
An Agent-Based Model 
of Heterogeneous 
Demand

Matthias Müller



An Agent-Based Model of Heterogeneous 
Demand



Matthias Müller

An Agent-Based Model 
of Heterogeneous 
Demand
With a foreword by Prof. Dr. Andreas Pyka 



Matthias Müller
Stuttgart, Germany

ISBN 978-3-658-18721-7	 ISBN 978-3-658-18722-4  (eBook)
DOI 10.1007/978-3-658-18722-4

Library of Congress Control Number: 2017944918

Dissertation University of Hohenheim, Germany, 2016

Springer VS  
© Springer Fachmedien Wiesbaden GmbH 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part 
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, 
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission 
or information storage and retrieval, electronic adaptation, computer software, or by similar or 
dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a specific statement, that such names are exempt 
from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this 
book are believed to be true and accurate at the date of publication. Neither the publisher nor the 
authors or the editors give a warranty, express or implied, with respect to the material contained 
herein or for any errors or omissions that may have been made.  The publisher remains neutral with 
regard to jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer VS imprint is published by Springer Nature 
The registered company is Springer Fachmedien Wiesbaden GmbH 
The registered company address is: Abraham-Lincoln-Str. 46, 65189 Wiesbaden, Germany

D 100



Foreword 

Published in 1982, probably the most quoted book in innovation economics is An 
Evolutionary Theory of Economic Change by Richard Nelson and Sidney Winter. 
Today, it is considered as a cornerstone for modern evolutionary economics and 
thirty-four years later, evolutionary economics has created numerous insights 
addressing economic development and innovation-driven change. 

Against this backdrop, it is astonishing that the relationship between 
innovation and demand has been largely neglected and that innovation economics 
has been often limited to the analysis of supply side effects exclusively. Instead, 
this issue was addressed first by innovation politics, applying not only public 
procurement but also subsidies for consumers as an effective tool for fostering 
innovation. Important examples of this are the renewable energy act securing 
guaranteed prices above market prices for sold electricity of photovoltaic systems 
or subsidies for electric vehicles in Germany. It is without doubt that new 
innovations require consumers who are willing to spend a part of their incomes. 
With this we see a first important link in the co-evolutionary relationship between 
income and technological development. At the same time, however, we have to 
consider that the particular demand of heterogeneous consumers is an important 
key for the diffusion of innovations. The demand of consumers determines which 
innovations will be successful and how successful innovation processes should be 
structured. At an extreme, we see that consumers often also actively participate in 
innovation processes co-designing innovations in so-called user-producer-
relations. Although the debate between a technology-push or demand-pull 
perspective dates back to the late 1970s and has resulted in favour of a balanced 
view as noted for example by Nathan Rosenberg, today, the demand side is still 
somewhat neglected within innovation economics. In his thesis, Matthias Müller 
addresses this research gap and analyses the multi-faceted interplay of demand and 
innovation processes especially for the sectoral development based on a theoretical 
model. Central to his work is an agent-based computer simulation of innovation 
and demand. Matthias Müller's research represents an important milestone and, at 
the same time, the basis for further research on this issue relevant not only from a 
theoretical perspective but also for the application of a new understanding of the 
complex relationship between innovation and demand. 

Prof. Dr. Andreas Pyka 



  

Acknowledgements 

I would like to thank my first supervisor Professor Pyka for his support, advice, 
useful suggestions and for the freedom he granted me to work on the dissertation 
and my research projects beyond. I thank my colleagues Tobias Buchman, Kristina 
Bogner, Bianca Janic, Michael Schlaile, Benjamin Schön, Sophie Urmetzer and 
my co-authors Muhamed Kudic and Benjamin Schrempf for the inspiring 
discussions and help during the last years. Last but not least, I thank my family, 
my friends and Anna-Lena Brüning for their support and their patience.  

Matthias Mueller 



 

Table of Contents 

Foreword ............................................................................................................... 5 
Acknowledgements ............................................................................................... 7 
Table of Contents .................................................................................................. 9 
List of Figures ..................................................................................................... 11 
List of Tables ...................................................................................................... 15 
List of Equations ................................................................................................. 17 
List of Symbols ................................................................................................... 19 
1 Introduction................................................................................................. 21 

1.1 The Invention of the Wheel ............................................................... 21 
1.2 Methodological and Modelling Framework ...................................... 25 
1.3 Research Question and Outline ......................................................... 29 

2 The Role of Consumers in Innovation Economics ..................................... 33 
2.1 The Neglected Demand Side ............................................................. 33 

2.1.1 The Linear Innovation Model ................................................... 33 
2.1.2 The Demand-Pull Modell of Innovation ................................... 36 
2.1.3 A Multidimensional Perspective on Innovation Processes ....... 40 

2.2 An Evolutionary Perspective ............................................................. 43 
2.3 The Role of the Demand Side Today ................................................ 49 

3 The New Agent-Based Paradigm ................................................................ 57 
3.1 Three Pillars of ABM ........................................................................ 57 

3.1.1 Modelling from an Agent-Based Perspective ........................... 57 
3.1.2 A Definition of Agents ............................................................. 59 
3.1.3 Simulation as In-Silicio Laboratories ....................................... 61 

3.2 Using ABM as a Scientific Tool ....................................................... 64 
3.2.1 Why Do We Need Agent-Based Modelling? ........................... 65 
3.2.2 Managing the Complexity ........................................................ 66 
3.2.3 Two Ways of Using Agent-Based Models ............................... 69 
3.2.4 The Need for Verification, Validation and Calibration ............ 71 

3.3 Implications for the Following Analysis ........................................... 72 
4 An ABM of Heterogeneous Consumers and Demand ................................ 75 



10 Table of Contents 

4.1 Introducing Remarks ......................................................................... 75 
4.2 The Baseline Simulation Model ........................................................ 79 

4.2.1 Modelling Multi-Dimensional Product Characteristics ............ 79 
4.2.2 Basic Procedure of the Simulation Model ................................ 82 

4.3 Simulation Experiments .................................................................... 85 
4.3.1 Innovations in a Multidimensional Characteristic Space .......... 86 
4.3.2 Markets in-between Homogeneous and Heterogeneous  

Demand ..................................................................................... 93 
4.3.3 Implications for Innovation Policies ......................................... 98 

4.4 Discussion ....................................................................................... 103 
5 Networks of Heterogeneous Agents ......................................................... 105 

5.1 Informal Knowledge Exchange in Firm Networks .......................... 105 
5.1.1 Introducing Remarks .............................................................. 105 
5.1.2 Knowledge Exchange and Network Formation Mechanisms . 108 
5.1.3 Model Analysis ....................................................................... 111 

5.2 The Importance of Consumer Networks ......................................... 125 
5.2.1 Introducing Remarks .............................................................. 125 
5.2.2 Bounded Rationality of Consumers ........................................ 127 
5.2.3 The Effects of Consumer Networks ....................................... 131 

5.3 Discussion ....................................................................................... 139 
6 Bounded Morality of Consumers .............................................................. 143 

6.1 Introducing Remarks ....................................................................... 143 
6.2 Model Analysis ............................................................................... 145 

6.2.1 Baseline Scenario ................................................................... 145 
6.2.2 Responsible Innovation and Limited Information .................. 150 
6.2.3 Responsible Innovation and Networks ................................... 153 

6.3 Discussion ....................................................................................... 156 
7 Discussion and Further Research Avenues ............................................... 159 
Literature .......................................................................................................... 163 
 



  

List of Figures 

Figure 1: Smith’s Circular Growth ............................................................... 34 
Figure 2: The Linear Innovation Model ....................................................... 36 
Figure 3: The Kaldorian Demand-Pull Mechanism ...................................... 37 
Figure 4: The Demand Pull Model ............................................................... 38 
Figure 5: The Chain-Link Model ................................................................. 42 
Figure 6: Adopter Categorization after Rogers ............................................ 50 
Figure 7: Flock of Birds Created by the BOIDS Algorithm at Different 

Points in time ................................................................................ 58 
Figure 8: NetLogo’s Graphical User Interface ............................................. 62 
Figure 9: Idealised steps of Using Simulations ............................................ 63 
Figure 10: The Micro and Macro Level of ABM ........................................... 69 
Figure 11: Scope of the Baseline ABM .......................................................... 77 
Figure 12: Graphical User Interface of the Simulation Model ....................... 79 
Figure 13: Relative Distance of Demand for Different Levels of p ............... 82 
Figure 14: Iterative Steps of the Simulation ................................................... 83 
Figure 15: Average CPM Level for Homogeneous (left) and 

Heterogeneous (right) Consumers................................................. 87 
Figure 16: 2-Dimensional Search Problem with Homogeneous Demand ...... 88 
Figure 17: 2-Dimensional Profit Landscape with Homogeneous Demand .... 89 
Figure 18: 2-Dimensional Search Problem with Heterogeneous Demand ..... 89 
Figure 19: 2-Dimensional Profit Landscape with Heterogeneous Demand ... 90 
Figure 20:  Innovations During a Simulation Run for Homogeneous (left)  

and Heterogeneous (right) Consumers .......................................... 92 
Figure 21: Number of Firms for Different Levels of Heterogeneity .............. 93 
Figure 22: An Indicator of Dynamic Segmentation ....................................... 94 
Figure 23: Average CPM Level for Different Levels of Heterogeneity ......... 95 
Figure 24:  CPM level Distribution ................................................................. 96 
Figure 25: Sales Distribution for Different Levels of Heterogeneity ............. 96 
Figure 26: Histogram of Firm Size (for different levels of p) ........................ 97 
Figure 27:  Market Size, Length of Characteristic Space and the Number 

of Firms ......................................................................................... 99 



12 List of Figures 

Figure 28: Market Size, Length of Characteristic Space and Average  
CPM Levels ................................................................................ 100 

Figure 29: Effect of Sensitive Consumers .................................................... 101 
Figure 30: Number of Firms for Different Policy Settings ........................... 102 
Figure 31:  Networks within the Simulation Model ...................................... 112 
Figure 32: Average Knowledge Levels of Agents ....................................... 113 
Figure 33: Knowl. Levels of Agents for Different Absorptive Capacities ... 114 
Figure 34:  Degree Distribution in the Four Networks .................................. 116 
Figure 35: Var. of Degree Distribution and Average Knowledge Levels .... 117 
Figure 36: Cumulative Number of Non-Traders .......................................... 117 
Figure 37:  Relationship Between the Time Agents Stop Trading and  

Their Degree ............................................................................... 118 
Figure 38:  Relationship Between Knowledge Levels and Degree ............... 120 
Figure 39:  Relative Position and Average Knowledge Levels ..................... 121 
Figure 40: Average Knowledge Levels of Small Agents with Policy 

Interventions ............................................................................... 123 
Figure 41:  Average Knowledge Levels of Small Agents with Policy 

Interventions ............................................................................... 125 
Figure 42:  Number of Firms (left) and CPM Levels (right) with Limited 

Consumer Information ................................................................ 127 
Figure 43:  Innovations During a Simulation Run with Limited  

Information (left: ݌ = 0, right ݌ = 1) ......................................... 128 
Figure 44:  Reduced Segmentation in Heterogeneous Markets ..................... 129 
Figure 45:  Average CPM and the Number of Informed Consumers ............ 130 
Figure 46:  Example of Consumer Networks ................................................ 131 
Figure 47:  Number of Firms with by Consumer Networks .......................... 133 
Figure 48:  Consumer CPM Levels with Consumer Networks ..................... 134 
Figure 49: Degree Distribution of Homophily (left) and Heterophily  

(right) Consumer Networks ........................................................ 135 
Figure 50:  CPM Levels for Homophily and Heterophily Cons. Networks .. 135 
Figure 51:  Degree and CPM Levels for Different Network Topologies ...... 136 
Figure 52:  Min. CPM of Consumers in Case of Homogeneous Demand ..... 137 
Figure 53:  Relative Distance Between Consumers over Time ..................... 138 



List of Figures 13 

Figure 54: Number of Firms and CPM Levels Over Time ........................... 139 
Figure 55:  Match with Negative Characteristics and CPM Levels for 

Different Degrees of Consumer Heterogeneity ........................... 146 
Figure 56:  Match with Neg. Characteristics in a Fully Informed Market..... 147 
Figure 57:  CPM Levels in a Fully Informed Market .................................... 148 
Figure 58:  Match with Neg. Characteristics of Responsible Consumers ..... 148 
Figure 59:  Match with Negative Characteristics of Normal Consumers ...... 149 
Figure 60:  Sensitivity of Fully Rational Consumers .................................... 150 
Figure 61:  Match with Negative Characteristics with Limited Information . 151 
Figure 62:  Number of Firms in Case of Limited Information ...................... 152 
Figure 63:  Match with Negative Characteristics of Normal Consumers 

with Limited Information ............................................................ 152 
Figure 64:  Sensitivity of Boundedly Rational Consumers ........................... 153 
Figure 65:  Match with Negative Characteristics with Networks .................. 154 
Figure 66:  Match with Negative Characteristics of Normal Consumers 

with Networks ............................................................................. 154 
Figure 67:  Match with Negative Characteristics for Different Network 

Topologies .................................................................................. 155 
Figure 68:  Number of Firms for Different Network Topologies .................. 156 



 

List of Tables 

Table 1: Products’ Quality Values .............................................................. 53 
Table 2: Parameters and Initial Values of the First Experiment .................. 86 
Table 3: Average Path Length and Cliquishness of all Four Network 

Topologies .................................................................................. 114 
Table 4: Network Characteristics of all Four Network Topologies .......... 132 
Table 5: Network Char. of Homophily and Heterophily Networks. ......... 134 



 

List of Equations 

(1) Kene Structure ............................................................................................... 52 

(2) Example of a Kene ........................................................................................ 52 

(3) Innovation Hypothesis .................................................................................. 53 

(4) Definition of a Product .................................................................................. 80 

(5) Knowledge Units of Firms ............................................................................ 80 

(6) Knowledge Mapping Functions .................................................................... 80 

(7) Relevant Information for a Product Characteristic ........................................ 81 

(8) An Example of a Product Characteristic ....................................................... 81 

(9) The Individual Demand ................................................................................. 81 

(10) Example of a Knowledge Stock .................................................................. 83 

(11) Product Category Mapping Function .......................................................... 84 

(12) Temporally Product Category ..................................................................... 84 

(13) Knowledge of Firms .................................................................................... 84 

(14) Product Characteritsic ................................................................................. 84 

(15) Inverted Hamming Distance........................................................................ 84 

(16) The CPM Level ........................................................................................... 85 



  

List of Symbols 

Symbol Description 

K఩ഥ  firm j’s knowledge stock 

K୧,୨ knowledge unit K୧ of firm j 

Cଵ,…,୬ firms’ capabilities

Aଵ,…,୬ firms’ abilities 

Eଵ,…,୬ firms’ expertise levels 

IH୨ 
knowledge pieces of firms unused in a particular production 
process 

vଡ଼
୧ measure of product X in respect of characteristic i 

A୩,୨ set of characteristics of product k of firm j 

M୅ౡ,ౠ mapping function of product k 

C୩,୨ product characteristics of product k of firm j 

D୩,୬ demand of consumer n for product k 

p 
global parameter to determine the level of heterogeneity of 
demand in the simulation 

Δ(A୩,୨, D୩,୬) 
Hamming distance between the set of characteristics of
product k and the demand of consumer n for this product k 

φ୨ firm j’s market share 

h୰ threshold for radical research 

h୧ threshold for incremental research 

s୒ sensitivity of consumer 

v୧ = ൫v୧,ୡ൯ knowledge vector of agent i with knowledge categories c 

vത 
knowledge stock of all agents over time in the barter trade 
model 



20 List of Symbols 

P(k)~kିஓ 
probability P(k) that a node in the network is linked with k 
other nodes 

w 
probability that links within a regular ring network lattice are 
randomly redistributed 

α୧ absorptive capacities of agent i 

ω୧ 
an agent i’s realitive position in the network indicated by the 
degree difference between i and his direct partners 

ε number of randomly chosen informed consumers 

γ individual importance of product characteristics 

δ ratio between consumers not considering negative product 
characteristics and responsible consumers 

 



1 Introduction 

1.1 The Invention of the Wheel 

Today, the word innovation is something everybody knows. It is one of those buzz 
words which one encounters in many different ways and occasions. Firms 
advertise even slight changes as brand new innovations and are never tired of 
emphasising their innovative behaviour. Even politicians recognise the importance 
of at least mentioning innovation, and policies to stimulate innovation have 
become an important topic for the government. Also the European Commission, 
for example in its Innovation Union – A Europe 2020 initiative, calls for 
innovation as a central element in its attempt to stimulate the European economy: 

“We are facing a situation of ‘innovation emergency’. […]. Thousands of our best 
researchers and innovators have moved to countries where conditions are more 
favourable. Although the EU market is the largest in the world, it remains fragmented 
and not innovation-friendly enough.” (European Commision 2016)  

Facing this claim, it is remarkable how little we know about innovation and how 
and why they are created. Until the early 19th century, economic growth was 
believed to be achieved solely via an increased use of production factors such as 
capital or labour. Due to the seminal work of, for example, Schumpeter (1912, 
1942) and Robert Solow (1956, 1957) this view has changed today and innovation 
perceived as technological progress has been identified as one of the main forces 
that drives economic growth and prosperity. But do we really understand the 
innovation process in all its complexity?  

Looking back into human history, it becomes clear that innovations shape 
human life in every imaginable way. Starting with the invention of the wheel, 
which can be dated back to the early Bronze Age, the list of substantial innovations 
seems endless. Animal powered ploughs, the steam engine, the combustion 
engine, electric power, the first airplanes, and modern communication devices 
such as smartphones are just a few examples of important milestones in human 
development. Each of these represents a substantial change not only for the 
economy but also for every man’s life.  

Determining the most important invention of all time may sound impossible. 
Putting forth the ideas of Alfred North Whitehead, the answer may also be simple: 
it is the method of the invention itself. What Whitehead suggests in his famous 
book from 1925 Science and the modern world about the inventions of the 
nineteenth century, is a fascinating and significant insight into the heart of the 
innovation process. Instead of evaluating the impacts or the alleged complexity of 

© Springer Fachmedien Wiesbaden GmbH 2017
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22 Introduction 

different innovations, Whitehead put forward the idea that the way innovations are 
created changed by the end of the 19th century. He states that the process of 
inventing before this transformation was slow, unconscious, and unexpected, and 
it became quick, conscious and expected (Whitehead 1975, p. 120).  

What Whitehead hereby acknowledges is nothing less than the inherent 
complexity of the invention process (and with that: of the innovation process) and 
the revolution of how we deal with it. Although in retrospect some innovations 
may seem to be the result of single Eureka moments of single inventors, it would 
be a false conclusion that innovation takes place in an isolated world. The wheel 
for example, ranking first in the above list of inventions, was not simply the 
humble result of a single inventor. It was one of the first inventions that was not 
inspired by the natural world (LaBarbera 1983) and was the result of the complex 
interplay of different technologies, knowledge, and other factors of that time, 
although it is sometimes unjustly seen as simple and trivial, today.  

Surprisingly, the first records of wheels in use for transportation purposes 
show that wheels weren’t invented until 3,500 a. Chr., which is relatively late in 
human history, considering the technological capabilities of that time and other 
prominent inventions dating before the wheel. One clear reason why the wheel 
was invented so late in human history is that metal tools were needed to achieve 
the accuracy to guarantee a smooth and frictionless combination of wheels and 
axles. Using stone tools to shape perfect circular wheels and drill holes for the 
axles would have been a hassle. Producing the right metal tools such as drills, 
saws, and grinding tools, however, requires the knowledge and the technology to 
shape and make use of metal that meets the requirements for that purpose. This in 
turn requires an expertise in identifying the right raw materials, i.e. stones 
containing metal ores, producing coal, ovens to achieve the right temperature, and 
eventually the knowledge of how to combine the right ores to produce bronze. In 
other words, the wheel was not invented earlier because it was built from a large 
set of knowledge and previous inventions. In fact, with this background, the 
invention of the wheel appears incredible for its time. 

Today, the complexity behind the innovation process, the interplay of 
different technologies, knowledge and the versatility of actors involved is 
increasingly recognized, not only in the broad field of economic science, but also 
by politicians and policy instruments. Without this new art of invention of the 19th 
century, as Whitehead puts it, modern inventions were simply impossible. What 
changed during the 19th century was the way science and technology was 
perceived and how the people of that time managed the complexity of the scientific 
process. This lead to a new and ground-breaking professionalism in science and 
the broad establishment of universities and other research institutes designed to 
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systematically create new scientific knowledge and methods and thereby made 
complex inventions possible (Whitehead 1975). 

There is, however, a second reason for the late invention of the wheel and 
this reason is easily neglected. We have to consider the increasing demand for the 
efficient transportation of goods and commodities at that time. While the back of 
an animal such as a horse, donkey or an ox may be sufficient for bridging short 
distances, increasing trade of goods around the world and thus intensifying the 
establishment of common trade routes created an enormous demand for that 
invention for the first time in human history. Second, the story would be 
incomplete if we neglected an additional factor which triggered the invention of 
the wheel as a means for transportation. In fact, we have to consider that the 
invention of the wheel as a means for transportation was not the first invention of 
the wheel. Centuries prior to that, simple forms of wheels appeared in pottery, 
enabling potters to easily produce simple but effective containers to carry water, 
nutrition, etc. Driven by the large demand for these products, the technology of 
producing pottery wheels quickly diffused and at some point was improved so that 
wheels for transportation were also possible. In other words, one might speculate 
that the demand for pottery created the necessary basic prerequisite for the 
invention of the wheel.  

The demand side, e.g. users and consumers, is an important element in the 
whole picture of the innovation process. Unfortunately, it is too often neglected or 
in the best case oversimplified in economics. Admittedly, it would be false to state 
that the demand side and the role of consumers have not been considered at all. 
Instead, we have to be more precise and ask how it has been considered as an 
element of the innovation process.  

Until the middle of the 20th century the focus of the scientific discourse was 
on the question of whether the demand side has effects on the innovation process. 
Today, after a fruitful discussion in the literature, the debate branched into several 
aspects dealing with the question of how the demand side influences the 
innovation process. The well-known concept of user-innovation by Eric von 
Hippel (1976, 1988) is just one example in which consumers are appreciated as 
important actors in the innovation process. Following this idea, consumers 
sometimes act as innovators themselves, creating novel solutions for the particular 
and individual needs they have. However, by far the larger portion of work on 
innovation and technological change is concentrated on supply-side dynamics (see 
for example Adner, Levinthal 2001, Coombs 2001, Witt 2001a, Harvey et al. 2001, 
Andersen 2007, Ciarli et al. 2008, Nelson, Consoli 2010). 

One possible explanation for this fact lies in the origin of modern innovation 
economics theory. Innovation as an economic concept can be traced back to the 
work of Joseph Alois Schumpeter, who stands with his work in-between the work 


