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Abstract. Recent advances in Computerized Numeric Control (CNC)
have allowed the manufacturing of products with high quality standards.
Since CNC programs consist of a series of assembler-like instructions,
several high-level languages (e.g., AutoLISP, APL, OMAC) have been
proposed to raise the programming abstraction level. Unfortunately, the
lack of a clean semantics prevents the development of formal tools for
the analysis and manipulation of programs. In this work, we propose the
use of Haskell for CNC programming. The declarative nature of Haskell
provides an excellent basis to develop program analysis and manipulation
tools and, most importantly, to formally prove their correctness.
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Introduction

Computerized Numeric Control (CNC for short) machines have become the basis of many industrial processes. CNC machines include robots, production lines,
and all those machines that are controlled by digital devices. Typically, CNC
machines have a machine control unit (MCU) which inputs a CNC program
and controls the behavior and movements of all the parts of the machine. Currently—as stated by the standard ISO 6983 [3]—CNC programs interpreted by
MCUs are formed by an assembler-like code which is divided into single instructions called G-codes (see Fig. 1 below).
One of the main problems of CNC programming is their lack of portability. In
general, each manufacturer introduces some extension to the standard G-codes
in order to support the wide variety of functions and tools that CNC machines
provide. Thus, when trying to reuse a CNC program, programmers have to tune
it first for the MCU of their specific CNC machines. For example, even though
both CNC machines HASS VF-0 and DM2016 are milling machines, the G-codes
they accept are different because they belong to different manufacturers (e.g.,
the former is newer and is able to carry out a wider spectrum of tasks).
CNC programming is not an easy task since G-codes represent a low-level
language without control statements, procedures, and many other advantages of
modern high-level languages. In order to provide portability to CNC programs
⋆
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and to raise the abstraction level of the language, there have been several proposals of intermediate languages, such as APL [9] and OMAC [7], from which
G-codes can be automatically generated with compilers and post-processors. Unfortunately, the lack of a clean semantics in these languages prevents the development of formal tools for the analysis and manipulation of programs. Current
CNC programming languages, such as Auto-Code [6] or AutoLISP [2, 12], allow
us to completely specify CNC programs but do not permit to analyze program
properties like, e.g., termination, or to formally use heuristics when defining the
behavior of CNC machines (as it happens with autonomous robots).
In this work, we propose the use of the pure functional language Haskell [11]
to design CNC programs. Our choice relies on the fact that Haskell is a modern high-level language which provides a very convenient framework to produce
and—formally—analyze and verify programs. Furthermore, it has many useful
features such as, e.g., lazy evaluation (which allows us to cope with infinite data
structures), higher-order constructs (i.e. the use of functions as first-class citizens, which allows us to easily define complex combinators), type classes for
arranging together types of the same kind, etc. This paper presents our proposal
for CNC programming using Haskell and shows the main advantages of Haskell
over current languages which are used for the same purpose.
This paper is organized as follows. In the next section, we provide a brief review of CNC programming. Section 3 introduces the functional language Haskell.
In Sect. 4, we illustrate the use of Haskell to represent CNC programs and, then,
in Sect. 5, we enumerate some advantages of choosing Haskell over other existing languages. Some implementation details are discussed in Sect. 6 and, finally,
conclusions and some directions for future work are presented in Sect. 7.
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CNC: A Brief Review

Computer numerical control is the process of having a computer controlling
the operation of a machine [17]. CNC machines typically replace (or work in
conjunction with) some existing manufacturing processes. Almost all operations
performed with conventional machine tools are programmable with CNC machines. For instance, with CNC machines we can perform motion control in
linear—along a straight line—or rotary—along a circular path—axes.
A CNC program is composed by series of blocks containing one or more instructions, written in assembly-like format [13]. These blocks are executed in
sequential order, step by step. Each instruction has a special meaning, as they
get translated into a specific order for the machine. They usually begin with a
letter indicating the type of activity the machine is intended to do, like F for feed
rate, S for spindle speed, and X, Y and Z for axes motion. For any given CNC
machine type, there are about 40-50 instructions that can be used on a regular
basis. G words, commonly called G codes, are major address codes for preparatory functions, which involves tool movement and material removal. These include rapid moves, lineal and circular feed moves, and canned cycles. M words,
commonly called M codes, are major address codes for miscellaneous functions
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Fig. 1. Simple CNC Program

that perform various instructions do not involving actual tool dimensional movement. These include spindle on and off, tool changes, coolant on and off, and
other similar related functions. Most G and M-codes have been standardized,
but some of them still have a different meaning for particular controllers.
As mentioned earlier, a CNC program is composed by series of blocks, where
each block can contain several instructions. For example, N0030 G01 X3.0 Y1.7
is a block with one instruction, indicating the machine to do a movement (linear
interpolation) in the X and Y axes. Figure 1 shows an example of a simple CNC
program for drilling three holes in a straight line.
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An Overview of Haskell

Haskell is a general-purpose, purely functional programming language that provides higher-order functions, non-strict semantics, static polymorphic typing,
user-defined algebraic datatypes, pattern matching, list comprehensions, a monadic input/output system, and a rich set of primitive datatypes [11]. In Haskell,
functions are defined by a sequence of rules of the form
f t1 . . . tn = e
where t1 , . . . , tn are constructor terms and the right-hand side e is an expression.
The left-hand side must not contain multiple occurrences of the same variable. Constructor terms may contain variables and constructor symbols, i.e.,
symbols which are not defined by the program rules. Functions can also be defined by conditional equations which have the form
f t1 . . . tn | c = e
where the condition (or guard ) c must be a Boolean function. Function definitions
have a (perhaps implicit) declaration of its type, of the form
f :: a1 → a2 → . . . → an → b

which means that f takes n elements of types a1 , . . . , an and returns an element
of type b. For example, the following function returns the length of a given list:
length :: [a] -> Int
length []
= 0
length (_:xs) = 1 + length xs
Note that in this example, “a” is a type variable which stands for any type.
Local declarations can be defined by using the let or where constructs. For
example, the following function returns True if the first argument is smaller than
the length of the list being passed as a second argument, or False otherwise:
indexChecker :: Int -> [a] -> Bool
indexChecker n xs = n <= l where l = length xs
A Haskell function is higher-order if it takes a function as an argument, returns
a function as a result, or both. For instance, map is a higher-order function that
applies a given function to each element in a list:
map :: (a -> b) -> [a] -> [b]
map f []
= []
map f (x:xs) = f x : map f xs
Haskell provides a static type semantics, and even though it has several primitive
datatypes (such as integers and floating-point numbers), it also provides a way
of defining our own (possibly recursive) types using data declarations:
data Bool
= False | True
data Tree a = Leaf a | Branch (Tree a) (Tree a)
For convenience, Haskell also provides a way to define type synonyms; i.e., names
for commonly used types. Type synonyms are created using a type declaration.
Here are some examples:
type String = [Char]
type Person = (Name,Address)

type Name
= String
data Address = None | Addr String

Type classes (or just classes) in Haskell provide a structured way to introduce
overloaded functions that must be supported by any type that is an instance of
that class. For example, the Equality class in Haskell is defined as follows:
class Eq a where
(==) :: a -> a -> Bool
A type is made an instance of a class by defining the signature functions for the
type, e.g., in order to make Address an instance of the Equality class:
instance Eq
None
Addr st1
_

Address where
== None
= True
== Addr st2 = st1 == st2
== _
= False

where _ is a wildcard, used to introduce a default case.
We refer the interested reader to the report on the Haskell language [11] for
a detailed description of all the features of the pure functional language Haskell.

G01: Moves the turret chuck along the XYZ axes. It can be followed by XYZ codes.
G90: Indicates that absolute positioning is being used.
G91: Indicates that incremental positioning is being used.
X(-)nn: used to move the turret chuck along the X axis
Y(-)nn: used to move the turret chuck along the Y axis
Z(-)nn: used to move the turret chuck along the Z axis
where nn indicates:
– the new absolute position in the corresponding axis, where (0,0,0) is a given
reference point over the table (absolute positioning).
– the number of units in the current axis that the tool is being shifted (incremental positioning).
Fig. 2. Instructions set for simple CNC drilling machine
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Using Haskell for CNC Programming

In this section, we illustrate the use of Haskell for CNC programming. By lack
of space, we consider a simple CNC drilling machine which can just move the
turret chuck in the X and Y axes (in order to position the drill bit), and in
the Z axis (in order to make the hole). The machine also handles absolute and
incremental positioning of the turret chuck.3 .
A CNC program for this machine consists of a header and a body. The header
is optional and is usually a short comment, whilst the body is a list of blocks,
where each block is identified by a number (Nnnnn) and can contain either one
or more instructions or a comment, where comments are always parenthesized.
An instruction can contain one of the CNC codes shown in Fig. 2. In the
following, we consider millimeters as measurement units.
For instance, a CNC program for drilling two holes at positions (10,10) and
(15,15) is as follows:
N0010
N0020
N0030
N0040
N0050

(two-hole drilling)
G90
G01 Z05
X10 Y10
Z-25

N0060
N0070
N0080
N0090

Z05
X15 Y15
Z-25
Z05

In this example, the block N0010 denotes a comment, N0020 instructs the CNC
machine to use absolute positioning, N0030 moves the turret chuck 5mm over the
table in the Z axis, N0040 positions the turret chuck in the (10,10) coordinate
(note that X10 Y10 is a shortcut for G01 X10 Y10), N0050 moves the turret chuck
25mm under the table in the Z axis, thus making a hole, N0060 moves the turret
chuck 5mm over the table in the Z axis, in order to be able to move it again
in the XY axes, N0070 positions the turret chuck in the (15,15) coordinate, and
finally N0080 and N0090 create the second hole.
3

A full example with the implementation of complete data structures needed to represent CNC programs can be found at http://www.dsic.upv.es/~jsilva/cnc.

data
data
type
data
type
data
type
data

CNCprogram
Header
Comment
Maybe a
Body
Block
Command
Instruction

=
=
=
=
=
=
=
=

Header Body
Maybe Comment
String
Nothing | Just a
[Block]
Com Comment | Code Command
[Instruction]
X Int | Y Int | Z Int | G String

Fig. 3. Haskell data structures for representing a CNC program

It should be clear from this example that, when a big number of holes should
be done, the amount of lines of code we have to write also increases considerably.
The Haskell data structure intended to hold a CNC program is shown in Fig. 3.
For simplicity, our data structure does not contain information about block
numbering. Nevertheless, given a list of blocks, it is straightforward to build a
function that adds such numbering to each block. In our context, a CNC program
is composed of a header and a body. A header is an optional comment (a String
or the constructor Nothing when missing). A body is a set of blocks, each block
being a comment or a set of instructions.
Figure 4 shows a function for drilling n holes in a straight line implemented
in Haskell. Note that nHolesLine returns a list of blocks, instead of a complete
CNC program as defined in Fig. 3 (the header is missing). Far from being a
shortcoming, this is due to the fact that nHolesLine is integrated in an environment with many other different functions; therefore, there is a master function
which builds the whole program by prompting the user for a header comment,
if any, and integrating the code obtained from the different functions.
The function nHolesLine receives as parameters the number of holes, n, the
initial XY coordinate and the corresponding increments in each axis. Then, this
function generates a list of blocks by creating a list of n elements containing the
absolute XY coordinates of the holes; it uses the higher-order function map to
apply the function makeHole to each XY coordinate.
Note that, even though the list of n elements is created by first calling
createLine—which generates an infinite list—only n elements of such a list are
actually built. This is due to the lazy evaluation of Haskell (see Sect. 5). For
instance, in order to make 50 holes, starting at position (10,10) and increasing
5mm in each axis per hole, we simply call function nHolesLine as follows:
nHolesLine 50 10 10 5 5
The same example using G codes requires about 150 lines of code. However, with
Haskell functions it is very simple to change any of the parameters to achieve
any straight line of holes to be drilled. In the same way, a lot of helpful functions
can be created, in order to make different shapes like ellipses, grids, etc, that are
able to work with other CNC machines like lathes and milling machines.

-- creates a [Block] containing the CNC instructions for
-- making n holes in a straight line
nHolesLine :: Int -> Int -> Int -> Int -> Int -> [Block]
nHolesLine n x y incX incY = [posit,init] ++ concat (map makeHole nLine)
where line
= createLine x y incX incY
nLine
= finiteLine n line
posit
= Code [G "90"]
init
= Code [G "00",Z 5]
-- creates an infinite list of absolute coordinates
createLine :: Int -> Int -> Int -> Int -> [(Int,Int)]
createLine x y incX incY = (x,y):createLine (x+incX) (y+incY) incX incY
-- takes a
finiteLine
finiteLine
finiteLine
finiteLine

list and returns a sublist containing the first n elements
:: Int -> [a] -> [a]
_ []
= []
0 _
= []
n (x:xs) = x : finiteLine (n-1) xs

-- takes an XY coordinate and return a block containing
-- all instructions needed to make a hole at such position
makeHole :: (Int,Int) -> [Block]
makeHole (x,y) = [posXY,down,up]
where up
= Code [Z 5]
down = Code [Z (-25)]
posXY = Code [X x,Y y]
Fig. 4. Example program nHolesLine
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Some Advantages of Haskell

In the following, we summarize the most significant advantages of Haskell for
CNC programming:
Data structures and recursion. Haskell allows the definition of complex data structures (such as 3D geometric pieces) or iterative ones (such as hole meshes)
that can be later manipulated and reused. A common way of defining and
manipulating such data structures is to use recursion. In Fig. 4, two lists,
line and nLine, are used to describe a set of specific positions of a piece. We
recursively apply a defined function to them by using a simple command.
Polymorphism. Functions in Haskell can be polymorphic, i.e., they can be applied
to different types (compare function length, which can be applied to lists of
any kind). In our context, this means that some functions can be reused in
many parts of the CNC program with different input data.
Higher-order functions. Higher-order facilities [4] are one of the main advantages
of Haskell over the rest of languages currently used for CNC programming,
incorporating a big amount of predefined higher-order functions allowing us
to optimize and minimize the size of the code with a high expressiveness.

Laziness. Haskell follows a lazy evaluation model [1, 16], which means that functions are evaluated on demand. This is particularly useful when dealing with
infinite data structures. For instance, consider a robot hand which performs
a specific movement each time a piece is under it. Thanks to laziness, we
can define the behavior of the robot hand by this infinite movement since it
will only be evaluated as much as needed. To the best of our knowledge, all
languages used in CNC programming lack of lazy evaluation (i.e., they are
strict languages with call by value evaluation).
Type checking system. Haskell includes a standard type inference algorithm during compilation. Type checking can be very useful to detect errors in a CNC
program, e.g., to detect that a drilling tool has not been separated from
the piece surface after its use. Since CNC programs are usually employed
in mass-production processes, program errors are very expensive. Therefore,
having built-in type error checkers provided by a high-level compiler represents a significant advantage over usual CNC programs written by hand.
Type classes. Type classes in Haskell provide a structured way to introduce overloaded 4 functions that must be supported by any type that is an instance
of that class [18]. This is a powerful concept that allows us, e.g, to arrange
together data structures (representing CNC machines) having a similar functionality and to define standard functions for such types. When introducing
a new data structure representing a CNC machine having a functionality
similar to an existing one, we can just derive it from such a class, applying
the existing functions to this data structure without re-writing any code.
Verification and heuristics. Haskell is a formal language with many facilities to
prove the correctness of programs [14]. This represents the main advantage
of our proposal compared with current languages being used for the same
purpose. Thus, formal verification of CNC programs can be performed to
demonstrate its termination, correctness, etc. Moreover, it makes possible
the application of heuristics to define the behavior of CNC machines (as
it happens with autonomous robots). This is subject of ongoing work and
justifies our choice of Haskell for CNC programming.
Furthermore, Haskell is amenable to formal verification by using theorem provers
such as Isabelle [10] or HOL [8], verification logics such as P-Logic [5], etc.
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Implementation Remarks

The implementation of a Haskell library to design and manipulate CNC programs has been undertaken. This library currently contains:
– an XML DTD properly defined to completely represent any CNC program,
– a specific Haskell data structure equivalent to the DTD, and
– a set of functions to build and test CNC programs.
4

While polymorphic functions have a single definition over many types, overloaded
functions have different definitions for different types.

In order to guarantee the portability of the CNC programs produced in our
setting, we have defined an XML DTD which is able to represent any CNC
program since it contains all the syntactic constructs specified in the standard
ISO 6983 [3], as well as the extensions proposed in [15, 17]. With this DTD,
we can properly define any CNC program and, with some Haskell translation
functions, automatically convert it to/from an equivalent Haskell data structure.
We have also implemented a library of functions which allows us to build
and transform the data structure representing CNC programs in a convenient
way. We provide several basic testing and debugging functions. Preliminary experiments are encouraging and point out the usefulness of our approach. More
information (the implementation of Haskell library, the XML DTD and some
examples) are publicly available at http://www.dsic.upv.es/~jsilva/cnc.

7

Conclusions and Future Work

This work proposes Haskell as a high-level language for the design and implementation of CNC programs. We have clarified its advantages over existing languages
for CNC programming. Besides typical high-level features—such as control sequence, recursion, rich data structures, polymorphism, etc.—Haskell provides
several advanced features like higher-order combinators, lazy evaluation, type
classes, etc. Furthermore, Haskell offers a clean semantics which allows the development of formal tools.
We have defined a Haskell data structure which is able to represent any
CNC program, allowing us to properly manipulate it by using Haskell features.
Furthermore, we implemented an XML DTD which is fully equivalent to the
Haskell data structure. This DTD ensures the portability of our programs among
applications and platforms.
Preliminary experiments are encouraging and point out the usefulness of our
approach. However, there is plenty of work to be done, like augmenting our library with other useful functions for making geometric figures, defining functions
for other CNC machines (lathes, milling machines, etc), defining libraries for assisting the user in the post-processing of CNC programs, defining a graphical
environment for simplifying the task of designing CNC programs, etc.
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