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RelRe
n A command-line tool

n to estimate relative reproduction numbers
n to predict the trajectory of variant replacement

n Implemented in the Julia language
n Running on Windows, macOS, and Linux. 
n Available on our GitHub page

n https://github.com/KimihitoIto/RelRe



Installation of Julia (macOS)
n You can download the binaries MacOS at 

https://julialang.org/downloads/. 
n Click on .dmg to download the installation 

package. 
n Open the downloaded file and Drag and 

Drop the Julia-1.10.app to the Application 
folder to complete the installation. 

export PATH=/Applications/Julia-
1.10.app/Contents/Resources/julia/bin:$PATH 

Type the following command in Terminal or .bashrc (or .zshrc)



Installation of Julia (Linux)
n RelRe doesn’t work with the old Julia binary 

provided by the apt package manager in 
Ubuntu.  

n Download the binaries Linux at 
https://julialang.org/downloads/. 

n Copy the link to the binary to the clipboard
cd
mkdir Tools
cd Tools



Installation of Julia (Linux)

wget https://julialang-
s3.julialang.org/bin/linux/x64/1.10/julia-
1.10.5-linux-x86_64.tar.gz 

Type wget and paste the copied link to download the binary.   

tar xvfz julia-1.10.5-linux-x86_64.tar.gz

Type the following to extract the contents. 

export PATH=$HOME/Tools/julia-1.10.5/bin:$PATH

Type the following command in Terminal or .bashrc (or .zshrc)



Installation of Julia (Windows)
n Open the Microsoft Store from the Start Menu of 

your windows. 
n Type “ubuntu” in the search box. Install Ubuntu 

24.04 LTS by clicking the “Get” button.  
n Click on the Ubuntu icon, then a Terminal will 

appear. 
n Set your login ID and password to complete the 

installation. 
n Follow the Julia instructions for Linux in Section.



Run Julia to check installation

julia

Type the following to run Julia.

_       _ _(_)_     |  Documentation: https://docs.julialang.org
(_)     | (_) (_)    |
_ _   _| |_  __ _   |  Type "?" for help, "]?" for Pkg help.

| | | | | | |/ _` |  |
| | |_| | | | (_| |  |  Version 1.8.5 (2023-01-08)

_/ |\__'_|_|_|\__'_|  |  Official https://julialang.org/ release
|__/                   |

julia> 

julia

Type the following to exit from Julia.



Installation of R
n The sample codes include R programs to 

visualize the estimation results. 
n To run the R codes, install the R program 

on your computer if you don’t have it.
n Download the installer program of R from

https://www.r-project.org/
n Run the downloaded installer. 



Installation of Visual Studio Code
n Download Visual Studio Code from its 

homepage and install it on your 
computer. 
(https://code.visualstudio.com/)

n This is used to view and edit the program 
codes. 

n You can use another text editor with 
which you are familiar. 



Download the RelRe program
n The RelRe program is available at the 

following GitHub repository. 
n https://github.com/KimihitoIto/RelRe

cd ~/Desktop
git clone git@github.com:KimihitoIto/RelRe.git

Check whether you have the RelRe folder. 
ls -l
drwxr-xr-x  5 itok itok 4096 Sep  9 15:02 
RelRe

Use the following command to download the RelRe 
program.



Check the Downloaded files
n install_packages.jl (a script for installation)
n RelRe.jl (the RelRe program)
n README.md (general information)
n sample_data/ (a folder of sample datasets)

cd RelRe/
ls

-rw-rw-r-- 1 itok itok 89 Sep  9 15:02 install_packages.jl
-rw-r--r-- 1 itok itok 4771 Aug 22 17:13 README.md
-rw-rwxr-- 1 itok itok 22444 Aug 22 17:31 RelRe.jl
drwxr-xr-x 4 itok itok 4096 Sep  5 19:17 sample_data



Install Required Julia packages
n The RelRe program uses CSV, Dates, 

DataFrames, Distributions, NLopt, and 
ArgParse packages, all included in Julia’s 
General registry.

n Type the following command to install 
the required packages

julia install_packages.jl

It will take about 5-10 minutes to complete.   



Sample Datasets
n The RelRe program contains sample 

datasets.
n SARS-CoV-2-BA2-Tokyo-weekly
n SARS-CoV-2-GT-Denmark

cd sample_data
ls -l

drwxr-xr-x 2 itok … Sep  5 19:19 SARS-CoV-2-BA2-Tokyo-weekly
drwxr-xr-x 2 itok … Sep  9 14:45 SARS-CoV-2-GT-Denmark

Type the following commands to check.



SARS-CoV-2-BA2-Tokyo-weekly
n Sample data and scripts to analyze weekly 

counts of Omiron BA.1 and BA.2 in Tokyo.

cd SARS-CoV-2-BA2-Tokyo-weekly
ls -l

-rw-r--r-- 1 itok … Aug  9 09:53 Makefile
-rw-r--r-- 1 itok … Aug  9 09:53 plot_average_k.R
-rw-r--r-- 1 itok … Aug  9 09:53 plot_frequency_wkly.R
lrwxrwxrwx 1 itok … Aug  9 09:53 RelRe.jl -> ../../RelRe.jl
-rw-r--r-- 1 itok … Aug  9 09:53 Tokyo_BA1_BA2.csv

Type the following commands to check files.



Input File
n RelRe reads the count data of variants 

from a CSV file
n Dates are assumed to be given in the 

YYYY-MM-DD format
date_from date_till number

of a
number
of A1

… number
of An

⋮ ⋮ ⋮ ⋮ ⋮ ⋮

𝑡! 𝑢! 𝑁"(𝑜!) 𝑁#!(𝑜!) ⋯ 𝑁#!(𝑜!)

⋮ ⋮ ⋮ ⋮ ⋮ ⋮



Tokyo_BA1_BA2.csv
n Weekly count data of Omiron BA.1 and 

BA.2 in Tokyo.

cat Tokyo_BA1_BA2.csv

date_from,date_till,Omicron_BA1,Omicron_BA2
2022-02-08,2022-02-14,75,1
2022-02-15,2022-02-21,412,33
2022-02-22,2022-02-28,268,36
2022-03-01,2022-03-07,212,46
2022-03-08,2022-03-14,824,541
2022-03-15,2022-03-21,426,467
2022-03-22,2022-03-28,413,892
…

Type the following commands to check the data.



Tokyo_BA1_BA2.csv



Command Example (1)

-b the name of the baseline variant
Use Omicron_BA1 as the baseline variant

julia RelRe.jl -b Omicron_BA1 -a 4.03 -t 
0.735 -i Tokyo_BA1_BA2.csv



Command Example (1)

-a shape parameter
Give the shape parameter of gamma distribution 
for generation time
-t scale parameter
Give the scale parameter of gamma distribution 
for generation time

julia RelRe.jl -b Omicron_BA1 -a 4.03
-t 0.735 -i Tokyo_BA1_BA2.csv



Command Example (1)

-i filename
Give the input file containing temporal count data 
of variants

julia RelRe.jl -b Omicron_BA1 -a 4.03 -
t 0.735 -i Tokyo_BA1_BA2.csv



Command Example (1)

julia RelRe.jl -b Omicron_BA1 -a 4.03 -t 
0.735 -i Tokyo_BA1_BA2.csv

Type the following commands to run the analysis.

It takes less than 1 minute to finish the analysis.
A message of “done” is shown when it finishes.  

parsed_args = Dict{String, Any}("estimate_GT" => false, 
"estimate_CI" => false, "ftol_abs" => 0.0, "theta" => 0.735, 
"maxeval" => 5000000, "out" => "", "len" => -1, "in" => 
"Tokyo_BA1_BA2.csv", "start" => "", "subjects" => Symbol[], 
"alpha" => 4.03, "end" => "", "ftol_rel" => 1.0e-8, "future" => 0, 
"Dirichlet" => false, "division" => 1, "frequency" => false, 
"baseline" => :Omicron_BA1, "undetected" => false)
Loading counts
Baseline
Omicron_BA1
…



Output files
n RelRe outputs the following files

n estimates.csv
n loglikelihood.csv

ls -l

-rw-rw-r-- 1 itok itok 137 Sep  9 18:10 estimates.csv
-rw-rw-r-- 1 itok itok 59 Sep  9 18:10 loglikelihood.csv…

Type the following command to check.



estimates.csv

Relative reproduction number of 
Omicron_BA2 w.r.t. Omicron_BA1.
BA.2 is 1.34 times more transmissible 
than BA.1.  

The initial frequency 
of Omicron_BA2



Akaike Information Criterion
n Akaike Information Criterion (AIC) of a 

model is defined as
𝐴𝐼𝐶 = 2𝑘 − 2 log +𝐿 ,

where 𝑘 is the number of the parameters 
of the model and +𝐿 is the maximum log-
likelihood of model parameters (Akaike, 
1975). 

n For a given set of observations, a model 
with a smaller AIC is considered a better 
model than a larger one. 



loglikelihood.csv

The maximum likelihood Akaike Information Criterion 
(AIC) of the model



Command Example (2)

-c
Use -c option for calculating 95% confidence 
intervals of the estimates.
--threads N
Use Julia’s –threads option for using multiple 
threads. 

julia --threads 4 RelRe.jl -b Omicron_BA1 -
a 4.03 -t 0.735 -i Tokyo_BA1_BA2.csv -c



estimates.csv

The 95% confidence intervals of 
relative reproduction number of 
Omicron_BA2 w.r.t. Omicron_BA1.  

The 95% confidence 
intervals of the initial 
frequency of 
Omicron_BA2



Command Example (3)

-q
Use -q option to output the relative frequencies of 
variants estimated by the model.
-f N (days)
Use –q option to specify the duration of prediction 
in the future

julia --threads 4 RelRe.jl -b Omicron_BA1 -
a 4.03 -t 0.735 -i Tokyo_BA1_BA2.csv -c -q 
-f 60



frequencies.csv

The relative frequencies of BA2 and BA1 with 
their 95% confidence intervals.



R scripts for plotting RelRe outputs

R -f plot_frequency_wkly.R

n RelRe is accompanied with R scripts for 
plotting its outputs

Type the following command to create a pdf file 

The R script uses the dplyr package of R. Install it by 
typing the following command in R if you don’t have it.  

R
> install.packages("dplyr")
> q()



frequency.pdf
Predicted duration
specified by -f option 



Makefile
n The sample programs contain Makefile to 

run analyses. 
n Just type “make” in the command line to 

run the program
n Type “make clean” to remove the result 

files.
make

make clean



Command-line Options 
parameter             description                                                                                  
-a, --alpha       shape parameter of gamma distribution for generation time (type: 

Float64, default: 2.03)
-b, --baseline    the variant used as the baseline of relative reproduction numbers
-c, --estimate_CI estimate 95% confidence intervals
-d, --division       the number of time steps for each day (type: Int64, default: 1)
-D, --Dirichlet   use Dirichlet multinomial as the observation model
-e, --end         end date of the analysis (default: "")
-f, --future duration in days for predicting variant frequencies (type: Int64, default: 0)  
-g, --estimate_GT estimate relative generation times of variants
-h, --help show the help message and exit
-i, --in          input file containing temporal count data of variants
-j, --subjects    list of variants to calculate relative reproduction numbers (type: Symbol)
-l, --len         truncation point of gamma distribution for generation time (type: Int64, 

default: automatic)
-u, --undetected assume all variants exist undetected from the start date
-o, --out prefix of output files (default: "")                                                 
--ftol_abs stopping criterion used as ftol_abs in NLopt (type: Float64, default: 0.0)
--ftol_rel stopping criterion used as ftol_rel in NLopt (type: Float64, default: 1.0e-8)                
--maxeval stopping criterion used as maxeval in NLopt (type: Int64, default: 

5,000,000)        
-q, --frequency  calculate the time course of variant frequencies
-s, --start start date of the analysis (default: "")
-t, --theta       scale parameter of gamma distribution for generation time (type: Float64, 

default: 2.32)





Summary
n The RelRe program estimates relative 

reproduction numbers among variants from 
their count data.

n The RelRe needs parameters of the generation 
time distribution. 

n The RelRe program can predict the trajectory of 
variant replacement. 


