innovation. Zhang et al 
(2004) specifically comments on the use of the system dynamics approach within a system of 
innovation framework. The prevalence of feedback chains in innovation systems cause 
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of these advantages are still applicable today.  
 
4.3.1 Arguments for using the System Dynamics methodology 
Dynamics structure: system dynamics allows modellers to include sequence of events in the 
model structure. 
 
Time delays can be incorporated in the simulation of the system. These do however not refer 
to the occasional time-shift incorporated in some economic models to obtain a ‘lagged’ 
variable for correlation purposes.  Instead, these delays refer to an organic delay in one of the 
flow channels in the model, e.g. the time required for processing an order for goods. 
 
System dynamics also allows the modeller to include reservoir effects into the model. A 
reservoir effect can be explained as the build up of a level of which the effect is only seen 
later, e.g. the level of interval between an innovation being considered a luxury versus a 
necessity. 
 
Lastly, system dynamics allows the modeller to connect the flow of different resources to 
each other, e.g. the flow of human resources into and out of the system is connected to the 
flow of tacit knowledge and skills through the system. 
 
Information flows and decision criteria: explicit recognition of information flow channels 
and information transformation is possible. Many economic models are constructed on the 
economy’s external symptoms. System dynamics however allow models to be constructed on 
the basic processes included in the system. The modelling methodology also allows for the 
inclusion of the system’s extended history as well as how people might have been 
conditioned by it.  
 
Differential equations seem to be better suited to describe an economic system’s behaviour 
than the algebraic equations often used in economics.  Delays, momentum, elasticity, 
reservoirs and acceleration are the fundamental quantities differential equations have been 
developed to describe.  
 
System dynamics allows models of much greater complexity and completeness than many 
economic models.  A multitude of variables can be included in models with much more ease.  
The labour involved in the step-by-step solution of differential equations for one single 
solution is much less than solving a set of algebraic equations in the corresponding set of 
variables.  
 
Forrester (1968) believes that “most dynamics behaviour, especially in social systems, can be 
represented by models that are non-linear and so complex that analytical mathematical 
solutions are either impossible or extremely complex to develop. For such systems, the 
simulation process of using step-by-step numerical solutions is available.”  
 
Empirical solutions: explicit solutions are impossible with the system dynamics approach. 
Solutions are generated through various assumptions about the model behaviour to changes in 
constants, individual values of variables.  
 
Simulation modelling is therefore not a general solution.  It also does not provide all possible 
behaviour patterns.  Simulation modelling does however provide the time history of system 
behaviour corresponding to the coefficients and initial conditions whose numerical values 
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were selected. Different conditions in a system can be tested by repeating full step-by-step 
computation of a system’s time response. 
 
The above section therefore concludes that the systems dynamics methodology is a suitable 
tool for modelling complex systems and systems with feedback complexity.  
 
The following section provides more insight into the methodology itself as well as the 
different stages and steps of modelling systems. 
 
4.4 The Modelling Process 
 
4.4.1 Background on the modelling process 
Rubinstein and Firstenberg (1995:161) defined a process for the development of a model. To 
achieve a simple high level of abstraction, the following fundamental steps must be followed: 
 
1. establish the purpose of the model; 
2. list the possible elements, i.e. observations, measurements and ideas, however remote, 

that may relate to the purpose; 
3. select those elements listed in step 2 that are relevant to the purpose of step 1; 
4. aggregate elements that can be chunked together by virtue of their strong structural, 

functional or inactive connections between them. This can be described as a process of 
classification; and 

5. repeat step 4 several times until a model consisting of seven elements, aggregated into 
approximately two chunks emerges; 

 
This process can be repeated by sub-aggregation of each chunk in step 5.   
 
The generic process discussed above is also used when developing a system dynamics model. 
The development of the system dynamics model is an iterative process ((Coyle, 1996), 
(Sterman, 2000)). The modelling process, which is also followed in this study, is a continual 
process of formulating hypothesis, testing and evaluating formal and mental models.  
                
Various researchers have aimed to organise the modelling activities, varying from three to 
seven different stages, each using a different set of arguments: 
 
Table 4-1: Steps and Stages in the System Dynamics Modelling Process 

  
Meadows and Behrens (1974:5) Roberts (1983) Sterman (2000) 
General description of the problem observed 
Precise specification of model’s purpose 
Definition of time horizon 

Problem definition Problem articulation 

Identification of major elements to be included System conceptualisation Dynamic hypothesis 
Postulation of model structure 
Estimation of parameters 

Model representation Formulation 

Model behaviour Evaluation of model sensitivity 
Model evaluation 

Testing 

Experimentation and simulation Policy analysis and model use Policy formulation 
and evaluation 

 
Although the way in which researchers group the main activities of developing a system 
dynamics model differs, the researchers remain consistent on the activities considered 
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important in the process.  
 
4.4.2 Modelling steps followed in this thesis 
This research project followed the iterative steps as described by Sterman (2000) in his book, 
entitled Business Dynamics. 
 

1. Problem
articulation

2. Dynamic
Hypothesis

3. Formulation
4. Testing

5. Policy Formulation
& Evaluation

 
Figure 4-1: The Modelling Process is Iterative (Sterman, 2000) 
 
The following sections depict a modified version of the five steps applied in the development 
of the system dynamics model of R&D activities in the South African NSI. Although the 
process was very much an iterative one, only the final outcome of each stage is documented. 
The sections also describe the methodological steps followed in the thesis as well as the 
chapters in which the phases are documented in the thesis structure.  
               
4.4.3 Problem articulation 

Background of system: What is the background of the development of the R&D system in South African?  
Research problem: What is the problem researched in the thesis and why is it a problem? 

 
This study acknowledges the problem articulation as the foremost step in the modelling 
process. A clear purpose for the model is therefore the vital ingredient for a successful 
modelling study.  To ensure that the model developed is useful, a specific problem should be 
addressed.  All useful models have one common characteristic:  it simplifies reality, thereby 
easing comprehension.   A clear purpose therefore goes a long way in clarifying the elements 
that should be included in the model. The art of model building lies in the knowledge of what 
to include, and more importantly, what to exclude.  The purpose of the model acts as the 
logical knife.  
 

Chapter 1: Introduction and 
Background

Problem articulation
Problem articulation

Background on SA R&D system
Problem description and articulation
Research question formulation
Rationale of the Thesis  

Figure 4-2 Problem Articulation 
 
The model’s problem articulation is documented in Chapter 1. A brief history of the 
development of the South African R&D system is also discussed.  The chapter illustrated that 
the system has been developed over decades up to the point where it emerged as the relatively 
sophisticated R&D system it is today. 
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4.4.4 Formulation of the dynamic hypothesis 

Key variables: What are the key variables and concepts to be considered in developing a conceptual model 
of an R&D sector?  
Initial hypothesis generation: Which current theories around generating and creating knowledge and 
dynamics are included in R&D and innovation systems? 
Endogenous focus: Formulate a dynamic hypothesis that explains the dynamics as endogenous 
consequences of the feedback structure. 
Mapping: Develop maps of causal structure based on initial hypotheses and the elements important for 
developing an R&D system’s dynamic behaviour. 

 
The dynamics hypothesis is a theory that explains how the system developed its current 
observed behaviour. The hypothesis is dynamic, since it provides an explanation of the 
dynamics characterising the system in terms of the underlying feedback as well as the 
system’s stock and flow structure.   
 
A thorough literature study was conducted to scrutinise the existing body of knowledge and 
to identify the vital elements for inclusion in an R&D system model. 
 

 
Figure 4-3 Research on Current Theories of R&D and Knowledge Creation 
 
The structure and important elements for inclusion in a model was researched and 
documented in Chapters 2 and Chapters 3. The knowledge obtained in the literature study 
was applied in developing the system dynamics model.  During this development phase of the 
model building study, an endogenous explanation is provided to explain the dynamics of the 
system generated as a result of interactions of the elements important for inclusion in the 
model.  
 
To simplify the task of developing a model for the South African R&D system, a basic 
building block or a generic model of an R&D sector was defined and developed. The 
approach followed was aimed at creating a generic model of an R&D performing sector, 
based on the theoretical principles of the performance of R&D, i.e. the creation of 
knowledge. 
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Figure 4-4: Application of the Generic Model on R&D Performing Sectors in SA 
 
Although there are some similarities in the development of new knowledge and the specific 
types of resources in R&D performing sectors, they are also unique in many ways. The 
generic model was therefore modified to suit the specific and unique structures of different 
R&D performing sectors within the HES as well as public and business R&D sectors of the 
South African NSI. 
 
In aid of the communication and documentation of the model boundary and structure, causal 
loop diagrams as well as stock and flows structures were developed to map the causal links 
between variables.  
 
4.4.5 Model validation and evaluation  
Formulation of the simulation model 
 
Specification of structure and decision rules 
Estimation of parameters, behavioural relationships and initial conditions 
Tests for consistency with the purpose and boundary 
 
After the dynamic hypothesis was developed, it was applied to the three R&D sectors in the 
South African system of innovation.  The application of the generic model on the three 
sectors generated a wealth of insights.  
 
The data gathering is documented in these chapters. The trends observed from the data 
gathered, resulted in the model being modified accordingly. While the basic feedback 
structure remains, the indicators used and the specific policies in the sector contribute to 
some structural changes in the model. 
 
Testing 
 
Comparison to reference modes: Does the model reproduce the problem behaviour adequately for 
your purpose? 
Robustness under extreme conditions: Does the model behave realistically when stressed by extreme 
conditions? 
Sensitivity: How does the model behave when given uncertainty in parameters, initial conditions, 
model boundary and aggregation? 
 
See Section 4.7 for a detailed discussion on the testing strategy followed in this research project. 
 
Testing the model comprises much more than only a simple replication of historical data. 
Tests were conducted on the model to ensure dimensional consistency, sensitivity of the 
model in terms of policy recommendations as well as uncertainty in assumptions.  
 
The model was also tested for extreme conditions that might not even occur in the real world. 
These tests are vital tools for identifying flaws in the model. 
 
Policy Design and Evaluation 
 
Scenario specification: What environment conditions might arise? 
Policy design: What new decision rules, strategies and structures might be tried in the real world? 
“What if….” analysis: What are the effects of these policies? 
Sensitivity analysis: How robust are the policy recommendations under different scenarios and given 
uncertainties? 
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Figure 4-9: Stock and Flow Diagram in Stella 8. 
 
The software package generates differential equations graphically as the analyst creates a 
model of a system graphically. The following is a screen shot of the system of differential 
equations developed by the software: 
 

 
Figure 4-10: System of Differential Equations Developed by the Software 
 
It is essential to test the model thoroughly to ensure that it captures the most important 
aspects of the system it represents. The following section discusses the model testing and 
validation strategy followed in this thesis. 
 
4.7 Dynamic Hypothesis Testing and Validation Strategy 
 

“Many modellers speak of model validation” or claim to have ‘verified’ a model. 
In fact validation and verification of models is impossible….no model can ever be 
verified or validated. Why? Because all models are wrong…all models, mental or 
formal are limited, simplified representations of the real world. They differ from 
reality in ways large and small, infinite in number.  
 
If validation is impossible and all models are wrong, why do we bother to build 
them?   It is the modeler’s responsibility to make sure that the best model is used. 
Instead of seeking a single test of validity model either pass or fail, good 
modelers seek multiple points of contact between the model and reality by 
drawing on many sources of data and a wide range of tests.” (Sterman, 2000) 
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This aspect is incorporated to include the flows of resources between R&D performing 
sectors within South Africa as well as external R&D systems.  

 
Figure 5-1: Interaction and Flows between R&D Sector Models 
 
Figure 5-1 portrays a high-level view of interactions and flows between the major R&D 
performing sectors in the South African R&D system.  Interactions and flows of resources 
occur across the system boundary to the exogenous environment. These flows and 
interactions also occur between R&D performing systems endogenous to the South African 
system, i.e. the higher education, business and public sectors. 
 
This section emphasises that the South African R&D system does not exist in isolation, as 
flows exist between the South African and foreign R&D systems.  Given the flow of 
knowledge and resource between them, the above is also true for the R&D performing sectors 
in the South African R&D system.  
 
To both reach a clearer understanding of the important variables in the model and to glean a 
dynamic hypothesis, the basic structure of an R&D sector is derived from theory. 
  
5.3 Generic Model for a Sectoral R&D System 
 
This chapter focuses on developing a conceptual model of R&D in the South African system 
of innovation. The approach followed (see Figure 5-2) entails creating a generic model of an 
R&D performing sector. Numerous aspects and theoretical principles surrounding the 
performance of R&D are similar across different R&D sectors in a country.  In an attempt to 
simplify the task of developing a model for the South African R&D system, the basic 
building block for the development is defined and derived first.  
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Figure 5-2: The Application of the Generic Model on R&D Performing Sectors in SA. 
 
Although there are a number of similarities in the development of new knowledge on the one 
hand and the specific types of resources in R&D performing sectors on the other, they are 
unique in many ways. The conceptual model developed in this chapter is therefore applied 
and modified to suit the unique structure of the three R&D sectors that the model is applied to 
in Chapters 7 to 9.   
 

 
Figure 5-3: High-level view of the Model Structure 
 
Figure 5-3 depicts a high-level view of the model structure indicating the three subsystem 
models.  The reason for taking this approach is that it saves space and minimises rework in 
the formulation of dynamic hypotheses for the respective R&D performing sectors.  
 
The next step is however to formulate and define the basic structure of an R&D performing 
sector model. The following section documents the derivation of the model structure from 
theory.   
 
5.4 Theoretical Underpinning of the Dynamic Hypothesis 
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The following figure captures this dynamic hypothesis:  
 

 
Figure 5-4: The creation of knowledge by utilising existing knowledge 

 
The dynamic hypothesis aims to capture the process of R&D performance. The diagram 
captures a reinforcing loop.  Human resources in an R&D system draw on capital stock, i.e. 
buildings, land and equipment, knowledge within the system as well as their own expertise 
and experience to perform R&D activities.  Human resources also gain experience by 
performing R&D activities, resulting in a higher level of experience and expertise. 
Performing R&D activities result in new knowledge being created and ultimately in more 
knowledge being added to the ‘R&D knowledge stock’.  
 
Apart from the R&D knowledge stock and tacit knowledge of researchers, an additional 
knowledge stock can be identified. This is the absorbed knowledge stock. The following 
section describes the accumulation of this knowledge stock in more detail.  
 
5.4.2 The absorption and acquisition of external knowledge 
Werker and Fritsch (1999) provide a detailed explanation of the factors that influence the 
generation of knowledge.  They believe that an organisation’s performance with regards to 
the generation of knowledge depends on its ability to combine internal knowledge and 
external knowledge in a new way. This thus proves that the performance of R&D is also 
dependent on the acquisition and absorption of knowledge from external sources.  It is also a 
direct implication that the organisation must at least possess the ability to identify, absorb and 
apply new knowledge for its own means, a process commonly referred to as the ‘absorptive 
capacity’ (Cohen and Levinthal, 1990).               
 
Fritsch and Werker (1999) state that besides the ability to absorb information, the amount of 
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knowledge actually transferred into the organisation is also dependent on the quantity, quality 
and the kind of knowledge available in the external environment.  
 
The following figure represents a dynamic hypothesis as derived from the theory: 
 

 
Figure 5-5: Absorption of Knowledge through Knowledge 
   
The dynamic hypothesis displayed in Figure 5-5, represents a reinforcing loop for building 
system knowledge through the absorption of external knowledge. The loop displays dynamics 
involved in the absorption of knowledge from the external environment. This can only be 
achieved if the system has a level of absorptive capacity. The dynamic hypothesis assumes 
that the system’s absorptive capacity depends on the presence of human resources, tacit 
knowledge and experience as well as previously generated and accumulated knowledge in the 
system. The absorptive capacity is also influenced by the external knowledge stock’s 
characteristics. The system draws on its absorptive capacity to accumulate knowledge from 
the external environment. 
 
As the successful performance of R&D depends on the successful integration of external and 
internal knowledge stocks, the following section deals with integrating the two reinforcing 
feedback loops that have been derived. 
 
5.4.3 The integration of knowledge stocks 
This section develops a dynamic hypothesis for the development of new knowledge. Figure 
5-6 displays a dynamic hypothesis that incorporates the reinforcing loops derived from 
previous sections. 
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Figure 5-8 Goal Seeking Behaviour Employed in the Model 
 
Should there be a discrepancy between the human resources employed in the system, the 
system will automatically take corrective action by either allowing a flow of academics into 
the system (hiring - ) or by an outflow (retrenching or firing the people - ).  )(inf iR low )(iRoutflow

Discrepancy = Target Headcount – Total Headcount 
 
The following two sections describe the detail around how  and  are 
computed. 

)(iRoutflow )(inf iR low

 
5.5.1.1 Inflow of human resources into the system 
Where discrepancy > 0, the system employs less people than the target amount and should 
thus appoint new people. The decision as to which stocks the people should be assigned is 
made through the inflow percentage distribution parameters  in the model. )(inf iA low

Cohort 1 Cohort 2 Cohort 3

Transition rate 1 to 2 Transition rate 2 to 3

Outflow Cohort 3

Inflow Cohort 1

Outlfow Cohort 2

Inflow Cohort 2

Outflow Cohort 2

Inflow Cohort 3

Target Headcount

Total Headcount

Discrepancy

Hire Cohort 1 Hire Cohort 2 Hire cohort 3

Transition rate 3 to RetireInflow percentage
distribution

 
Figure 5-9 Ageing Chain Dynamic with Employment Dynamic Included 
 

Where  > 0,  = *( ) else 0   
 5-4 

yDiscrepanc )(inf iR low yDiscrepanc )(inf iA low

Where  is the percentage distribution through which new appointments are made. )(inf iA low
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percentage every time that cumulative production experience doubles. Learning by doing, 
know-how and are embedded in the organisation’s capital stock, worker knowledge and 
routines. Although this knowledge stock is slow to develop, it also takes time to decay, 
provided that the human resources remain in the system.  
 
It is therefore a safe assumption that a person should become more efficient and effective as 
his/her R&D experience level increases. This can be ascribed to the experienced person 
embodying a higher concentration tacit knowledge and more co-operation and relationships 
with other researchers than the average graduate who has just completed his/her studies. 
Following this reasoning, an assumption is made that as the average level of experience in the 
system increases, the tacit knowledge, know-how, general capability and co-operation of the 
researchers in the system is also bound to rise. 
 
The following stock and flow structure is developed in an attempt to capture these flows and 
accumulation of human resources and experience:  
 

Cohort 1 Cohort 2 Cohort 3

Transition rate 1 to 2 Transition rate 2 to 3

Outflow Cohort 3

Inflow Cohort 1

Outlfow Cohort 2

Inflow Cohort 2

Outflow Cohort 2

Inflow Cohort 3

Percentage 
time spent on R&D Avg exp 1 Avg exp 2

Avg exp 3

InflowExperience Cohort 2 Inflow Experience Cohort 3

Experience Cohort 1 Experience Cohort 2

Transition rate 3 to Retire

Experience Cohort 3

Inflow Experience

Transition exp 1 to 2 Transition exp 2 to 3 Outlfow Experience 3  
Figure 5-12: The Stock and Flow Diagram of Human Resources and Experience. 
 
The stock of human knowledge is quantified in terms of years of experience. This is based on 
the argument derived from theory in a previous section that researchers with more experience 
possess more tacit knowledge and skills. 
 
The stocks of skills in the system ( ) thus accumulate at a parallel rate to academic and 
research personnel gaining more R&D experience. These stocks therefore accumulate with 

)(iSskills
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Figure 5-13: The Absorption of External Knowledge 
 
In this stock and flow diagram, the rate at which knowledge is created in the external 
environment ( ) is defined to be exogenous to the system. As knowledge is created in 
the external environment, it forms part of the total stock of knowledge in the external 

ExternalR
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Figure 5-14: Stock and Flow Diagram for the Performance of R&D  
 
In the development of the CLD, it was derived from theory that the rate of the creation of 
new knowledge  dependent on the stock of Human resources and different types of 
Knowledge contained in the system. The effect the knowledge has on the creation of 

DRR &
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knowledge is already integrated in the System performance parameter ( ).  )&( DRA ePerformanc

 
R&D knowledge stock = Integral (rate of creation of R&D output - depreciation of R&D 
knowledge) 
 

DRS &  = Integral (  - depreciation of R&D knowledge)    5-18 DRR &

 
Performance of R&D (rate) = (Reference rate of R&D in 2001)* (Change 
in ) )&( DRA ePerformanc

 

DRR &  = *     5-19 *
&DRR )&( DRA ePerformanc

 
Closing the reinforcing feedback loop, the R&D knowledge stock feeds back into the system 
performance computation equation. 
  
5.5.7 Conclusion 
This section identifies the basic elements of the R&D performing unit. The causal loop 
structure of an R&D performing sector was derived from theory, after which stock and flow 
diagrams were developed. The following is an integrated stock and flow diagram, depicting 
both feedback loops in the system: 
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Figure 5-15 Stock and Flow Diagram with Absorption and Creation of Knowledge 
 
The basic building block of the system has now been derived. As emphasised in the first 
section of this chapter, the system dynamics model developed is a generic model of R&D on 
a sector level. The following step in the development of a model of R&D in South Africa is 
therefore to apply and modify the conceptual model on South Africa’s three R&D performing 
sectors. 
 
 

. Page 21  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  



 R&D in the National System of Innovation: a System Dynamics Model   

5.6 Chapter Summary 
 
This chapter documents the development and derivation of a system dynamics model of R&D 
activities in an R&D performing sector. The stock and flow diagram developed in this 
chapter follows directly from the CLD derived in the previous sections. The theoretical model 
developed will be applied to the three R&D performing sectors as discussed in previous 
sections of this chapter.  
 
The following chapters document the data gathering, testing and calibration of the model of 
R&D in the South African system of innovation. 
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6 DATA GATHERING: DELPHI METHOD 

 
6.1 The Delphi Method 
 
The Delphi method is an established research methodology aimed specifically at 
exploring the expected future of novel and evolutionary phenomena.  The technique 
obtains a group of experts’ most reliable consensus of opinion (Dalkey & Helmer, 1963) 
by allowing them to express their own views on a topic, while taking into account the 
other participants’ views by means of controlled feedback.  
 
The method is based on the premise that well-informed individuals, drawing on their 
insights and on prior experience, are better equipped to predict the future than theoretical 
approaches or extrapolation of trends (Cuhls, 2003). The responses to a series of 
questionnaires are anonymous.  Participants are also provided with a summary of 
opinions from a previous round before answering the next questionnaire.  It is believed 
that such a consensus process will converge the group toward the ‘best’ response.  
 
The midpoint of responses is categorised statistically using the median score. In each 
succeeding round of questionnaires, the range of responses by the panelists will 
presumably decrease and the median will move toward what is deemed to be the ‘correct’ 
answer.  
 
The Delphi technique is well suited to situations where no or very limited historical data 
is available (Gupta and Clarke, 1996). The method is used mainly to assess long-term 
issues. As the procedure is aimed at identifying statements (topics) that are relevant for 
the future, it reduces the tacit and complex knowledge to a single statement and makes it 
possible to pass judgement.  
 
Using the Delphi technique in conjunction with other methodologies, such as scenarios, 
technology lists, etc., might prove interesting. This specific method is of particular 
interest where subjective and complex judgements as opposed to precise quantitative 
results are of interest (Eto 2003).  
 
It should however be noted that the Delphi technique would be unsuitable in more 
complex issues where the themes cannot be reduced much or where thinking and 
discussions in alternatives are the key objective  (Eto 2003).   
 
The chief users of the Delphi technique are companies, particularly strategy departments. 
The Delphi study is a formalised and traceable method that enjoys an amount of 
credibility with policy-makers. The method has been used in a vast number of technology 
forecasting studies (Mulder et al. 1996, Scott 2001, van Dijk, 1990), government 
foresight programmes, such as the UK Department of Trade and Industry’s Foresight 
Programme (Department of Trade and Industry, 2000) and a study on German S&T 
policy issues (Cuhls, 2001). 
 
6.1.1 Advantages of using the Delphi method 
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The questionnaire was aimed mainly at establishing the appropriateness of using patents 
and papers as a measure of R&D output in the South African R&D system. The open-
ended questions posed requested respondents to expand on a list of alternative proxies to 
measure R&D output in the SA R&D system.  An open-ended question regarding issues 
the South African R&D system will be facing in the next 20 years was also posed. 
 
The following table contains the questions included in the first round survey sent to the 
panel of experts.  
 
Table 6-2: First Round Survey 
 
 
Delphi method Questionnaire: Round 1  
 
Could you please answer the following questions? This should only take about 5-10 minutes of your time. 
If you could fill this form out and return it to me as soon as possible it will be greatly appreciated.  
 
Sector: Higher Education Sector (HES) 
 
1.1 Scientific paper output is a good measure of R&D output in the HES (1 agree - 6 disagree)  
Please answer the question by selecting a number indicating your opinion on a scale from 1 (you agree) to 
6 (you disagree) 
 
1.2 What other proxies can be used for measuring the outputs gained from R&D in the South African HES? 
Please answer the question by naming some alternatives to measuring R&D output in the HES in SA. 
 
1.3 What are the general hurdles facing the SA HES R&D system in the next 20 years?  
Please answer the question by naming some possible threats to South Africa’s R&D capacity in its HES.  
 
Sector: Public sector 
2.1 Scientific paper output is a good measure of Basic and applied Research output in the Public Sector (1 
agree - 6 disagree)  
Please answer the question by selecting a number indicating your opinion on a scale from 1 (you agree) to 
6 (you disagree) 
 
2.2 Patent counts are a good measure of Experimental Development output generated in the Public Sector 
(1 agree – 6 disagree) 
Please answer the question by selecting a number indicating your opinion on a scale from 1 (you agree) to 
6 (you disagree) 
 
2.3 What other proxies can be used for measuring the outputs gained from R&D in the SA Public sector? 
Please answer the question by naming some alternatives to measuring R&D output in the Public sector in 
SA. 
 
2.4 What are the general hurdles facing the SA Public sector R&D system in the next 20 years?  
Please answer the question by naming some possible threats to South Africa’s R&D capacity in its Public 
sector.  
 
Sector: Private sector 
3.1 Patent counts are a good measure of R&D output in the SA Private Sector (1 agree - 6 disagree) 
Please answer the question by selecting a number indicating your opinion on a scale from 1 (you agree) to 
6 (you disagree) 
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3.2 What other proxies can be used for measuring the outputs gained from R&D in the SA Private sector? 
Please answer the question by naming some alternatives to measuring R&D output in the Private sector in 
SA. 
 
3.3 What are the general hurdles facing the SA Private sector R&D system in the next 20 years?  
Please answer the question by naming some possible threats to South Africa’s R&D capacity in its Private 
sector. 
 
Feedback from the questionnaires were analysed and used to develop a second 
questionnaire. The following section provides a brief discussion on the feedback received 
from the first round questionnaire. 
 
6.4.1 Feedback from the first round questionnaire (HES) 
 
6.4.1.1 Round one: R&D output in the HES 
The following is a graphic representation of the respondents’ feedback on the 
applicability of scientific output counts as a proxy for R&D output in the South African 
HES. Respondents were asked to rate the following statement as indicated: Scientific 
paper output is a good measure of R&D output in the HES (1 agree - 6 disagree).  
 

 
 

Figure 6-1: Respondent Feedback on the Applicability of Scientific Output in the HES 

 
6.4.1.2 Round one: Alternative proxies for R&D output in the HES 
The following question was posed to the expert panel: What other proxies can be used 
for measuring the outputs gained from R&D in the South African HES? 
 
The following is a list with categories and issues belonging to the categories developed 
from feedback received from the expert panel: 
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Figure 6-2: Respondent Feedback: Indicators for R&D Output in the Public Sector 

 
Visual analysis yielded that the respondents did not reach consensus regarding the use of 
scientific paper output as a measure of basic and applied research output in the public 
sector.  Two schools of thought were formed, where one group regarded scientific output 
as an appropriate proxy and the other did not. 
 
The feedback gathered from the respondents therefore concluded that the majority of the 
respondents regards patent output as an appropriate proxy for experimental development 
output generated in the public sector.  
 
6.4.2.2 Round one: Alternative proxies for R&D output in the public sector 
The following question was posed to the expert panel: What other proxies can be used 
for measuring the outputs gained from R&D in the South African public sector? 
 
The following is a list with categories and issues belonging to the categories developed 
from feedback received from the expert panel: 
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possible alternatives to measure R&D output in the South Africa R&D system.  
 
6.5.1 Feedback from the second round questionnaire (HES) 
 
6.5.1.1 Round two: R&D output in the HES 
Respondents had the opportunity revise their opinions of the applicability of using 
scientific output as a measure of R&D output in the HES. As one respondent dropped out 
from the first round to the second, his/her first round answer was used in the second. The 
revised version of the expert opinions (after the second round) is represented in the 
following graph:   
 

 
 

Figure 6-4: Second Round Feedback: Measure of R&D Output in the HES 

 
A further analysis was done to facilitate a comparison of the movement of opinion and 
the level of agreement of the group. The following graph is a representation of the 
movement of group opinion, measured in terms of the mean, and the level of consensus, 
measured in terms of the standard deviation, from round one to round two.  It is noted 
that both group opinion and the level of agreement have moved slightly. 
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Figure 6-5: Group Opinion for Using Papers to Measure R&D Output in the HES 

 
It can be concluded that a relatively high level of consensus was reached (standard 
deviation = 0.85), which indicates that the experts in general agree that scientific paper 
output is a good measure of R&D output generated in the South African HES (mean = 
1.73).  
 
Based on the feedback gained from the expert panel, it can therefore be concluded that 
scientific paper output can be used as a proxy for R&D output in the development of the 
HES model. 
 
6.5.1.2 Round two: Hurdles faced in the HES over the next 20 years 
The following question was an open-ended question posed to the expert panel in the first 
round survey: What are the general hurdles facing the SA HES R&D system in the 
next 20 years?   
 
A list of issues was compiled from the experts’ responses in the first round.  

 

In the development of the second round survey the ideas generated in the first round 
questionnaire were categorised. In the second round survey, respondents were asked to 
rate issue categories on a scale from 1 to 6 where 1 indicates that it is a critical issue and 
a rating of 6 indicates that the issue does not exist. The following is a brief summary of 
the group opinion after the second round: 
 
Table 6-2: Summarised Issues Rankings for R&D in the HES 
 

Issue Category Median Mean Mode St. Dev 
1. Inability to retain and rejuvenate human resource  1.50 1.64 1.00 0.72 
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stock in the system 
2. Lack of funding for R&D in the HES 2.00 2.29 2.00 1.10 
3. The lack of female and black researchers for R&D to 
reach representative work force 2.00 2.71 2.00 1.48 
4. The deterioration of quality of human resources 
working in R&D in the sector 2.50 2.43 1.00 1.12 
5. Poor linkages pose a threat to future capacity and the 
relevance of R&D performed in the system 2.50 2.43 3.00 0.82 
6. Lack of multidisciplinary research projects 3.00 3.29 2.00 1.53 
7. Difficulty of successful R&D policy alignment with 
national priorities 3.00 3.29 3.00 0.96 
8. Weak IP protection policies in HES 3.00 3.36 3.00 1.34 
9. Inadequate funding of equipment 3.50 3.14 4.00 0.99 
 
The issues listed in Table 6-2 will be discussed in more detail in the following sections. 
 
1. Inability to retain and rejuvenate human resources stock in the system  
This question relates to poor prospects of the rejuvenation of human resources due to 
issues, such as low enrolment in S&T courses in universities, the low number of PhDs 
graduating from universities as well as the notorious brain drain phenomenon. The 
following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
 

 

Median: 1.5 
Mean: 1.64 
Mode: 1 
Stdev: 0.72 
 

 
A high level of consensus (standard deviation of 0.72) was achieved regarding this issue. 
The aggregated expert opinion is that the South African HES’s inability to retain and 
rejuvenate the human resources stock in the system will pose a major hurdle to the 
system in the next 20 years. A substantial percentage of the respondents (50%) rated this 
as a critical issue (rank = 1) facing the HES R&D system.  
 
2.  Lack of funding for R&D in the HES 
This issue relates to poor prospects in terms of funding for the maintenance of the R&D 
infrastructure in the HES in the next 20 years. The following is a graphic representation 
of feedback received from the expert panel regarding the perceived issue’s level of 
criticality: 
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Median: 2 
Mean: 2.29 
Mode: 2 
Stdev: 1.10 
 

 
A reasonable level of consensus (standard deviation of 1.10) was achieved regarding this 
issue. Experts reached a reasonable level of agreement regarding a lack of adequate 
funding for R&D projects over the next 20 years. The aggregated expert opinion is that 
the lack of enough funding for R&D projects will be a major issue affecting the system in 
the next 20 years.  
 
3.  The lack of female and black researchers for R&D to reach representative work force 
This issue relates to a perceived hurdle posed to the sector in the next 20 years regarding 
the persisted shortages of female and black researchers necessary to reach a 
representative work force. The following is a graphic representation of the feedback 
received from the expert panel regarding the issue’s level of criticality: 
 

 

Median: 2 
Mean: 2.71 
Mode: 2 
Stdev: 1.48 
 

 
A low level of consensus was achieved regarding this issue with a standard deviation of 
1.48. Experts fail to agree wholly on whether shortages in female and black researchers 
will pose a hurdle to the R&D sector in the following 20 years. Although the mean 
computed expert opinion is fairly low at 2.71, a substantial amount of experts rated this 
as an important issue (8 experts rated it to be of level 1 and 2).  This indicates that the 
lack of female and black researchers to reach a representative work force might remain a 
hurdle to the system in years to come.  
 
4.  There deteriorating quality of human resources working in R&D in the sector 
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This question relates to a perceived threat to the future level of quality of human 
resources working in the HES. This threat could stem from multiple reasons, including, 
amongst others, poor quality students entering the HES, a perceived deterioration of the 
quality of education, resulting in a low quality of graduate leaving university and a lack 
of good remuneration and career opportunities, which could result in the level of quality 
of researchers in the system deteriorating. 
 
The following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality. 
 

 

Median: 2.50 
Mean: 2.43 
Mode: 1 
Stdev: 1.12 
 

 
A reasonable level of consensus was achieved with a standard deviation of 1.12. Expert 
opinion indicates that the HES faces a deterioration of the quality of human resources 
working in the sector.  A substantial amount of the respondents (50%) rated this as a 
critical issue or major issue (ranking 1 or 2) facing the HES in the next 20 years.  
 
5.  Poor linkages pose a threat to future capacity and the relevance of R&D performed in 
the system 
This perceived issue relates to poor linkages between researchers and the industry, 
resulting in low industrial participation between the HES and the private sector. The 
following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
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Median: 2.50 
Mean: 2.43 
Mode: 3 
Stdev: 0.82 
 

 
A high level of consensus was achieved regarding this issue with a standard deviation of 
0.82. Although some of the respondents rate the issue as critical (2 respondents rated it to 
be of level 1), 11 of the respondents rated the issue to be of level 2 and 3 of criticality.  
Such a rating indicates that although the issue was not perceived as highly critical, it 
remained an area of concern that should receive the necessary attention to ensure the 
future relevance of R&D performed in the sector.    
 
6.  Lack of multidisciplinary research projects 
This issue relates to a perceived hurdle posed to the sector in the next 20 years regarding 
a lack of multidisciplinary research projects. The following is a graphic representation of 
the feedback received from the expert panel regarding the issue’s level of criticality: 
 

 

Median: 3 
Mean: 3.29 
Mode: 2 
Stdev: 1.53 
 

 
A low level of consensus was achieved regarding this issue with a standard deviation of 
1.53. There seems to be two schools of thought regarding this issue. Three respondents 
believed this not to be an issue at all. A substantial amount of the respondents, i.e. ten, 
however agreed that this should be viewed as an area of concern and that a lack of 
multidisciplinary research projects might pose some degree of problems to the R&D 
system in the following 20 years to come.  
 
7.  Difficulty of successful R&D policy alignment with national priorities 
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Respondents were asked to provide their opinion regarding the criticality of issues of the 
effect that balancing funding of R&D and training with basic needs delivery will have on 
the system in the next 20 years. The following is a graphic representation of the feedback 
received from the expert panel regarding the issue’s level of criticality: 
 

 

Median: 3 
Mean: 3.29 
Mode: 3 
Stdev: 0.96 
 

 
A high level of consensus was achieved with a standard deviation of 0.96. Respondents 
agreed that although this was not a critical issue, it had to be viewed as an area of 
concern.   
 
8.  Weak IP protection policies in HES 
Respondents were asked to comment on the level of criticality of a perceived issue that 
the HES has weak IP protection policies of universities, thus causing them to loose out on 
millions of Rands. The following is a graphic representation of the feedback received 
from the expert panel regarding the issue’s level of criticality: 
 

 

Median: 3 
Mean: 3.36 
Mode: 3 
Stdev: 1.34 
 

 
A fair level of consensus was reached with a standard deviation of 1.34. Respondents 
agreed to some extent that the IP policies of universities should be seen as an area of 
concern (mean of 3.36).  
 
9.  Inadequate funding of equipment 
Respondents were asked to comment on the level of criticality of a perceived issue that 
there will be a shortage of funding for research equipment in the HES in the next 20 
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years. The following is a graphic representation of the feedback received from the expert 
panel regarding the issue’s level of criticality: 
 

 

Median: 3.5 
Mean: 3.14 
Mode: 4 
Stdev: 0.99 
 

 
A reasonably high level of consensus was reached with a standard deviation of 0.99. The 
experts seemed to agree to a large extent that the inadequate funding of equipment should 
not pose a major hurdle to R&D in the HES over the next 20.   
  
6.5.2 Feedback from the second round questionnaire (public sector) 
Respondent had the opportunity to revise their opinions of the applicability of using 
scientific output and patents as a measure of R&D output in the public sector.  
  
6.5.2.1 Round two: Basic and applied research in the public sector 
Respondent had the opportunity to revise their opinions of the applicability of using 
scientific output as a measure of basic and applied research output in the public sector. 
The revised version of expert opinions (after the second round) is graphically represented 
in the following graph: 

 
 
Figure 6-6: Second Round Feedback: Measure of Basic and Applied Research in the Public Sector 
 
A further analysis was done to facilitate a comparison of the movement of opinion and 
 

. Page 22  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  



 R&D in the National System of Innovation: a System Dynamics Model   

the level of agreement of the group. The following graph provides a graphic 
representation of the movement of group opinion (measured in terms of the mean) and 
the level of consensus (measured in terms of the standard deviation) from round one to 
round two.  
 

 
 
Figure 6-7: Group Opinion: Measure for Basic and Applied Research Output in the Public Sector 
 
It can be concluded that a slightly higher level of consensus was reached (standard 
deviation =1.59 to 1.65) after the second round.  On the Likert scale of 1 to 6, where 1 
indicates that the responded agrees with the statement and where 6 indicate that the 
respondent disagrees, the mean was 3.73. The mean moved from 3.47 to 4.73 after the 
second round.  
 
The mode and median for the feedback gained from the expert panel was both 5, which 
indicates that the aggregated expert opinion is that scientific publication output is not an 
adequate measure of basic and applied research output in the public sector.  
 
However, it appears that there might be two schools of thought in the expert group. A 
substantial number of the experts, i.e. six, agreed to some extend that scientific 
publication output could be used as a proxy for basic and applied research output in the 
public sector.   
 
6.5.2.2 Round Two: Experimental development in the public sector 
Respondent had the opportunity to revise their opinions of the applicability of using 
patent output as a measure of experimental development in the public sector. The second 
round responses received from the expert panel is represented graphically in the 
following figure: 
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Figure 6-8: Measure of Experimental Development Output in the Public Sector 
 
The responses yielded that the mode is 2, which indicates that the respondents view this 
measure as a valid proxy for measuring experimental development output in the public 
sector. From the 12 respondents, only four ranked above 3, which would indicate that 
they do not agree. We can therefore conclude that patent output is a relatively good 
measure of experimental development output in the South African public sector.  This 
approach naturally also has its weaknesses, which is reflected in the mean rating of 2.92 
by the expert panel.  
 
The comparison of movement of opinion and the group’s level of agreement was also 
analysed further.  The following graph represents the movement of group opinion, 
measured in terms of the mean, and the level of consensus, measured in terms of the 
standard deviation, from round one to round two.  
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Figure 6-9: Group Opinion: Experimental Development Output in the Public Sector 
 
The graph concludes that the group opinion has shifted from a mean ranking of 2.61 to 
2.73.  By the second round, a slightly higher level of agreement was reached with a 
standard deviation moving from 1.35 to 1.29.  We can therefore conclude that the expert 
panel agrees to a reasonable level that patent output is an acceptable measure of R&D 
output generated in the public sector.  The statement thus holds that patent output could 
be an appropriate proxy for experimental development output in the public sector model. 
 
6.5.2.3 Round two: Hurdles faced in the public sector (next 20 years) 
The following question was an open-ended question in the first round survey: What are 
the general hurdles facing the South African public sector R&D system in the next 
20 years?  A list of issues was compiled from the experts’ responses in the first round.  
 
The ideas generated in the first round questionnaire were categorised when developing 
the second round survey. In the second round survey, respondents were asked to rate 
issue categories on a scale from 1 to 6, where 1 indicates that it is a critical issue and a 
rating of 6 indicates that the issue does not exist. 
  
Table 6-3: Summarised Issues Rankings for R&D in the Public Sector 

 
Issue Category Median Mean Mode St. Dev 

1. Inability to retain and rejuvenate the 
researchers stock in the system 2 2.21 1 1.26 
2. Lack of government funding to the public 
sector to develop R&D and technology 
platforms 2 2.43 2 1.12 
3. Deterioration of quality of human 
resources working in R&D 2 2.43 2 1.12 
4. A lack of direction and leadership in 
science policy 2 2.79 2 1.42 
5. Current BEE policies having a negative 
effect on quality and R&D capacity 2.5 2.86 1 1.64 

 
Table 6-3:  indicates that all the issues raised have a median of 2 and a mean above 2 and 
below 3.  The expert panel thus rated all these issues as relevant to some extent to the 
future of the public sector R&D system. The issues listed in Table 6-3:   are discussed in 
more detail in the following sections. 
 
1.  Inability to retain and rejuvenate the researchers stock in the system  
This perceived issue relates to the public sector’s inability to retain and rejuvenate the 
human resources stock due to any of the following issue raised by the respondents: losing 
HR through brain drain phenomenon; low numbers of graduates interested in science as a 
career; and the lack of adequate rewards system in the public sector.  
 
The following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
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Median: 2 
Mean: 2.21 
Mode: 1 
Stdev: 1.26 
 

 
A fair level of consensus was achieved regarding this issue with a standard deviation of 
1.26. The aggregated expert opinion is that the South African public sector’s inability to 
retain and rejuvenate the human resources stock in the system will pose a hurdle to the 
system in the next 20 years. It must also be mentioned that six out of 14 respondents 
ranked this as a critical issue facing the system.  
 
2.  Deterioration of quality of human resources working in R&D 
This question relates to a future threat to the level of quality of human resources working 
in the HES. This issue can be ascribed to multiple sources, including poor quality 
students entering the system as well as a lack of good remuneration and career 
opportunities, resulting in the level of quality of researchers in the system to deteriorate. 
The following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
 

Median: 2 
Mean: 2.43 
Mode: 2 
Stdev: 1.12 
 

 
A reasonable level of consensus was achieved with a standard deviation of 1.12. A 
substantial amount of the respondents (>50%) rated this a critical or major issue (ranking 
1 or 2) facing the public sector in the next 20 years.  The experts’ opinion gathered 
indicates that there is a deterioration of quality in human resources in the system, which 
could pose a threat to the R&D capacity in the public sector in the next 20 years.  
 
3.  Lack of government funding to public sector to develop R&D and technology 
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platforms  
This issue relates to a perceived issue that science councils have poor prospect for 
receiving sufficient government funding to sustain them fully. The rationale is that 
consultancy work should have a lower priority and should thus not be used to sustain 
research institutions. The hurdle foreseen for the next 20-year period is therefore that 
science councils might not receive adequate funding from government, which would, in 
turn, force these institutions to continue placing a high priority on work.  The following is 
a graphic representation of the feedback received from the expert panel regarding the 
issue’s level of criticality: 
 

Median: 2 
Mean: 2.79 
Mode: 2 
Stdev: 1.42 
 

 
A reasonable level of consensus was achieved. Experts reached a reasonable level of 
consensus with a standard deviation of 1.13 regarding the existence of a major hurdle 
facing the HES regarding a lack of adequate government funding for R&D in the public 
sector.  
 
4.  There is a lack of direction and leadership in science policy 
This perceived issue relates to a perception that, based on credible foresight, there is a 
lack of a coherent NIS, which could result in a continuous refocusing on the short term, 
i.e. ‘flavour of the month’ approach. The following is a graphic representation of the 
feedback received from the expert panel regarding the issue’s level of criticality: 
 

Median: 2 
Mean: 2.79 
Mode: 2 
Stdev: 1.42 
 

 

. Page 27  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  



 R&D in the National System of Innovation: a System Dynamics Model   

 
A fair level of consensus was achieved with a standard deviation of 1.42. An overall 
feeling that there is a lack of direction and leadership in science policy was recorded. A 
substantial amount of the respondents (>50%) rated this a critical or major issue (ranking 
1 or 2) facing the public sector in the next 20 years. The median value ranking of this as a 
hurdle facing the public sector is 2.   
 
5.  Current BEE policies will have a negative effect on quality and R&D capacity 
This issue relates to a perception that representativity receives too much attention and 
that racial quotas rather than competence are used as functional goals of policy 
instruments. This issued could ultimately impact negatively on the R&D system. The 
following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
 

Median: 2.5 
Mean: 2.86 
Mode: 1 
Stdev: 1.64 
 

 
A low level of consensus was achieved with a standard deviation of 1.64. The 
respondents’ feedback was inconclusive regarding the future effect of BEE policies on 
system performance. This is illustrated by the wide spectrum selection ranging from 1 to 
6. It is however also evident that more than 50% of the experts do view this as a critical 
issue facing the public sector in years to come (9 respondents ranked this as an issue with 
criticality 1 to 3). 
 
6.5.3 Feedback from the second round questionnaire (private sector) 
 
6.5.3.1 Round two: R&D output in the private sector 
Respondent had the opportunity to revise their opinions of the applicability of using 
scientific output as a measure of R&D output in the private sector. The revised version of 
expert opinions (after the second round) is represented in the following graph: 
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Figure 6-6: Response Graph - Measurement of R&D in the Private Sector 

 
The comparison of movement of opinion and the group’s level of agreement was 
analysed further. The following graph represents the movement of group opinion, 
measured in terms of the mean, and the level of consensus, measured in terms of the 
standard deviation, from round one to round two. 
  

 
 

Figure 6-7: Movement of Group Opinion - Patents to Measure R&D Output  

 
After the second round, a small improvement in the level of consensus was reached 
(standard deviation =1.63 to 1.58). In round one, the mean was 2.53, which decreased to 
2.40 after round two.  
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The response graph (Figure 6-6) indicates that the mode is 1, with seven of the fourteen 
respondents agreeing (rank = 1) that the use of patent output is a good measure of R&D 
output in the private sector.  From the 12 respondents, only three ranked above 3, which 
translates to an indication of a poor measure. We can therefore conclude that patent 
output is a relatively good measure of experimental development output in the South 
African private sector.  This approach naturally also has its weaknesses, which is 
reflected in the mean rating of 2.40 by the expert panel.  
 
6.5.3.2 Round two: Hurdles faced in the private sector (next 20 years) 
The following question was an open-ended question in the first round survey: What are 
the general hurdles facing the South African private sector R&D system in the next 
20 years?  A list of issues was compiled from the experts’ responses in the first round.  
 
The ideas generated in the first round questionnaire were categorised when developing 
the second round survey. In the second round survey, respondents were asked to rate 
issue categories on a scale from 1 to 6, where 1 indicates that it is a critical issue and a 
rating of 6 indicates that the issue does not exist.  
 
Table 6-4: Summarised Issues Rankings for R&D in the Private Sector 

Issue Category Median Mean Mode St.dev 
1. Lack of research culture in South Africa 2 1.86 2 0.83 
2. Lack of funding of R&D 2 2.07 2 0.80 
3. Restrictive communication infrastructure 2 2.07 2 1.16 
4. Inability to retain and rejuvenate the researchers 
stock in the system 2 2.29 2 1.16 
5. Current BEE policies having a negative effect on 
South Africa’s future R&D capacity 2.5 2.93 4 1.53 
6. Poor linkages 3 2.64 3 0.61 
7. Lack of fiscal incentives from government to 
foster R&D culture in companies 3 2.71 1 1.58 
8. Deterioration of quality (skill level) of human 
resources working in R&D 3 3.00 3 1.25 
9. Lack of direction and leadership in science policy 3.5 3.71 2 1.44 

 
The issues listed in Table 6-4 are discussed in more detail in the following sections. 
 
1.  Lack of research culture in SA 
Respondents were asked to rank this perceived hurdle facing the private sector in the next 
20 years. This related to the perception that companies do not realise the importance and 
benefits of R&D to maintain competitiveness. In South Africa, the general mindset in the 
private sector is to import value added rather than to add the value through R&D. The 
following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality:  
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Median: 2 
Mean: 1.86 
Mode: 2 
Stdev: 0.83 
 

 
A high level of consensus was achieved regarding this issue, with a standard deviation of 
0.83. A substantial amount of the respondents (>80%) rated this a critical issue or major 
issue (ranking 1 or 2) facing the private sector R&D system in the next 20 years.  
 
2.  Lack of funding of R&D 
Respondents were asked to rank the criticality of the perceived issue that there is a lack of 
support for commercialisation of R&D and a lack of funding for local R&D. The 
following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
 

 

Median: 2 
Mean: 2.07 
Mode: 2 
Stdev: 0.80 
 

  
A high level of consensus was achieved regarding this issue, with a standard deviation of 
0.80. All the respondents rated this as an issue (level 1 to 3).  We can therefore conclude 
that a continued lack of funding for the R&D private sector seems to be a major hurdle 
facing the sector in the next 20 years. 
 
3.  Restrictive communication infrastructure 
Respondents were asked to attach a level of criticality to the perceived issue that South 
Africa has a restrictive communication system. The following is a graph representation of 
the feedback received from the expert panel regarding the issue’s level of criticality: 
 

 

. Page 31  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  



 R&D in the National System of Innovation: a System Dynamics Model   

 

Median: 2 
Mean: 2.07 
Mode: 2 
Stdev: 1.16 
 

 
A reasonable level of consensus was achieved regarding this issue, with a standard 
deviation of 1.16. The majority of the respondent (11 out of 14) rated the issue as critical, 
thus level 1 and 2. We can therefore conclude that a restrictive communication seems to 
be a major hurdle facing the private sector R&D system in the next 20 years. 
 
4.  Inability to retain and rejuvenate the researchers stock in the system 
This question relates to a perceived issue that the private sector faces poor prospects 
regarding the rejuvenation its human resources working in R&D due to issues such as: a 
low supply of skilled R&D personnel; an inadequate rewards system and the brain drain 
phenomenon. The following is a graphic representation of the feedback received from the 
expert panel regarding the issue’s level of criticality: 
 

 

Median: 2 
Mean: 2.29 
Mode: 2 
Stdev: 1.16 
 

 
A fair level of consensus was achieved regarding this issue, with a standard deviation of 
1.16. The majority of the respondent (12 out of 14) rated the issue as critical, thus level 1 
to 3.  We can therefore conclude that the experts foresee poor prospects for the private 
sector in terms of its ability to retain and rejuvenate its researchers stock during the next 
20 years.   
 
5.  Current BEE policies will have a negative effect on South Africa’s future R&D 
capacity 
Respondents were asked to attach a level of criticality to the perceived issue that racial 
quotas rather than competence as functional goals of policy instruments could pose a 
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threat to the R&D capacity on the private sector. Other possible issues relating to this 
factor is that economic empowerment is sapping investment funds from company profits. 
The following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
 

 

Median: 2.5 
Mean: 2.93 
Mode: 4 
Stdev: 1.53 
 

 
A low level of consensus was achieved regarding this issue with a standard deviation of 
1.53. Although the mean value of the expert opinion rating (2.93) indicates that BEE 
policies should not pose a major hurdle to the private sector in the next 20 years, a 
substantial percentage of the respondents (7 out of 14) rated the issue as critical, thus a 
level 1 and 2. This indicates that a significant portion of the respondents views the issue 
to be a major concern regarding the sustainability of the R&D capacity in the sector. 
 
6.  Poor linkages 
The private sector will not invest in R&D projects where the commercial potential is not 
obvious.  Government thus needs to lead in strategic development projects to develop 
technology platforms from which the private sector can develop new products and 
processes.  Respondents were asked to attach a level of criticality to the perceived issue 
that poor linkages exist between the private sector and government R&D programmes. 
The following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
 

 

Median: 3 
Mean: 2.64 
Mode: 3 
Stdev: 0.61 
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A high level of consensus was achieved regarding this issue, with a standard deviation of 
0.61. The majority of the respondent (13 out of 14) rated the issue as critical, thus level 2 
and 3.  We can thus conclude that the expert panel acknowledges the issue that poor 
linkages exist. Respondents seem to agree that although this issue will continue to play a 
role in the next 20 years, it should not be viewed as a critical issue. Although this is thus 
not a critical issue, the experts agree that it could pose hurdles for the system in the next 
20 years.   
 
7.  Lack of fiscal incentives from government to foster R&D culture in companies  
Respondents were asked to attach a level of criticality to the perceived issue that there is 
a lack of tax incentives from government. Better tax breaks in other countries could result 
in a loss of R&D capacity as multinationals establish R&D centres where the fiscal 
environment is more advantageous. The following is a graphic representation of the 
feedback received from the expert panel regarding the issue’s level of criticality: 
 

 

Median: 3 
Mean: 2.71 
Mode: 1 
Stdev: 1.58 
 

 
A fairly low level of consensus was achieved regarding this issue, with a standard 
deviation of 1.58. The majority of the respondent (10 out of 14) rated the issue as critical, 
thus level 1 to 3.  We can therefore conclude that the lack of an adequate fiscal incentive 
scheme could pose a hurdle for the private sector R&D system.  
 
8.  Deterioration of quality (skill level) of human resources working in R&D 
This question relates to a future threat to the level of quality of human resources working 
in the private sector. Respondents were asked to comment on the level of criticality of the 
perceived issue that the quality of human resources working in R&D will deteriorate.   
The following is a graphic representation of the feedback received from the expert panel 
regarding the issue’s level of criticality: 
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Median: 3 
Mean: 3.00 
Mode: 3 
Stdev: 1.25 
 

 
A fair level of consensus was reached with a standard deviation of 1.25. Respondents 
agree to some extent that a deterioration of quality and skill levels of human resources in 
the private sector might be seen as an area of concern (mean of 3).  
 
9.  Lack of direction and leadership in science policy 
Respondents were asked to comment on the level of criticality of the perceived issue that 
there is a lack of a coherent science policy for the private sector. The following is a 
graphic representation of the feedback received from the expert panel regarding the 
issue’s level of criticality: 
 

 

Median: 3.5 
Mean: 3.71 
Mode: 2 
Stdev: 1.44 
 

 
A fair level of consensus was achieved with a standard deviation of 1.44. Respondents 
seem to agree that although this issue will continue to play a role in the next 20 years.  
The experts also agree that although this is not a critical issue, it must be viewed as an 
area of concern (mean 3.5).   
 
6.6 Interpretation of Findings 
 

In the past, the Delphi methodology suffered a high level of criticism.  The fact that 
participants are not allowed to discuss the issues raised or to elaborate on the views 
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provided has been accused of weakening the process (Walker & Selfe 1996, Goodman 
1987). This issue also arises in the application of the Delphi methodology in this thesis.  

 
In the first round, experts were asked to list hurdles facing South Africa’s R&D system in 
the following 20 years. In the second round survey, the respondents were asked for their 
opinion on the seriousness of statements made regarding issues facing the South African 
R&D system.  
 
The three main R&D sectors in South Africa’s R&D system, namely the HES as well as 
the public and private sector, were treated separately. The following is a short summary 
of the issues and their levels of criticality as well as the level of consensus achieved in the 
Delphi study.  
 
6.6.1 The HES  
 
The following table summarises the aggregated respondents’ opinion regarding the level 
of criticality of issues facing the R&D system in South Africa’s HES over the next 20 
years: 
 
Table 6-5: Summary Table of Hurdles Facing the HES in the Next 20 Years  

 
Issue category Median Mean Mode St. Dev 

1.Inability to retain and rejuvenate human resources 
stock in the system 1.50 1.64 1.00 0.72 
2. Lack of funding for R&D in the HES 2.00 2.29 2.00 1.10 
3. Lack of female and black rresearchers for R&D to 
reach representative work force 2.00 2.71 2.00 1.48 
4. Deterioration of quality of human resources working 
in R&D in the sector 2.50 2.43 1.00 1.12 
5. Poor linkages posing a threat to future capacity and 
the relevance of R&D performed in the system 2.50 2.43 3.00 0.82 
6. Lack of multidisciplinary research projects 3.00 3.29 2.00 1.53 
7. Difficulty of successful R&D policy alignment with 
national priorities 3.00 3.29 3.00 0.96 
8. Weak IP protection policies in HES 
 3.00 3.36 3.00 1.34 
9. Inadequate funding of equipment 
 3.50 3.14 4.00 0.99 
 
The level of consensus achieved by the group is measured by considering the standard 
deviation of opinion. It can be concluded that an overall reasonable level of agreement 
exists regarding the issues in the system.  
 
An exception is the respondents’ opinion on a future lack of female and black researchers 
in the HES (st. deviation is 1.48).  This issue can therefore be identified as an area of 
further discussion and debate. Respondents also failed to agree (st. dev 1.53) on the 
criticality of the issues posed to the system during the next 20 years through a perceived 
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Base Case: Experts foresee a lack of adequate funding for R&D projects in the public sector. How could a 
constant/unchanging investment in the South African public sector R&D system affect its ability to produce 
R&D output and absorb knowledge? 
 
Scenario 1: Experts foresee a lack of adequate funding for R&D projects in the public sector. How could a 
decreasing level of government investment in the South African public sector R&D system affect its ability 
to produce R&D output and absorb knowledge? 
 
Scenario 2: Experts foresee a lack of adequate government funding for R&D projects in the public sector 
to enable it to attach less priority to consultancy work. How could moving away from the framework 
autonomy policy influence the system? 
 
Scenario 3: How could an increasing/decreasing level of investment from government combined with a 
movement away from framework affect the system’s ability to produce R&D output and absorb 
knowledge? 
 
 
6.6.3 The Private sector 
 
The following table summarises the aggregated respondents’ opinion regarding the level 
of criticality of issues facing the R&D system in South Africa’s private sector R&D 
system over the next 20 years: 
 
Table 6-9: Summary Table of Hurdles Facing the Private Sector in the Next 20 Years 

 
 Median Mean Mode Stdev 

1. Lack of research culture in South Africa 2 1.86 2 0.83 
2. Lack of funding of R&D 2 2.07 2 0.80 
3. Restrictive communication infrastructure 2 2.07 2 1.16 
4. Inability to retain and rejuvenate the researchers 
stock in the system 2 2.29 2 1.16 
5. Current BEE policies will have a negative effect 
on South Africa’s future R&D capacity 2.5 2.93 4 1.53 
6. Poor linkages 3 2.64 3 0.61 
7. Lack of fiscal incentives from government to 
foster R&D culture in companies 3 2.71 1 1.58 
8. Deterioration of quality (skill level) of human 
resources working in R&D 
 3 3.00 3 1.25 
9. Lack of direction and leadership in science policy 3.5 3.71 2 1.44 
 
The level of consensus achieved by the group is measured by considering the standard 
deviation of opinion. It can be concluded that an overall reasonable level of agreement 
exists regarding the criticality of issues raised in the first round.   
 
The exception is the respondent opinion on the negative effect that current BEE policies 
might have on quality and R&D capacity in the private sector (st. deviation is 1.53). This 
issue can therefore be identified as an area of further discussion and debate.  
 
Another issues that respondents failed to agree on was the level of criticality that an 
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6.7 Conclusion 
An analysis of the results section yields a conclusion that a reasonable overall level of 
agreement exists regarding the group opinion. The aggregated group opinion introduces 
two similar and repetitive themes regarding the most pressing issues in all three of the 
R&D sectors surveyed. These themes centre on issues regarding human resources 
working in R&D as well as the availability of funding. 
 
A very low level of agreement (and consequently uncertainty) exists regarding the effect 
of BEE policies on the future capacity of the system. The issue presented the lowest level 
of consensus in all three sectors surveyed.  This is therefore an issue that warrants further 
investigation. 
 
In general, a sufficient level of consensus was achieved in the second round survey.  
 

It must be remembered that the existence of a consensus does not necessarily mean that 
the correct answer, opinion or judgement has been identified. The real significance this 
study’s outcome must be kept in mind, i.e. it assisted in identifying areas, in this case, 
hurdles faced by the South African R&D system, that the group of experts considered 
important. 
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of technology are responsible for a very small contribution to the creation of new 
knowledge in South Africa’s HES. The role of technikons and HDUs is therefore ignored 
in the further development and application of the conceptual model of the creation of 
knowledge on the South African HES. 
 
The following sections focus on the documentation and description of the data gathered 
for a systems dynamics model of R&D in the South African HES.  
 
7.2 Data Gathering and Analysis 
 
The actual data and data tables gathered is presented in Appendix B. The discussion of 
the data, the calibration and estimation of model parameters as well as conclusions drawn 
from data trends are discussed in this section. 
 
7.2.1 R&D expenditure 
The financial expenditure data was gathered from the South African R&D surveys. The 
R&D survey data was gathered for the survey years from 1977 to 2003. (See Appendix B 
for actual data and description of the survey methodology). 
  
Table 7-1: Data Gathered for R&D Expenditure in the HES 
 

Data Input Source Table 
Source funding from business 
sector to HES 

R&D survey (1981-2003) Error! Reference source 
not found. 

Source funding from public sector 
to HES 

R&D survey (1981-2003) Error! Reference source 
not found. 

Own funds HES (1980-2001) R&D survey (1981-2003) Error! Reference source 
not found. 

Percentage R&D expenditure 
(capital) in HES 

R&D survey (1981-2003) Error! Reference source 
not found. 

Percentage R&D expenditure (HR) 
in HES 

R&D survey (1981-2003) Error! Reference source 
not found. 

Expenditure on researchers 
Expenditure on technicians 
Expenditure on support staff 

R&D survey (1981-2003) Error! Reference source 
not found. 

Percentage R&D expenditure on 
basic R&D in HES 

R&D survey (1981-2003) Error! Reference source 
not found. 

Percentage R&D expenditure on 
applied R&D in HES 

R&D survey (1981-2003) Error! Reference source 
not found. 

Percentage R&D expenditure on 
experimental development in HES 

R&D survey (1981-2003) Error! Reference source 
not found. 

Investment in capital stock in HES R&D survey (1981-2003) Error! Reference source 
not found. 

 
Table 7-1 lists the data gathered of R&D expenditure in the HES from Frascati surveys 
from 1977 to 2003.   
 
The Frascati data clearly indicates that a relatively small percentage of funding is directed 
towards capital resources as well as land and buildings.  For the years 1977 to 2003, an 
average of approximately 4.85% (standard deviation 2.07%) of the total expenditure was 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  



directed towards capital.  The percentage seems to be a relatively fixed ratio of the 
investment in R&D, at least for the conditions under which the system has been 
functioning.  The data available also fails to provide in-dept detail in terms of the type of 
investment to different fields of science or the type of capital resources. Land and 
buildings are included in the investment data.  
 
The percentage of R&D expenditure on labour in the HES seems relatively constant at 
approximately 50% of the total expenditure in the system. The percentage average for the 
years 1977 to 2003 is 49.8% (standard deviation of 7.51%).  These figures therefore 
indicate that human resources have been one of the main sources of expenditures in 
R&D. 
 
By far the greatest proportion of R&D investment is directed towards researchers, i.e. an 
average of 88.28% with standard deviation 6.52%, followed by technicians with 8.88% 
(standard deviation 5.76%), and lastly support personnel receiving only 2.84% (standard 
deviation 1.04%).  

 
Figure 7-2: Distribution of Expenditure on R&D 
 
The HES as a centre of the development of new knowledge is mainly directed towards 
basic research, which draws an average of 51.06% of R&D expenditure, followed by 
applied research with an average of 39% over the years 1979 to 2001. Experimental 
development constitutes an average of roughly 10% of the R&D expenditure.  The data 
also yields Figure 7-2 evidence of a small but gradual shift towards experimental 
development over the 25-year period. 
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The following table summarises the analysis and discussion of R&D expenditure in the 
South African HES. 
 
Table 7-2: Conclusions from HES Expenditure Data Gathered 
 

Parameter Average for 1977 to 2001 Standard Deviation 
Percentage R&D expenditure (capital) in HES 4.85%  2.07% 
Percentage R&D expenditure (human resources) in 
HES 

49.42%  7.51% 

Expenditure on researchers 
Expenditure on technicians 
Expenditure on support staff 

88.28% 
8.00% 
3.00% 

6.52% 
5.76% 
1.04% 

Percentage expenditure on basic research 
Percentage expenditure on applied research 
Percentage expenditure on experimental development 

51.06% 
38.45% 
10.13% 

4.27% 
2.01% 
2.68% 

 
7.2.2 Human resources in the HES 
The human resources data is gathered from both the South African R&D surveys as well 
as the HEMIS database. See Appendix B for the actual data and a description of the 
survey methodologies. 
Table 7-3: Data sources for HR in the HES 

Data Input Source Table 
Total human resources stock 
(1980-2001) 

R&D Survey, HEMIS  Error! Reference source 
not found. 

Fulltime equivalent researchers R&D survey (1981-2001) Error! Reference source 
not found. 
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Figure 7-3 Data gathered for Human Resources in the HES 
 
The changes in the methodology used in the R&D survey depicts a large decrease in 
terms of the headcount researchers from the recorded 1991 to 1993 survey data values. 
This change is however more likely attributed to an inconsistency in the definition of 
‘research personnel’ in the HES R&D survey process rather than an actual change in the 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  





 
Figure 7-4 Trend line of Percentage Time spent by Researchers in the System 
 
The HEMIS data and R&D survey data was used to construct a time series data set. A 
downward trend can be seen in the percentage time spent by researchers in the system. 
The figure therefore indicates that the percentage time that academic staff spent on R&D 
has decreased over the period 1977 to 2003.  
 
7.2.3 The development of knowledge sub-system (HES) 
The HES contributes mainly to the country’s basic and applied research stock. The 
research expenditure in this sector is mainly on basic research, approximately 50% and 
applied research, approximately around 38%.  
 
Data analysed from the South African Patent office indicate that a very small amount of 
patents are granted to South African universities.  Patents are consequently not included 
as a measure for knowledge creation in the HES. 
 
As the bulk of the scientific papers published by South Africans originate from the HES, 
the measure used for the creation of new knowledge is the amount of scientific journals 
that academics from these higher education institutions published in ISI journals (see 
Appendix A for a detailed explanation of the data gathering process conducted).  
 
Although there are a number of well-known shortcomings in the approach of using 
scientific paper counts to measure scientific output, this is also a widely accepted 
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measure3. The suitability of this approach was also evident from data gathered in the 
Delphi survey conducted in the research project.  A panel of experts was asked regarding 
the applicability of using scientific publication output as an indicator of R&D output 
generated in the South Africa HES. Figure 7-5 is a graphical representation of the 
feedback from the expert panel. 
 

 
Figure 7-5: Scientific Output as a Measure of R&D Output in the HES 
The expert panel therefore agrees that scientific publication output is an acceptable 
indicator to measure R&D output generated in the South African HES. The stock of 
knowledge created in the HES is consequently measured as a summation of the number 
of scientific papers published by authors in the sector (please see section Error! 
Reference source not found.  for a detailed discussion on the findings regarding this 
issue in the Delphi study).   
 
Table 7-4: Data Gathering for the Knowledge Stocks in the HES 
 

Data Input Source Table 
Sector knowledge creation 
(Scientific Papers) (1980-2001) 

ISI Web of Science, South African Patent 
Office 

Error! Reference source 
not found. 

Knowledge depreciation rate 
(citation curve) 

ISI Web of Science (1981 - 2001) Error! Reference source 
not found. 

 

                                                 
3 See Chapter 2 for a discussion on the use of bibliometrics and the shortcomings in this approach   
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Figure 7-6 Scientific Papers generated in the South African HES 
 
The following figure is a graphical representation of data showing that since 1988, South 
Africa started to slip in it’s international position as a knowledge creator. 
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Figure 7-7: South Africa’s share of world output in terms of ISI publications 

 
Scientific publications is also used to gauge the absorptive capacity of the HES. To find 
an indicator of this rate, the rate at which other South African authors access scientific 
knowledge papers and at which it is made part of the South African knowledge stock 
must be found.   
 
7.2.4 Absorption of knowledge sub-system 
 
Table 7-5: Data Gathering for the Absorbed Knowledge Stocks 
 

Data Input Source Table 
Rate of knowledge absorption (references)  ISI Web of Science Error! Reference 

source not found. 
Initialisation of absorbed knowledge stock in 1980 Estimated   

 
Since papers are used as a measure of the development of new knowledge in the sector, 
the absorption of knowledge is also measured through the rate at which the scientists 
read, interpret and use knowledge created in the external environment to produce new 
knowledge. The reference rate (references made from South African articles to existing 
knowledge) is used as a measure of the absorption of knowledge into the system.  
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Figure 7-8.Number of references made to knowledge created in an external environment.  
 
Figure 7-8 is a graphical representation of the data gathered that will be used as the rate at 
which the system absorbs new knowledge. 
 
7.3 Quantification of Stocks in the HES 
 
From the discussion above, the following table describes the unit of measurement and 
quantification of stocks in the model: 
 
Table 7-6: Stock for the HES Model 
 

Stock Quantification 

HES - Human
Resources Stock

 

Head count researchers employed during 
the year 
Unit: Researcher 

HES - Human
Knowledge Stock

 

Cumulative years R&D experience of 
researchers 
Unit: Year 
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Figure 7-9 is a graphical representation of a comparison between the model output and 
the actual data gathered from the HEMIS database.  
 

 
Figure 7-9: Model output recreating trend of the ageing of Scientific workforce. 
 
The above figure depicts the percentage of the total stock comprising the young, 
experienced and mature researcher stocks.  The figure indicates that the young researcher 
stock, i.e. researchers between the ages of 25 and 40, decreased from approximately 46% 
in 1986 to approximately 36% in 2001. The mature researchers stock, i.e. academic and 
research staff aged 50 and older, has increased from approximately 22% in 1986 to 
approximately 30% of the total academic and research staff employed in the South 
African university sector. 
 
The foremost aspects of the ageing trends seen in the HEMIS data are recreated in the 
model’s human resources subsystem.  In general the age of the academic and research 
workforce seems to have increased.  Many researchers have observed and documented 
this trend.  It has also been mentioned in government policy reports as an area of concern 
(NACI, 2002), (DACST, July 2002).  
 
The FTE research staff in HES 
 
It is hypothesised that as the student-to-staff ratio increases, staff members will have to 
cope with a higher lecturing and administrative workload, i.e. more lectures, more exam 
papers to mark and in general, more administration.  
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A regression is consequently performed to model the effect that the student-staff 
relationship has on the system’s ability to perform R&D, thus the average time spent on 
R&D. A regression analysis of the effect that an increase in the student-staff ratio might 
have on the percentage time that staff can spend on R&D yields the following result: 
 

Table 7-8: SAS Output – HES HR Percentage Time spent on R&D 

 
                                        The REG Procedure 
                                          Model: MODEL1 
                                 Dependent Variable: Percentage 
 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     1        0.02221        0.02221      46.98    0.0001 
         Error                     8        0.00378     0.00047279 
         Corrected Total           9        0.02599 
 
 
                      Root MSE              0.02174    R-Square     0.8545 
                      Dependent Mean        0.33618    Adj R-Sq     0.8363 
                      Coeff Var             6.46789 
 
 
                                       Parameter Estimates 
 
                                     Parameter       Standard 
             Variable        DF       Estimate          Error    t Value    Pr > |t| 
 
             Intercept        1        0.58592        0.03708      15.80      <.0001 
             studentstaff     1       -0.16677        0.02433      -6.85      0.0001 
                                         
                                       The REG Procedure 
                                          Model: MODEL1 
 
                                 Dependent Variable: Percentage 
 
                                    Test of First and Second 
                                      Moment Specification 
 
                                   DF    Chi-Square    Pr > ChiSq 
 
                                    2          1.57        0.4554 
 

 
The hypothesis is supported through the data. From the F statistic can be concluded that 
the result is highly significant (F=46.98, p<0.0001), indicating that the model explains a 
significant portion of the variation in the data. The R-square statistics state that the model 
accounts for 85% of the variation of the percentage time spent by staff on R&D activities.  
 
The Durbin Watson statistic indicates that the model has no autocorrelation.  
 
White’s test for heteroscedasticity yields that we cannot reject the null hypothesis that the 
errors are homoscedastic. Therefore, no heteroscedasticity seems to be present in the 
error terms. 
 
Data for the student-to-staff ratio is available from the HEMIS database on an annual 
basis (18 data points).  The author did however encounter the problem that data from the 
R&D surveys are only gathered biannually and data points are therefore only available 
for every second year (10 data points). Although the regression analysis results indicate 
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Figure 7-11 The Development of an R&D Capacity (Age Cohorts) 
 
Figure 7-11 reflects the expected trend that young researchers on average will not possess 
the same capabilities and tacit knowledge as older, more experienced researchers. The 
equilibrium levels of experience per person approaches the same value for both the 
experienced and mature researcher stocks.  This phenomenon can be explained by the 
dynamic included in the model that knowledge also decays through ‘forgetting’ and that 
for a fixed R&D intensity, the system approaches an equilibrium level where only 
knowledge gained within a given amount of years remains in the system.  
 
The conclusion can therefore be drawn that the system reaches a state of equilibrium after 
a number of years. It is assumed that these equilibrium values are close enough 
approximations of the average starting value for experience per person in the cohorts. By 
using the equilibrium levels, we find values for the experience stocks’ initial values.  
 
Figure 7-12: Initial Values for the Experience Stocks 
 

Stock Name Initial Value 
Young exp stock (25-39) 3709 (years) – 4120 with 1.1 yrs 
Experienced exp stock (40-49) 57288 (years) – 2480 with 3.3 yrs 
Mature exp stock (50+) 43560 (years) – 1650 with 3.3 yrs 

 
7.4.2 Parameter assessment 
Parameters are assessed statistically using regression analysis. Two rates are modelled by 
using the stocks built up in the system. 
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Figure 7-14: Model Recreation of the Absorption of Knowledge Trend Data 
 
The coefficient of the determination ( 2R ), i.e. the fraction of the variance in the data 
explained by the model is computed to be 0.93, which indicates that the average of the 
model runs contains approximately 93% of the variation in the actual data. 
 
The following section documents the analysis of the various scenario tests and what-if 
analysis run on the simulation model. 
 
7.5 Model Simulation  
 
These scenario tests run on the model were developed from the research questions as well 
as the Delphi study conducted. The Delphi study was instrumental in finding the most 
pressing issues facing the HES R&D system in South Africa. Using the Delphi study to 
develop the scenario tests ensured that the scenario tests developed were relevant in terms 
of the current concerns of experts working in the system.   
 
The following table relates to the scenarios developed in the Delphi study (see section 
Error! Reference source not found.). The scenario tests run in this section are 
developed to answer the questions described in Table 7-13. 
 
Table 7-13: Scenario Tests runs executed on the Model 
 
Base Case: How could a constant/unchanging investment in the South African Higher Education 
system affect its ability to produce R&D output and absorb knowledge? 
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Figure 7-15: Output from the HES Model for Knowledge Absorption Rate 
 
The following figure represents the predicted scientific paper creation rate by academic 
and research personnel in the South African HES.  The figure yields that model output 
reveals that the scientific paper development rate of the system will continue to increase. 
This trend is to be expected as the base case scenario provides for a continued increase in 
A&R staff to sustain a constant student-to-staff ratio. 
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Figure 7-16: Output from the HES Model for Scientific Output Development Rate 
 
An important parameter to consider is the scientific productivity of the researchers in the 
system. This refers to the amount of papers created per headcount personnel in the 
system. The following is a graphical representation of model output regarding the amount 
of papers per headcount academic and research staff in the system.   
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Figure 7-17: Paper Productivity per Headcount in the HES 
The decrease in the percentage time that academic and research personnel in the HES 
spent on R&D over the past decade resulted in the decay of the experience stocks. This, 
in turn, results in the decay of knowledge stocks and levels of expertise of staff in the 
system, thus causing a lower productivity level per researcher in the system.  
 
The following figure depicts the predicted share of South African scientific output in 
terms of world scientific output for the base case. 
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Figure 7-18: Base Case Model Output for the South African World Share of Publcations 
 
The model predicts under base case conditions that despite the continued increase in 
R&D output, the South African share of world knowledge output might continue to 
shrink.  
 
7.5.1.2 Base case sensitivity analysis 
The model output concludes that the model exhibits a numerical sensitivity to variability 
in the parameters in the system. We observe model sensitivity in terms of the output of 
scientific papers created in the system through the variability in the parameters in the 
production functions. 
 
In the base case sensitivity analysis test, the model output demonstrates a numerical 
sensitivity to the starting values as well as variability in the parameters.  All the graphs 
indicate the trend lines for the average calculated from the 50 runs as well as the trend 
lines for the standard deviation from the average as presented by the model.  
 
The model does however not exhibit behaviour mode sensitivity, in other words the 
pattern of behaviour is not influenced by the variance introduced to parameters in the 
system.  
 
Under the base case conditions, the model does not show any policy sensitivity, thus the 
changes in assumptions do not reverse the impact of the policy implemented.  
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Figure 7-19: Academic and Research Personnel at Universities in South Africa 
 
At a 3% growth rate, the system will seek to almost double the amount of human 
resources it has in the year 2003 by the year 2025. Figure 7-19 demonstrates that the 
higher growth rates have a much shorter period before the human resources employed in 
the system doubles.  
 
The increase in expenditure on the human resources in the system has an implication on 
the rate that the human resources stock is growing in relation with the student stock, 
thereby influencing the amount of people working in the system per student enrolled at 
universities. Figure 7-20 is a graphical representation of the student-to-staff ratio in the 
different test runs in the model. 
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Figure 7-20: Scenario 1 - Student-to-Staff Relationship for the Simulation Runs 
 
The student-to-staff ratio has direct implications on the time that academic and research 
staff is able to spend on R&D activities. Figure 7-21 indicates this effect on the 
percentage time researchers have left to spend on R&D activities.  
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Figure 7-21: Percentage time spent on R&D Activities by Academic and Research Staff 
 
A higher percentage of time spent on R&D leads to a higher level of the development of 
experience in the system as well as an increase in the amount of people concentrating on 
the development of R&D. Through this dynamic, the system exhibits an increase in 
scientific output produced per headcount in the system.  
 
For each of the scenarios of 0 to 6% increase in research staff in the system, 50 runs were 
executed. Figure 7-22 is a graphical representation of the average trend from the runs for 
each growth scenario. 
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Figure 7-22: Scenario 1: Avg Experience in R&D per HC  
 
Again, the average of the 50 runs for each scenario is calculated from the model output. 
The experience stock of the academic and research staff in the system demonstrates an 
interesting trend. For the 4% - 6% growth rates the average R&D experience per 
headcount in the system decreases before it starts to increase.  
 
A sudden influx of A&R staff with no prior R&D training explains this dynamic. The 
student-to-staff relationship has not yet increased significantly to allow for a larger 
percentage time spent on R&D to balance the increase of untrained A&R staff.  This 
results in a decrease in average experience per person. As the student-to-staff ratio 
increase, staff will have more time to spend on R&D. This, in turn, will result in staff 
building up more experience, which will raise the average experience per person in the 
system.  
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Figure 7-23: Scenario 1: Productivity per Headcount Employed in the System 
 
It is clear that the amount of papers produced per headcount in the system is heavily 
influenced by the different policy tests implemented. Figure 7-23 reveals that the 
predicted amount of ISI publications per headcount in the system will start to increase as 
the system dynamics deal with the effects of more A&R staff in the system.  
 
The effect of the investment on the system’s ability to produce knowledge is measured by 
the amount of papers published in ISI journals. The following figure depicts the model 
output generated in the system for the different rates of investment increases. 
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Figure 7-24: Scenario 1: Rate at which new R&D Outputs are created in the HES 
 
It is clear that an increase in the investment in the human resources in the system results 
in rise in the number papers produced per staff member as well as the number of research 
staff in the system, thus resulting in an exponential increase in R&D output developed in 
the system (Figure 7-24). 
 
The effect of R&D investment on the system’s ability to assimilate knowledge is 
measured by the rate at which people in the system absorb knowledge for the creation of 
new R&D outputs, which is, in turn, measured by the number of references made to the 
papers published in ISI journals. Figure 7-25 provides a graphical representation of the 
data output generated by the model. 
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Figure 7-25: Scenario 1: Knowledge Absorption Rate 
 
The system is not in isolation and the ability to keep up with the world is also impacted 
through the lack of investment in the development of an R&D capacity in the system. 
Figure 7-26 provides a graphical representation on the projected world share of R&D 
output in South Africa’s R&D system.   
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Figure 7-26: Scenario 1: Projected HES Share of Scientific Output in the World 
 
The graph clearly indicates that the predicted trend in the model is that the South African 
system’s world share in knowledge creation could continue to shrink, should the current 
levels of investment continue. Considerable growth and nurturing of the R&D workforce 
is thus necessary to ensure that South Africa improves its international position as 
knowledge creator. 
 
7.5.2.2 Scenario 1: Sensitivity analysis 
Very basic sensitivity analysis tests were conducted. The following figure represents the 
box plots of the average amount of papers produced for the seven different scenario runs. 
 
For the 50 runs for each of the scenarios of an increase from 0% to 6% in R&D 
investment, the average papers produced in the HES from 2002 to 2030 is computed. An 
exponential increase in the average paper produced per person is evident. 
 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  



 
Figure 7-27: Scenario 1: Box Plot for Average Scientific Output Generated in the HES 
 
Where the change in the investment rate increases from 0% to 6%, the uncertainty and 
the variance in the average outcome computed also shows an increase (Figure 7-27).  
More uncertainty exists regarding the system’s reaction to change if the changes made to 
the system are extensive. 
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Figure 7-29: Scenario 2: Student-to-staff Ratio 
 
It is therefore clear that the system will only benefit from the policy tested in this scenario 
for research chair positions once the rate of increase of the academic and research staff 
exceeds the student growth rate.  
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Figure 7-30: Scenario 2: Research Chair Positions in the South African HES 
 
Figure 7-30 indicates that as the growth rate of academic and research staff exceeds that 
of the student increase, research chairs will be assigned in the system. Since the staff 
employed on the research chair positions will be spending most of their time purely on 
research duties, the experience built up by these staff members will also increase above 
the base case level. The average level of experience in the system will therefore result in 
a more productive workforce.  
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Figure 7-31: Scenario 2: Paper Productivity per Headcount Staff Employed in the System 
 
An increase in the average papers produced per headcount personnel in the system is 
achieved as more people are assigned to research chairs. Due to this increase, the rate of 
paper production also increases as the system assigns staff to fulltime research positions.  
 
A comparison of the model behaviour regarding the papers produced per headcount 
employed in the system of Scenario 1 and Scenario 2 can be drawn. An average is 
calculated for the model’s predicted output over the years 2010-2020 for both these 
scenarios.  
 

 Average @ 3% Average @ 4% Average @ 5% Average @ 6% 
Scenario 1 0.211 0.232 0.243 0.249 
Scenario 2 0.211 0.246 0.293 0.327 

 
The model output clearly indicates that the amount of science chairs in the system 
increases as the investment rate rises. This ultimately results in a higher average 
experience per person in the system, which is the main contributing factor to the 
increased productivity of human resources in the system. It thus appears that the Scenario 
2 setting will yield the best results for higher levels of investment. 
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Figure 7-32: Scenario 2: The Ability of the System to Create New Knowledge 
 
In Figure 7-33, the model output of the South African R&D system’s R&D output as a 
percentage of the world share of papers produced in South Africa is presented.  Once 
again it is apparent that where investment levels exceed the student stock growth rate of 
3%, South Africa’s competitive position as a knowledge creator is bound to improve. 
 
A comparison can be drawn by calculating the average papers that will be produced in 
the system over the years 2010 - 2020 for both Scenario 1 and Scenario 2.  
 

 Average @ 3% Average @ 4% Average @ 5% Average @ 6% 
Scenario 1 3081 3837 4575 5281 
Scenario 2 3081 4113 5547 7069 

 
It is clear that the predicted output for Scenario 2 leads to an increased scientific output 
rate as the growth rate of the system increases.  
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Figure 7-33: Scenario 2: The South African Share of Scientific Output 
 
The higher contribution to the international science output is evident in the comparison of 
the Scenario 1 and Scenario 2 model output.  
 

 Average @ 3% Average @ 4% Average @ 5% Average @ 6% 
Scenario 1 0.22 0.27 0.31 0.36 
Scenario 2 0.22 0.28 0.37 0.46 

 
It can therefore be concluded that a policy of introducing science chairs could yield 
positive results for the South African HES.   
 
7.5.3.2 Scenario 2: Sensitivity analysis 
A sensitivity analysis was conducted on the output of the model under the Scenario 2 
conditions by examining the outcomes of the different policy assumptions as well as the 
numerical sensitivity of the model to variability in estimated parameters.  
 
This clearly indicated that the model output of Scenario 2 is similar to that of Scenario 1 
for investment rates of 0% to 3%. As the staff growth rate exceeds that of the student-to-
staff growth rate, the policy of research chairs takes effect.  
 
The model output suggests that an increase in capacity could be gained by assigning 
people to research positions. Such a strategy may result in the system building up higher 
levels of average experience, thus leading to higher levels of R&D capacity in researchers 
in the system. 
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Figure 7-35: Scenario 3: ISI Publications per Academic and Research Personnel  
  
The effect of the policy is measured in terms of the average percentage time that 
academic and research staff spends on R&D activities.  For each scenario run, i.e. for a 
specific growth rate and a specific year as represented in the grid, the average model 
output is computed and presented in Figure 7-35. The average over the period 2010 to 
2030 was then calculated. 
 
Colour coding for a specific range of values in the contour map and the surface plot 
clearly indicates that scenarios with later start dates need much higher rates of investment 
to achieve a similar result.  
 
This trend can also be observed in the contour and surface plots of the model output of 
publications generated in the system. For each scenario run, the average model output of 
predicted scientific publications generated in the HES is computed and presented in 
Figure 7-36.  The average over the period 2010 to 2030 was once again taken. 
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Figure 7-36: Scenario 3: ISI Publications Generated in the HES 
 
The decay of capacity and the inability to react on the system’s decay will result in the 
system demonstrating a much lower scientific output rate.   
 
We can therefore conclude that rebuilding the lost capacity would prove extremely 
costly, should the system be allowed to decay.  Thus, if the system is allowed to loose 
capacity, a much higher investment will later be needed to rebuild the system and regain 
the levels it once had.  
 
7.5.5 Scenario 4: Time management of staff 
This scenario test aims to investigate the effect that improved time management amongst 
academic and research staff might have on the system. The experiment executed on the 
model investigated the effect that an improvement in the percentage time left for R&D 
after attending to lecturing duties might have on the system.  In other words, the effect 
that the increasing student-to-staff ratio has on the shrinking percentage time that 
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Figure 7-38: Scenario 4: Papers Produced per Headcount on the HES 
 
The figure depicting the average number of scientific publications per headcount in the 
system clearly illustrates that an increase in funding cease to contribute to the 
productivity of the workers in the case of a more time efficient work force, i.e. a 50% 
improvement in time management.  
 
This phenomenon can be explained better by referring to the average experience per staff 
member in the system.  For a workforce with 50% improvement in time management, the 
experience per headcount for a 0% increase in HES investment is actually higher than for 
the 6% increase in HES investment in a year. This can be attributed to the fact that the 
effect the student-to-staff rate has on the percentage time spent on R&D becomes less 
important as R&D staff have improved time management skills.  
 
This phenomenon is only visible for higher levels of time management improvements. 
For lower percentages, e.g. 20%, the high increase (6%) per year might still contribute to 
a higher level of productivity than at the 0% increase per annum. 
 
It can therefore be concluded that a combined improvement in time management as well 
as an increase in the system’s human resources could both have a positive effect as well 
as pose a very cost-effective way of improving the output produced per headcount in the 
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system. 
 
When considering the knowledge production rate, it becomes quite evident that higher 
investment increases together with an improvement in time management yields the best 
results. 
 

 
Figure 7-39: Scenario 4: ISI Scientific Publications Generated in the HES 
 
The colour coding in Figure 7-39 indicates that roughly similar results can be obtained 
for a system where a 6% increase in staff per year versus a 0% increase in staff and a 
50% improvement in time management in terms of the average number of papers 
produced in the HES. 
 
We can therefore conclude that improved time management of researchers in the system 
could prove more effective than merely increasing funding in the system. This would also 
pose an extremely cost effective solution to the current problems faced in the system.  
 
7.6 Chapter summary 
In this chapter, the conceptual model developed in Chapter 4 was applied to the South 
African HES. 
 
Data was gathered from different sources. Secondary data was gathered from the HEMIS 
database as well as the R&D surveys from 1977 to 2003. The data gathered was used to 
both populate the model as well as to estimate parameters in the model.  
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The parameters for the production of knowledge as well as the rate of the absorption of 
new knowledge were estimated statistically. The model was tested rigorously for 
spuriousness in the modelled relationship.  
 
Further model runs and sensitivity analyses were also conducted on the model followed 
by a range of tests conducted on the model. The outcome of these tests indicated that 
although the model has numerical sensitivity to uncertainty in assumptions, it does not 
seem to have policy or behaviour sensitivity to uncertainty in starting values for stocks 
and parameter values. 
  
The scenarios tested on the model concluded that should the system continue with the 
current trend of an increasing student-to-staff relationship and the level of time 
management, the system will continue to loose R&D capacity and the current level of 
R&D output generation will decay. 
 
The scenario tests conducted to analyse the cost of delaying investment indicated that as 
the system is allowed to decay and loose capacity, the costs of rebuilding the system will 
increase. 
 
A policy was tested on the system to investigate the possible introduction of science 
chairs to the system for the preservation and development of centres of excellence in the 
system. It was found that although the average level of R&D knowledge could decay, the 
establishment of science chairs could provide a way of establishing centres of expertise in 
the system. This however would only be successful should there be an investment in 
increasing the current academic and research staff stock in the system.  
 
A possibly cost effective solution to delay the decay of the system’s R&D capacity was 
found to be the implementation of an improvement in time management in academic and 
research staff. This is however only a temporary solution to the mounting student 
numbers and the resulting decreasing percentage of time that academic and research staff 
spend on R&D in the HES.  
 
This chapter thus developed a system dynamics model of R&D in the South African 
HES. The following chapter depicts the application of the conceptual model on R&D 
activities in the South African public sector. 
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source not 
found. 

Percentage  R&D expenditure (capital) in public sector R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Percentage  R&D expenditure (human resources) in 
public sector 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

-  Expenditure on  researchers 
-  Expenditure on technicians 
-  Expenditure on support staff 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Percentage  R&D expenditure on basic R&D in public 
sector 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Percentage  R&D expenditure on applied R&D in public 
sector 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Percentage  R&D expenditure on experimental 
development in public sector 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Investment in capital stock in public sector R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

 
Figure 8-1 is a graphical representation of the distribution of R&D expenditure in the 
public sector.  R&D expenditure is divided into three main categories, namely human 
resources, capital investment and running costs.  
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Figure 8-1 Distribution of Expenditure in the Public sector 
 
The distribution of the expenditure clearly indicates that a relatively small percentage 
of funding is directed towards capital resources. For the years 1977 to 2003, an 
average of approximately 7.76% (standard deviation 3.11%) of the total expenditure 
was directed towards capital.  The percentage has decreased from roughly 11 % in 
1981 to approximately 5% in 2003. The data available also does not provide much 
detail in terms of the type of investment to different fields of science or the type of 
capital resources.  Land and buildings are included in the investment data. We can 
therefore conclude that a relatively small percentage of R&D expenditure is directed 
towards investment in capital resources.  
 
The calculation of the percentage of R&D expenditure on labour in the public sector 
seems to be a relatively constant percentage of approximately 43% of the total 
expenditure in the system. The average of the percentage for the years 1977 to 2003 is 
42.58% (standard deviation of 6.27%).  The calculations therefore indicate human 
resources have been one of the main sources of expenditure on R&D in the public 
sector. 
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Figure 8-2: Expenditure on Type of Research in the Public Sector 
 
The public sector focuses mainly on applied research, with a substantial amount of 
research being done on experimental development. Over the period 1979 to 2003, an 
average of roughly 55% of R&D expenditure in the sector was directed towards 
applied research, with an average of roughly 28% directed towards experimental 
development over the period 1979 to 2003.  
 
The following table summarises the analysis of R&D expenditure in the South 
African public sector. 
Table 8-2: Conclusions from HES Expenditure Data Gathered 

Parameter Average for 1977 
to 2003 

Standard 
Deviation 

% R&D expenditure (capital) in HES 7.76%  3.31% 
% R&D expenditure (human resources) in HES 42.58%  6.1% 
Expenditure on Researchers 
Expenditure on Technicians 
Expenditure on Support staff 

56.34% 
26.87% 
16.76% 

8.8% 
3.86% 
10.04% 

Percentage  expenditure on basic research 
Percentage  expenditure on applied research 
Percentage  expenditure  on experimental development 

15.87% 
54.36% 
28.38% 

6.04% 
5.5% 
4.25% 

 
Except for the NRF, science councils receive core funding from three sources, namely 
contract income on the basis of ‘full cost recovery for services’, funding from 
applications to the Innovation Fund on an open competition basis as well as a part of 
the parliamentary grant for core funding (Marais, 1999:106).  
 
In April 1988, government adopted the system ‘Framework Autonomy and Base Line 
funding’ for the management of science councils. Government subsidies were fixed to 
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Figure 8-3: Increasing Trend in Funding from the Private Sector  
 
A rough approximation is made that all funding flowing from the private sector to the 
public sector is directed towards contract funding and that all other types of funding 
flowing into the sector is thus considered to be non-contract funding.  
 
This trend depicts increased contract income and funding for R&D in the public 
sector. This phenomenon is in line with the automatic expectation from the 
implementation of the ‘Framework Autonomy and Base Line funding’ of 1988.  This 
policy was implemented for the management of the science councils in a bid to 
gradually decrease government funding, thus forcing them to earn contract income 
from the industry.  
 
8.2.2 Human resources in the public sector 
Table 8-3: Data Gathering for Human Resources in the Public Sector 

Data Input Source Table 
Total human resources stock (1980-2003) R&D survey (1977-2003) Error! Reference 

source not found. 
Fulltime equivalent researchers R&D survey (1977-2003) Error! Reference 

source not found. 
Percentage time spent on R%D To be computed  Error! Reference 

source not found. 
Figure 8-4 is a graphical representation of human resources data gathered from the 
Frascati manuals. 
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Figure 8-4: Data Gathered for Human Resources in the Public Sector 
 
Both the above graphs present the headcount as well as fulltime equivalent human 
resources. The first graph represents data for the total research staff and the fulltime 
equivalent of all human resources involved in R&D activities in the sector.   
 
To obtain a more complete picture of the importance of the role that the different 
types of human resources play in the sector, the average expenditure spent on the 
human resources groups, the headcount and the FTE is analysed. 
 
Table 8-4: Distribution of Human Resources in the Public Sector in South Africa 
 

Expenditure Headcount Fulltime Equivalent 

 
Average Standard 

Deviation 
Average Standard 

Deviation
Average Standard 

Deviation 
Researcher   56% 9% 41% 11% 39% 8% 
Technical 27% 4% 27% 4% 29% 5% 
Support 17% 11% 32% 13% 32% 12% 

 
The information in Table 8-4 can be depicted in the following pie charts.  
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years 1977 to 2003 is 76% (deviation 6.49%). The average time spent by researchers 
in the system is in a similar region at 74.33% (deviation 6.59). The data can be 
tabulated as follows:  
Table 8-5: Conclusions from Public Sector Human Resources Data Gathered 

 
Parameter Average for 1977 

to 2003 
Standard 
Deviation 

Percentage time spent on R%D (all R&D staff) 76% 6.49 
Percentage time spent on R%D (researchers) 74.3% 6.59 

 
8.2.3 Data gathered on the development of knowledge  
We have already determined that apart from basic research, the public sector performs 
a large percentage applied and developmental research. The sector’s R&D outputs 
will therefore be insufficiently represented when only considering scientific 
publications generated in the sector.  
 
The measurement of basic and applied research in the public sector 
The following is a graphical representation of the respondents’ feedback in the Delphi 
study on the applicability of scientific output as a proxy for basic and applied research 
output in the South African public Sector (see section Error! Reference source not 
found.). 

 
Figure 8-6: Measurement of Basic and Applied Research Output  
 
The mode and median for the feedback gained from the expert panel was five, 
indicating that the aggregated expert opinion is that scientific publication output is not 
an adequate measure of basic and applied research output in the public sector.  
 
It is however interesting that a number of respondents view this measure as an 
appropriate means of measuring basic and applied research output in this sector. Five 
of the 14 respondents responded with a ranking of one or two, indicating that it is a 
good measure to use. Due to a lack of any better measure available, it is therefore 
decided to continue the analysis by using scientific publication output as a indicator.  
 
The obvious shortcomings of following this approach must however be kept in mind 
when interpreting the results gained from the model simulation runs.  
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The following is a graphical representation of the scientific output generated in the 
public sector in South Africa.  

 
Figure 8-8: Scientific Output Generated in the South African Public Sector 
 
Figure 8-8 depicts the scientific output generated in the sector in two different graphs. 
The first reveals the percentage of the outputs generated in the sector as a percentage 
of scientific output generated in South Africa as a whole. The second shows a trend in 
which the scientific output generated in the sector is depicted in the number of 
scientific journal articles generated from the sector and published in ISI journals. 
 
The trend in Figure 8-8 that the scientific output created in the public sector thus 
reveals a gradual decline starting in the late 1980s.  
 
8.2.3.2 R&D outputs from developmental research 
The second proxy used for the generation of knowledge in the public sector is the 
patents registered by organisations in the public sector. 
 
The USPTO data reflects a negligible amount of patents originating from the South 
African public sector.  This result forces the author to consider the patents registered 
at the South African patent office as a proxy. 
 
Unfortunately, a general state of disarray exists at the South African patent office, 
with no database or account of patents granted being accessible at a central location. 
This was one of the main factors impeding the analysis of the patents granted to the 
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public sector in South Africa.  Finding patent data for the public sector proved 
difficult and time consuming.   
 
Patents journals are published on a monthly basis to report the most recent patents 
granted at the South African patent office. Each patent journal from 1985 to 2004 thus 
had to be analysed individually. All patent entries in the journals were scrutinised for 
a South African (ZA)2 country of origin address.  Once obtained, the name of the 
assignee was checked.  The patent was subsequently assigned to one of three 
categories: HES, public sector or private sector, on an assignee name basis. 
 
The following is a graphical representation of the number of patents granted to 
organisations in the public sector at the South African patent office from 1985 to 
2004.  

 
Figure 8-9 Patents Granted to Organisations in the Public Sector (SAPTO) 
 
Data obtained from the patent journals from the South African patent office (1985 to 
2004) indicates that the South African public sector revealed a decreasing trend in 
patents granted over the past decade.  
 
8.2.4 Data gathered on the absorption of knowledge  
 
Table 8-7: Sources of Data for the Measurement of the Absorption of Knowledge 

Data Input Source 
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2 It is acknowledged that a measure of uncertainty exists in considering the priority country as a basis 
of finding the country that the inventor resides in. After discussions with a number of patent attorneys, 
it was concluded that the uncertainty is negligible and that a good approximation of patents granted to 
South Africans could be achieved by following this method.    
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Rate of knowledge absorption (references)  ISI Web of Science 
Initialisation of absorbed knowledge stock in 1980 To be estimated  
Depreciation of acquired knowledge stock To be estimated  
Initial acquired knowledge stock in 1980 To be estimated  

 
Since papers are used as a measure of the development of new knowledge in the 
sector, the absorption of knowledge is also measured by the rate at which scientists 
reads, interprets and uses knowledge created in the external environment to perform 
R&D.  
 

 
Figure 8-10: References Made to Knowledge Created in an External Environment 
 
As the South African patent office does not examine patents before they are granted, 
no references to prior art are recorded in the patent files. No data is consequently 
available for knowledge absorption, which leads to the creation of new ideas, 
resulting in patents in the public sector.  
  
8.3 Quantification of Stocks in the Public Sector 
 
The following table describes the unit of measurement and quantifications of stocks 
for the public sector: 
 
Table 8-8: Stocks for the Public Sector Model 

Stock Quantification 
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PUB - Human
Resources Stock

FTE – Researchers employed during the 
year 
Unit: FTE research staff 

PUB - Human
Knowledge Stock

 

Cumulative years experience of FTE 
researchers 
Unit: Year 

PUB - R&D
Output Stock

 

R&D output generated in HIS  
Unit: Patents and Papers 

PUB - Absorbed
Knowledge Stock

 

Stock of absorbed knowledge is measured 
by counting the amount of foreign papers 
cited by scientists in the system 
Unit: Papers 

PUB - External
Knowledge Stock

 

The stock of external knowledge is the 
amount of scientific publications or patents 
in the external 
Units: Papers and Patents 

 
The following section describes the data gathered and the fundamental R&D inputs to 
the public sector. 
 
8.4 Model Development and Calibration 
 
See Appendix G for the stock and flow diagram for the Public sector model 
 
8.4.1 Human resources subsystem 
This section describes the population of the conceptual model with the data gathered. 
The first subsystem developed is the human resources subsystem.  
 
The Frascati survey data revealed that the recorded amount of R&D staff employed in 
1981 in South Africa was  7 352, from which an even distribution of people for all age 
cohorts is assumed. The initial values for the cohorts can therefore be calculated as 
follows: 
 

Table 8-9: Initialisation of Age Cohorts 

Age Years Percentage Starting values 
25-40 15 15/35 = 42.86% 3152 
41-50 10 10//35 = 28.57% 2100 
51-60 10 10/35 = 28.57% 2100 
Total 35 35/35 = 100.00% 7352 

 
The following table summarises the assumptions made in the development of the 
human resources subsystem in the public sector: 
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Figure 8-11 The Development of an R&D capacity (age cohorts) 
 
Figure 8-11 reflects the expected trend that young researchers will not have the same 
capabilities and tacit knowledge of older, more experienced researchers. Interestingly, 
the equilibrium levels of experience per person approaches the same value for both 
the experienced and mature researchers stocks. This phenomenon can be explained by 
the dynamics included in the model that knowledge also decays through ‘forgetting’ 
and that for a fixed R&D intensity, the system approaches an equilibrium level where 
only knowledge gained within a given amount of years remain in the system.  
 
It can therefore be concluded that the system reaches a state of equilibrium after a 
number of years. It is assumed that these equilibrium values are close enough 
approximations of the average starting value for experience per person in the cohorts. 
Using the equilibrium levels, we find values for the initial values of the experience 
stocks.  
Table 8-11: Initial Values for the Experience Stocks 

 
Stock Name Initial Value 

Young experience stock (25-39) 15760 (years) – 3152 
 with an average of five years experience  

Experienced experience stock (40-49) 17850 (years) – 2100 
 with an average of 8.5 years experience 

Mature experience stock (50+) 17850 (years) – 2100 
 with an average of 8.5 years experience 

 

8.4.2 Absorption of knowledge subsystem 
Regression analysis is employed to develop the following model for the absorption of 
knowledge into the system. The rate at which the system is able to absorb knowledge 
is calculated by the contribution made from different stocks in the system as well as 
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                       11         16.1797    0.1346       14.5944     0.2018 
                       12         16.2023    0.1821       15.1744     0.2320 
 
                                   Maximum Likelihood Estimates 
 
                  SSE                 0.15202524    DFE                       14 
                  MSE                    0.01086    Root MSE             0.10421 
                  SBC                 -22.691358    AIC               -26.252845 
                  Regress R-Square        0.8553    Total R-Square        0.7590 
                  Durbin-Watson           1.9361    Pr < DW               0.2412 
                  Pr > DW                 0.7588 
NOTE: Pr<DW is the p-value for testing positive autocorrelation, and Pr>DW is the p-value 
for testing negative autocorrelation. 
 
                                                    Standard                 Approx 
              Variable          DF     Estimate        Error    t Value    Pr > |t| 
 
              Intercept          1       0.1991       0.0350       5.70      <.0001 
              RDfte              1       0.3787       0.0819       4.62      0.0004 
              patwsperhc         1       0.2187       0.0577       3.79      0.0020 
              AR1                1       0.6712       0.1909       3.52      0.0034 
 
                            Autoregressive parameters assumed given. 
                                                    Standard                 Approx 
              Variable          DF     Estimate        Error    t Value    Pr > |t| 
 
              Intercept          1       0.1991       0.0350       5.70      <.0001 
              RDfte              1       0.3787       0.0819       4.62      0.0004 
              patwsperhc         1       0.2187       0.0576       3.79      0.0020 
 

 
The following section summarises the statistical analysis conducted to estimate model 
parameters. Please see appendix D (section Error! Reference source not found.) for 
a detailed account of the statistical analysis on the data.  
 
The Regress R-Square statistic indicates that the model accounts for 54% of the variation 
of the data in predicting AbsorbedR.  
 
As the first model fitted with zero lag proves to have autocorrelation, an 
autoregressive model is fitted with lag = 1.  The Durban Watson test statistic is used 
to gauge autocorrelation. The test statistic is 2.1821 with (Pr < DW = 0.2412) > 0.05 and (Pr < 
DW = 0.7588) < 0.95., which indicates that the model does not have autocorrelation.  
 
A colinearity test conducted on the data indicated that all the condition indexes from 
the regression model are smaller than the critical value.  It can therefore be concluded 
that no colinearity is present.  (For details on the test see paragraph Error! Reference 
source not found.). 
 

The Phillips-Perron test was employed to test for stationarity. All variables included 
in the model are non-stationary (section Error! Reference source not found.). The 
test proved that the model residual is stationary and that the variables are cointegrated, 
which implies that the regression is not spurious. We can therefore conclude that the 
modelled relationship is non-spurious and that we can use the result to develop the 
model of R&D in the public sector further. 
 
Due to the relative limited number of data points available (20 data points), the 
heteroscedasticity test is only interpreted up to two time lags. The probability for arch 
disturbances in the model for lags one and two are larger than 0.05, which reveals that 
the modelled relationship does not suffer from heteroscedastic errors. 
 
The parameters are estimated as defined in the following expression: 
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Ftetot © 0.8744 0.4561 
Intercept (d) 0.6953 0.1074 

 
Special mention has to be made of the high estimated value for ‘Percstate;,  the effect 
that the percentage funding from the state (non-contract funding) will have on the 
focus on terms of the creation of R&D outputs, such as papers and patents in the 
system. 
 
As  is the variable representing the percentage of the total R&D expenditure in 
the public sector directed towards non-contract work, it is therefore a variable with a 

StateA

range of 0 < < 1. The initial value is = 0.98, resulting in a ratio with a range StateA *
State

A

of 0 < )( *
State

State

A
A < 1.02.   

Figure 8-13 is a graphical representation of the effect that the percentage funding 
intended for non-contract research could have on the public sector’s production of 
scientific publications.  
 

 
Figure 8-13: Effect of Non-contract funding on R&D Output 
 
The following output is obtained from the model. The accuracy with which the trend 
is recreated is considered to be sufficient for the purpose of this study.  
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ftepattypestate (a)  1.023 0.19 
 
These parameters with the variance values were used in the model, which yields the 
following output for the development of scientific output, measured in terms of 
patents granted at the SAPTO. 

 
Figure 8-15: Model Recreation of the Creation of Knowledge Trend Data  
 

The coefficient of the determination ( 2R ), the fraction of the variance in the data 
explained by the model, is computed to be 0.60, which indicates that the average of 
the model runs explains 60% of the variation in the actual data. 
 
8.5 Model Simulation 
  
This section documents scenario tests run on the model. These scenario tests were 
developed from the research questions as well as the Delphi study conducted. The 
Delphi study was instrumental in finding the foremost issues facing the public sector 
R&D system in South Africa.  Using the Delphi study to develop the scenario tests 
ensured that the scenario tests developed are relevant in terms of the current concerns 
of experts working in the system.   
 
The following table relates to the scenarios developed in the Delphi study (see section 
Error! Reference source not found.).  The scenario tests run in this section were 
developed to answer the following questions as described in Table 8-18.  
 
Table 8-18: The Scenario Tests Runs Executed on the Model  
 
Base Case: How would a constant/unchanging investment in the South African public sector R&D 
system affect its ability to produce R&D output and absorb knowledge? 
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Figure 8-16: Base Case: Patent Output in the Public Sector 
 
The Base Case reveals that little or no changes can be expected in the system, should 
the present situation continue in terms of the amount of FTE R&D staff employed in 
the system as well as the percentage funding sourced from the private sector, resulting 
in a constant percentage contract funding. 
 
The model output for the base case scenario reveals the following result for the 
scientific output created in the system in Figure 8-17. 
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Figure 8-17: Base Case: Scientific Output in the Public Sector 
 
The following figure represents the predicted rate at which the system will be 
absorbing knowledge from the external environment.  
 

 
Figure 8-18: Base Case: Absorption of Knowledge in the Public Sector 
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Figure 8-19: Scenario 1: R&D Expenditure 
 
Figure 8-19 is a graphical representation of the effect of the percentage increase in 
terms of R&D expenditure in the public sector. The following figure is a graphical 
representation of the corresponding changes in terms of headcount of R&D staff in 
the public sector.  
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Figure 8-20 Headcount R&D Staff Employed in the Public Sector 
 
As expected, an increase in the funding will result in a higher number of human 
resources employed in the system (Figure 8-20), resulting in a higher level of patents 
to be granted to organisations in the public sector (Figure 8-21). 
  

 
Figure 8-21 Patents Granted at the SAPTO to Organisations in the Public Sector 

 

. Page 33  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  GGrroobbbbeellaaaarr,,  SS  SS  ((22000077))  



 R&D in the National System of Innovation: a System Dynamics Model   

 
The following figures present the predicted effect that the different scenarios of 
change in R&D expenditure might have on the system’s ability to produce scientific 
output in terms of ISI publications.   

 
 
Figure 8-22: Scientific Output Generated in the Public Sector 
 
Figure 8-22 presents the model output for the development of scientific knowledge in 
the system.  The following figure presents the system’s absorptive capacity due to the 
implementation of the different scenarios.  
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Figure 8-23 Rate of Knowledge Absorption in the Public Sector 
 
As expected, higher levels of R&D expenditure should result in more people 
employed in the system, which would ultimately lead to higher levels of output. 
 

 
Figure 8-24: Scenario 1: Papers Produced per Headcount in the System 
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The model’s reaction on changes of the type of research being conducted is observed. 
The following graphs represent model output for the different scenarios tested in 
Scenario 2.  

 
 
Figure 8-26: Scenario 2 Model Output for the Patents Generated in the Public Sector 
 
Figure 8-26 presents the predicted model output for Scenario 2. As expected, a shift in 
research funding towards more contract research will result in a shift away from the 
development of patents and scientific output. For the scenario where 100% of all 
funding is directed toward non-contract research, the system reaches a maximum level 
for the production of knowledge in its predicted value for the production of new 
patents. This, in fact, can be contributed to modelled production function that fails to 
take the absorption of knowledge from the external environment into account, since 
references to prior knowledge are not included in filed South African patents.  
 
This however is not the case for the production of scientific output in the public 
sector. Figure 8-27 presents the modelled rate of the absorption of scientific 
publication knowledge in the public sector.   
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Figure 8-27: Scenario 2: Absorption of Knowledge in the Public Sector 
 
Figure 8-27 is a graphic representation of absorptive capacity of the system due to the 
implementation of the different scenarios. The system’s behaviour towards an 
increased level of contract funding is once again that of a decreasing trend of 
scientific knowledge absorption. This trend in conjunction with human resources 
spending a smaller portion of their time on non-contract research also contributes to 
the resulting decreasing trend in terms of the generation of scientific output from the 
public sector in Figure 8-28. 
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Figure 8-29: Scenario 3:  HR Focusing on Non-contract Funding - Public Sector 
 
To obtain an expression of the amount of human resources focussing on non-contract 
funding, the human resources stock in the system is multiplied with the percentage of 
R&D expenditure sourced for non-contract funding. 
 
This can also be interpreted as the average amount of human resources from 2010 to 
2030 which will have to be funded from funds made available to the public sector by 
the state. The trend in Figure 8-29 therefore indicates that where the sector should 
move towards a policy of decreasing funding from contract income, it will have to 
obtain increased government backing to allow the system to continue employing the 
current levels of human resources in the system.  
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Figure 8-30: Scenario 3:  Avg. Publications in the Public Sector (2010 to 2030) 
 
Figure 8-30 is the graphic representation of the output from simulation runs from 
different constant values for Scenario 3. As expected, the highest level of ISI 
publications generated in the public sector could be achieved by increasing the R&D 
expenditure and by shifting the focus from contract research towards a system where 
all research is focussed on developing R&D output.  
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Figure 8-31: Scenario 3:  Absorption of Knowledge in the Public Sector (2010 to 2030) 
 
A similar trend can be observed for the output from the absorption rate of knowledge 
in the system. 

 
Figure 8-32: Scenario 3: Patents Granted in the Public Sector for (2010 to 2030) 
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The model’s predicted levels of patent output generated in the public sector reveals 
that the highest output in the system will be gained through an increase in expenditure 
and by decreasing the outsourcing of R&D capabilities. It must however be noted that 
the model’s predicted output of the patents granted to the public sector remains low.  
 
The model simulates the dynamic that where government funding increases, the need 
for contract income will also decrease, resulting in higher tangible R&D outputs. The 
following figure is a graphic representation of the average funding that will have to be 
sourced from government for non-contract funding. 
 

 
Figure 8-33: Scenario 3:  R&D Expenditure Sourced from Government 
 
Figure 8-33 thus indicates that as the system R&D expenditure is increased and as the 
percentage of the funding sourced from contract income is decreased, the funding will 
have to be sourced from government.  
 
8.6 Chapter Summary 
 
This chapter documents the data gathering and application of a conceptual model of 
an R&D performing sector to the South African public sector R&D system. 
 
A regression analysis was performed to estimation parameters and to produce 
functions of the absorption and creation of knowledge. The explanatory variables 
included in the model were confirmed to be statistically significant to the explanation 
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increase. This must however be seen in the light of the fact that the system will then 
have to receive increasing support from the state.   
 
The following chapter investigates the application of the model to the South African 
private sector. 
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found. 
Percentage R&D expenditure (HR) in private sector R&D survey (1977-2003) Error! 

Reference 
source not 
found. 

-  Expenditure on researchers 
-  Expenditure on technicians 
-  Expenditure on support staff 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Percentage R&D expenditure on basic R&D in private 
sector 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Percentage R&D expenditure on applied R&D in private 
sector 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Percentage R&D expenditure on experimental 
development in private sector 

R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

Investment in capital stock in private sector R&D survey (1977-2003) Error! 
Reference 
source not 
found. 

 
Table 9-1 lists the data gathered of R&D expenditure in the private sector from the R&D 
surveys from 1977 to 2003.   
 
The data gathered from the R&D surveys concluded that an average of 11% (with a standard 
deviation of approximately 5%) of the total expenditure was directed towards capital. The 
available data did not yield much detail in terms of the type of investment to different fields 
of science or the type of capital resources. Land and buildings are also included in the 
investment data.  
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Figure 9-1: Private Sector: Distribution of R&D Expenditure 
 
As depicted in Figure 9-1, the calculation of the percentage of R&D expenditure on labour in 
the private sector seems to be a relatively constant percentage of approximately 49.28% of 
the total expenditure in the system. The average of the percentage for the years 1977 to 2003 
is 49.28%, with a standard deviation of 5.07%.  The above indicates that human resources 
have been one of the main sources of expenditure on R&D in the private sector. 
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Figure 9-2: Private Sector:  Distribution of Type of Research (Expenditure) 
 
The private sector focuses mainly on experimental development and applied research. Over 
the period 1979 to 2003, an average of roughly 34% of R&D expenditure in the sector was 
directed towards applied research, while an average of approximately 59% was directed 
towards experimental development over the period 1979 to 2003.  
 
The following table summarises the analysis of R&D expenditure in the South African 
private sector. 
 
Table 9-2: Conclusions from Private Sector Expenditure Data Gathered 
 

Parameter Average for 1977 
to 2003 

Standard 
Deviation 

Percentage R&D expenditure (capital) in HES 11%  5% 
Percentage R&D expenditure (human resources) in HES 49%  5% 
Percentage expenditure on basic research 
Percentage expenditure on applied research 
Percentage expenditure on experimental development 

6.6% 
34.4% 
59% 

5.2% 
6.7% 
10% 

 
9.2.2 Human resources in the private sector 
 
Table 9-3: Data Gathering for Human Resources in the Private Sector 
 

Data Input Source Table 
Total human resources stock (1980-2003) R&D survey (1977-2003) Error! Reference 

source not found. 
Fulltime equivalent researchers R&D survey (1977-2003) Error! Reference 

source not found. 
Percentage time spent on R&D To be computed from Survey Error! Reference 
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source not found. 
 
Both the headcount as well as fulltime equivalent human resources data was gathered from 
the Frascati surveys. (See Appendix B for more details). The fulltime equivalent R&D staff 
is calculated from the surveyed researchers and the percentage time they spent on R&D.  
 
Since the Frascati surveys were conducted biannually, the data points in the time series 
process is only available for every second year. The data on the R&D output generated in the 
system is however available yearly.  Since the human resources in Figure 9-3 clearly 
illustrate a definite trend, the data is thus extrapolated to be compatible with the R&D output 
data available for every year.  
 

 
Figure 9-3 R&D Human Resources in the Private sector 
The 1980 R&D survey reported a total of 6 569 headcount staff working in the private sector.  
To initialise the three human resources stocks in the private sector, the assumption is made 
that staff was perfectly mixed across all age groups. We therefore calculate the initial values 
from the stocks as described in the following table: 
 
Table 9-4: Initial Values for the Human Resource Cohorts in the Private Sector Model 
 

Age Years Percentage Starting Values 
25-40 15 42.86% 2815 
41-50 10 28.57% 1876 
51-60 10 28.57% 1876 

 
To calculate the percentage of time personnel spent on R&D, the fulltime equivalent R&D 
staff is divided with the headcount R&D personnel, which then reflects the percentage time 
that R&D personnel spent on R&D activities: 
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Data Input Source 
Sector knowledge creation (USPTO NBER database) 
(1977-1997) 

ISI Web of Science, South African 
Patent Office 

Knowledge depreciation rate (citation curve) USPTO NBER database (1977-1998) 
Sector knowledge creation (patents) (1980-2003) SAPTO 
Knowledge depreciation rate (citation curve) To be estimated 

 
Pouris (2005) has used the patents granted to South Africans at the United States Patent 
Office (USPTO) to analyse the technical performance of South Africa. This approach is also 
followed in this thesis to measure the performance of the Private sector. The following is a 
graphical representation of the patents granted to the South African private sector at the 
United States Patent Office.  
 

 
Figure 9-5 Scientific output generated in the South African Private sector 
 
Data obtained form the USPTO for the period 1977 to 1998, indicates that the South African 
private sector revealed a slight increasing trend in patents granted over the past two decades.  
 
9.2.4 Absorption of knowledge  
 

Data Input Source 
Rate of knowledge absorption (references)  ISI Web of Science 
Initialisation of absorbed knowledge stock in 1980 To be estimated  
Depreciation of acquired knowledge stock To be estimated  
Initial Acquired knowledge stock in 1980 To be estimated  

 
Since patents are used to measure the development of new knowledge in the sector, the 
absorption of knowledge is thus measured by the rate at which scientists are reading, 
interpreting and using knowledge created in the external environment to produce new 
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knowledge.  
 
The prior art cited in the patents granted to South Africans at the USPTO is used to measure 
the absorption of knowledge.  See Section Error! Reference source not found. for a 
detailed discussion on the use of patents and citations as a measure of knowledge. 
 

 
Figure 9-6.Number of references made to knowledge created in an external environment.  
 
9.3 Quantification of Stocks in the Private Sector 
 
The above discussions result in the following table, which describes the unit of measurement 
and quantifications of stocks in the private sector model: 
 
Table 9-6: Stocks in the Private Sector Model 
 

Stock Quantification 

PUB - Human
Resources Stock

Headcount – research personnel employed 
in the system 
Unit: Research personnel 

PUB - Human
Knowledge Stock

Cumulative years experience of researchers 
Unit: Year (FTE researchers) 
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An examination of the average level of experience possessed by the different age cohorts of 
academic and research staff as the system reaches equilibrium yielded an interesting 
observation. Figure 9-7 depicts the output from the model for the simulation run for a 
constant average of 75% time spent on R&D. 
 

 
Figure 9-7 The Development of an R&D capacity (Age Cohorts) 
 
Figure 9-7 reflects the expected trend that young researchers will not have the same 
capabilities and tacit knowledge than older, more experienced researchers. The equilibrium 
levels of experience per person approach the same value for both the experience and mature 
researchers stocks.  This phenomenon can be explained by the dynamic included in the model 
that knowledge also decays through ‘forgetting’ and that for a fixed R&D intensity, the 
system approaches an equilibrium level where only knowledge gained within a given amount 
of years are in the system.  
 
It can therefore be concluded that the system reaches a state of equilibrium after a number of 
years.   
 
The system has three experience stocks, one for each age cohort. In this section, the initial 
values for the experience stock are also estimated. It is assumed that the system is in 
equilibrium in 1977. Working from this assumption, the average years experience per 
research personnel is estimated through the equilibrium levels and the initial level of years 
experience in the system. This is summarised in the following table: 
 
Table 9-8: Initial Values for the Experience Stocks 

 
Stock Name Initial Value 
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                     Order             Q    Pr > Q            LM    Pr > LM 
 
                       1          0.2084    0.6481        0.1093     0.7409 
                       2          1.3994    0.4967        1.4322     0.4887 
                       3          3.5987    0.3082        2.3405     0.5048 
                       4          7.0608    0.1327       10.3345     0.0352 
                       5          7.7103    0.1729       10.4443     0.0636 
                       6          8.4556    0.2066       11.4023     0.0767 
                       7          9.8622    0.1965       11.4473     0.1203 
                       8         10.0637    0.2606       13.2544     0.1034 
                       9         10.2928    0.3273       14.3887     0.1092 
                      10         10.4760    0.3998       17.8694     0.0572 
                      11         11.6565    0.3900       18.3951     0.0729 
                      12         12.1879    0.4307       19.1378     0.0853 
 
                                           Phillips-Ouliaris 
                                          Cointegration Test 
 
                                   Lags           Rho           Tau 
 
                                      1      -22.3665       -5.1370 
 
                                                     Standard                 Approx 
                 Variable        DF     Estimate        Error    t Value    Pr > |t| 
 
                 Intercept        1       0.4779       0.1193       4.01      0.0008 
                 absperhc         1       0.6672       0.2013       3.31      0.0039 
                 expperhc         1       2.1522       1.6392       1.31      0.2057  
 
 

 
The following section summarises the statistical analysis conducted to estimate model 
parameters. For details on the tests, see section Error! Reference source not found. 
 
The R-Square 0.5784 statistic indicates that the model accounts for 57% of the variation of the 
percentage time spent by staff on R&D activities. The variable absperhc included in the model is 
highly significant (p = 0.0039), while Expperhc also illustrates a significance level of 0.2057.  
 
The Durban Watson test statistic was used to gauge autocorrelation use. This statistic is 2.3068 
with (Pr < DW = 0.6945 > 0.05 and (Pr < DW = 0.4055) < 0.95, which indicates that the model does not 
have autocorrelation.  
 
A colinearity test was also conducted on the data, which indicated that all the condition 
indexes from the regression model were much smaller than 30.  It can therefore be concluded 
that no colinearity is present.   
 
The heteroscedasticity test (Q and LM test for ARCH disturbances) is only interpreted up to 
two time lags. The probability for arch disturbances in the model for lags one and two are 
larger than 0.05. We can therefore conclude that the modelled relationship does not suffer 
from heteroscedasticity. 
 
The Phillips-Perron test was used to gauge stationarity, which indicated that all variables 
included in the model are non-stationary. After fitting the model, it was tested for stationarity. 
The test proved that the model residual is stationary and that the variables are cointegrated, 
which ultimately indicates that the regression is not spurious.  
 
The following table summarises the variable values as well as the variance introduced into 
the parameter in the model. The variance of the parameters is set equal to the standard error 
as reported in the SAS output. 
 
Table 9-10: Estimated Parameters for Knowledge Production  
 

Parameter Estimate Variance (s.e) 
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prior art in the patents filed at the USPTO. 
 

 
Figure 9-9: Model Recreation of the Absorption of Knowledge Trend Data  
 
The coefficient of the determination ( 2R ), i.e. the fraction of the variance in the data 
explained by the model, is calculated at 0.6409, which indicates that the average of the model 
runs explains approximately 64% of the variation in the actual data. 
 
9.5 Model Simulation and Testing 
 
This section documents scenario tests run on the model. These tests were developed from the 
research questions as well as the Delphi study conducted.  The Delphi study was instrumental 
in finding the fundamental issues facing the private sector R&D system in South Africa. 
Using the Delphi study to develop the scenario tests ensured that the scenario tests developed 
were relevant in terms of the current concerns of experts working in the system.   
 
The following table relates to the scenarios developed in the Delphi study, discussed in more 
detail in section Error! Reference source not found.. The scenario tests run in this section 
were developed to answer the questions in Table 9-13.  
 
Table 9-13: The Scenario Tests Runs Executed on the Model 
 
Base Case: How would a constant/unchanging investment in the South African private sector R&D 
system affect its ability to produce R&D output and absorb knowledge? 
 
Scenario 1: How would an increase/decreasing level of investment in the South African private sector 
R&D system affect its ability to produce R&D output and absorb knowledge? 
 
Scenario 2: How would the introduction of fiscal incentives influence R&D expenditure and the ability 
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