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Andrew Conway watches the solar system, but also keeps a 
keen eye on Free Software and global macroeconomics.

sin, two from cos) down to the times components, 
�D�W�V���V�J�C�V���Y�Q�W�N�F���D�G���O�G�U�U�[���C�P�F���J�C�T�F���V�Q���T�G�C�F�����+�P�U�V�G�C�F���Y�G��
�F�G�’�P�G���V�J�G���Z���C�P�F���[���X�C�T�K�C�D�N�G�U���C�U���Q�W�V�R�W�V�U���H�T�Q�O��cos and 
sin respectively, and use them when constructing an 
input to the bottom graph.

Now use the slider to put the constant back to a 
�X�C�N�W�G���Q�H�������C�P�F���T�W�P���V�J�G���U�K�O�W�N�C�V�K�Q�P�����+�V���O�C�[���P�Q�V���U�G�G�O��
tremendously exciting, but the graph will show a 
�E�Q�P�U�V�C�P�V���X�C�N�W�G���Q�H���������+�H���[�Q�W���U�N�Q�Y���V�J�G���U�K�O�W�N�C�V�K�Q�P���F�Q�Y�P��
�C�P�F���Y�C�V�E�J���V�J�G���O�Q�X�K�P�I���F�Q�V���Q�P���V�J�G���’�T�U�V���I�T�C�R�J���[�Q�W��
should be able to tell what's going on. The second 
graph is showing the distance of the current point on 
�V�J�G���’�T�U�V���I�T�C�R�J���H�T�Q�O���V�J�G���E�G�P�V�T�G���
�������������(�Q�T���C���E�K�T�E�N�G���V�J�K�U��
distance is equal to the radius, which in this case is 
1. For an ellipse the distance to the centre varies with 
time. Try varying the slider as the simulation runs to 
verify this.

What we've shown here is that the distance of 
a point from the origin (0,0) is x squared plus y 
�U�S�W�C�T�G�F�����+�P���H�C�E�V�����Y�G�	�X�G���W�U�G�F��Minsky to illustrate a 
mathematical theorem originally stated by the Greek 
chap Pythagoras. We've also proved what's called a 
trigonometric identity: the square of cos(t) plus the 
square of sin(t) is equal to 1 for any value of t.

Let's bring this incidental tour of fundamental 
mathematics to an end for now and turn to generating  
some chaos.

The Lorenz Attractor
The Lorenz Attractor may sound like a long lost 
episode of Star Trek, but it's actually a feature of a 
�H�C�O�Q�W�U���E�J�C�Q�V�K�E���U�[�U�V�G�O���’�T�U�V���F�G�U�E�T�K�D�G�F���D�[���'�F�Y�C�T�F��
Lorenz. To produce it only involves the components 
we introduced above, but as it's a little more complex 
�[�Q�W���O�K�I�J�V���Y�C�P�V���V�Q���N�Q�C�F���W�R���V�J�G���’�N�G��lv8_lorenz.mky via 
the GitHub link above. 

�+�H���[�Q�W���N�Q�C�F���W�R���V�J�G��lv8_lorenz.mky �’�N�G�����V�J�G���U�[�U�V�G�O��
has the "classic" parameter values mentioned in the 
boxout and starts with x=1 and y=z=0. When you run 

the simulation it will soon settle down into an orbit on 
the x-y plot, but notice that it's not periodic – it's not 
repeating the orbit exactly. You can see this also in 
the graph of all three parameters at the bottom. After 
�U�Q�O�G���V�K�O�G���V�J�G���U�[�U�V�G�O���Y�K�N�N���D�T�G�C�M���Q�W�V���Q�H���V�J�G���’�T�U�V���Q�T�D�K�V��
to the lower left and enter another orbit that's above 
and to the right. These two orbits gives the Lorenz 
�C�V�V�T�C�E�V�Q�T���K�V�U���F�K�U�V�K�P�E�V�K�X�G���’�I�W�T�G���Q�H���G�K�I�J�V���U�J�C�R�G���C�U���U�J�Q�Y�P��
in the image.

A parameter that determines chaotic behaviour is 
�› (Rho) and if you reset the simulation and change 
its value to 10 then you'll see the system is no longer 
chaotic but spirals into the centre of the lower-left 

�Q�T�D�K�V�����+�H���[�Q�W���U�G�V���›���V�Q�������������[�Q�W�	�N�N���’�P�F���V�J�C�V���V�J�G���U�[�U�V�G�O��
starts out appearing chaotic but eventually settles 
down into what appears to be periodic behaviour, ie 
repeating the same orbit.

And there's more
We've covered the basics of Minsky but haven't yet 
touched on its raison d'être – economic modelling. 
We'll get stuck into this in part 2, but in the meantime 
you can learn more about Minsky at  
�Z�Z�Z���G�H�E�W�G�H�)�D�W�L�R�Q���F�R�P���E�O�R�J�V���P�L�Q�V�N�\ and we 
recommend Prof. Steve Keen's video tutorials that 
�[�Q�W�	�N�N���’�P�F���V�J�G�T�G�����6�J�G���N�C�V�G�T���Q�P�G�U���F�Q���K�P�X�Q�N�X�G���C���D�K�V���Q�H��
�G�E�Q�P�Q�O�K�E���V�J�G�Q�T�[�����D�W�V���V�J�G���’�T�U�V���H�G�Y���Y�K�N�N���P�K�E�G�N�[��
complement what we've described in this article and 
show you a few more tips and tricks.  

The Lorenz Attractor was originally dreamed up to model convection.

What is the Lorenz Attractor?

In the 1960s Edward Lorenz was using numerical models 
to describe motions of air in the atmosphere, but he soon 
realised they exhibited some surprising behaviour. This 
prompted a swell of interest from mathematicians to work 
on what is now known as chaos theory. Lorenz was the 
person who coined the term 'butterfly effect', referring to 
the fact that a small change in a chaotic system can lead 
to dramatic consequences in how it evolves: a butterfly 
flapping its wings (so the theory goes) could cause a 
hurricane at the other side of the world.

The state of the Lorenz system is described by three 
variables (x, y and z) and how it evolves from one time step 
to the next is determined by three equations, represented 
by the three main blocks in Minsky that end in x, y and z. 
These equations have three parameters represented by 
Greek letters: �Â, �Ä and �·. Many values exhibit chaos, though 
the "classic" ones originally used by Lorenz are �Â������, �Ä��������
and �·��������. The Lorenz attractor is the shape shown on the 
x-y plot. This is actually a 2D projection of it (or shadow), 
because the attractor is a 3D object (x, y and z).

We've used Minsky to illustrate a 
mathematical theorem originally stated 
by the Greek chap Pythagoras
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Most of the time, filesystems are data 
structures stored on some physical storage 
(such as a hard disk) that enable us to save 

and read data. That's actually not the whole story 
though, since files and directories are just a way for 
our computers to organise information for us to use. 
As well as the sort of disk filesystems we're used to, 
we can create filesystems that return any type of data 
to us.

Traditionally, filesystems were created by the kernel, 
but now we can use Filesystems in USErspace (Fuse) 
to write programs that can create filesystems from 
outside the kernel. In this tutorial, we're going to create 
a filesystem in Python. Our really simple filesystem 
will just include just one file, called date, and the 
contents of this file will be the current date.

First, make sure you have Fuse installed. In Ubuntu, 
this is done with:
sudo apt-get install fuse

Then you'll need to install the Python module we'll 
be using to create our filesystem:
sudo pip install fusepy

Now that we have everything we need, we can write 
the code. The majority of our code is taken up by a 

class that defines our filesystem. The outline for this 
class is:
class Context(LoggingMixIn, Operations):
    def getattr(self, path, fh=None):
        #code 

    def read(self, path, size, offset, fh):
        #code 

    def readdir(self, path, fh):
        #code 

    access = None
    flush = None
    getxattr = None

    listxattr = None
    open = None
    opendir = None
    release = None
    releasedir = None
    statfs = None

As you can see, there are 12 operations that users 
could perform on the filesystem, although only three 
are relevant to our simple program. We've assigned 
all the others a value of None to avoid any problems if 
they're called by the user. The three operations we're 
interested in are get attributes, read file and read 
directory. Each of these methods will need fleshing 
out to return the right results when they're called.

Our attributes
First, let's take a look at getattr. The operating system 
will call this function when it needs the attributes of 
a file. It'll pass two pieces of information; the path 
and the file handle (we only use the path). The OS will 
expect this function to return a dictionary containing 
all the relevant attributes for the file. Our simple 
filesystem will only have two different paths: /, which 
is the root of the filesystem, and /date, which is the 
file containing the current date. Our code to process 
these is:
    def getattr(self, path, fh=None):
        if path == '/':
            attr = dict(st_mode=(S_IFDIR | 0755), st_nlink=2)
        elif path == '/date':
            attr = dict(st_mode=(S_IFREG | 0444), st_size=30)

        attr['st_ctime'] = attr['st_mtime'] = attr['st_atime'] = 
time()

Our very own filesystem running and displaying the date.

BEN EVERARD

CODE NINJA: MAKE A 
FILESYSTEM WITH FUSE
Combine Python and Fuse to build a new directory structure into your distro.

WHY DO THIS?
•  Understand the Fuse 

method for building 
filesystems

•  Integrate your data with 
your operating system at 
a fundamental level

•  Add another string to your 
Python bow

Our really simple filesystem will include 
just one file, and the contents of this file 
will be the current date
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        return attr
Since / is a directory and /data is a file, they 

require slightly different attributes. They both need 
to have a mode which is calculated using the flags 
imported from the stat module and the number that 
corresponds to the Linux permissions for the file. They 
both also have a created time, modified time and an 
access time. For our filesystem, these aren't really 
relevant, so we've just set them to the current time.

The directory also needs an attribute with the 
number of hardlinks pointing to the directory. This, for 
a directory with no subdirectories, is 2. The file also 
needs a size. We've cheated a bit on this one and just 
hard coded in a size of 30, but it could vary depending 
on the actual date.

The second method we need is read. This will be 
called whenever the OS wants the content of a file. 
In our case, there's only one possible file, so we only 
need to check that that's the file being read and then 
return a string with the current date:
    def read(self, path, size, offset, fh):
        if path == '/date':
            return datetime.datetime.now().strftime("%B %d, 
%Y") + '\n'

The final method is called whenever the OS wants 
the content of a directory. Again, we only have one 
directory, so all we do is return a list of the contents of 
a directory:
    def readdir(self, path, fh):
        return ['.', '..', 'date']

That's our main class complete. Now we just need 
the rest of the program to wrap this class up and 
launch the new filesystem.
from stat import S_IFDIR, S_IFREG
from sys import argv, exit
from time import time
from fuse import FUSE, Operations, LoggingMixIn
import datetime
class Context(LoggingMixIn, Operations):
    #code from above
if __name__ == '__main__':
    if len(argv) != 2:
        print('usage: %s <mountpoint>' % argv[0])
        exit(1)

    fuse = FUSE(Context(), argv[1], foreground=True, 
ro=True)

The first block imports all the modules we need. 
The line if __name == '__main__:' looks a little odd, but 
is a useful Python snippet for any code that can both 
be run from the command line and called from other 
pieces of code. The expression evaluates to True if 
the file is the main program being run. In our case, we 
use it to launch the Fuse filesystem if we're running 
this as a program, but also enables our Python file to 
be included as a module in other programs. The final 
line uses the imported FUSE function to launch the 
filesystem. The first two arguments are our new class 
and the location to mount the filesystem (this is taken 
from the argument passed across on the command 
line when the filesystem is launched. The others just 
set the standard filesystem parameters.

With all this code in place, you can launch the 
filesystem from the command line. The permissions 
needed to launch a filesystem vary from distro 
to distro. For testing purposes, it's easiest to run 
everything as root. You'll need two terminal sessions. 
In the first terminal session, get everything ready with:
mkdir fuse-test
sudo python fusedate.py fuse-test

In the second session, you can then navigate the 
new filesystem and read the current date:
sudo bash
cd fuse-test
cat date

That's all there is to creating filesystems. Obviously 
ours is very limited, but the basic techniques are 
exactly the same regardless of how many files or 
directories there are.  

The fusepy documentation 
is a little lacklustre, so if 
you need more information 
about what a particular 
operation does, check out 
the documentation for 
the main version of Fuse:  
fuse.sourceforge.net.

CODE NINJA: MAKE A 
FILESYSTEM WITH FUSE
Combine Python and Fuse to build a new directory structure into your distro.

Ben Everard is the best-selling co-author of the best-selling 
Learning Python With Raspberry Pi.

Fuse filesystems
Fuse isn't just for creating toy filesystems. It can also be 
really useful as it lowers the barrier to entry and makes it 
possible for non-kernel hackers to create new filesystems. 
This also makes it easier to distribute new filesystems 
as they don't require the user to compile them as kernel 
modules. Here are a few of our favourite:

  SSHFS Mount remote filesystems using just SSH with  
no other software required on the remote server. 
  EncFS Create encrypted filesystems to keep your  
data safe.
  Archivemount Use compressed archives such as  
tarballs as though they were normal directories without 
unzipping them.

LV022 088 Coding Ninja.indd   89 29/10/2015   10:59



www.linuxvoice.com

CODING   HASKELL

90

Haskell wasn't the first functional language, 
but it was the one that consolidated 
functional programming, and if you're looking 

for a pure functional language today, it's your best 
choice. Haskell has also become a bit more popular 
lately as functional ideas come into wider usage. It's 
quite different from imperative or OO languages, and, 
as with some of the other languages we've looked at, 
wrapping your head round it can be a challenge. (It 
doesn't, for example, have a for loop.) But it's fun to try 
out, and the excellent interactive interpreter makes it 
easy to experiment with. 

History
Lambda calculus, developed by Alonzo Church long 
before modern computers existed, is basically a way 
of thinking about functions and computability (we 
looked at Lambda functions in LV008's Code Ninja). 
Unsurprisingly, it was a major part of thinking about 
computer languages in the 1950s and 1960s. Lisp 
development owed quite a bit to lambda calculus, and 
Robin Milner used the same ideas when developing 
the functional language ML in the early 1970s.

There was quite a bit of interest in functional 
languages and lazy evaluation (evaluating an 
expression when it is needed and not before, which 
has the potential to massively reduce running time) 
at the time, but the first commercial lazy and purely 
functional language was Miranda, produced by David 
Turner at Research Software Ltd in 1985. Miranda 
programs consisted of a set of equations, defining 
functions and data types. As with Haskell, the order 
of the set was irrelevant, and indentation was used to 

minimise the need for brackets and avoid statement 
terminators (as in Python). Lists and tuples were 
important to Miranda, something else that made its 
way into Haskell. 

The original plan for the Haskell committee was 
to use Miranda as a jumping-off point for the new 
language, but Turner politely declined the request, 
preferring to maintain Miranda as a single-dialect 
language. Haskell still owed a great deal to Miranda, 
but having to start from a blank page, while meaning 
a great deal more work, did give them more scope to 
make some potentially more radical decisions. 

The first meetings of the committee, including the 
one where the name was decided upon (it is named 
after the logician Haskell Curry, but Haskell was felt to 
be a better and less pun-inducing name than Curry), 
were face-to-face, but after that the work was all 
done over email. Haskell 1.0 was defined in 1990, and 
improvements were made over the next seven years, 
finally producing Haskell 98 in the form of The Haskell 
98 Report (all 150 + 89 pages of it). This consisted 
of a minimal core language and a standard library. 
Haskell is intended to be easy to extend and vary.

More recently, the borrowing of functional ideas into 
languages like Python and Ruby has made Haskell 
a more popular language outside of academia, 
and there's now an active coder community. 
Further improvements have also been made to the 
specification, with the most recent release, Haskell 
2010, including bindings to other languages (the 
foreign function interface), and various extensions. 
There's an open-source library repository, Hackage, 
maintained by the community, and a useful wiki is 
also available from the Haskell webpage.

Getting started
Several distros offer packaged versions of the 
Glasgow Haskell Compiler (GHC) and the interactive 
interpreter. For Debian/Ubuntu, install ghc, and for 
other distros check out the Haskell website.

Once you've started ghci, the interactive interpreter, 
try a few expressions:
Prelude> "Hello world"
"Hello world"
Prelude> 6 + 3 
9

Experimenting with the 
interpreter ghci.

JULIET KEMP

HASKELL: PROGRAMMING 
BACKWARDS
Rock-like reliability, a solid safety record in embedded systems, and a cool name. 
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The Haskell Working 
Group, Oxford, 1992.

Prelude is a standard module that's imported by 
default. It includes various functions including string 
functions, list functions, and basic I/O operations.

You can test a lot of expressions in the interpreter, 
and it's good for experimenting, but what if you want 
to write an actual function? You can't write functions 
directly in the interpreter; instead you need to create a 
source code file and load it in. Create a file hello.hs:
helloworld = print "Hello World"

Load and run it in GHCI:
Prelude> :load hello.hs
[1 of 1] Compiling Main    ( hello.hs, interpreted ) Ok, 
modules loaded: Main.
*Main> helloworld
"Hello World"

So, you can define a function with just an equals 
sign, just like a variable. Just remember, once an 
assignment is made, you can't change it. Try this:
helloworld = print "Hello World"
helloworld = print "Hello World!"

Load and run that, and you'll get an error:
Prelude> :load hello.hs
[1 of 1] Compiling Main             ( hello.hs, interpreted )
hello.hs:2:1:
    Multiple declarations of `helloworld'
    Declared at: hello.hs:1:1
                 hello.hs:2:1 
Failed, modules loaded: none.

This applies to variables as well as functions (in 
fact, variables and functions are basically the same 
type of thing); see the boxout for more on code purity 
and functionality.

Tic Tac Toe
Let's try writing a tic-tac-toe program. This will be a 
very basic text-based input/output, rather than 
anything graphical, but it will show some aspects of 
Haskell. The first part will set up a list of the numbers 
of the squares, and output them tidily:
numberedSquareList = ["0", "1", "2", "3", "4", "5", "6", "7", 
"8"]

printSquare input = 
 putStr (" " ++ input ++ "")
outputLine lineList = do
 mapM_ printSquare lineList
    putStrLn " "
outputWholeThing list = do
 let (topOfSquare, restOfSquare) = splitAt 3 list
 let (middleOfSquare, bottomOfSquare) = 
splitAt 3 restOfSquare
 outputLine topOfSquare
 outputLine middleOfSquare
 outputLine bottomOfSquare
main = do
    outputWholeThing numberedSquareList

  numberedSquareList will be used to give a 
number to each of the 9 squares in a standard 
tic-tac-toe board. The main function just outputs 
numberedSquareList as a three-by-three square, 
which is set up by the rest of the functions.
  printSquare takes a single input. It's possible to 
specify the type signature of a function, and we'll do 
this for a function later, but as a rule Haskell can 
guess it from your code. Here, the input is a string, 

Haskell: functional and pure
In an imperative language, you give the computer a 
sequence of actions to perform in a specific order. 
In a functional language, like Haskell, you give it 
instead a collection of expressions, so it knows 
what to compute, but not how or when to do it.

In order for this to work, it's important that 
functions should have no side-effects. That means 
that a functional expression must not change 
any part of the program state, and the result of a 
function must depend only on its input, and not on 
anything else happening elsewhere in the program.

This makes life a bit difficult if you want to do 
any input/output: I/O actions necessarily have side 
effects, as they interact with the outside world and 
can alter system or program state. To deal with 
this, Haskell divides code into 'pure' and 'IO'. Pure 
code has no side effects, and never alters state. 

Impure code (which includes system commands, 
modification of global variables, and I/O) may have 
side effects or alter state.

A corollary of all of this is that within pure code, 
variables mustn't vary, but remain the same once 
set. Otherwise the result of a function that refers to 
the variable foo might differ depending on whether 
or not foo changed at another point in the program.

Given no side effects and no changes to 
variables, the expressions in a program can be 
evaluated in any order. This supports Haskell's 
"lazy" approach: Haskell will evaluate an expression 
when and only when its result is needed. This 
doesn't matter, because the program has no moving 
parts; whenever you evaluate the expression, the 
result will be the same. Functional languages 
also make it easy to pass functions into one 

another, as well as sticking them together. The 
map function is an example: it takes a function 
and a list as parameters, and applies the function 
to every element of the list. Haskell functions can 
also return functions, as well as having them as 
parameters. These ideas all arise from lambda 
calculus, and will be familiar if you know any Lisp. 
Functional programming can be a bit of a challenge 
if you're familiar with imperative programming, 
but it has some real advantages for certain sorts 
of project. It entirely avoids a certain class of 
bugs, those which are due to unanticipated side 
effects; and makes testing easier. It also makes it 
possible to automatically parallelise the pure parts 
of your code (recent versions of ghc will do this for 
you), as side effects are one of the big issues with 
parallelised code.

Rock-like reliability, a solid safety record in embedded systems, and a cool name. 
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and the function outputs it to the screen with a 
space on each side.
  outputLine takes a list, and applies printSquare to 
each member of the list. mapM_ and mapM are the 
functions that handle applying functions to lists, and 
they're really useful. The syntax, as shown here, is 
mapM function list
  mapM also collects and outputs the return value of 
the function as it is repeatedly applied. Here, we're 
not really interested in the return value, so we use 
mapM_, which discards the return value. mapM and 
mapM_ deal with monads, whereas map does not; 
see the boxout for more on monads.
  outputWholeThing takes a list and outputs it three 
elements at a time. The splitAt function does what 
you might expect: it splits a list at the given element 
(note that lists in Haskell are indexed from zero). So 
first we split the list into the first three elements and 
the rest of the list, then we split the rest of the list 
again into the first three elements and the 
remainder. (This doesn't check for errors, like a list 
that is the wrong size; it just assumes that we're 
getting in a 9-element list.) Then outputLine outputs 
each section of the list, creating our tic-tac-toe grid.
Now let's try to get a player's move, and then save it:

getMove player = do
    putStrLn ("Enter square to move for player " ++ player)
    square <- getLine
    return (player, read square :: Int)
saveMove player square = do
    let (listA, listB) = splitAt square numberedSquareList
    let numberedSquareList = listA ++ player ++ (tail listB)
    outputWholeThing numberedSquareList
main = do
    outputWholeThing numberedSquareList
    (a, b) <- getMove "x"
    saveMove [a] b
    outputWholeThing numberedSquareList

getMove uses getLine (self-explanatory) to get the 
square for the move from the user. This will be read 
in as a string, so when returning it, we use read to 

translate it into an Int. (Note that read doesn't do any 
error-checking; you could look into using reads.)

saveMove uses a couple of useful list functions. 
splitAt does what you'd expect: it splits the given list 
at the given index (with that index starting the second 
list). We then stick the two lists back together, adding 
the player value (which will be X or O, in tic-tac-toe) 
between them, and dropping the first value of the 
second list. (The function tail list returns all but the 
first value of a list.) Since we split the list at the index 
point, this effectively creates a list that has the new 
move in the place where the index number used to 
be. So if player X chose square 6, the list now has X 
instead of 6. We then output the whole thing to show 
the player what the board now looks like. At this stage, 
we're only getting player X to play, and only once.

You might notice that sometimes we use let x = 
y, and sometimes we use x <- y. The former is used 
for 'pure' code, and the latter for I/O (or other impure) 
code. If in doubt, experiment, and the compiler will tell 
you if you've got it wrong.

This all looks good, but if you run it, you'll find that 
the final output no longer has the x in the 'saved' 
position. This is because Haskell is a pure language; 
you can't reassign variables once they've been 
assigned. In saveMove, you're not actually replacing 
numberedSquareList. You're creating a new local 
variable, also called numberedSquareList, which only 
exists for the lifetime of that particular function. Once 
we return to main, the local variable disappears, and 
the original numberedSquareList hasn't changed.

One way to get around this is to get saveMove to 
return a value, and keep creating new lists:
saveMove :: [String] -> Int -> [String] -> IO [String]
saveMove player square oldList = do
    let (listA, listB) = splitAt square oldList
    let newList = listA ++ player ++ (tail listB)
    outputWholeThing newList
    return newList
main = do
    outputWholeThing numberedSquareList
    (a, b) <- getMove "x"
    list1 <- saveMove [a] b numberedSquareList
    (a, b) <- getMove "o"
    list2 <- saveMove [a] b list1
    (a, b) <- getMove "x"
    list3 <- saveMove [a] b list2
    (a, b) <- getMove "o"
    list4 <- saveMove [a] b list3
    (a, b) <- getMove "x"
    list5 <- saveMove [a] b list4
    (a, b) <- getMove "o"
    list6 <- saveMove [a] b list5
    (a, b) <- getMove "x"
    list7 <- saveMove [a] b list6
    (a, b) <- getMove "o"
    list8 <- saveMove [a] b list7
    (a, b) <- getMove "x"
    list9 <- saveMove [a] b list8
    putStrLn "All done!"

It's a draw, as tic-tac-toe 
tends to be when both 
players know what they're 
doing.
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saveMove now takes another argument: a list to 
act on. It also returns a list. We've also added a type 
signature at the top to make it more maintainable (this 
is good practice to do for all your functions, although 
not necessary).
[String] -> Int -> [String] -> IO [String]
means that the function takes a String array, an Int, 
and another String array, and outputs an IO String 
array. If you're struggling to work out a type signature, 
you can use :type functionname in the interpreter and 
it will tell you what it thinks the type is.

In main, we repeatedly call saveMove on the 
current list, then use the list it returns as the input 
the next time. This also means we're getting moves 
from the X and O players alternately, which is handy. 
Note that the last statement in a do block must be an 
expression, so we need that last putStrLn line.

The downsides are, firstly, that it's rather untidy, and 
secondly, that there's no way of cutting a game short 
if someone wins. Haskell doesn't really do iteration 
(though there is a way of iterating over lists), but a 
very common Haskell idiom is recursion. Let's try a 
recursive approach to our game:
import Control.Monad
saveMove
    -- as before, but delete outputWholeThing line
wholeMove player oldList = do
    (a, b) <- getMove player
    newList <- saveMove [a] b oldList
    outputWholeThing newList
    return newList
playGame list = do
    putStrLn "Who plays next? x, o, or q to quit"
    continue <- getLine
    unless (continue == "q")
        newList <- wholeMove continue list
        playGame newList
main = do
    outputWholeThing numberedSquareList
    playGame numberedSquareList
    putStrLn "All done!"

Control.Monad contains some useful functions 

to use with monads, including unless and when. 
wholeMove is just a helper function to get and save a 
specific move; there's no new code.

playGame is the clever bit. It takes a list as an 
argument: this is the current state of the game. First 
we ask which player has the next move (and offer the 
chance to quit), and get the answer. If the answer is q, 
the function ends. Otherwise (unless q), we perform 
the next move, get a new list out again, and then call 
playGame again on the new list, which has the new 
state of the game. We keep going around until the 
user types q at the prompt, passing the new state 
back into the method each time.

main now outputs the initial (blank, numbered) grid, 
then passes that into playGame to start the recursion. 
When the user answers q, we jump back to main, and 
output "All done".

There are a few ways you could improve on this 
code: You could look into the State monad functions 
to find other ways of passing state around.

Currently, you can keep playing even once all the 
squares are blank; you'll just overwrite them. You 
could add something to stop the game once that 
happens. Similarly, the user has to decide who has 
won; could you find a way of checking for that?

More fundamentally, this code isn't super-Haskell-y 
in that it could probably have a better separation of 
pure and IO code. Improving that would be a great 
way of finding out more about how monads and type 
signatures work.

If you want to get stuck into improving this code or 
writing your own, there are plenty of online resources 
available. Try Learn You A Haskell For Greater Good 
(free online, or in print) for a bunch of great tutorials. 
The Haskell wiki is a good reference, and there's a 
thorough Haskell book on Wikibooks. Real World 
Haskell is also available online. Have fun!  

Playing the game! Still very 
basic though...

Monads
Monads are part of functional programming, and enable 
Haskell to maintain its pure/not pure division by isolating 
parts of code that might have side-effects (like IO code). 
They enable you to guarantee that certain calculations are 
done in a particular order; as discussed above, this isn't 
usually the case in Haskell. Monadic actions enable you to 
pass elements and results from one function to the next in 
a way that is illegitimate in pure code. They also contain a 
way of turning a type into a monad type – the IO monad can 
turn a String into an IO String, for example – again, allowing 
the separation between pure and 'real-world-acting' code.

IO is a common monad, as is Maybe, which we don't use 
in this tutorial but which is useful for computations that 
could fail. There are many, many explanations of monads 
online, and different people understand them in different 
ways. You can't get all that far in Haskell without them, but 
once you come to grips with them, they're incredibly useful.
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Computers speak machine language. Humans 
usually don't. Machine code is just too 
primitive, too low-level for our brains, which are 

used to higher-level abstractions. When we design a 
house, we decide on materials, the number of rooms, 
and which colour the ceiling will be, not how the bricks 
will stick together. The same applies to most 
programs we write.

Except for specific system stuff, our software uses 
high-level programming languages. They are great for 
programmers, but all Greek to computers. So, what 
we need is some way to translate these languages 
into machine code.

This is basically what compilers and interpreters are 
all about. Today, we'll see how this conversion occurs 
in various situations. Consider a trivial C program:
int main()

{
    return 0;
}

How to run it? Unless you are very new to Linux 
(welcome!), the answer is straightforward:
$ gcc -o trivial trivial.c
$ ./trivial

gcc is the GNU C Compiler, and it is part of GCC, 
which stands for GNU Compiler Collection (still 
loving your recursive acronyms, yeah?). Essentially, 
this command transforms C code into machine 
instructions and packs them in an ELF executable 
(LV018). This is sometimes called Ahead-of-time 
Compilation or AOT, because the program is built prior 
to execution.

The gcc command is really a shortcut for whole 
pipeline of things. First, the lexer recognises the 
tokens (like keywords or variable identifiers) that your 
code is made of. Tokens form syntactic constructions 
(say, loops or function definitions) that the parser 
recognises. If the parser comes across something 
it doesn't understand (for instance, two tokens that 
don't fit together, like if and for), you get a compilation 
error. Otherwise, an Abstract Syntax Tree or AST is 
built in the compiler's memory (see Figure 1), which  
is a program's representation that's not tied to input 
language syntax.

AST is well suited for semantic analysis and, in 
particular, optimisation. Optimisation is a tricky 
topic, and although gcc provides command-line 
switches to fine-tune individual optimisations, most 
often you just set the desired optimisation level with 
-O<something>.

At the next pipeline stage, the compiler walks 
through the optimised tree and emits native machine 
instructions for your program. Usually, this step is 
invisible, but you can instruct gcc to stop here to see 
the assembler; just use the -S switch. This is what 
trivial's main() function looks like:
main:

CORE
TECHNOLOGY
Prise the back off Linux and find out what really makes it tick.

Code compilation
Join us for a fantastic voyage trip to the internals of a process in 
which plain English words are melt into executable machine codes.

Figure 1. Simplified AST 
tree for abs(x) function 
as seen by the Python 
compiler.
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 pushq %rbp
 movq %rsp, %rbp
 movl $0, %eax
 popq %rbp
 ret

Compiled code units are saved as object files, which 
conventionally carry the .o suffix.

Finally, object files are combined together in one 
executable, or shared library. This is the linking 
stage, and in fact it isn't part of the compiler. A 
separate program called a linker (ld, in the case of 
GCC) resolves external references (like the extern 
variables or library functions) and lays out everything 
to produce a valid ELF binary. Or, it can produce 
something different, as a thing named a "linker script" 
dictates. Practically, you don't write linker scripts 
(they are rather low-level) or call ld directly. Everything 
happens behind the gcc curtains.

Ahead-of-time (or simply traditional) compilation 
has several benefits. As it runs "offline" on a build 
farm and not in real time on an end-user device, 
it can involve deeper and more time-consuming 
optimisations. Together with native code generation 
this yields a more efficient binary. However, it would 
necessarily be system-specific (or non-portable), and 
you can't just copy an ELF image from your x86 PC to 
an ARM smartphone and hope it will work properly. 
This could be a problem, and if platform independence 
is a priority, another approach might be helpful.

In the meantime
The trick is not to target any specific processor 
architecture or operating system during the code 
generation phase. Instead, the compiler emits 
instructions of a virtual processor, often called 
"bytecode". The problem is that virtual processors 
don't exist in silicon, so you need to implement them 
in software. This is the approach usually taken by 
interpreters and language virtual machines (VMs). 
Some languages (such as Python) bundle the 
compiler and virtual machine together, while others 
(Java) keep them separate.

Bytecode doesn't need to be as low-level as real 
machine instructions. For instance, the Java virtual 
machine has an instruction to get an array's length, 
something that isn't readily available even in C. Python 
implements an instruction to print a string or setup 
the with block. Being able to design an instruction set 

for a language makes the compiler simpler. And of 
course, generated bytecode can run on any platform, 
provided the latter has a virtual machine available.

But there are also some downsides. In practice, you 
can't ditch platform-specific code altogether, as you 
need some way to interact with the environment you 
run in. Interpreted languages are also significantly 
slower than compiled ones, as virtual machines have 
measurable overhead.

To see is to believe, so let's have a look at the 
bytecode of one popular interpreted language. You 
guessed it, Python. Consider a simple function that 
returns an absolute value of its sole argument:
>>> def abs(x)

...     return -x if x < 0 else x
The Python Standard Library provides the dis 

module, which is a disassembler for Python bytecode. 
Note it is naturally implementation-specific, and if 
you use anything other than CPython, the command 
below may not work for you:
>>> dis.dis(abs)
  2           0 LOAD_FAST                0 (x)
              3 LOAD_CONST               1 (0)
              6 COMPARE_OP               0 (<)
              9 POP_JUMP_IF_FALSE       17
             12 LOAD_FAST                0 (x)
             15 UNARY_NEGATIVE
             16 RETURN_VALUE
        >>   17 LOAD_FAST                0 (x)
             20 RETURN_VALUE 

abs() translates to nine bytecode instructions. 
Numbers in the first column denote lines of source 
code. CPython's virtual machine is stack-based, and 
it has no registers as real processors. This hurts 
performance a bit, but allows for a simpler design.

First, the function pushes the x value and 0 
constant on to the stack. Then the COMPARE_OP 

Get to know ctypes
ctypes is a portable way to create and manipulate C 
language types from Python. It can call into shared 
libraries, and wrap Python functions so that libraries can 
call them back. ctypes is mainly useful to create bindings 
to C libraries. It isn't blazing fast, but requires zero C code. 
ctypes works on the ABI (Application Binary Interface) level, 
which is somewhat easier to break but doesn't involve any 
compilation steps. However, if you use it carelessly, you can 
crash the Python interpreter quite easily.

Figure 2: Python defines 
quite a few bytecode 
instructions. All of them 
are described in the dis 
reference manual.

Ahead-of-time compilation can involve 
deeper and more time-consuming 
optimisation than just-in-time
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instruction pops both, compares them and pushes 
the result. POP_JUMP_IF_FALSE pops the result of 
comparison, and branches to instruction 17 (marked 
with a double arrow) if it is false. Here, the code 
again puts x on the stack and returns a value from 
the stack's top (ie, x) with RETURN_VALUE. Another 
branch works in a similar fashion. The documentation 
for the dis module lists all bytecodes known to 
CPython's VM. There are quite few of them, but still 
less than in a typical processor's instruction set.

Just in time
Conceptually, Just-In-Time compilation is like Ahead-
Of-Time compilation, but there is one very important 
nuance. It happens "online", on the end-user device, 
often while the program is running. This poses some 
challenges, but if implemented properly, can also yield 
measurable benefits.

The main challenge is probably that the end-user 
device's processor is probably slower than that 
of the developer's machine or build farm, and is 
often battery-powered. Moreover, you don't carry a 
smartphone to build software on it, so the compilation 
process shouldn't be resource-intensive. This limits 
the amount of optimisation that the compiler can do, 
and the amount of code it compiles. JIT usually deals 
only with performance-critical application parts, and 
leaves the rest to the emulator. As a rule, JIT compiler 
also works on intermediate (bytecode) representation. 
It's simpler to translate than source code, and also 
offloads many things to the developer's machine, as in 
AOT. Sometimes the results of JIT are also cached on 
device for later re-use.

At the same time, JIT techniques enable targeted 
optimisation. The compiler knows exactly what CPU 
it runs on, and can potentially emit machine code 
for this particular processor. More importantly, the 
compiler knows how the program is being used, and 
can employ profile-guided optimisations. Say, if you 
barely use feature A, there's no point spending time 
and resources compiling it.

Perhaps the trickiest part is striking a balance 
between compilation costs and optimisation level. 
Again, there's no single solution. One way is to work on 
method or function level. The VM starts in interpreter 
mode and collects statistics on which methods 
are executed most often. Then it emits optimised 
machine code, so they could execute faster. Oracle's 
Java VM behaves this way. In fact, it's called HotSpot 
VM because it is all about detecting "hot spots" in your 
Java bytecode and optimising them properly.

Hot traces
Tracing JIT is an alternative approach. The idea is 
that programs spend most time in loops, or code 
that jumps to the same origin. These loops can span 
multiple methods (albeit they don't need to) and are 
dubbed "hot paths", as opposed to "hot spots" in 
method-level JIT. Internally, tracing the JIT compiler 
keeps a counter for each code location. Initially, the 

VM runs in monitor mode. It interprets bytecode and 
updates the counter each time a specific location 
is visited. When the counter appears to be above a 
threshold, a hot path is detected, so the VM switches 
to record mode. Then it carefully records all effects 
of bytecode execution until the code returns to the 
starting point. 

Now, the VM has a "trace" of the new hot path. 
Instructions that can diverge from it (like branching) 
are protected with guards that quickly check that the 
assumptions under which the trace was taken are 
still true. Then the trace is compiled to native code. 
Next time the VM encounters this hot path, it executes 
compiled trace instead.

Mozilla's original TraceMonkey JavaScript engine 
and the PyPy Python language implementation 
are both examples of tracing JIT. However, there 
is no ultimate answer to which JIT flavour is the 
clear winner. PyPy delivers impressive results, while 
TraceMonkey was later superseded with combined 
JIT techniques. Results naturally depend on the 
languages you compile, and the environment.

Do it yourself
As a roundup, let's build a small JIT compiler for 
mathematical expressions. To keep things simple, we 
won't support variables or functions: just plain values 
and arithmetic operations.

We won't start from scratch. The Numba project 
(see boxout) maintains the llvmlite LLVM binding, 
which focuses on JIT compilation, and we'll use it 
today. We aren't going to use a dedicated parser, 
though. Instead, we'll employ the ast module to peek 
into the syntax tree generated by the Python compiler. 
import ast
expr_str = '2+2'
ast_mod = ast.parse(expr_str)
expr = ast_mod.body[0].value

We start with the expression string and parse it into 
AST. Python delivers the result as a module containing 

Python JIT for real
Besides our toy example, there are some real JIT compilers 
targeting the Python language. As you already know, 
PyPy (www.pypy.org) sports tracing JIT. Benchmarks 
look promising, and it's mature enough to run the Flask 
or Django web frameworks. Pyston (www.pyston.org) is a 
method-level JIT from Dropbox. Just like our tiny example, 
it starts with AST and relies on LLVM to produce fast code. 
The project is currently in alpha stage, but it would be 
curious to watch it progress.

The problem with doing effective JIT for Python and 
similar languages is in their dynamic nature. Variables may 
change their types, and the interpreter dispatches this at 
runtime. Objects may have dynamic attributes, and the 
interpreter looks them up in a dictionary. This is bad for 
machine code, where each value is typed, and the meaning 
of `a + b` is totally different for `a` and `b` being integers or 
strings. Sometimes, the compiler is able to infer types and 
generate effective machine code, but often it's difficult or 
impossible, and compiled code ends up being wasted.
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a single expression (check it with ast.dump(ast_
mod)), and we unwrap it.

The next step is to generate an LLVM intermediate 
representation (IR). The llvmlite.ir module provides all 
relevant functionality:
from llvmlite import ir
def create_ir_builder():
    fnty = ir.FunctionType(ir.DoubleType(), ())
    module = ir.Module(name=__file__)
    func = ir.Function(module, fnty, name="_main")

    block = func.append_basic_block()
    builder = ir.IRBuilder(block)
    return module, builder

Here, we create an IR module and define the _main 
function inside it. The function takes no arguments 
and returns double. Note how LLVM relies on types for 
its operations. create_ir_builder() returns a module 
and an IR builder we'll use later to emit IR instructions.
def emit_ir_for_ast(builder, node):
    if isinstance(node, ast.BinOp):
        left_ir = emit_ir_for_ast(builder, node.left)
        right_ir = emit_ir_for_ast(builder, node.right)
        if isinstance(node.op, ast.Add):
            return builder.fadd(left_ir, right_ir)
        # other operations follow
    elif isinstance(node, ast.Num):
        return ir.Constant(ir.DoubleType(), float(node.n))

prog, builder = create_ir_builder()
result = emit_ir_for_ast(builder, expr)
builder.ret(result)

This fragment walks AST in descent-recursive 
manner. It converts any number encountered to a 
double floating-point constant, and generates IR 
instructions for binary operations. ast.Add represents 
addition, and fadd is floating point addition in LLVM IR. 
Finally, we return the result of the top-level expression 
from _main. Operator precedence is handled 
automatically in the Python parser.

Then, the program calls into the llvmlite.binding 
layer to compile the IR into machine code. It's rather 
long and we won't show the details here; refer to 
comments in sources available at ww.linuxvoice.

com. The binding functions accept IR source code as 
a string (you get it as str(prog)).

Finally, we use ctypes (see boxout) to call into the 
machine code we just generated:
from ctypes import CFUNCTYPE, c_double
func_ptr = engine.get_function_address("_main")
_main = CFUNCTYPE(c_double)(func_ptr)
print("_main() = %f" % _main())
ExecutionEngine.get_function_address() returns the 
pointer to the _main() function we just compiled.

To try this code yourself, you'll need to obtain 
llvmlite first. This could be tricky, so I suggest you 
use the Miniconda installer (http://conda.pydata.org/
miniconda.html). It keeps everything in your home 
directory along with system-wide Python, and is great 
for trying new stuff. Download the installer script from 
the link above and simply run conda install llvmlite 
when done.

What does the _main() function look like at 
machine code level? Disassembly (TargetMachine.
emit_assembly()) gives the answer. And there's 
another surprise: it's just three instructions long. LLVM 
is an optimising compiler, and as it detects that all 
operands in the expression are constant, it evaluates 
it compile-time. This is called "constant folding", and 
that's why optimised LLVM execution time (blue bars) 
doesn't depend on expression complexity. To make 
comparison fair, we can disable optimisations in LLVM. 
However, this doesn't change the results drastically.

Figure 3: Execution time 
for varying expression 
sizes. Compiled code 
spends most of the time 
in ctypes, that's why the 
unoptimised version is 
only marginally slower.
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Command of the month: pycc
Python's JIT is fun, but wouldn't it be nice to simply 
compile your script into static binary, as we do in C or 
C++? Well, it probably would, but pycc won't help you 
there. Instead, pycc compiles your Python functions 
into shared libraries (.so) that you can use in a 
language of your liking. pycc is also part of Numba 
(see boxout), and it uses the same LLVM machinery 
that the @jit decorator does.

Usage is straightforward: you tell pycc which 
Python sources to compile, and get a .so object. 
Note that any function you want compiled should be 

explicitly exported with numba.export(), specifying 
both arguments and the return type:
import numba
def add(x, y):
    return x + y
export('add i4(i4, i4)')(add)

Here, i4 means 32-bit integer. Alternatively, you may 
ask pycc to output LLVM bytecode with pycc --llvm.

Numba advertises pycc as an experimental feature, 
and at the time of writing it had some known issues. 
Nevertheless, this tool looks rather promising.  

LLVM optimised
LLVM unoptimised
Pure Python

Expression JIT benchmarks

No. of Operands

1    3     5        7          9           11
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/DEV/RANDOM/   FINAL THOUGHTS

Final thoughts, musings and reflections

MY LINUX SETUP  
JON WILLIAMSON

Recently, the Linux Foundation 
promoted a new animation series “A 
World without Linux” (http://goo.gl/

H8UrrT). The intention seems to be to 
remind people that they use Linux all the 
time – though, since only Linux types are 
going to know about it in the first place, I 
guess they are hoping that it will get tweeted  
or instagrammed or whatever it is you do on 
Facebook these days apart from dodge 
taxes. Tip: Omit the word ‘Linux’ from the link 
if you want non-Linux people to look at it.

It is a very reasonable thing to do, but I am 
not sure that having watched a few episodes 
everyone in the world is going to rush to 
download a distro. I went to a friend of a 
friend’s birthday a few weeks back, and not 
wanting to go empty handed, I took him an 
Ubuntu T-shirt. When he opened it, I had to 
explain what it was – he uses Ubuntu 
because it is free and it works and he can do 
all the stuff he wants to on it. He probably  
never noticed the logo before.

People *do* use Linux every day, but they 
don’t know, and, I suggest, they don’t care. 
That’s fine with me. For people who do care, 
it is more interesting to see the people who 
do embrace Linux and open source doing 
cool stuff – Netflix recently updated its 
GitHub repository and is doing a major push 
on its open source software (http://goo.gl/
it5wUH). Why? Because more people using 
it (and finding bugs and fixing things) makes 
it better. The average viewer may be very 
slightly interested to know that without 
Linux their show wouldn’t exist, but 
convincing non-open-source coders is 
probably more beneficial. And they might 
appreciate T-shirts more.

Nick Veitch  
was the original editor 
of Linux Format, a 
role he played until he 
got bored and went 
to work at Canonical 
instead. Splitter! 

Ninja-coder, product designer and co-founder of Pimoroni.

Rigol DS2072A 
2-channel oscilloscope 
for debugging circuits.

Fluke 287 multimeter, 
which is possibly my 
favourite toy.

Amazing Space 
Shuttle poster which 
Paul bought for me.

Marmite 
for morning 
crumpets.

Photos of my 
daughter to remind 
me to go home.

Intel NUC i7 + 34-inch 
curved IPS LCD. My 
primary computer.

What version of Linux are you 
currently using?
Ubuntu 15.04 (though I’ve just 
upgraded to 15.10 at home). All of  

our Pimoroni infrastructure is running on 
Ubuntu Server.

And what desktop are you using at 
the moment?
Unity – it’s great with a little tweaking. 
Matches my workflow well.

What was the first Linux setup you 
ever used?
Yikes, that was a long time ago! It was 
a painful night spent installing 

Slackware in… err 2001? It took hours and 
wasn’t a pleasant experience. I ended up 

moving to Debian (then naturally on to 
Ubuntu).

What Free Software/open source 
can’t you live without?
All of them! It’s amazing to be able to 
install something like wkhtmltopdf 

through your package manager and  
produce a PDF from a webpage then  
email it to someone all without leaving the 
terminal. Lots of great tools is where the 
power lies.

What do other people love but you 
can’t get on with?
Vim/Emacs. I’m a Sublime Text 3 user 
and I while I wish it were open source I 

wouldn’t change it for anything.  
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