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A deterministic model of a research organization’s
evolution and dynamics of performance
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ABSTRACT Quantitative descriptions of complex social systems hold promise for many

applications such as understanding and quantifying group behaviour, organizational perfor-

mance and inter-personal interactions. Since social systems are interacting and evolving

systems, dynamical modelling of them enables the possibility to study time evolution under

different scenarios in a quantitative and possibly predictive framework. There are, however,

several challenges in developing such dynamical models, one of which is that unlike in

physical systems, it is difficult to identify unambiguous, let alone unique, casual relations in

social dynamics. A further major difficulty is in quantifying attributes like performance,

personal choice and leadership. Here, we provide such a quantitative model of a sociological

system, namely a research organization, with its performance as a dynamical variable. We

use the model to study the evolution and sensitivity of the performance of a research

organization under different conditions. The performance is measured as the sum of con-

tributions from the individual members of the organization in terms of metrics, such as

number of research publications. The individual performances are driven by various bench-

marks, personal goals and other processes that respond to time-dependent internal and

external factors. The factors that arise from institutional and individual aspects, like institu-

tional average and national benchmark, are represented mathematically to describe the

dynamics. The model demonstrates complex behaviour that a research institution can exhibit

in response to internal as well as external factors. The model is applied to quantify the roles

of various processes like initial selection criteria and leadership response in the institutional

dynamics and the categories of performers. The novel feature in our formalism is a somewhat

mechanistic, and deterministic, description of a research organization’s evolution over time.

Our results demonstrate that a social system such as a research organization can be mod-

elled as an initial and boundary value dynamical system. Unlike qualitative or static models,

such a dynamical model allows us to chart institutional trajectories under different organi-

zational conditions. This concept and the methodology can be extended to other social

systems—such as electorates or a publicly funded organization—with appropriate dynamical

variables.
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Introduction

Many social systems can be generically represented
as a collection of individuals with varying degrees
of performance, with diverse responses to different

drivers. While quantitative descriptions of the evolution of such
systems can be helpful in efficient goal-oriented management,
mathematical modelling of such systems presents challenging
problems. One of the major challenges is that unlike in physical
systems, it is difficult to identify unambiguous, let alone unique,
casual relations in social dynamics. Another major difficulty is in
quantifying attributes like performance, personal choice and
leadership. In particular, a dynamical (mathematical) model
requires precise quantitative descriptions of aspects that may be
often subjective. While the importance of social dynamics has
been recognized for some time (Allport, 1924; Newcomb et al.,
1965; Tuma and Hannan, 1984) and continues to be emphasized
(Matthies et al., 2001; Mogilner et al., 2003; Bejan and Merkx,
2007; Castellano et al., 2009), there have not been many attempts
at quantitative dynamical descriptions. A primary reason, in
addition to the challenges discussed above, is likely attributable to
the slow realization of the potential of mathematical modelling of
such systems aided by powerful computing. One area that has
received strong attention for some time is institutional econom-
ics, on which a large number of studies have focused (Bardhan,
1989; Hodgson, 2000; Rutherford, 2001; Chavance, 2008), as well
as various aspects related to the effects and management of
funding (Commons, 1934; Hodgson, 1998; Schotter, 2008), in
addition to its current structure (Rutherford, 2001). There have
been also attempts to relate institutional economics to social
processes (Granovetter, 1985; Hodgson, 1993; White et al., 2004),
and description of institutional processes, such as inter-personal
relations (Heider, 1982), role of culture (Maanen and Barley,
1984; Harrison and Carrol, 2002) and response (Cronbach, 1955),
but mostly in qualitative frameworks. The potential of applying
mathematical concepts and modelling to biological systems has
also been recognized (Gueron et al., 1996; Brauer and Castillo-
Chavez, 2001; Edelstein-Keshet, 2004); in addition, there is
growing interest in modelling connected biological and social
networks (McPherson et al., 1992; Hegselmann and Flache, 1998;
Skyrms and Pemantle, 2000; Barabasi et al., 2002; Antal et al.,
2005; Facchetti et al., 2011; Chen et al., 2013; Baer et al., 2015).
Similarly, there have been attempts at quantitative and conceptual
modelling of certain social processes (Thalheim, 2012) like group
dynamics (Gueron et al., 1996; Flierl et al., 1999; Palla et al.,
2007; Vugt and Schaller, 2008) and specific events like elections

(Fieldhouse et al., 2007; Nagel, 2010) and acts of terrorism
(Allanach et al., 2004; Farley, 2007). In general, the potential
application of mathematical modelling in assessing the perfor-
mance and dynamics of organizations has been explored less
mostly because of the difficulties indicated.

Many industrial or business organizations are characterized by
short-term specific goals in terms of production, sales and profit;
in particular, the goals and the targets of such organizations can
change quickly and abruptly. Research institutes represent a
special class of organization in that they have long-term goals and
somewhat loosely defined targets and thus are primarily driven by
individual performers within the broad institutional objectives
(Carrol and Burton, 2007). A research organization can be also
viewed as an interactive social network, with attitudes and
responses subject to a spectrum of factors. A characteristic feature
of many structured organizational systems is an interaction with
the institutional (social) environment; the social environment
itself can change due to collective inputs from its members
(McPherson et al., 1992; Chen et al., 2013). A quantitative
description of some of these processes is challenging, but
attemptable. It has been shown that the distribution of members’
attitudes to a controversy can be given a quantitative description
(Abelson, 1964); however, unlike many social organizations, the
structure and interaction of a research organization require
special attention (Cronbach, 1955; Heider, 1982; Maanen and
Barley, 1984; Skyrms and Pemantle, 2000).

A general characteristic of a research organization (unlike,
for example, an electorate), if not always in practice, is that, by
definition, it is governed by a top-down approach with a
leadership that identifies the broad objectives and resource
availability. Of course, this top-down input is generally at a policy
level and not at the level of implementation. However,
identification of research priorities involves a top-down process,
with an effective and interactive feedback from the bottom-up.
In terms of publication (performance), research organizations
across the world are generally free to publish their results from (at
least) non-strategic research; however, a top-down process is
involved in aspects like resource allocation. Even the top-down
input may not be exactly an explicit and direct control; however,
identification of priority programmes, areas of particular national
interest and peer pressure automatically bring in certain top-
down inputs. While a scientist may define research goals and
apply for funds, the availability of such funds will depend on the
policy and perception of the funding agencies like Government
and industry. This top-down control is subtle but powerful.

Table 1 | Description and range of parameters

Parameter Symbol Values

Standard Range

Coefficient of restoration to maximum α 0.00002 0.00001–0.00004
Coefficient of restoration to average β 0.000001 0.0000000001–0.001
Coefficient of restoration to global benchmark γ 0.001 0.0005–0.002
Coefficient of restoration to national benchmark δ 0.0000002 0.000000001–0.001
Strength of interaction with leadership CR 0.2 0.1–0.4
Initial selection criteria CI 1.0 0.5–2.0
Leadership response to high performer CRH −0.00014 −0.00007– −0.0002
Leadership response to low performer CRL −0.00018 −0.00009– −0.0003
National benchmark XN(0) 2.0 —
Global benchmark XG 2.0 —
Threshold for selection:
Low threshold TL 0.1*XG —
High threshold TH 0.8*XG —
Adopted benchmark X0 2.0 —
Threshold for selection initial conditions TS 0.05 —
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A challenging task is to represent and integrate such top-down
(external) inputs into the institutional dynamics.

A research organization may be also viewed as a large-scale
(signed) connected network (Iacono and Altafini, 2010) and
treated accordingly; however, we believe a dynamical description,
with appropriate representations of forcings, is more appropriate
due to its similarity with a time-dependent evolving system. The
dynamical description will have to also account for group
dynamics such as the effect of the group size (Bond, 2005; Toral
and Tessone, 2007), attitude and response under competing
factors (Cronbach, 1955), role of the restoring influences
(Friedman and Friedman, 1984; Galam, 2004) and others. In
particular, we consider a research organization as a dynamical
system with initial conditions determined by initial selection
criteria, with evolution governed by various “forces”.

A reasonable and quantitative measure of performance of a
scientist engaged in non-strategic research (that is, where research
results are not subject to restrictions for publications) is the
number of publications in journals with Science Citation Index
(SCI). To avoid ambiguity without making the criteria too restric-
tive, we shall interpret the dynamical variable as the number of
publication in any SCI journal to be of equal value; inclusion
of other metrics like impact factor of journal and citation of
publications is straightforward and not considered at this stage.

The primary objective of this work is thus to formulate a
mathematical description of the dynamics of a research organiza-
tion, with the performance of an individual as a dynamical

variable; the overall institutional performance is thus built up in a
bottom-up manner. It should be emphasized that the model is
concept-based, rather than data-based.

Methodology
The dynamical institutional model. To a large extent, a research
and development organization acts like a constrained dynamical
system with internal feedbacks and initial value; the more general
case is that of an initial-boundary value system. The initial
value is determined by the selection criteria set in the beginning
generally in terms of some national or global benchmarks. While
there would be subsequent inductions, the performance of the
first batch as well as the selection criteria provide benchmarks
and restoring forces that determine the evolution of the system.
Behaviour of the social groups also depends on the size of the
group (Bond, 2005; Toral and Tessone, 2007). Because we are
considering averages over individual performances, smaller or
larger numbers may affect the results. However, for a research
organization, this size is expected to be within some logical limits;
thus we need to only consider groups of small sizes, typically
between 50 and 200. We do not consider the case of firing of an
employee due to low performance; such a situation is generally
rare for research organization. The leadership response is pri-
marily in terms of strength of interaction (attention). However,
employees may leave and new recruitment will take place.
We thus consider, for simplicity, the total number to remain
constant in time.

Drivers and restoring forces. Each individual is expected to be
affected by various social processes like the nature of the work
(Maanen and Barley, 1984), differences in opinions (Maanen and
Barley, 1984) and inter-personal relations (Heider, 1982). How-
ever, it is also expected that these responses will be somewhat
systematic (Abelson, 1964) and quantitatively representable.
As discussed above, the dynamical variable considered is the
individual performance in terms of the number of SCI

Table 2 | Three sets of representative scenarios

Parameter Set 1 (S1) Set 2 (S2) Set 3 (S3)

α 0.0002 0.0002 0.00002
CR 0.5 0.2 0.2
CI 1.4 1.0 1.0
γ 0.01 0.01 0.001
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Figure 1 | Evolution of the performance parameters under different institutional environments in terms of average institutional performance as
percentage of national benchmark (a), maximum performance as percentage of institutional average performance (b), institutional average
performance as percentage of maximum performance (c) and response of leadership (d) represented by the three sets of parameters (S1, S2, S3).
The dynamics represented by the sets S1 and S2 are unrealistic while that represented by S3 (adopted as standard set) is stable.
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publications per year; this individual performance is assumed to
be affected by

(a) The difference between the individual performance and the
highest performance and is assumed to act both as a restoring
and a driving force in the form of a motive force, represented by

a Xmax tð Þ � xi tð Þ½ � ð1Þ
Here Xmax(t) represents the highest performance of the institute
while xi(t) represents the individual performance at the time t.
While this force drives the performer to reach Xmax(t), closeness
to Xmax(t) induces complacency; at large difference from Xmax(t)
(small xi(t)), the forcing is large. The coefficient α determines the
strength of this effect and will implicitly depend on institutional
policies for evaluation of performance.

(b) The average performance of the institute: The difference
between the individual and the average performance acts like
a restoring factor, with a “spring” constant characteristic of
the institute. Thus departure from the institutional average
performance creates a restorative force, also because of the
tendency on the part of many to resist change (Friedman and
Friedman, 1984; Galam, 2004). This factor is represented as

b xi tð Þ � X tð Þ� � ð2Þ
where β is a coefficient that determines the effect of this
factor, and
xi(t): Performance of the member i at time t.
XðtÞ: Average performance of the group at time t.

(c) Departure from National/Global standards: It is assumed that
performance above national (global) benchmark generally
slows down the initiative for higher performance due to
complacency; thus the effect of this is represented as

g xi tð Þ � XG½ � ð3Þ
d xi tð Þ � XN½ � ð4Þ

This forcing can be logically expected to be dynamic due to global
information network. The coefficient γ determines the strength of
departure from individual performance to global standards while the
coefficient δ determines the strength of departure from individual
performance to national standards. The term XN and XG, respectively,
represent benchmark of performance at national and global level.
Typically, they may be represented as national and international
average of SCI publications. Thus, in principle, both XN and XG are
themselves dynamical variables; however, for simplicity we consider
fixed and representative values of these parameters (Table 1).
Extension to include variable benchmarks is straightforward.

Thresholds of performance and categories of performers.
We define two thresholds as percentage of global benchmarks,
to define cut-offs:

TL ¼ εL � XG ð5Þ
TH ¼ εH � XG

Here TL and TH, respectively, represent the thresholds of lower
performance and higher performance. The coefficient εL and εH,
respectively, represent the strength of threshold. The value of
global benchmark is given in Table 1.

We then define three categories of performers in terms of these
cut-offs:
Non-performers (NN): xi(t)⩽TL

Intermediate performers NIð Þ: TL⩽xi tð Þ⩽TH ð6Þ
High performers (NH): xi(t)4TH

The coefficients used to define the categories are adopted as
εL= 0.5 and εH= 1.5.

The dynamical model and initial condition. Combining these
factors we write the equation for the dynamics of individual
performance as

dxiðtÞ
dt

¼a Xmax tð Þ�xi tð Þð Þþb x ið Þ�X tð Þ�� ��þg xi tð Þ�XGð Þ
þd xi tð Þ�XNð ÞþCR �R tð Þ�xi tð Þ ð7Þ

where x
i
(t= 0)= x

i
(0).

Here the last terms represent the response of the leadership to the
ith performer, and CR defines the strength of the interaction
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Figure 2 | Evolution of non-performers (NN) (a), intermediate performers

(NI) (b) and high performers (NH) (c) as a percentage of the total
number (100) in the group for different institutional environment defined
by the three sets of parameters (S1, S2, S3). For institutional environment
characterized by the sets S1 and S2, the evolution of performers in
different categories exhibit unrealistic behaviour; for set S3, the evolution
and the distribution of performers in different categories are realistic.
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between individual member and the leadership, characterized by
the response function, R(t); it is assumed to be proportional to the
performance of the ith member.

For consistency, we impose the condition xi(t)⩾ 0 in the
simulations, and apply equations (1)–(4), accordingly.

The performance of an individual is also influenced by the
nature and strength of the interaction with the leadership
(approving authority). This response R(t) of the leadership is
considered a dynamical variable in response to the strength of
interaction with the performers in two categories:

dR
dt

¼ CRHNH � CRLNN ð8Þ
Here R(t) represents the overall response of the leadership based
on approach and policy towards high and low performers,
characterized by the coefficients CRH and CRL, respectively.

It is assumed that the initial intake is based on certain
quantitative quality criteria such as the number of years of
experience, number of SCI publications and teaching. In our
case, we express this criterion in terms of the number of SCI
publications at the initial time of induction:

xi t ¼ 0ð Þ⩾TS � XN 0ð Þ; TS⩽1 ð9Þ

where TS defines a threshold and XN(0) represents national
average in x at time t= 0. This representation assumes that
recruitment of scientistsis at different levels, with a minimum
entry qualification (TS*XN(0)). We represent initial conditions as

xi t ¼ 0ð Þ ¼ r ið Þ � CI � X0

xi t ¼ 0ð Þ⩾X0
ð10Þ

where X0 is an adopted benchmark and CI is the coefficient of
selection and r(i) is a random number that varies with the
individual. The values of CI are considered as greater and equal to
1 for three scenarios (Table 2). The values of XN(0) and Ts are
given in Table 1. The random number is introduced to
incorporate unavoidable variability in application of selection

criteria; the range of r(i) was limited to between 0.8 and 1.0 to
ensure minimum quality. The ranges of CI and X0 are chosen to
ensure overall consistency of equations (9) and (10).

The primary dynamical variable, namely, the number of SCI
publications by an individual in a year, is naturally an integer.
However, without any loss of generality, we have treated it
as a general real number. This allows us to treat various other
(fractional) quantities like the averages in the equation on a single
footing. Besides, it also allows, at a later time, to allow fractional
publication based on criteria like the number of authors involved
in a publication.

Analysis parameters. While many performance indices are
relevant and can be defined, we have considered a single variable,
interpreted as the number of SCI publications of an individual,
for our analysis.

The average institutional performance is defined by

X tð Þ ¼ 1
N

XN

i¼1

xi tð Þ ð11Þ

Here N represents the total number of individuals involved in
assessing the performance of an RDI. The maximum performance
of an RDI at any given time is defined as the maximum of
{xi(t), i= 1,……,N.}. The average institutional performance as
percentage of global/national benchmark and the maximum
performance are calculated as

XG tð Þ ¼ X tð Þ
XG

� 100; XN tð Þ ¼ X tð Þ
XN

� 100; XM tð Þ

¼ X tð Þ
Xmax

� 100 ð12Þ
Here XGðtÞ and XNðtÞ, respectively, represent the average

institutional performance as percentage of global benchmark
and national benchmark while XMðtÞ represents the average insti-
tutional performance as percentage of maximum performance.
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Figure 3 | Impact of the size (number of members; N) of the group on the dynamics of average performance as percentage of national benchmark (a)

and the categories of performers: non-performers (NN, b), intermediate performers (NI, c) and high performers (NH, d) as percentage of the total
number of an institution for the standard set of parameters that define the institutional environment. The dynamics is not very sensitive to the size of
the group; however, for a size of ⩾ 200, the behaviour becomes somewhat unrealistic.
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The percentage of performers in three categories is calculated as
per equation (6). For convenience, we shall express the number of
high performers, intermediate performers and non-performers as
percentage of the total number based on equation (6).

Calibration and reference state. In the absence of constitutive
relations or theoretical or observational constraints, the set of
parameters describing the system (Table 1) cannot be ascribed
unique or precise values. Similarly, performance data on indivi-
duals over long periods are not easily available or accessible for
validation. Instead, our approach is to consider a set of values that
produce “reasonable” behaviour and examine the system beha-
viour against this reference state due to various processes. Thus,
although the parameters can be in principle arbitrary, they are
constrained to a range around 0.5–2.0 (Table 1) around their
calibrated values to study their impact. The range adopted for a
parameter also depends on how sensitive the results are to the
parameter.

The behaviour of the system is then studied under different
initial distributions as well as varying strengths of the coefficients.
To examine the sensitivity of the system to different combinations
of the restoring forces, we have considered three sets S1, S2 and
S3 (Table 2). On the basis of the general system behaviour,
discussed below, a set of parameters was adopted as the reference
state for analysis.

Results
Here we first present certain broad features on the dynamics of the
system, followed by an analysis of relative roles of various processes.

Evolution of general system behaviour and the reference state.
The average performance, as a percentage of national benchmark
(XN), shows (Fig. 1, top left panel) complex but distinct behaviour
based on the combination and the strengths of the coefficients in
terms of the three sets S1, S2 and S3 (Table 2). Thus for set S1, the
average performance shows a decline from approximately 60% of
the national benchmark for the first 50 years, with a minimum
around 50th year; after approximately 50 years an exponential
growth begins (Fig. 1, top left panel). For the set S2, the average
performance remains close to 100% of the national average
for about 60 years, after which it shows exponential growth
(Fig. 1, top left panel). For the parameter set S3, the institutional
performance remains close to the national average essentially for
all time up to 100 years (Fig. 1, top left panel). Similarly, the
average performance, as a percentage of institutional maximum,
shows (Fig. 1, top right panel) complex evolution in terms of the
three sets S1, S2 and S3. For set S1, XM decreases up to about
50 years, after which it remains essentially stable around 30%; for
both S2 and S3, the average performance in terms of institutional
maximum is essentially stable beyond approximately 50 years
(Fig. 1, top right panel). However, for the set S3, the values of XM
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Figure 4 | Impact of initial selection criteria (cut-off in terms of national benchmark) on institutional dynamics for three values of cut-offs.
Left panels: average performance as percentage of national bench mark (a), maximum performance as percentage of institutional average
performance (b) and institutional average performance as percentage of maximum performance (c).
Right panels: Categories of performers: non-performers (NN) (d), intermediate performers (NI) (e) and high performers (NH) (f) as percentage of the
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As expected of a complex dynamical system, the evolution shows strong sensitivity to the initial conditions.
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are generally above 40%. The maximum performance (Xmax), as
percentage of institutional average, also shows complex but dif-
ferent evolution paths depending on the combination and the
strengths of the coefficients (Fig. 1, bottom left panel). For set S1,
this increases up to about 50 years and then stabilizes. For both
sets S2 and S3, the maximum performance remains nearly con-
stant up to 100 years. Similarly, the magnitude of response of
leadership declines mildly and then stabilizes for both S1 and S2
(Fig. 1, bottom right panel); in contrast, the leadership response
function for set S3 has similar magnitude throughout 100 years.

The growth of the three categories of performers high (NH),
intermediate (NI) and low (NL) for the three sets can be very
different and striking; in particular, the system can generate very
high to very low number of non-performers (Fig. 2) depending
upon the strengths of the parameters. For S1, the number of non-
performers increase up to about 50 years, followed by a nearly
constant value around 40%; for S2, the behaviour is very similar.
In contrast, this number is nearly constant and does not exceed
20% for S3 (Fig. 2, top panel). For the sets S1 and S2, the number
of high performers is generally higher in the later years (Fig. 2,
bottom panel), with a corresponding decline in the number of
intermediate performers (Fig. 2, middle panel); for set S3, on the
other hand, the fraction of high performers declines in the
beginning but increases after the 50th year (Fig. 2, bottom panel);
all throughout the 100 years, the set S3 produces 60–90%

intermediate performers. In what follows, we shall consider
the parameters for set S3 as our standard set of parameters
(Fig. 2).

As discussed, the total number of scientists in a research
organization is not expected to vary widely. It was also verified
that the system behaviour in terms of parameters considered
did not depend on the size of the group in any appreciable
manner (Fig. 3); however, this conclusion does not necessarily
apply to other aspects of group dynamics. In what follows,
therefore we shall consider the set S3 for a group of 100
to investigate response of the system to various processes
considered (Fig. 3).

We next examine the three parameters of system performance:
institutional average as percentage of national benchmark XN ,
institutional maximum as percentage of institutional average
Xmax and average performance as percentage of maximum XM
along with the three categories of performers.

Impact of initial selection criteria. The initial selection criteria
(CI) have strong effect on the average performance, and especially
on the maximum performance (Fig. 4). Except for large values of
CI, the evolution is bounded (Fig. 4, top left panel); however, for
maximum performance as percentage of institutional average
(Fig. 4, left middle panel), the impact of initial selection is
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Figure 5 | Impact of strength of coefficient of global benchmark on the institutional dynamics in terms of average performance as percentage of

national benchmark (a), maximum performance as percentage of institutional average performance (b) and institutional average performance as
percentage of maximum performance (c) (left panels) and the number of non-performers (NN) (d), intermediate (NI) (e) and high performances (NH)
(f) respectively as percentage of the total number (right panels). The institutional dynamics in terms of average and maximum are not sensitive to the
global benchmark; however, evolution of performers in different categories shows strong response to global benchmark.
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dramatic for CI= 2.0. Consistently, the institutional average as
percentage of maximum performance shows similar but reverse
behaviour during these years. Similarly, the initial selection cri-
teria strongly affect the distribution of the participants in different
performance categories (Fig. 4, right panels) even at later years.
Thus for smaller values of CI, both the number of non-performers
(Fig. 4, top right panel) and the number of high performers are
small up to about 50 years; the system is dominated (480%) by
intermediate performers (Fig. 4, middle right panel); however, the
number of high performers rises beyond 50 years to saturate
around 50% (Fig. 4, bottom right panel). For high selection cri-
teria, conversely, the number of high performers begins with large
values but declines; at the same time, the number of non-
performers begins with a small (o10) percentage but rises
sharply (Fig. 4).

Relative roles of a processes on institutional performance. Since
our system is characterized by a number of parameters, it is
necessary to examine sensitivity of the results to these parameters.
It was found that the results, in terms of average institutional
performance as percentage of national benchmark (δ), per-
centage of institutional maximum, were not very sensitive to the
thresholds (TL and TH). Also, for a wide range of the param-
eters, the institutional dynamics produced similar behaviour

(Supplementary Figs 1–4). Similarly, the results did not vary
in any appreciable manner (not shown) with changes in the
strengths of restoration to institutional maximum (α), or insti-
tutional average (β). The results were also verified to be not
sensitive to the values of low and high cut-off (εL and εH) used to
define the response function (Supplementary Fig. 5 and 6).

Role of restoration to benchmark. Because the thresholds for
performance are defined in terms of global benchmark (XG), the
strength of contribution of global benchmark (γ) is expected to
have strong effects on institutional dynamics. In particular, the
strength of global benchmark determines the number of non-
performers and intermediate performers; this, in turn through the
leadership response (equation 4) can affect the institutional
dynamics. Indeed, the growth in the percentage of the three
categories of performers was found to vary with the strength of
γ, especially in the latter years.

Variations in the strength of restoration to global benchmark,
characterized by γ, do not have any appreciable effects on the
average performances XN , XM and Xmax (Fig. 5, left panels).
However, the categories of performers can change appreciably,
especially after about 50 years, with the strength of restoration to
global benchmark (Fig. 5); interestingly, both weaker and stronger
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Figure 6 | Impact of the strength of the response (CR) of the leadership on the members in the evolution of institutional dynamics in terms of average
performance as percentage of national benchmark (a), maximum performance as percentage of average performance (b) and average institutional
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strengths of γ result in lower number of non-performers and high
performers (Fig. 5, right panels).

Strength of interaction with leadership. The parameters like
Xand Xmax do not show significant sensitivity to the strength of
leadership response (Fig. 6, left panels). Similarly, the number
of non-performers is not significantly affected by the strength of
response of leadership. However, it has significant effects on the
numbers of intermediate and high performers (Fig. 6, right
panels). In particular, stronger interaction with leadership
enhances the number of high performers, especially in the later
years (Fig. 6, bottom right panel).

The differential response to low and high performers turns out
to be a critical factor in determining institutional performance.
Variations in the strength of response to low performers can result
in different values and evolution of institutional performance
(Fig. 7, left panels). Interestingly, the changes in the institutional
performance due to variations in the strength of response to high
performers generally produce effects opposite to those due to
variations in the strength of response to low performers (Fig. 7,
right panels). For high response to non-performers (characterized
by CRL), the percentage of non-performers grows to approximately
50% and saturates (Fig. 8, left top panel). Interestingly, the
corresponding intermediate performers (Fig. 8, left middle panel)
decrease, while the percentage of high performers remains nearly
steady around 50% (Fig. 8, left bottom panel). Weaker response to

non-performers can bring down the percentage of non-performers
to small values, with a corresponding gain in the percentage
of high performers (Fig. 8, left panels). Stronger response to high
performers (characterized by CRH) expectedly results in a
reduction of non-performers (Fig. 8, top right panel). However,
the most dramatic effect of variation of strength in response to
high performers is seen in the percentage of high performers; for a
value of CRH=− 0.00007, the percentage of high performers grows
to nearly 90% and stays steady for a long time (Fig. 8, right bottom
panel).

The response of the leadership (FR), both total (characterized
by CR) as well as differential (characterized by CRH and CRL) show
complex and interesting variability in time; in particular, FR
shows a certain periodicity for a wide spectrum of values of CR,
CRH and CRL (Fig. 9). While the periodicity of FR depends on
these parameters, the phenomenon is quite robust, indicating
presence of intrinsic regimes.

Discussion
Given that the outcome of R&D programmes may only be
realized after several years of sustained and coordinated, research
effort and associated high investment, the long-term performance
of research organizations is particularly important. At the same
time, such R&D output can have critical and transformative
impact on wider society, and as such it is necessary to identify
time scales of evolution and unavoidable loss in performance
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Figure 7 | Impact of differential response of leadership to low and high performers on institutional dynamics in terms of average and maximum
performance. Left panels: Impact due to variations in strength of response to low performers (CRL). Right panels: Impact due to variations in strength
of response to high performers (CRH). The differential response of leadership has less effect on the institutional average and the institutional
maximum in the initial years but strong in the later years.
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(number of non-performers). In particular, certain projec-
tive designs could help to achieve sustained and improved
performance.

The novel feature in our formalism is a somewhat mechanistic,
and deterministic, description of time evolution of a research
organization. A primary conclusion from our study is that a
research organization may be quantitatively and consistently
described as an initial-boundary value dynamical system. In the
present case, the model demonstrates complex behaviour that a
research institution can exhibit in response to internal as well as
external factors. For example, if the individual performance
exceeds the global benchmark (xi(t)4XG), it creates a reduction;
thus the term XG− xi(t) becomes negative. A similar argument
also applies to XN− xi(t).

We have not carried out any case study at this stage; the
initial fundamental purpose of this investigation has been to
develop the model and study its behaviour. To carry out case
studies for a given institution, it will be necessary to specify
parameter α, and use evolution of publication data in time
(year). For an institutional structure where there is a single
identifiable authority, the response parameter can be identical;
otherwise, this parameter also needs to be specified. It is thus
neither practical, nor intended, to claim the numbers are
representative of any particular organization; the present work
provides a generic formalism that can be applied to any given
system. That said, empirical validation of such a model can be
planned with data on individual members’ performance, with

reference to parameters that define the driving forces. Once
these parameters are quantified based on a fraction of the
members for certain years, the calibrated model can be used for
validation using member performance and years not used in the
process of calibration. The parameters will have to be calibrated
using actual institutional data for application. While we have
considered performance criteria in terms of number of SCI
publication, the methodology is somewhat generic, as the
criteria can be modified or extended without any change in the
structure of the model (equations).

It is possible to consider a more complex version of the model
by introducing phased recruitment based on dynamical selection
criteria. Given the increasingly global nature of scientific research,
it is necessary to consider both national and global benchmarks
for performance. However, for most countries these two bench-
marks are likely to be different, and driven by different dynamics.
Another assumption in our model that can be relaxed is
the constancy of the national and global benchmarks. It can be
argued that as scientific research becomes more intensive, the
average number of publications will rise at both at national and
global level. However, the criteria for publications in SCI journals
are also likely to become more stringent (higher rejection rates);
thus the average performance may not change appreciably. Still,
our assumptions of static national and global benchmarks thus
have their limitations.

It could be argued that various organizational characteristics
and policies would change sufficiently to render a 100-year, or
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even a 20-year, simulation meaningless. Leadership policy will
have changed, and clearly no individual member will be active in
an organization for 100 years. However, one reason for
considering time-evolving leadership is to account for this kind
of time dependence without reference to any particular member;
what the formalism does not account for right now is disruptive
situations (either large positive or negative influence). An implicit
assumption in our formalism is that members leave the system
after some years and are replaced with newcomers to maintain a
constant total number. The formalism can be extended to a time
varying total number; however, this is avoided for simplicity at
this stage. Finally, because we are considering members’ average
performance, the entry or exit of individual members do not
affect our conclusions.

The model can be easily modified to explore other social
systems where individual performance (such as in a class room) is

affected by collective performance, multiple benchmarks and peer
response. However, it will be necessary to include additional
processes, especially in an increasingly connected global network;
these aspects should include other related processes like external
drivers (Galam, 2004), global networking (Easley and Kleinberg,
2010) and even processes like judgment (Alicke et al., 2005).
While these involve conceptual and methodological challenges,
our work is expected to provide a basic framework.
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