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 1. Introduction

Microplates were invented sometime near the 1950ies(1),  and since then microplate readers have 
become a common tool in life science labs. Microplates are available in different sizes ranging from
6 to 9600 wells per plate. This allows them to generate such a large amount of data, that it becomes 
hard to analyse by hand. Furthermore microplate readers produce specific biases(2,3), that have to 
be dealt with. Surprisingly there is no software available that can deal with these specific issues in a
device independent matter. This R Package provides the tools to easily import the data from various
microplate readers, clean it and extract the useful information (4).  R than provides the tools to 
visualise the data as nice plots. This package allows you to create efficient data processing pipelines
for microplate data, and comes with some complete work flow examples.   

   

 

Figure 1.1:  An overview of the workflow using the MicroPlate R package.

Not only allows the MicroPlate package to easily import microplate reader files into R, it also 
allows you to describe what is in each well using layoutFiles. This allows for easy sub selections of 
the data, and makes sure the data and analysis can be stored independently. With this the same 
analysis protocol can be used for multiple experiments as long as the experiment is setup are 
consistent.

This package was created to be a tool to analyse Filipe's data, and his data will be used as an 
example throughout this report.

MicroPlate an R Package for microplate data 3/36

LayoutFile

Plate reader data

Results



 2. Case Study

This chapter will demonstrate what you can do with the package. The code can and the data files 
used can be found within the package, and a more detailed explanation can be found in the manual.

 2.1. Introduction

In our lab they plan to create a large number of microplate experiments. This would create to much 
data for them to handle in the more traditional way, aka excel. So to process this data a high-
throughput method had to be created. In general they are interested in the fitness of cultures when 
they change environments. This is measured in the traditional terms of growth rate, doubling time, 
lag phase time, and yield. To further up-scale the microplate experiments they are also interested in 
how far they can stretch the existing techniques, while still getting reliable data.  In this case they 
tested how much they could dilute the inoculation samples, while still getting similar growth curves.
This has various benefits, it allows for instance to determine the minimum required sample size 
from chemostat experiments.

A little background on the research:
In this experiment the effects of 2,5-Anhydro-D-mannitol (AHM) are studied when cells are 
transferred to a different medium. AHM is a sugar that when taken up is metabolized into a non 
metabolizable fructose biphosphate (FBP) analog. FBP is known to work together with the 
Catabolite control protein A (CcpA) to regulate the transition between different nutrient sources. 
(5).  AHM is known to inhibit Gluconeogenesis and Glycogenolysis in mammals(6), but the exact 
mechanisms behind this are unknown. Previous experiments suggest that the addition of AHM leads
to an increased lag phase, but it does not influence the actual growth rate. 

 2.2. Materials and Methods
The lactic acid bacteria Lactococcus Lactis (MG1363 usp45 GFP) (7), was grown on standarized 
medium CDMPC(8) with 25mM Galactose. Some with and some without AHM. 

1. CDMPC+Gal with 1% bacterial inoculum : OD=0.182 after 8hrs
2. CDMPC+Gal+AHM with 4% bacterial inoculum : OD=0.137 after 24hrs

They were inoculated at different times and concentrations to ensure that both cultures would still 
be in their exponential phase for when they were transferred to the microplates in the next step.
The 96 well plate that was filled with 2 different mediums:

1. CDMPC+25mM Glucose 
2. CDMPC+25mM Galactose

This results in the following combinations:
galactose → galactose
galactose → glucose
galactose +AHM → galactose
galactose +AHM → glucose

The inoculation was diluted to a different number of starting cells, ranging from 5 to 1000. All 
combinations had 3 duplicates.  The cultures were then grown in a NovaStar microplate at 30 °C.
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All the experimental work was done by Parsa.

 2.3. Results and Discussion

The data is imported using the layoutFile. First the obvious spike at around 45 hours was removed 
(this was a human error). Then various biases were detected and removed. These are described in 
more detail in chapter 3.

Figure 2.3.1: Shows the data before and after bias removal.

By looking at the data you can see 2 clear groups. Using the data from the layoutFile it is easy to 
make selections, which R can then plot in different colours.

Figure 2.3.2: Shows the data of wells with glucose in blue and with galactose in red.

After the data is cleaned Growth Rates can be calculated using a function also provided within the 
package. It automatically decides were to measure the slope in the log data, and shows the result in 
a plot.
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Figure 2.3.3: two of the results of the growth rate calculations, the blue line describes the data over 
time, the red line is the ln(data) over time. The 2 vertical lines, indicate the window between which 
the slope is calculated. The black line is what the resulting values would look line if you plot them 
using: N (t)=N (0)etµ . 1st is galactose, 2nd is glucose.

The first vertical red line is called timeZero, and is used as an alternative for the lag time later on.

As can be seen in figure 2.3.3, galactose growth curves have 2 different growth rates. It might be 
that galactose uptake has 2 different transporters, and once the galactose gradient in the medium is 
below a certain threshold it is forced to use a 2nd less efficient transport. Or it might be that some 
other nutrient in the medium is a limiting factor, that the cells have to compensate for. The highest 
growth rate of the two is selected, which was always the first.

The data is then used to create the following bar plots.

Figure 2.3.4: The growth rates per condition per number of starting cells.
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In general the growth rate appears to be independent of the number of starting cells. There is also no
clear difference between growth with or without AHM. While most of the growth curves fit part of 
the data pretty well, the actual growth rates do still differ quite a bit. It appears that this might be 
because the biphasic growth forces the algorithm to measure in the curvy part of the growth curve.
This difference might become smaller if you calculate the slope with a slightly smaller window and 
a higher threshold.

Figure 2.3.5: TimeZero per condition per nr of starting cells, timeZero is similar to the lag phase 
time, it is calculated by the growth rate function.

There is a clear pattern between starting cells and the lag time. As expected the more starting cells 
the shorter the lag time. It should be noted that lagtime in that case is actually just that it takes 
longer for the cells to get into the detection limit of the microplate reader. But the 2 are hard to 
separate.

The lagtime for both glucose and galactose is longer with AHM compared to without. So this 
behaviour is consistent with earlier observations.
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The package was used to give an overview of the number of empty wells per condition. In an 
attempt to determine the maximum dilution for inoculation.

   combinedMediumCondition startingCells empty all
1      galactose_galactose             5     1   3
2        galactose_glucose             5     1   3
3  galactose+AHM_galactose             5     3   3
4    galactose+AHM_glucose             5     2   3
5      galactose_galactose            10     0   3
6        galactose_glucose            10     0   3
7  galactose+AHM_galactose            10     3   3
8    galactose+AHM_glucose            10     1   3
9      galactose_galactose            25     0   3
10       galactose_glucose            25     0   3
11 galactose+AHM_galactose            25     0   3
12   galactose+AHM_glucose            25     0   3
13     galactose_galactose            50     0   3
14       galactose_glucose            50     0   3
15 galactose+AHM_galactose            50     0   3
16   galactose+AHM_glucose            50     0   3
17 galactose+AHM_galactose            75     0   3
18   galactose+AHM_glucose            75     0   3
19     galactose_galactose           100     0   3
20       galactose_glucose           100     0   3
21 galactose+AHM_galactose           100     0   3
22   galactose+AHM_glucose           100     0   3
23     galactose_galactose           500     0   3
24       galactose_glucose           500     0   3
25 galactose+AHM_galactose           500     0   3
26   galactose+AHM_glucose           500     0   3
27     galactose_galactose          1000     0   3
28       galactose_glucose          1000     0   3
29 galactose+AHM_galactose          1000     0   3
30   galactose+AHM_glucose          1000     0   3

It appears that if the injection is diluted to less then 25 cells, there is a big chance that there is no 
growth. This happens more for the wells pre grown with AHM, so it might be that these are weaker. 
But it's more likely that this is just a coincidence and that no cells were added during the 
inoculation, in those wells.

While the script used to analyse the R code can be largely reused, it has not become a fully 
automatic pipeline. To decide what kind of bias removal is required has to be decided by the user, 
and is based on the data. While it might be possible if this is highly consistent between plates it is 
still a good idea to check the data to be sure. The provided scripts should be fairly easy to adept to 
other data, and as long as you name things consistently it might be possible to create a standard 
library of bias removal scripts. The biphasal growth prevents the growth from being calculated with 
the most reliable part of the data, which might require a bit more fine-tuning of the algorithm.

Because the package has not jet been used for larger data sets, it still needs to be better tested. And 
could requires user feedback.
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Some extra images:
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 3. Handling Data

The tools to analyse microarrays are far more developed (9,10), than those for microplates. These 
include methods to clean up the data, as typical microarray data has lots of biases in them. Most of 
them are unfortunately not directly transferable to microplates. This is because most microarrays 
have a lot more spots than microplates have wells. They also have biases that are very specific to 
the techinque, like local dye concentrations. However in general a similar approach can still be used
to separate and remove the biases step by step.

While analysing microplate data there are a few common operations: bias/blank removal, growth 
rate calculation and comparing conditions. This chapter deals with the first 2, the last one is made 
easier by the package, but is mostly handled by the default R functions.

 3.1. Bias Removal

When using microplates in the lab you are almost guaranteed that the data will have some kind of 
bias. Usually a lot of these biases are to small to really change the conclusions of the research, but 
that’s not always the case. Biases are especially troublesome while comparing the results from 
different labs. Unfortunately you do not know what kind of biases your data has, and how 
influential they are, until you check. 

To be able to detect and remove biases there is a part experimental setup and a part statistical 
analysis. For the experimental part having sufficient blanks distributed over your plate is a good 
start. Blanks are very important, not only can they be subtracted from other values, they can also act
as a control when you try to remove other biases.

This chapter will discuss some of the known biases, and shows examples of how to detect and 
remove them.

Code examples can be found in the MicroPlate Package demo's and manuals.
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 3.1.1. Remove First Time Points

MicroPlate readers are used a lot to measure growth.  In a lot of cases just after inoculation the OD 
of those wells would be the same as their blanks. This is because the culture has had no time to 
grow sufficiently to get into the measurement range of the plate reader. This means you can use the 
first few time points of a growth curve, as the blank value for that well. This technique gets rid of a 
lot of biasses including medium, positional and pipetting errors. Note however that if your real 
blanks have any kind of time behaviour you still need to compensate for that separately. While this 
technique is useful in a lot of cases, sometimes it might throw away information.

 3.1.2. Medium Bias

Some times you have different mediums in different wells, as long as you have blanks for each 
medium its usually enough to remove the average blank value from each of them. Blanks are 
especially handy if the medium is unstable.

Figure 3.1.2.1: 3 blanks of glucose and 3 blanks of galactose.
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 3.1.3. Time Bias

In case of a time series, there can be a time bias. Possible causes can be evaporation, instability of 
the medium, changes in surroundings, etc. You can detect this by plotting the blanks over time, like 
in the figure bellow. If there was no bias you would have more or less a straight horizontal line. 

Figure 3.1.3.1: Blank data provided by Iraes.

The way to remove a time bias is easy if the bias is in sync for all of your blanks. Just get the 
average of the blank value per time point and remove them from the data. If there is a time effect 
that is not the same for all blanks, you will have to investigate further.
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 3.1.4. Positional Bias

Positional bias can include many things, and can be caused by many things. A quick test to see the 
effect of your microplate reader is to do a reverse well test  (11). You basically take a measurement 
with a microplate reader, then turn the microplate around 180º and measure again. After this you 
compare the results. If these effects are significant, you can choose to measure them for instance 
with an empty plate, or a plate full of blanks, and remove these values from any further 
measurements you take in the future.

One type of bias seen was a gradient (see the figures below), maybe the device is not standing 
100% straight, or its an effect of how the microplate reader reads it's data. 

Figure 3.1.4.1: Plots showing positional bias using the first 10 points of the time series per well.

In any case such gradients can be compensated for by simply calculating the plane through the data 
as illustrated below. 

Figure 3.1.4.2: First plot shows the plane found using R's lm function, the 2nd plot shows the 
corrected data.

This technique won't work if the bias has a different pattern. 

In some cases another way to remove the bias would be to turn around the plate and measure it 
again and take the average value.
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If possible it is advised to put the duplicates on different parts of the microplate, as this allows for 
better separation of the different biases, though this is more prone to human errors.

 3.1.5. Temperature Bias

Some plate readers do not distribute the heat equally well between the wells. Especially the wells on
the edges of the microplate can be at risk. So an easy way to avoid this effect would be not to use 
those (see figure below) (3,12). 

Figure 3.1.5.1: Shows the contents of a 96 wellplate, with the outer wells containing blanks.

If this is not an option, you can just adjust the room temperature.

 3.1.6. Linearity

Most analysis including the ones in this package assume that plate readers measure linear. As in 
after removing the bias you expect that double the OD means double the amount of cells. This is not
always true, especially for higher concentrations/OD's. 

To check this you can make a gradient with dilutions, and check at which OD your microplate 
reader stops acting in a linear way. You can then use these measurements to create a transform 
function to translate the measured OD, to a real concentration.

 3.1.7. Per Plate Bias

If you are working with multiple plate readers, it might be a good idea to have a few wells in each 
plate with the same content. This allows you to compare them later, and can be a tool to detect other
anomalies. This is harder if when working in multiple labs.
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 3.2. Growth rates

While it would be silly to try and create many special functions specific for the package, as than 
there would be no point for using R. The need to calculate growth rates is such a common operation
that it should be very easy to do. And while there were no specific packages for microplates,  there 
are for growth curves(13).  The grofit package was used in earlier versions of the MicroPlate to 
provide this functionality.  Unfortunately it turned out not to work for growth rates for OD values 
below 1, which would include almost all of them. 

There were more packages that calculate growth rates but they all lacked some key functionalities.

R package name: reasons not to use:

grofit (13) doesn't work properly

growthrate (14) no proper feedback, not made for bacterial growth

qfa no longer available / no longer maintained

quantregGrowth (15) no proper feedback, not made for bacterial growth

sitar (16) no proper feedback, not made for bacterial growth

There are apparently also outside tools that can be used (17), but using those would create a 
maintenance nightmare. So I was forced to implement a solution of my own. This chapter describes 
the solutions but first studies growth rates in general.
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 3.2.1. Introduction

Growth rates (µ) are in literature usually defined as: 
N (t)=N (0)etµ

with N being the population size or OD.

One might wonder why its not:
N (t)=N (0)2tµ

As cells are usualy described to growh by doubling each generation. It might be because ex has 
some mathematical advantages, but it doesn’t really matter cause they can easily be interchanged.

2x=(eln (2 ))
x
=e ln(2) x

ln(2) is just a number (0.6931472).
2x=e0.693 x

So it doesn’t really matter much which you use as long as you are clear which one you are using.

Shape:
The formula N (t)=N (0)etµ has 2 variables: µ and N(0). The images below study the behaviour 
of what happens if you change these variables.

Figure 3.2.1.1: Growth Curves, with different initial concentrations

As can be seen this effectively just moves the graph over the x axis, which can be interpreted as a 
change to the lag phase.  
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Figure 3.2.1.2: Growth curves with different exponent

This graph is a little less clear than the previous one, but effectively this just zooms the curve out. 

But in both cases the shape does not change, this means that all exponential growth curves should 
look similar.

Doubling time:
Another parameter frequently used is the doubling time. If you know the growth rate you can get 
the doubling time the following way. You start out with the growth rate formula:
N (t)=N (0)etµ

Which you transform into:
N (t)
N (0)

=etµ

To get the doubling time you want the concentration to double in other words:
N (t)
N (0)

=2

By putting this back in the formula you get:
2=etµ

ln (2)=ln (e tµ)
ln(2)=tµ

Which makes the doubling time:
ln(2)

µ
=t
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 3.2.2. New Growth Rate Function

As stated before, R natives support for calculating growth rates is somewhat lacking. That is why 
they are included in this package. The growth rate is actually just the slope of the log(values) at the 
exponential phase in a time series.

The exponential growth of a culture can be defined with the following formula (see previous 
section).
N (t)=N (0)etµ

The slope:
To calculate the slope the package does the following.

The slope is defined as a normal line:
y=ax+b

Slope:

a=
n∑ (xy)−∑ x∑ y

n∑(x2
)−(∑ x )

2 ⋮ n=number of time points

Offset:

b=
∑ y−a∑ x

n
⋮ n=number of time points

Fitting score:

r=
n∑ (xy )−∑ x∑ y

√(n∑ (x2
)−(∑ x)

2
)(n∑ ( y2

)−(∑ y)
2
)

⋮ n=number of time points

If r2 is to 1, all time points are points on the slope, the smaller r2 is the more the points are distanced 
from the slope.

note1: a=µ=growth rate
note2: In hindsight site I could have just used R's native lm function.
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Determining the exponential phase:

Figure 3.2.2.1: Image returned by the getGrowthRate function.

The algorithm works by calculating the slope within a fixed window size, and then moves this 
window over the growth curve. To determine which slope to use as growth rate, the following 
algorithm is used.  It uses the original values (blue) to determine the biggest slope, and uses that as 
a starting point, with this most nose effects are ignrored. It then takes the log(values) (red) to get the
actual growth rate (also by calculating the slope (red line)). However as you can see the log values 
between the blue range, are already starting to flat out (beginning of the stationary fase).  So the 
best spot to measure the actual growth rate is a little bit to the left of that spot. However if you go to
far to the left, you get into the lag fase of the orignal data, and the device is not very accurate there 
(as you can see in the log data that is all over the place), so its a balance.  
The current implementation moves the window further left as long as the slope gets bigger and the 
error gets smaller (the error is the r^2 that excel uses).

As long as the data is of reasonable quality this will work. If the data is of a lesser quality you can 
try smoothing the data with functions like: smooth.spline.

Examples:
getGrowthRate(values=mp["corValue", corTime=timeSelection, wellNr="3_10"], time=timeSelection, 
nrOfTimePointsForSlope = "20%")

getGrowthRates(mp,wellSelection, timeColumn="time", valueColumn = "corValue",nrOfTimePointsForSlope = "8%")
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 3.2.3. Biphasic Growth

Some times growth rate's won't fit properly, as can be seen in the figure bellow.

Figure 3.2.3.1: showing a growth curve with 2 different growth rates.

By looking at the log data (red line), you can see that there are 2 clear distinct slopes during the 
exponential phase. This means that the growth curve is most likely a combination of 2 distinct 
growth rates. The MicroPlate package also contains a function where you manually select the 
timepoints between where you want to measure the slope. There is a 3rd fucntion that only looks at 
the logarithmic data to determine where the slope should be taken. This function takes the biggest 
slope but only if its below a certain error threshold (r2 above 0.95 is the default).  The image below 
uses this 3rd function.
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Figure 3.2.3.2: same data as the figure above, but now the first of the 2 growth rates has been 
selected.

As can be seen in the image this function gets the curvy part of the growth curve pretty accurate, but
matches the straight part worse. 

As concluded earlier the shape of the standard exponential growth formula remains the same.  This 
means that it is most likely impossible to determine a single set of growth parameters that describe 
this data.  So any function that gives a single growth rate for this plot is simply wrong.

Examples:
getGrowthRateBetween(values=mp["corValue",corTime=timeSelection,wellNr="3_10"], time=timeSelection, 
start=130, end=150) 

getGrowthRateBasedOnLogOnly(values=mp["corValue", corTime=timeSelection,wellNr=wellNr],time=timeSelection, 
nrOfTimePointsForSlope = "6%",minR2=0.96,plotTitle=paste("well:",wellNr))
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 4. The MicroPlate Package

This chapter describes some design decisions, for technical details about the package see the 
manual.

 4.1. Design Decisions

Computers are good at doing equations really quickly and really consistently. They however are not 
good at decision making. This is because it is hard for us to program them to determine exceptions 
and what their appropriate response. So this is something that the user will have to detect and 
decide, and the only way for users to be able to do this, is by giving them the right feedback. This is
why the MicroPlate package has some functions to easily plot the imported wells, and by default 
makes a plot for each growth rate it calculates.

But this has more consequences, you cannot just create a remove blank function for all situations 
and apply that to all imported data by default. Because users have to make decisions based on the 
data, and in case of unexpected results they have to be able to analyse.

To determine the scope of the packages use cases where created (18).  With this we learned the 
following lessons.

• It's impossible to be feature complete, as all users have there own preferences
• Other packages require data.frames
• Not all data may have the same number of time points, especially for multi plate 

experiments
• Time data does not have to be restricted to a single well, you can have timed samples in 

different wells
• After you calculate things like growth rates, in a lot of cases you don't use the individual 

measurements anymore

The files created by the plate readers usually do not include the information of what was stored in 
each well. Therefore we created layoutfiles that would describe the microplates used during the 
experiment. Together they should contain all information required to process the microplates. This 
combo allows you to keep the original data from the microplate readers intact.

By importing the data you create a MicroPlate object.  The design of this class can be divided into 2
parts, the interface and the storage part.
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 4.1.1. Leveled Data

After the growth rates have been calculated you are no longer interested in the individual 
measurements. After you got the mean growth rate per condition, you are no longer interested in the
individual wells.  The idea was that this behaviour would be represented in the way you would 
interact with the data, and the way it would be stored. The first idea was to have custom levels, and 
create a new level each time you need it. It would also store the method used to create this new 
level so that the relation between the levels is maintained.

This however turned out to be very impractical in R since R has no pointers. So there had to be a 
compromise. In database terms the data can be described as 3 different tables with 1 to many 
relationships.

1 plate has 1 or more wells, and each well can have 1 or more measurements.

One idea was to store the measurements in a data cube, where the dimensions would be well 
wavelength, time.

However R has no real 3D array support, and more importantly not all plates may have there 
measurements taken with the same time series and wavelengths.
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One off the earlier implementation stored the measurements as lists in the well list. So for each well
you had a list of measurements. 

The idea was that this would allow faster extraction of measurement information per well. However
the speed gains for individual well requests would not outweigh the cost of the more common 
request to get all data. 

In the end the data was all stored in lists of equal length per level.  

A more detailed explanation can be found in the manual.

 4.1.2. Interface

The interface is the way you access the data. As stated before time can be either in a single well or 
in multiple, it could even be spread out over multiple plates, or any combination.

Now while the data is stored differently it would be inconvenient if you could not use the same code
for the same problem. Because of this the design decision was made to make all parameters behave 
in the same way, including position on the plate, well, time point, wavelength, all are just conditions
for the measurement. This ensures that all data is accessed in a uniform way.

Users in R are used to interact with data.frames so this package mimics that behaviour with a few 
changes. The biggest of which is the option to request your data at a certain level.
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Example:
If the data would look like this:

plate well measurement

plateName reader content row column doublingTime time waveLength value

1 novaStar sample 1 1 10 0 400 0.1

10 400 0.12

100 400 0.4

blank 1 2 NA 0 400 0.1

10 400 0.101

100 400 0.098

sample 2 1 100 0 400 0.105

10 400 1.203

2 novaStar sample 1 1 10 0 450 1.001

10 450 0.251
Table: 2 plates: the first plate has 3 wells and 8 measurements and the 2nd plate has 1 well and 2 
measurements.

You can get the information at well level like this:
mp[level="well"] 

plateName reader content row column doublingTime

1 novaStar sample 1 1 10

1 novaStar blank 1 2 NA

1 novaStar sample 2 1 100

2 novaStar sample 1 1 10

The other big change is that you can do selections while you request your data.
mp[column=2]

plateName reader content row column doublingTime time waveLength value

1 novaStar blank 1 2 NA 0 400 0.1

1 novaStar blank 1 2 NA 10 400 0.101

1 novaStar blank 1 2 NA 100 400 0.098
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 4.1.3. LayoutFiles

The layout files describe the layout of the wells on the plate. These file are useful as they add extra 
parameters to each well, which can be used during the data analysis. In the original package created 
by Douwe these where in tab delimited format. They could be created by exporting a spreadsheet as
one. The new version removed this step, and directly reads the spreadsheet files instead. An other 
reason is that spreadsheet files can have multiple pages and thus multiple plates can be described in 
1 file (Filipe gets the credit for that one). 

Layout files look like the image below:

Figure 4.1.3.1: An example layoutFile.

The exact format is described in the manual.
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 4.1.4. Performance

Since everything is coded in R, and R is natively coded in C, it is impossible to match the rest of R's
performance. However since this package is mostly used to create data.frames which are native in R
this might not be too problematic.

The package is created with the idea of big tables in mind, but it can still run out of RAM. A way 
around this would be to replace the current implementation with a database as backbone. An even 
better solution would have been to stream or pipe data. Unfortunately R has no native support for 
piping.

How to do things fast in R is not always the same as in other programming languages. So I have 
done several performance tests to figure out what works in R and what doesn't.

Examples:
test1=function(){
 l=list()
 for(i in 1:10000){
   l=append(l,"abc")
 }
 return(l)
}
system.time(test1()) # 2.367 sec

test2=function(){
 l=vector("list", 10000)
 for(i in 1:10000){
   l[i]="abc"
 }
 return(l)
}
system.time(test2()) # 0.015 sec

test3=function(){
 l=list()
 for(i in 1:10000){
   l[i]="abc"
 }
 return(l)
}
system.time(test3()) # 0.309 sec

test4=function(){
 return(lapply(1:10000, function(x) "abc"))   
}
system.time(test4()) # 0.003
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 4.1.5. Compatibility

One way to make the data object more compatible with other R packages, would be if somehow it 
was threaded as a data.frame. The normal way of doing this would be inheritance, this however 
would not work. 

Possible reasons:
• R class system is not real
• Native vs R code
• I screwed up

In anycase this requires more research.

Another unfortunate point is that autocomplete is not supported.

 4.1.6. Unit Tests

Unit tests are automated tests that are run each time a change is made to the MicroPlate package. 
These test guarantee that the changes made will not lead to a loss of functionality, or to the 
introduction of new bugs. 

R navitly has no support for unit tests, but there are two packages that provide this functionality. 
RUnit(19) and testthat(20). This package makes use of testthat, as it integrates nicely with RStudio.

Example:
  testData$testm=1:24000 # write
  expect_true(all(testData$testm==1:24000)) # read
mp is a MicroPlate object with 24000 measurements. In this example you create a new column to it 
with the number 1 to 24000, and then confrim if this operation worked.

The MicroPlate objects are pretty complex, most of the behaviour is covered by unit tests.  Stress 
tests are not part of the test suite, as this would increase the test time to much for to little gain.
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 4.1.7. Documentation

Most documentation is within the code using the package roxygen2(21). Roxygen2 takes the 
comments in the code and creates documentation from it. This documentation is available while you
are working in R and RStudio by pressing "F1". And is also available in pdf form as soon as its 
uploaded onto CRAN.

Figure 4.1.7.1: Incode documentation

Figure 4.1.7.2: The resulting documentation.
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 4.2. New Features
As a programming language R is far from feature complete. A lot of extra functionality can be 
added by importing packages. This chapter details some extra functions that were added to the 
package.

The new functions to calculate the growth rates have already been discussed in a previous chapter.

 4.2.1. ReadODS

Since layoutFiles may be of any of the most widely used spreadsheet formats (.xls,.xlsx,.ods) there 
needed to be some way of importing them into R.  There was 1 package that could import .ods 
(open document spreadsheet the file type for libre/open office http://www.libreoffice.org/ ) files(4), 
however it requires gnumeric (http://www.gnumeric.org/) to be installed on your computer, which is
not available on windows.

An other reason was that this would only be a small project that I could use to learn how to get stuff
into CRAN.  I already knew that .ods files stored there data in XML format (had no clue about the 
specifics though)

This package is available on CRAN:
http://cran.r-project.org/web/packages/readODS/index.html
Source code can be found on:
https://github.com/phonixor/readODS/

Problems:
The main format in R is a data.frame, this has as a handicap that all data per column has to be of the
same type, which is not necessary the case in spreadsheets. Therefore the default input turns 
everything into strings.

in some cases libre office created xml files that were not properly formatted.

 4.2.2. Spreadsheet Import

While R has packages that can read .xls and .xlsx files, all of them require dependencies that cannot
be installed by R). R installs packages dependencies recursively, meaning before it install the 
package it first install all its dependencies, and all dependencies those dependencies have 
automatically. This is all very good, however if one of those packages fails to install, the entire 
installation is aborted! Take for example the XLSX(22) package, which can import .xls and .xlsx 
files. It requires the r package rJava, which in turn requires a Java Development Kit(JDK so more 
than just a Java Runtime Environment (JRE)). If the JDK is not installed (which is likely since Java 
is a different programming language), the installation of the rJava package will fail, and thus the 
package will not be installed.
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It’s kinda silly for the user to have to install a certain external dependency to import .xls files, if 
another package would be available for which the external dependencies are already installed. This 
is why the first time you try to import a script a setup script is run.

This script tries to install all of the spreadsheet packages, and then tries to import a spreadsheet file. 
If it can do both, that package will be used to read spreadsheets of that type. See the documentation 
for more details.

This type of installation is however not something standard in CRAN. I submitted a bug report 
(https://bugs.r-project.org/bugzilla/show_bug.cgi?id=14776), but it was rejected. So for now a work
around hack is used.

It exploits the fact that R CHECK sees:
gdata=”readODS”
library(gdata,character.only = T)

as:

library(gdata) or library(“gdata”), (both are the same which is a poor design decision on its own.)

instead of:
library(“readODS”)

So apparently R CHECK uses a different parser then R. This means that as long as gdata is in the 
dependency list,  any other R package can be installed, without R CHECK rejecting the package. 

 4.2.3. Wavelength to Color

Plate readers measure the OD at certain wavelengths, a lot of the time these frequencies are within 
the visible spectrum. So why not just show this to the user. The functions created allow you to 
transform wavelengths into R natives color codes, which are accepted in plot objects.

Examples:
waveLengthToRGB(600) 
rgbToString(c(10,10,10))
waveLengthToRGBString(600)
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 4.3. Discussion

While the decision that the solution should be created in R was already made, it does have its 
advantages. Because of it's open source nature and centralized library it is easy to publish the code 
with the data. This is essential for proper research as it allows other researchers to have a look at 
and reuse it. For these reasons free and opensource software should be the only software allowed 
for public research. 

This package tries to strike a balance between completeness and R integration. The parsers could 
have just imported the data as data.frames. But then you would either have no option to easily 
reduce the data to well level, or you would have time as columns, with the problems that not all 
wells may have there measurements taken at the same time points. So that’s not a convenient option
either. Another example of this balance is in how the growth rate functions are implemented. The 
functions to calculate individual growth rates are usable by any time series, but the package also 
includes functions that do it for a selection of wells in the microplate object. This seperation allows 
the functions to be used by other packages, while still having the benefit of having an integrated 
function.

The package should first be used in actual research, with high-throughput data to prove its worth 
before being released.
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 5.2. Tools Used

Git http://git-scm.com/

GitHub https://github.com/
https://github.com/phonixor/

LibreOffice http://www.libreoffice.org/ 

Notepad ++ http://notepad-plus-plus.org/ 

Portable apps http://portableapps.com/ 

R http://www.r-project.org/

RStudio http://www.rstudio.com/

Stackoverflow http://stackoverflow.com/questions/tagged/r

Strawberry Perl - Perl for windows http://strawberryperl.com/

Zotero – reference manager http://www.zotero.org/ 

 5.3. URLS

MicroPlate source code: https://github.com/phonixor/MicroPlate
ReadODS package: http://cran.r-project.org/web/packages/readODS/index.html
ReadODS source code:  https://github.com/phonixor/readODS
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