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1 Purpose and Overview

This replication package provides all code, scripts and data required to replicate the figures and
tables of the paper. The replication package provides two ways of replicating the results. The
first way is to generate the figures from the original simulation data using R. The replicator
should expect this exercise to take 10 minutes on a standard desktop machine. The second and
computationally more expensive way is to carry out the whole analysis from scratch. In this
case, the replicator produces simulation data from running the model code and generates the
figures and tables from the new data. This exercise, however, is restricted to machines fulfilling
specific system requirements. The expected runtime depends on the experimental setup and the
available cores on the machine. The full experimental setup takes on a GNU/Linux server with
x86_64 architecture and 20 utilized cores about 5h10min.

2 Data and Code Availability Statement

Code for data generation, cleaning and analysis is provided as part of the replication package:

• The model code is provided as a local copy in this replication package (./Replication_
data/Model). Alternatively, the model code can be downloaded from a Github repository
using the link: https://github.com/ETACE/Governance/tree/main/Governance_Model
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• The R scripts for generating the figures are also provided as local copies (./Replication_
figures/code and ./Replication_data/R_scripts). Alternatively, they can be downloaded
from a Github repository using the link: https://github.com/ETACE/Governance/tree/
main/Replication_figures/code

The empirical data reported in Table 1 in the paper and used for the calibration of the model
comes from different sources:

• Data for average annual productivity growth have been sourced from EU-KLEMS (see
Jäger, 2017). Access is public. The data can be downloaded from http://www.euklems.net/.
Additionally a csv copy of the data employed is provided in this package at (./Replication_
figures/data/eu_klems_data).

• Data for the buybacks-R&D ratio and the buybacks-dividend ratio are directly taken from
Sakinc (2017) and can be found at pages 10 and 13 (Figure 1 and Figures 5.1 and 5.2,
respectively). The reference year for the calibration exercise is 2015.

Full access is provided to the simulation data used to produce Figure 1 to 10 in the paper.
The simulated time series data for Figure 1 is provided as csv files in ./Replication_figures/data,
whereas the data underlying Figures 2-10 is stored as data objects in R images (Rdata format).
These R images can directly be accessed by the R scripts provided in the folder ./Replication_
figures/code to generate Figure 2-10. All Rdata files containing the simulation data for the
different experiments can be found in the folder ./Replication_figures/data. An overview of the
different data files is provided in Table 1 of this Readme file.

File name Content Used for

./herfindahl.csv
Time series of the Herfindahl index av-
eraged over 20 batch runs of the base-
line scenario

Figure 1

./num_firms.csv
Time series of the number of active
firms averaged over 20 batch runs of the
baseline scenario

Figure 1

./data_sim_experiment.Rdata
Values of the Herfindahl index and Pro-
ductivity growth at specific periods,
for different values of the parameters
(ψ, ℓ, γ)

Figures 2-5, 7-10

./triangle_plot.Rdata
Values of the Herfindahl index and Pro-
ductivity growth for all periods, for all
values of the parameters (ψ, ℓ, γ)

Figures 2-3 (triangles)

./marginal_effects.Rdata
Difference in expected productivity
growth between the market leader and
the average of the first four following
firms.

Figure 6

Tab. 1: Description of data files.

3 Replication of results using the original data

The following exercise replicates the figures of the paper using the original data produced by the
authors of the study. The exercise can be carried out with a standard desktop machine without
any specific system requirements.
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3.1 Software requirements and dependencies
• R version 3.6.3 or higher, including the following packages: reshape2 (1.4.4), RColorBrewer

(1.1-2), viridis (0.5.1), viridisLite (0.3.0), forcats (0.5.0), stringr (1.4.0), dplyr (1.0.2), purrr
(0.3.4), readr (1.4.0) tidyr (1.1.2), tibble (3.0.4), ggplot2 (3.3.2), tidyverse (1.3.0), tseries
(0.10-47), arrangements (1.1.9), latex2exp (0.4.0), ggtern (3.3.0).1

3.2 Memory and Runtime requirements
• No specific memory requirements

• Expected runtime for replicating all figures of the paper: about 10 minutes.

3.3 Description of programs and code
The code to generate the plots from the Rdata images containing the simulation data generated
by the authors of the study can be found in ./Replication_figures/code.

• ./MAIN.R This script can be launched to sequentially execute all R scripts required to
generate the plots and numbers of the paper.

• ./Figure1.R This script sources the data of the Herfindahl index and of the number of firms
to reproduce the time-series plots of Figure 1.

• ./Figure2-3.R This script sources the data concerning 20 different batch runs to reproduce
the splines graphs depicted in Figures 2 and 3 of the paper.

• ./Figure2-3_triangle.R This script sources the data concerning 20 different batch runs to
reproduce the triangle plots depicted in Figures 2 and 3 of the paper.

• ./Figure4-5.R This script sources the data concerning 20 different batch runs to reproduce
the splines graphs depicted in Figures 4 and 5 of the paper, conditional upon different
life-cycle phases of the industry (i.e. different simulation periods).

• ./Figure6.R This script sources the data concerning 20 different batch runs to reproduce
the bar plots depicted in Figures 6 of the paper and representing the gap in expected
productivity gain between the market technologial leader and its followers.

• ./Figure7-10.R This script sources the data concerning 20 different batch runs to reproduce
the splines graphs depicted in Figures 7 to 10 of the paper, conditional upon different life-
cycle phases of the industry (i.e. different simulation periods).

• ./euklems_functions.R This script contains useful own-written functions to import and
treat the EU-KLEMS data from Jäger (2017).

• ./compute_TFPgrowth.R This script uses the ./euklems_functions.R file to import and treat
the EU-KLEMS data and to obtain the empirical target of productivity growth. It is used
for the calibration of the model.

1 The code has been tested on these versions of the libraries, but more recent versions should also be compatible.
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3.4 How to replicate the results
All the figures can be easily generated by using the codes available in the ./Replication_figures/
code folder, which write the figures to the figs folder. One can decide to either sequentially
reproduce all the figures running the ./MAIN.R file. To run the MAIN.R script using the R
console, define ./Replication_figures/code as current working directory in R and type into the R
console
source("MAIN.R")

Alternatively, one might decide to reproduce a specific set of figures running the ./Figure1.R, ./
Figure2-3.R, Figure_2-3_triangles.R, ./Figure4-5.R, ./Figure6.R, ./Figure7-10.R scripts separately.

The file ./compute_TFPgrowth.R, sourcing also the ./euklems_functions.R code, shall be run
in order to reproduce the first element of Table 1. As specified in the paper, the file retrieves
data for TFP in Germany, France and United Kingdom, computes the growth rates and excludes
from the sample the years 2008 and 2009, where growth is extremely low due to the financial
crisis, which we do not model. The sourced ./euklems_functions.R code is instead needed to load
some useful function to efficiently import and re-organize the EU-KLEMS data available in the
./Empirical_data folder.

4 Replication of results by generating new simulation data

This exercise enables the replicator to reproduce the simulation output and to generate the
results presented in the paper from this data. To this end, the replication package provides all
programs, scripts, and codes to generate the simulation output, and to clean and process the
data. The package contains two pre-configured simulation suites allowing to:

• reproduce the baseline scenario and to generate the results reported in Table 1 and Figure
1 of the paper.

• re-run the simulation experiments in which the three model parameters manager autonomy
(ψ, const_influence_manager), ownership long-term investors (ℓ, const_shares_longtermists)
and the bonus parameter (γ, const_manager_bonus_pct) are mutually varied. Figures
2-5 and 7-10 are then generated from this data. However, to make the replication feasible
without access to a high performance cluster, we abstain from running all simulations
required to reproduce the triangle plots in Figure 2a and 3a.

The replicator should note two important issues regarding the replication of data:

1. There are specific system and software requirements to run the experiments using this repli-
cation package. In particular, the experiments are set up to run on a Debian GNU/Linux
system (bash scripts are used to handle the simulation and data management). The repli-
cator is referred to Linux Virtual Machines in case only Windows or Mac systems are
available.2

2. The wall time of running the full experiment is a critical issue. In particular, the wall
time depends on the number of batch runs per parameter constellation (the results of the
paper are based on 20 batch runs). Since a larger number of batch runs increases the

2 The replication package has been tested on a virtual machine with Ubuntu 20.04 linux. The virtual box has
been downloaded from https://sourceforge.net/projects/osboxes/files/v/vb/55-U-u/20.04/Ubnt-20.04-VB-64bit.7z/
download and has been running on an Oracle VM VirtualBox.
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statistical robustness of the results, there is a trade-off between runtime and robustness of
the simulation outcomes. Therefore, it is recommended to use a multi core system. In this
case, simulation runs can be distributed on several cores and the runtime can be reduced
while still running the experiment with a sufficient number of batch runs.

4.1 System requirements
• OS: Debian GNU/Linux

• Ideally a multi core system

4.2 Software requirements and dependencies
• GCC 4.4 or higher (or other C compiler)

• GSL 2.4 or higher (GNU Scientific Library)

• FLAME XParser 0.17.1 (https://github.com/FLAME-HPC/xparser/archive/0.17.1.tar.gz)

• FLAME Libmboard 0.3.1 (https://github.com/FLAME-HPC/libmboard). This software ad-
ditionally requires automake and libtool. To install the Libmboard software follow the in-
structions in the Readme file od the software. In particular, it is recommanded to disable
the parallel and testing option as suggested in the Readme.

• Python 2 (2.5 or higher)

• R version 3.6.3 or higher, including the following packages: RSQLite (2.2.2), reshape2
(1.4.4), RColorBrewer (1.1-2), viridis (0.5.1), viridisLite (0.3.0), forcats (0.5.0), stringr
(1.4.0), dplyr (1.0.2), purrr (0.3.4), readr (1.4.0) tidyr (1.1.2), tibble (3.0.4), ggplot2 (3.3.2),
tidyverse (1.3.0), tseries (0.10-47), arrangements (1.1.9), latex2exp (0.4.0), ggtern (3.3.0)..

Note that the FLAME xparser source code is provided in the replication package such that there
is no need to download it. The xparser should be compiled at the given location in order to
ensure that the bash scripts launching the simulations find the xparser at the right place.

4.3 Memory and Runtime requirements
• RAM: Less than 1GB RAM per utilized core.

• Hard disk space required for full experiment (20 batch runs per parameter constellation):
1.5 GB

• Expected runtime depends on experimental setup and system resources: critical are the
number of Montecarlo batch runs per parameter constellation and the available cores.

– Benchmark experiment with 20 batch runs per parameter constellation on a GNU/Linux
server with x86_64 architecture and 20 out of 24 cores utilized: runtime of 5h10min.

– Utilizing c cores, one can expect a runtime tR (in minutes) of the experiment for n
batch runs of:

tR =
310min ·n

c
.
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4.4 Description of programs and code

All code and programs required to replicate the sim-
ulation data of the paper can be found in the folder
./Replication_data and its sub folders. The top-level
folder contains 2 bash scripts and 5 sub folders.

Bash scripts:

• run_baseline.sh This bash script automatically launches all processes needed to generate
the data for Figure 1 and Table 1 from running the baseline setup of the model.

• run_experiment.sh This bash script automatically launches all processes needed to generate
the data forFigures 2-5 and 7-10 of the paper (excluding Figures 2a and 3a).

Sub folders:

• ./Replication_data/xparser: This folder contains source code and libraries of the simulation
environment FLAME used to build and compile the model in ./Model.

• ./Replication_data/Model: Files in this folder and its
subfolder contain the actual model source code. The
files agent_name_functions.c feature C code with the
actual behavioural rules of the agents. The model.xml
file defines the memory variables of the agents, the
dependencies and communication of agents as well as
the state transition within an iteration of the sim-
ulation. The my_library_functions.c and Manager_
aux_functions.c files contain some auxiliary functions.
Other files will automatically be generated and written
to the folder by the xparser or while compiling the C
code. In particular, compiling the code generates the
main executable which can be launched to run a single
run. The file ./Replication_data/Model/its/0.xml de-
fines the baseline parametrization and the initial state
of all active agents. More information on the struc-
ture of simulation models implemented in FLAME can
be found here: http://flame.ac.uk/docs/user_manual.
html.

• ./Replication_data/sim_baseline: Files in this folder automatically run simulations of the
baseline setup and generate Figure 1 and Table 1 of the paper.
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– run_exp.sh This is the master bash script that man-
ages the conduction of the experiment. It defines some
basic settings such as the number of iterations, batch
runs and processors used for the simulation, compiles
the source code of the model and sequentially launches
specific bash scripts designed for executing specific
tasks during the replication process.

– exp_script_1_setup.sh This script is the first one called
by run_exp.sh and generates the folder structure which
the simulation output is written in. For the baseline
scenario, the folder structure has the form
./Replication_data/sim_baseline/its/Batch/run_x

where x represents the number of the batch run.
Moreover, it copies the output.xml and run.sh file to
the run_x folders.

– exp_script_2_specific.sh This script is the second one
called by run_exp.sh. It copies the environment.xml
containing the parameter setup for the experiment to
the ./Batch folder.

– create_job_list.sh This is the third script called by run_exp.sh. It creates bash scripts
defining job lists for the batch runs. Each job represents a simulation run launched
by executing a run.sh script in the corresponding sub folder. Launching the job list
starts to sequentially run these jobs. Depending on the number of assigned cores,
this script distributes jobs on several job lists.

– launch_job_list.sh This script is the fourth one called by run_exp.sh. It automatically
launches the job lists.

– r_parallel.sh This is the fifth script called by run_exp.sh. After finishing all simula-
tions, it launches the R scripts to read and process the SQL databases and to generate
Figure 1 and Table 1.

– run.sh This bash script is copied by the exp_script_1_setup.sh script to the ./run_x
folder of each batch run. It is called by a job list and executes sequentially

1. the main executable of the model using the output.xml and the number of itera-
tions as input,

2. the gendb.py python script that transforms the raw simulation output from xml
format into SQLite data bases.

– gendb.py This Python script transforms the simulation output from xml format into
SQLite data bases. It is called by the run.sh script after finishing the simulation of a
batch run.

– script.r R script to read the simulation data from the SQL data base into R and to
generate Figure 1 and Table 1. Finally, it saves the R image containing the data as
data frame to ./Replication_data/sim_data_baseline.Rdata

– environment.xml This xml file contains the parameter setup used for the experiment.
– output.xml This xml files defines important output settings of the simulation. It

specifies which agent memory is written to the xml data files and at which fre-
quency. Moreover, it specifies the location of the initial memory state of the agents
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(./Replication_data/Model/its/0.xml) and the relative location of the environment.xml
file defining the model parameter setup.

• ./Replication_data/sim_experiment: Files in this folder automatically run simulations of
the experiment in which the three model parameters manager autonomy (ψ, const_influence_manager),
ownership long-term investors (ℓ, const_shares_longtermists) and the bonus parameter
(γ, const_manager_bonus_pct) are mutually varied. Figures 2-5 and 7-10 are then gen-
erated from this data.

– run_exp.sh This is the master bash script that man-
ages the conduction of the experiment. It defines some
basic settings such as the number of iterations, batch
runs and processors used for the simulation, compiles
the source code of the model and sequentially launches
specific bash scripts designed for executing specific
tasks during the replication process.

– set_exp.sh This script is the first one called by run_
exp.sh. It defines the parameter values of the three
model parameters varied in the experiment.

– exp_script_1_setup.sh This script is the second one
called by run_exp.sh and generates the folder structure
which the simulation output is written in. The folder
structure has the form
./Replication_data/sim_baseline/its
/const_manager_bonus_pct/xx
/const_shares_longtermists/yy
/const_influence_manager/zz/run_x/

Moreover, it copies the output.xml and run.sh file to
the run_x folders.

– exp_script_2_specific.sh This script is the third one called by run_exp.sh. It copies
the environment.xml containing the parameter setup for the experiment to the folders
at the ./zz level. It writes a file called spefic.xml to the folder at the zz level providing
the actual values of the varied parameters.

– create_job_list.sh This is the fourth script called by run_exp.sh. It creates bash scripts
defining job lists for the batch runs. Each job represents a simulation run launched
by executing a run.sh script in the corresponding sub folder. Launching the job list
starts to sequentially run these jobs. Depending on the number of assigned cores,
this script distributes jobs on several job lists.

– launch_job_list.sh This script is the fifth one called by run_exp.sh. It automatically
launches the job lists.

– r_parallel.sh This is the sixth script called by run_exp.sh. It is called after finishing
all simulations and launches the R scripts to read and process the SQL data and to
generate Figure 2 to 10.

– run.sh This bash script is copied by the exp_script_1_setup.sh script to the ./run_x
folders. It is called by a job list and executes sequentially

1. the main executable of the model using the output.xml as input,
2. the gendb.py python script that transforms the raw simulation output from xml

format into SQLite data bases.
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– gendb.py Python script that transforms the simulation output from xml format into
SQLite data bases. This is called by the run.sh script after finishing the simulation
of a batch run.

– script.r This R script reads the simulation data into R and calls the other R scripts
to generate Figure 2 to 10. Finally, it saves the R image containing the data as data
frame to ./Replication_data/sim_data_experiment.Rdata

– environment.xml This xml file contains the parameter setup that is used for the ex-
periment (except the values for the three varied model parameters)

– output.xml This xml files defines important output settings of the simulation. It
specifies which agent memory is written to the xml data files and at which fre-
quency. Moreover, it specifies the location of the initial memory state of the agents
(./Replication_data/Model/its/0.xml) and the relative location of the environment.xml
file defining the model parameter setup and the specific.xml file defining the values of
the parameters of the experiments.

– xml.c This c file is copied to the ./Model folder before compiling the code. Using this
xml.c instead of the default one reduces the output data and saves hard disk space.

• ./Replication_data/R_scripts: This folder contains the R scripts to generate the Figures
from the data stored in the sim_data_experiment.Rdata image. These scripts are automat-
ically called by the r_parallel.sh script.

– Figure_2-3.R This R script generates the panels (b) of figures 2 and 3. The triangle
plots in panels (a) are not generated for efficiency reasons.

– Figure_4-5.R This script generates figures 4 and 5 of the paper.
– Figure_7-10.R This script generates figures 7 to 10 of the paper.

4.5 Compiling the source code
The xparser and model source code is not pre-compiled but is automatically build and compiled
when launching the simulations from the bash scripts in ./Replication_data. In order to build and
compile the source code manually, one has to navigate with the command line to the top-level
folder ./Replication_data and follow these steps,

1. Compile the xparser by typing
cd xparser
make
cd ..

2. Build the main executable of the model by typing
cd Model
../xparser/xparser -f model.xml
make
cd ..

Instead of running simulations from the pre-configured experiments using the bash scripts,
one can also run a single simulation run from the command line. Typing, for example,

cd Model
./main 1000 ./its/0.xml
cd ..
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executes a single run over 1000 iterations with the baseline parametrization and initial state
both provided in ./Replication_data/Model/its/0.xml. The output data of an iteration is stored
as xml file.

4.6 Replication of the baseline setup
To start the replication of the baseline simulation from the command line, the replicator has to
navigate to the top level folder ./Replication_data and type

bash run_baseline.sh

This script launches the run_exp.sh script in the folder ./Replication_data/sim_baseline, which
sequentially compiles the xparser and the model source code, runs simulations for the predefined
parameter setting and processes the data thereby generating the plots presented in the paper.
Altogether, 20 batch runs are carried out using 1 core. The required runtime is about 15mins.
The main executable of the simulator writes all memory variables of the agents to xml files
where, in order to reduce data output, only every 50th iteration is written to file (This value can
be changed in the output.xml file). The data in the xml files is translated into SQL databases
using the gen_db.py script and the original xml files are deleted. After running the simulations,
the R script writes a pdf file Figure1.pdf for Figure 1 and Table1.txt for Table 1 to the top-
level folder ./Replication_data. The data read in by the R script is stored as an R image
sim_data_baseline.Rdata at the same location.

The replicator can change the number of batch runs from the default value of 20 to a different
one. Therefore, the replicator has to open the ./Replication_data/sim_baseline/run_exp.sh file
using a text editor (e.g. vi) and change the value in the line

export TOTAL_RUNS=20

at the top of the run_exp.sh script to the desired value.

4.7 Replication of the simulation experiment
To start the replication of the baseline simulation from the command line, the replicator has to
navigate to the top level folder ./Replication_data and type
bash run_experiment.sh

This script launches the run_exp.sh script in the folder ./Replication_data/sim_experiment, which
sequentially compiles the xparser and the model source code, runs simulations for the predefined
parameter setting and processes the data thereby generating the plots presented in the paper.
To replicate the full set of simulations of the paper, one has to run 20× 3× 3× 52 simulations
(number of batch runs × parameter values of γ × parameter values of ψ × parameter values
of ℓ). A single runs takes, depending on the parameter values, between a few second and 2
minutes. Therefore, runtime of the experiment becomes an important issue. Run time can be
reduced either by reducing the number of batch runs (on the costs of a lower robustness) or by
increasing the number of cores on which the simulation jobs are distributed.

We provide here a minimum setting as default with 1 batch run per parameter setting
running on 1 core (i.e. in total 468 simulation runs) with an expected runtime of about 5h10min
(GNU/Linux system with x86_64 architecture). The simulations in the paper have been run
with 20 batch runs.

Depending on the available resources, the replicator can change the number of employed
cores from the default value of 1 to a higher value. Therefore, the replicator has to open the
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./Replication_data/sim_experiment/run_exp.sh file using a text editor (e.g. vi) and change the
value in the line
export NUM_PROCS=1

at the top of the run_exp.sh script to a higher value.
To increase the number of batch runs and therefore the statistical robustness, the replicator

has to change the value in the line
export TOTAL_RUNS=1

at the top of the run_exp.sh script to the desired value.
The simulator writes selected memory variables of the Goods market agent, which also

computes and stores some statistics of an iteration, as raw data to xml files where, in order to
reduce data output, only every 2500th iteration is written to file (This value can be changed
in the output.xml file). The data in the xml files is translated into SQL databases using the
gen_db.py script and the raw data xml files are deleted (this can be commented out in the
./Replication_data/sim_experiment/run.sh script). After running the simulations, the R scripts
write Figures 2-5 and 7-10 to the top-level folder ./Replication_data. The data is stored as an
R image sim_data_experiment.Rdata at the same location.

References

Jäger, K. (2017). EU KLEMS growth and productivity accounts 2017 release - Description of
methodology and general notes.

Sakinc, M. E. (2017). Share repurchases in Europe. A value extraction analysis. ISIGrowth
Working Paper Series (16).


