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Abstract 

The use of computer numerical control (CNC) routers has become extremely popular due to the high-

quality results that can be achieved. CNC machines are very versatile and can use different types of tools, 

making them able to perform a large variety of tasks, such as cutting, engraving and drilling different materials, 

like wood, plastic, or even hard metals like steel.  

To control the positioning of the CNC machine, G-code instructions are used. These instructions specify 

where and how fast the machine should move and are usually sent by an external computer application 

through a serial interface, such as USB interface. 

This project focuses on the development of a computer application to control a laser CNC machine, and 

generate the necessary G-code to design a generic engraved pattern, based on an image of the layout. A major 

application is the fabrication of printed circuit boards (PCB). 
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Resumo 

A utilização de roteadores com computadores numericamente controlados (CNC) tornou-se bastante 

popular devido aos resultados de alta qualidade que podem ser alcançados. As máquinas CNC são bastante 

versáteis e podem utilizar diferentes tipos de ferramentas, tornando-as capazes de executar uma grande 

variedade de tarefas, tais como o corte, a gravação e a perfuração de diferentes materiais, como a madeira, o 

plástico, ou mesmo metais como aço. 

Para controlar o posicionamento de uma máquina CNC, são utilizadas instruções G-code. Estas instruções 

especificam onde e quão rápido a máquina se deve movimentar, e são geralmente enviadas por uma aplicação 

num computador externo através de uma interface série, como por exemplo uma interface USB. 

Este projeto centra-se no desenvolvimento de uma aplicação para controlar uma máquina CNC a laser, e 

gerar o G-code necessário para desenhar um padrão genérico, baseado numa imagem do layout. A principal 

aplicação é o fabrico de placas de circuito impresso (PCB). 
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1.  Introduction 

1.1. Motivation 

Computer numerical controlled machines, or CNC machines, are incredibly versatile and allow the 

production of a variety of different types of products and devices. From milling to 3D printing and pick and 

place and from hard metal work to soft wood and plastics, CNC machines dominate the industry of mass 

production because of their automation, precision and reliability. CNCs utilize stepper and/or servo motors to 

control their positioning. These are in turn controlled by a microcontroller, which determines the amount and 

frequency of the steps that each motor should do, to move the tool to a certain position. 

Although a CNC machine is an amazing piece of technology it will not do anything unless it receives 

instructions. These instructions, commonly named G-codes, are usually stored in a flash memory or sent by an 

external computer and tell the CNC to where and how it should move and operate. The files that contain the 

instructions are generated from computer-aided design (CAD) software, which converts object models into     

G-code instructions.  

This project focuses on the development of an application to control and generate G-code instructions 

from normal image files, like Bitmap (BMP) or Portable Network Graphics (PNG), and also more complex vector 

files, like Scalable Vector Graphics (SVG), for a CNC with a laser, to cut and engrave drawings in soft materials 

like wood and plastic. 

 

1.2. Objectives 

This project focuses on the development of a software application to control a laser CNC machine and to 

generate the necessary G-code to design a generic engraved pattern, based on an image of the layout. The CNC 

to be used is the CBR-40 model, from Colinbus, and its movement and laser control will be implemented 

separately by a microcontroller unit, which in turn will be controlled by the software application.  

 

The application will include the following features: 

• Conversion of image files, either from raster or vector formats, to G-code tool paths. 

• Serial communication with the CNC microcontroller (MCU). 

• CNC general control, such as movement, configuration and calibration, through a graphical user 

interface (GUI). 

 

The main goal is to provide a simple solution to generate tool paths from an image file, without the need 

of a pre-vectorization or the use of more complex CAD files, such as the Gerber format. It should also provide a 
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safe way to operate the laser tool, and have in consideration its properties, such as the focal diameter and the 

exposure duration, when generating the tool paths.  

 

1.3. Document Organization 

The subsequent sections of this report will include the state of the art, the application development and 

the results and conclusions.  

In the state of the art most of the topics surrounding the tool path generation for CNC machines are 

described, as well as some of the most commonly used tool path methods and some image processing 

algorithms like image edge detection. It also includes a brief introduction to the most important G-code 

functions. 

The application development section is divided into two sub-sections. The first is related to the CNC 

control aspect, where all the GUI features that allow to control the CNC movements, preview and 

print/engrave G-code files, are explained. The second, and more technical, revolves around the tool pathing 

images, raster and vector, and all its topics and algorithms used. 

Finally, in the conclusions section, the most relevant topics of the state of the art and the application 

development are summarized, as well as some conclusions and possible improvements.  
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2.  State of the Art 

2.1. Computer Numerical Control 

A computer numerical control, or CNC, is a system that controls the functions of a machine, using coded 

instructions. Because its operation is fully automated, it is widely used in mass production industries, as it 

provides greater accuracy and precision than manual processes [1]. Most common CNC machines allow a 

three-axes movement control through either stepper or servo motors and, depending on the application, are 

used with a vast range of tools, such as drills, lasers or extruders. 

 

 

Figure 2.1 - Module of a three-axes CNC machine [2]. 

 

The control of the CNC machine is done by the NCK (Numerical Control Kernel), which can be implemented 

by a FPGA (Field-Programmable Gate Array) or, most commonly, by a MCU (Microcontroller Unit). The NCK 

translates instructions into physical actions, such as interpolation of the motor movements or the tool 

activations. These instructions can be manually written or generated by a computer-aided manufacturing 

(CAM) software and sent to the NCK or stored in memory for later use. 

 

2.2. Computer-Aided Manufacturing 

Computer-aided manufacturing software is used to program and control automated machine tools, such as 

robots, CNC and automated materials handling systems [3]. Most CAM instructions describe machine 

movements using vectors or coordinates, although they can also be used to change certain machine 

configurations. The most common CAM programming languages are the G-code and the Excellon. 
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2.2.1.  G-Code 

G-code is the most widely used CNC programming language, available in a variety, largely proprietary, of 

implementations. The instructions of G-code can indicate movement paths, either straight lines or curves, the 

speed of the movements, also known as feed rate, activate tool specific options and change the configurations 

of a machine. However, not all G-code instructions work for every CNC machine, as most automated machines 

have specific functions and cannot perform every task. For example, commands like temperature set/read of 

the extruder can only be used in 3D printers. In some cases, the same G-code instruction can represent two 

different actions in different CNC machines. Figure 2.2 shows an example of a G-code routine. The functions 

used in this routine are explained in more detail in the following Subsections.  

 

 

Figure 2.2 - Example of a G-code routine (left) and the result (right). 

 

A G-code instruction is composed by four sections: 

• Line, or block, identifier (optional). Example: “N01 …”. 

• Function identifier. Example: “G01 …”. 

• Parameters list, which can be empty. Example: “… X-10 F20” 

• Checksum value (optional), which is identified by the character ‘*’. Example: “…*36” 

 

There are two types of functions. Preparatory functions, which start with the letter ‘G’, and miscellaneous 

functions, which start with the letter ‘M’. Each function is identified by the corresponding letter and an integer 

number. The number of functions available depends on the CNC machine firmware. Note that some functions 

are specific to certain CNC machines, and other codes may be used for different functions in different 

machines. The functions available are usually stated by the manufactures of the CNC firmware. However, most 

CNC implementations support generic movement functions, like linear and circular movements. 

 

 

 



5 
 

Preparatory Functions 

Preparatory functions, or G-codes, are most commonly used to control the type of motion that should be 

used. They can also specify delay times, change units and coordinate systems. Some functions are dependent 

on the CNC machine in which the code will be used. The most common and essential G-code functions are 

described and exemplified in this Section. 

 

➢ G00 – Rapid Positioning 

Example: G00 X2 Y3 F70. 

 

 

Figure 2.3 - G-code rapid positioning function example. 

 

This function allows a fast positioning to the destination point B, specified by the axes parameters X, Y and 

Z, in millimeters, or inches. Not all the axes need to be specified and the point specified can be a relative or an 

absolute coordinate, depending on the configurations set by the functions G90 and G91, respectively. The 

movement is not necessarily in a single straight line, as shown in Figure 2.3, depending on the firmware 

implementation. The F parameter sets the feed rate for each stepper motor, in millimeters, or inches, per 

second. In this example, it would take around forty-three milliseconds to complete the entire path, when using 

a feed rate of seventy millimeters per second, for each stepper motor. The feed rate can also be omitted, and 

in this case a predefined value is used. 

 

➢ G01 – Linear Positioning 

Example: G01 X2 Y3 F70. 

 

 

Figure 2.4 - G-code linear positioning function example. 
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Sets a linear path to the specified point A. The CNC machine uses linear interpolation to determine the 

intermediate points to pass through, to create a straight line. The F parameter sets the feed rate of the tool, 

meaning that the stepper motors can have different speeds. In this example the X axis stepper motor must 

move at two thirds of the speed of the Y axis motor. Comparing with the function G00, and using a feed rate of 

seventy millimeters per second, the time it takes to complete this path is approximately fifty-two milliseconds, 

which is slower that that with the G00 function, but ensures that a straight line is followed.  

 

➢ G02 and G03 – Arc Movement 

These two functions allow an arc movement between two points. The direction of the arc is defined by the 

function G02 for clockwise (CW) and G03 for counter-clockwise (CCW). As G00 and G01, the destination point is 

defined by the X, Y and Z parameters. 

There are two ways to identify the radius of the arc: with the I, J and K parameters or with the R 

parameter. The I, J and K parameters specify the distance of the arc center to the starting point. These 

represent the X, Y and Z values, respectively, and at least one needs to be set. With the R parameter, only the 

radius of the arc is specified [4]. 

Example 1: G03 X4 Y4 J4 F70. 

 

 

Figure 2.5 - G-code counter-clockwise arc using I, J and K parameters. 

 

In Example 1, only the parameter J is specified, meaning that the X value of the center will be equal to the 

X value of the starting point. If the function G02 (G02 X4 Y4 J4 F70) would have been used instead, the result 

would be the one presented in Figure 2.6. 

 

 

Figure 2.6 - G-code clockwise arc using I, J and K parameteres. 
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The alternative with the R parameter (radius of the arc), for the expression used in Example 1, would be: G03 

X4 Y4 R2 F70. Note that the center does not need to be specified, because it can be determined by knowing the 

direction (CCW), the starting point (current location), the destination point, the radius and if the arc is less or 

more than 180°. This information is contained in the arithmetic signal of the radius. If it’s positive the arc will 

have less than 180°. To represent the arc in Figure 2.6 using the R parameter the following G-Code expression 

would be used:  G02 X4 Y4 R-2 F70. 

If the function G02 (G02 X4 Y4 R2 F70) would have been used instead, the result would be the one 

presented in Figure 2.7. 

 

 

Figure 2.7 - G-code clockwise arc using the R parameter. 

 

Example 2 (Starting in point A): G02 J2 F70  

 

 

Figure 2.8 - G-code clockwise arc positioning. 

 

If a destination point is not specified, a full circle will be designed. This is impossible to be done with the R 

parameter, because the center point of the arc cannot be determined, which leads to an infinite number of 

possible center points for circles around the point A. 

The design of more complex paths, like ellipses, requires approximations, by using multiple arcs or straight 

lines, as shown in Example 3 (Table 2.1).  
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Example 3 (Starting in point A, in Figure 2.9, and using absolute coordinates, G90): 

 

Table 2.1 - G-code ellipse example 

 

 

In this example, an approximation of an ellipse is made by designing four arcs (AB, BC, CD and DA), 

centered in four different points (E, F, G and H). 

 

 

Figure 2.9 - G-code ellipse design. 

 

In all these three examples the arcs are aligned with the X and Y plane. There are two other planes where 

the arcs can be designed: X and Z plane and Y and Z plane. The selection of the plane is done through the call of 

one of the following functions: G17 (X and Y), G18 (X and Z) or G19 (Y and Z). These functions don’t require any 

parameters. 

 

➢ Other G-codes 

Some G-codes are also used to set/change configurations related with the movement of the stepper 

motors. For example, G04 is used to set time delays, with a parameter P specifying the delay time in 

milliseconds, G90 and G91 are used to set absolute or relative coordinate systems, respectively, and G20 and 

G21 are used to set the units to inches or millimeters, respectively. 



9 
 

Another useful function is G05, which is used to set a deep look-ahead buffer of G-code instructions. What 

it does is, instead of reading or receiving one instruction at a time, it stores and processes a block of 

instructions. This allows a much better axis movement acceleration and deceleration, that is, a more precise 

and smooth movement of the stepper motors. A parameter P is used to set the buffer size. 

 

Miscellaneous Functions 

Miscellaneous functions, or M-codes, are auxiliary commands, and most are used to activate certain 

machine functions. These functions can drastically change among the different CNC firmwares. However, in 

almost all of them, the M00 is used for an unconditional stop, or emergency stop and M02 is used to identify 

the end of program. In the case of a laser CNC, M03 is used to turn on and set the power of the laser, with the 

parameter S, and M05 is used to turn it off. In the case of a milling machine with a normal drill, these two 

functions have the same meaning, however the S parameter sets the drill speed.  

 

Parameters 

The parameters identifiers use the same rule as the functions, a letter followed by a number. However, in 

the parameters, the number can be fractional and have a negative value. Table 2.2 describes the most 

commonly used G-code parameters for CNC milling machines [5]. 

 

Table 2.2 - Most commonly used G-code parameters 

 

 

Some CNC machines allow the use of some parameters, like tool selection or feed rate, without being 

associated with any function. Other parameters, not presented in Table 2.2, may have more than one function, 

depending on the CNC machine that the code will be applied. For instance, the parameter E represents the 

extrusion rate in 3D printers [6], but in lathes or milling machines it indicates the feed rate precision for 

threading. 
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2.2.2.  Excellon 

Excellon is another CAM programming language, simpler than G-code, and more oriented to drilling CNC 

machines. In can directly indicate coordinates to drill, using only X and Y parameters. It doesn’t use the Z axis, 

which can be useful to focus the laser of a laser CNC machine, and cannot trace lines and curves. It also doesn’t 

have the G-code flexibility to customize M-functions, for specific CNC configurations. 

In PCB manufacturing, Excellon is used to specify the routines to drill the circuit pads and vias, and all the 

rest (copper layer, solder mask and labels) is designed with Gerber and later converted to G-code. 

 

Code example of Excellon [7] and the result: 

 

 

Figure 2.10 - Example of a Excellon routine (left) and the result (right). 

 

In this example (Figure 2.10), the function M48 marks the start, and M30 the end, of the routine, M71 

indicates the referential used is absolute and T01C0.1 sets the tool number one diameter to 0.1 millimeters. 

 

2.3. Computer-Aided Design and Gerber Format 

The design and the CAM implementation of an object can, most of the times, be difficult and complex. 

Usually a computer-aided design (CAD) software is used, to aid the project of an object and often even provide 

a graphical interface to enable an easy creation and/or edition. Most CAD files can’t be directly used by 

machines and need to be converted to a CAM language. An example of this is the production of printed circuit 

boards, using software applications like EAGLE, that generate a Gerber file (which is a CAD representation of a 

PCB mask) which is then converted to G-code, using most of the times CNC proprietary programs. However, 

some CAD applications can directly generate CAM codes, like Excellon (which is a CAM programming language) 

code generated from EAGLE. The most common CAD format to represent 2D layouts is the Gerber format yet, 

normal raster image files, like Bitmap (BMP) or Portable Network Graphics (PNG) can also be used, despite 

their lack of information regarding dimensions (millimeters or inches). The most used format to represent 3D 
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objects is the Stereolithography Tessellation Language (STL). However, the design of a 3D object is not the 

focus of this project. 

Gerber is an open ASCII vector format for 2D binary images and the de facto standard for printed circuit 

board image data transfer [8]. It consists of X and Y coordinates supplemented by commands that define where 

the image starts, what shape it will take, and where it ends. Additionally, the Gerber data contains aperture1 

information, which defines the shape and sizes of the lines, holes and other features [9]. Figure 2.11 shows an 

example of a Gerber image, with its information. 

 

 

Figure 2.11 - Gerber data (left) and result image (right) [8]. 

 

There are three major versions of Gerber formats: 

• RS-274D is an older and obsolete version, developed by Gerber Systems Corp., and doesn’t 

contain any information about the coordinate units and the definition of the apertures. As such, 

an additional aperture or wheel file is required [10].   

• RS-274X, also known as extended Gerber or X-Gerber, is a superset of RS-274D and includes the 

format, unit and data information of the apertures. It also has custom aperture definitions, special 

polygon fill commands and multiple layers embedded in a single file [11].  

• Gerber X2 is the current Gerber format, developed by Ucamco and made available in November 

2013. It has more attributes, such as surface-mount devices (SMD) and via pads, top copper layer 

and solder mask, drill tolerances and more [12]. 

 

A Gerber file is composed by a header and the vector instructions that draw the figures. The header 

instructions are surrounded by the ‘%’ character, and indicate the file format characteristic (%FS…*%), such as 

                                                                 
 

 

1  Apertures are basic shapes, like fonts in a PDF file. 
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coordinates decimal places and absolute or incremental representation, the units (%MOMM*% for millimeter 

or %MOIN*% for inches), image polarity and aperture definitions [13].  

Apertures use the code D plus the code number, which is 10 or above, and are initialized in the header 

with the ‘%ADD{code}{Figure type},{dimensions}% command. There are four figure types: ‘C’ for circles, ‘R’ for 

rectangles, ‘O’ for Obrounds2 and ‘P’ for regular polygons [8]. 

When designing figures, the movement of the cursor is made using the coordinates of the destination 

point, and the type of movement (Example: ‘X200Y200D01*’). There are three movement types: ‘D01’ moves 

to the target location while drawing; ‘D02’ simply moves to the target location, without drawing; ‘D03’ only 

draws at the target destination [14] and is mostly used in drill files. These movement types are employed when 

drawing figures, which can be done in two different ways: Multi-aperture fill and Polygon fill [13]. Both ways of 

designing can be used within the same file.  

Multi-aperture fill designs figures using the aperture defined in the header. Polygon fill designs are 

initiated by the command ‘G36*’ and ended by the command ‘G37*’ and do not use any aperture, as it just 

defines the contours of the polygons. This property is especially useful when implementing an image 

vectorization, to convert raster images to the Gerber format, as the image tracing results can be directly 

converted. Figure 2.11 illustrates an example of a Polygon fill design. 

 

2.4. Image Formats 

Images can be represented in two different major formats: a raster format and a vector format. The raster 

format stores the information of each pixel, while the vector format uses basic shapes, like polygons, to 

represent an image. 

 

2.4.1. Raster Image 

Raster images consist on a grid of pixels, also known as bitmap. Each pixel contains the color information 

for a specific image coordinate. The raster image resolution is defined by the density of the pixels, and it’s 

usually measured in dots per inch, or DPI. Changing the scale of the image, by either stretching or contracting, 

will deform it, resulting in the appearance of blur or artifacts, also called “Jaggies” [15].  

There are several formats of raster images, the most popular ones being the Bitmap (BMP), the Joint 

Photographic Experts Group (JPEG) and the Portable Network Graphics (PNG). Both JPEG and PNG use data 

compression, the former is lossy and the latter is lossless. This means JPEG image files tend to have a poor 

quality, with a lot of artifacts, when compared to PNG images. 

 

                                                                 
 

 

2 An obround is a shape consisting of two semicircles connected by parallel lines tangent to their endpoints. 
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Figure 2.12 - Monochromatic BMP image example. 

 

Figure 2.12 illustrates a monochromatic BMP image, and the values of its pixels. It is the simplest BMP 

format and only uses one bit to identify the color. Other formats may use up to thirty-two bits per pixel (BPP).  

 

2.4.2. Vector Image 

Vector images differ from raster images in that they are object-based rather than pixel-based. Instead of 

bitmapping, they use vectors to represent lines, curves and shapes with editable attributes like color, fill and 

outline [15]. Because of this, vector images don’t depend on resolution, has they are scalable to any size 

without losing quality.  

 

 

Figure 2.13 – Vector image example. 

 

The two most common formats are the Scalable Vector Graphics (SVG), which is a XML-based vector image 

and the Gerber format, described in the Section 2.3, which is the most used format to represent 2D layout 

images of PCBs. Some document applications, like Adobe’s Portable Document Format (PDF), use both pixel 

and vector data. These are known as compound formats. Figure 2.13 illustrates an SVG image and the corners 

used for its vectors. 
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2.5. Tool Pathing 

Tool pathing is the process of generating CAM instructions from an image representation, either from a 

CAD image format or just a regular raster image. This process is entirely dependent on the type of machine in 

use, either being milling or cutting, and its tool, for example drill or laser. Because of this, tool pathing can be 

implemented to follow the edge of a figure or to create a path to pass through the inside, or outside, of the 

entire figure, depending on the application. It also depends on the source image format, raster or vector. In the 

industry, a vector representation is normally used, such as the Gerber format, as it contains information 

relative to physical dimensions. Tool paths generated from raster images often have less quality, with staircase-

like edges, depending on the image pixel density. However, they can be used to generate filling paths (or 

roughing paths), which are used to path large image segments, because they are more easily to map solid 

figures. On the other hand, vector images are better to path the edges, or finishing paths, as the vectors/paths 

are already defined. However, they are slightly more complicated when it comes to pathing the inside part of a 

figure, and can generate overlaps in the paths, which can cause problems in a laser CNC. A solution to this is to 

rasterize the vector image and use the raster version to fill the figures. This process is illustrated in Figure 2.14. 

 

 

Figure 2.14 - Tool pathing of vector images. 

 

A similar process can be applied to the tool pathing of raster images, using vectorization processes to 

generate the finish path. The filling paths can be generated in several different ways. The two most common 

are the Zig-Zag method and the counter-parallel, or spiral method. 

 

2.5.1.  Zig-Zag Method 

In the zig-zag method the tool moves back and forth, parallel to the vector of direction. It is designed to 

optimize the amount of straight line motion of the tool and is mostly used for roughing. The milling can be 

bidirectional or unidirectional, in which the tool is only activated in one of the directions and as soon as it 

finishes the tool is rapidly repositioned on a new parallel line [16]. The unidirectional path is mostly used on 

specific drill tools, to cut/engrave the material along or against the spindle, see Figure 2.15. 
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Figure 2.15 - Zig-zag bidirectional (left) and unidirectional (right) tool path [16]. 

 

The contour of an object is done by either passing through it, while retracting or disabling the tool, or 

going around it. The time efficiency of both methods is dependent on the tool, the CNC machine and on the 

image, that is going to be designed, but the first reduces the number of turns and stops and the second reduces 

the total path length. A combination of both can be used to create the most time efficient path, see Figure 

2.16. 

 

 

Figure 2.16 - Zig-zag contour path methods: retracting/disabling (left) and going around (right). 

 

There are also other variants of this strategy that include the use of arcs, or even the shape of the 

boundary of a part as references for the zig-zag path, as shown in Figure 2.17. 

 

 

Figure 2.17 – Using an arc (left) or the boundary of a part (right) as a base curve in the zig-zag tool path [17]. 

 

The zig-zag tool path has the disadvantage of creating many stop and turn points, which may increase the 

time it takes to machine something. 
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2.5.2. Contour-Parallel Method 

In the counter-parallel strategy the tool moves in a series of closed paths and uses extra cutter path 

segments to link each closed path. Most common implementations use offset curves of the boundaries of the 

objects as the closed paths. This method involves more intense computations than the zig-zag method and, in 

most cases, is only more efficient with simple shapes [17], as shown in Figure 2.18 and Figure 2.19. 

 

 

Figure 2.18 – Pathing of a simple shape: Contour-parallel tool path (left) and zig-zag tool path (right) [17]. 

 

 

Figure 2.19  - Pathing of a complex shape: Contour-parallel tool path (left) and zig-zag tool path (right) [17]. 

 

Because of this, some tool-pathing algorithms first simulate the paths by the two methods and then 

choose the most efficient to actually machine the job [17].  

 

2.5.3.  Edge Detection Algorithms 

When tool-pathing a raster image, if the desired result are just the edges of the figures, image filters can 

be applied to the image, before tool-pathing, to leave just the edge pixels. There are several image processing 

algorithms for edge detection, which can be divided into two groups: gradient and Laplacian [18]. The gradient 

methods use the first-order derivative of the image to detect edges by identifying local maxima and minima. 

Some examples of the gradient methods are the differential operators like Roberts cross operator, the Sobel 

operator, the Prewitt operator and the Canny edge detector [19]. The Laplacian methods looks for the zero 

crossings in the second derivative of the image [18]. These methods are more complex and are usually 

employed in colored images. They also use a Gaussian smoothing technique to achieve noise reduction. 

Another algorithm is the SXOR (Simple XOR based) image edge detection [20]. These algorithms are briefly 

explained in the next Subsections. 
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Differential Operator Algorithms 

One of the first edge detectors implemented was the Robert’s cross operator, proposed by Lawrence 

Roberts in 1963 and consists on the sum of the squares of the differences between diagonally adjacent pixels 

to create an approximation of the gradient of an image through a discrete differentiation [21]. This algorithm 

uses a pair of two by two kernels3, as show in Figure 2.20. 

 

 

Figure 2.20 – Robert’s cross operator [20].  

 

These kernels are designed to respond maximally to edges running at 45o to the pixel grid, one for each of 

the two perpendicular orientations [19]. Each kernel is convolved separately with the original image pixel 

matrix, originating two measurements of the gradient component, called 𝐺𝑥  and 𝐺𝑦. The combination of the 

two forms the absolute magnitude of the gradient at each point, as equation (1) illustrates [19]. 

 

|𝐺| = √𝐺𝑥
2 + 𝐺𝑦

2 ≈ |𝐺𝑥| + |𝐺𝑦| (1) 

 

For grayscale or colored image, an additional threshold value needs to be set. This value depends on the 

image quality and the range of values of the gradient. In black and white (BW) images, the resulting matrix only 

has the values zero (no gradient change), one (corner) and two (edge). The angle of orientation of the edge 

relative to the pixel grid is given by [19]: 

 

𝜃 = tan−1(𝐺𝑦/𝐺𝑥) − 3𝜋/4 (2)                                                                

 

For a faster processing alternative, a pseudo-convolution kernel is used, shown in Figure 2.21. 

 

                                                                 
 

 

3 A kernel is a mask, or a small matrix, used in many image processing operations, such as blurring, sharpening, 
embossing, edge detection, and more. These image processing operations are the result of the convolution of 
different kernels with the original image. 
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Figure 2.21 - Pseudo-convolution kernel for Robert’s cross operator [19]. 

  

With this approach, the total magnitude of the gradient is defined by: 

 

|𝐺| = |𝑃1 − 𝑃4| + |𝑃2 − 𝑃3| (3) 

 

This alternative allows the same result, with a single pass over the input image [19]. 

Other algorithms, based on the Robert’s cross operator, are the Prewitt and Sobel operators. These use 

the same principle but apply different kernels to the convolution. 

 

 

Figure 2.22 - Prewitt Operator Kernels. 

 

 

Figure 2.23 - Sobel Operator Kernels 

 

Like the Robert’s cross operator, a pseudo-convolution can be used to simplify the process, with the kernel 

shown in Figure 2.24. 

 

 

Figure 2.24 - Pseudo-convolution kernel, for Sobel or Prewitt Operator [22]. 

In this approach, the total magnitude of the gradient is defined by [22]: 
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|𝐺| = |(𝑃3 + 𝑎𝑃6 + 𝑃9) − (𝑃1 + 𝑎𝑃4 + 𝑃7)| + |(𝑃1 + 𝑎𝑃2 + 𝑃3) − (𝑃7 + 𝑎𝑃8 + 𝑃9)| (4) 

 

Where 𝑎 = 1 for the Prewitt operator, and 𝑎 = 2 for the Sobel operator. 

These algorithms tend to produce better, less noisy results in grayscale and colored images, but require 

more processing. The Sobel operator is more sensitive to the diagonal edge and the Prewitt operator is more 

sensitive to horizontal and vertical edges [23]. 

 

SXOR Algorithm 

The simple XOR based image edge detection algorithm, introduced by Adrian Diaconu and Ion Sima [20], is 

a simple and very effective solution for edge detection in BW or grayscale images. As the name suggests, this 

algorithm is based on the bitwise XOR logical operation and its structure, for a BW image represented by a 

matrix 𝐼0 of the pixel values of size 𝑚 ×  𝑛, is as follows [20]:  

a) Detection of horizontal edges: 

For 𝑖 = 1:𝑚, 

𝐼𝐻𝐸(𝑖, ∶) = 𝐼0(𝑖, : ) ⊕ 𝐼0(𝑖 + 1, : )                                                                                          (5) 

b) Detection of vertical edges: 

For 𝑗 = 1: 𝑛, 

𝐼𝑉𝐸(: , 𝑗) = 𝐼0(: , 𝑗) ⊕ 𝐼0(: , 𝑗 + 1)                                                                                          (6) 

 

c) Image edge computation: 

For 𝑖 = 1:𝑚 and For 𝑗 = 1: 𝑛, 

𝐼𝐻𝑉𝐸(𝑖, 𝑗) = 𝐼𝐻𝐸(𝑖, 𝑗) ∨ 𝐼𝑉𝐸(𝑖, 𝑗)                                                                                                (7) 

 

The symbol ⊕ represents the bitwise XOR logical operation and the symbol ∨ the bitwise OR logical 

operation. Figure 2.25 shows an example result of this algorithm. 

 

 

Figure 2.25 - SXOR edge detection: original image(left) and processed image(right) [22]. 

 

The SXOR algorithm offers a simple solution for edge detection in BW or grayscale images, with 

considerable less error and noise sensitivity when compared to other edge detection methods like the Sobel or 

Prewitt operators [20]. 
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3.  Application Development 

3.1. Application Structure 

The application was developed in C#, to be supported in any Windows machine with at least the .NET 

Framework version 4.5 and uses the Windows Forms (WinForms) library to implement the graphical user 

interface (GUI). The application is event-driven, meaning that it only processes information when a new event 

is called/invoked, from either a button press or a new serial message. When there is nothing else to be 

processed all its threads are suspended, freeing the processor for any other applications that the computer 

might be running. Figure 3.1 illustrates the application structure.  

 

 

Figure 3.1 - Application Structure. 

 

The GUI Event Manager is the main class of the application and it is responsible for initializing all the GUI 

components (buttons, panels, etc.), as well as all its event handlers.  To prevent any GUI lag or freeze, all the 

time-consuming tasks are executed in background threads, leaving the GUI event manager free to process any 

new events. The CNC Control Manager (CNC-CM) handles every interaction between the CNC machine and the 

application. It allows the control of the CNC movement, the laser power and the set/change of some properties 

like the distance units or home position. All these properties are synchronized with the Configurations 

Manager, allowing the application to display the current settings. The configurations are also saved in a file, so 

that the application loads the previous session settings on start up.  The CNC-CM also handles the printing and 

simulation of a G-Code file. The file is automatically simulated after loading, or after any related configuration 

is changed, for example if the home position changes. Finally, the Tool Pathing Manager (TPM) handles every 

process related with image operations, including all the pre tool-pathing operations like image filters and SVG 

image file format conversions.  
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3.2. CNC Control Manager (CNC-CM) 

As mentioned in the previous sub-section, the CNC Control Manager handles every interaction between 

the CNC machine and the application. The GUI offers the basic controls for moving and calibrating the CNC, 

such as positioning control, speed, laser power, move and/or set of custom home position. It also provides 

information relative to the tool location via both numeric displays, for each axis, and a panel with the 2D 

representation of the CNC print area. This panel also displays the result of the simulation of a G-Code file. 

There is also a serial console that can be used for both reading and sending G-Code commands and reading 

warning and error messages. Figure 3.2 shows the application after loading a G-Code file. 

 

 

Figure 3.2 - Application: G-code preview. 

 

The GUI has three main states of display: Disconnected, Manual Control and Printing. GUI elements, such 

as buttons, are disabled or enabled depending on the current state. Figure 3.3 shows the application in the 

disconnected state. 

 

 

Figure 3.3 - Application: Disconnected state. 
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During the disconnected state, only the connect button and the combo box, that allows the COM port 

selection, are enabled. In the manual control state, all elements (apart from the file related fields) are enabled. 

In the printing state, only the file related fields are enabled and the user is also unable to send commands 

through the serial console. All these states and controls are handled by the GUI Event Manager. 

The CNC-CM operates in a background worker thread, which is active whenever a new command or file are 

sent or a new G-Code file is simulated. Receiving commands from the CNC are handled in two ways: when 

printing a file or sending commands the received messages are handled by the background worker; when the 

worker is idle (not sending anything) the received messages are handled as asynchronous events. The 

messages that are usually handled asynchronously are the start, stop and hardware fault warnings, which may 

force a state change or the sending of a command sequence. For example, when a start message is received, a 

sequence of initialization and calibration commands are sent. The hardware fault forces the disconnection of 

the application, freeing all the COM port resources. 

 The unified modeling language (UML) class diagram of the CNC-CM is represented in the Figure 3.4: 

 

 

Figure 3.4 - UML class diagram of the CNC-CM. 

 

The class COM_Port implements the basic serial communication functions, such as send and receive and 

allows connection control and validation by handling any exception that may occur during the connection, like 

unauthorized access to a port already in use. It also sets a watchdog to check, every few seconds, if the 

connection is still valid, keeping the application updated on the connection status. Both send and receive 

operations have two implementations, one synchronous and one asynchronous. The synchronous method uses 

a queue to store or wait for new messages, in a producer-consumer like communication. This allows the 

application to wait for the acknowledge of commands in a sleep-mode state, without actively checking the 

input buffer for new messages. The asynchronous method main purpose is to directly update the serial monitor 

panel while not interfering with the communication queue. It is also used to check critical warning messages 

(start, stop and hardware fault). However, this functionality is not implemented in the COM_Port class, but 

instead on its derivative class, CNC. 
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The CNC class is the core of the CNC-CM and extends the functionality of the COM_Port class by 

controlling the flow of information between the CNC and the application. It also handles error messages, 

resending commands if necessary, and allows the pausing and/or stopping of a printing file operation. In 

addition, it includes a set of functions that allow an easy interface with the GUI Event Handle for sending 

singular commands like a linear movement or a “move to home” command. There are two background worker 

threads, managed by the CNC class: one for the communication (sending commands and/or files) and one for 

simulating G-Code files.  

The communication thread executes only when there’s a list of commands to be sent to the CNC. This 

operation can be both paused or canceled through external signals from the GUI Event Manager and its 

progress is updated on every new acknowledge received (“ok” in G-Code), allowing the application to display 

the current position and configurations. Figure 3.5 illustrates the flow chart of the processes involved in the 

communication thread.  

 

Figure 3.5 - Flow chart of the processes involved in the communication thread. 

 

As mentioned before, waiting for a new message (“Get Response from Queue” in the flow chart) uses a 

producer-consumer-like communication, through a queue which allows the communication to wait without 

actively checking the input buffer. However, a time out is used to both check the cancellation and pausing 

signals. If none is set, the thread returns to its waiting state.  

As for the simulation thread, it is executed whenever a new file is loaded or when the home position is 

changed, while a file is loaded. Figure 3.6 illustrates its flow chart. 
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Figure 3.6 - Flow chart of the simulation thread. 

 

The simulation validates the syntax of every command and checks if a G-Code instruction might send the 

CNC tool to a position out of the boundaries of the CNC, which might be corrected by setting the home position 

in a different location. It also takes into consideration the configurations, such as units and relative/absolute 

movement, set when the simulation starts and possible changes that may occur during the printing operation. 

Every valid movement instruction, both lines and arcs, is drawn in an image which is displayed at the end of the 

simulation. This includes the arc movements, which in order to be drawn using the default system functions 

(System.Drawing .NET Library) require the calculation of the starting angle, relative to the X axis, and the 

sweeping angle, relative to the starting point. It is also required to determine the center point in the case of the 

arc functions defined with the radius, which is explained in detail in the appendix A. These functions and 

calculations are implemented by the Math_Utilities and Graphic_Utilities classes. 
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3.3. Configurations Manager (CM) 

The Configuration Manager handles all the settings, which include the connectivity settings, the tool-

pathing configurations and the general CNC properties. All of these can be access in the Configurations tab, as 

shown in Figure 3.7. All configurations are stored in a file, so any change isn’t lost after the application close. 

 

 

Figure 3.7 - Application configurations menu. 

 

The connectivity settings allow the change of the baud-rate and the line terminator (the last character(s)) 

of the serial communication. The communication can also be set to ignore anything transmitted by the CNC, for 

debugging purposes. In the tool-pathing configurations, the power and diameter of the laser can be configured 

as well as the feedrate that it should move. A report containing all the performance statistics, like the time it 

took the process an image, can also be set to be generated. Finally, the CNC properties, such as its dimensions 

and number of motor steps, can be adapt so that the application can operate in machines with different 

characteristics. The home position and the unit system can also be change here. 

 

3.4. Tool Pathing Manager (TPM) 

The Tool Pathing Manager handles all image processing operations required by the tool-pathing. This 

includes image filters, which can increase or reduce the amount of details on an image, image scaling and 

pathing, SVG image parsing and a tool path previewer, similar to the G-Code simulator of the CNC-CM. Figure 

3.8 shows the application previewing a generated tool-path. 
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Figure 3.8 - Application: Tool path result preview. 

 

The application supports both raster (either BMP or PNG files) and vector (SVG) images and both types are 

handled differently by the TPM.  

 

3.4.1. Raster Image 

As mentioned in the Section 2.4.1, raster images consist on a grid of pixels, where each pixel stores the 

color information of a small square section of the image. Because of this, they do not allow a very accurate 

depiction of figures, as any line that is not vertical or horizontal is represented as a staircase-like line. 

The application offers the possibility of tool pathing the entire image or just the edges around the figures, 

using edge detecting filters, and provides some other quality improving filters, such as sharp and blur. These 

filters are chosen and applied before the tool path process and the result is displayed on a picture panel. The 

UML class diagram of all the classes used for the tool pathing of a raster image is illustrated in Figure 3.9. 
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Figure 3.9 - UML class diagram of all the classes used for the tool pathing of raster images. 

 

The Image_Manager class manages all the image pre-tool pathing functions, and all the tool pathing 

controls, such as pause and cancel. It controls which image is displayed by the GUI and keeps a small list of 

images, with different filters, for a faster update of the image previewer on the GUI. It also makes sure that all 

resources are freed every time an image is closed. 

 

Image Filters 

The image filters implemented by the IMG_Filters class are the color to black and white, color inversion, 

sharp, blur and four different edge detection filters: SXOR, Robert’s cross, Sobel and Prewitt operators. The 

image filters are implemented in multi-thread, processing each horizontal line of pixels in parallel, which can 

speed up the process up to eight times, depending on the central processing unit (CPU) number of processors.  

 

➢ Color to Black and White 

The color to BW filter is the most used because the tool pathing can’t be performed in colored images. To 

convert it to a BW version it is necessary to convert it to a gray scale version first. A simple red, green and blue 

(RBG) image uses 24 bits per pixel to store the color information, 8 bits per color. The gray scale image 

compresses the color information to 8 bits total by applying the following expression, using the standard color 

TV and video system, to each pixel [24]: 

 

𝐺𝑟𝑎𝑦 𝐶𝑜𝑙𝑜𝑟 = 0.3 × 𝑅𝑒𝑑 𝐶𝑜𝑙𝑜𝑟 + 0.59 × 𝐺𝑟𝑒𝑒𝑛 𝐶𝑜𝑙𝑜𝑟 + 0.11 × 𝐵𝑙𝑢𝑒 𝐶𝑜𝑙𝑜𝑟 (8) 
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The resulting Gray Color value is compared with a threshold value, between 0 and 255 (the higher the 

value the lighter the gray color), resulting in an image with a single bit per pixel, where the value 0 is a black 

pixel and a value of 1 is a white pixel. 

 

 

Figure 3.10 - Comparison between the original RGB image(Left) with a BW version with 20% depth(Middle) and 80%(Right). 

 

Nine different versions of BW versions are stored at the same time by the Image_Manager class, with 

depth values between 10% (threshold of 25) and 90% (threshold of 230), to allow a faster GUI update. Every 

time a new filter (other than the color to black and white) is applied, the nine BW versions are replaced with 

new ones. 

 

➢ Color Inversion 

The Color inversion filter, or negative filter, changes the color of each pixel to the respective inverse. In a 

BW image, it swaps all pixels with 1 to 0 and vice-versa. In an RGB image, it applies the following expression to 

the three color components: 

 

𝐼𝑛𝑣𝑒𝑟𝑠𝑒 𝐶𝑜𝑙𝑜𝑟 = 255 − 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐶𝑜𝑙𝑜𝑟 (9) 

 

 

Figure 3.11 - Comparison between the original RGB and BW images(Left) with their negative version(Right). 
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➢ Sharp and Blur 

The sharp and blur filters are used to increase or decrease the image details, respectively. These use the 

kernel convolution, explained in the Section 2.5.3, with the kernels illustrated in Figure 3.12. 

 

 

Figure 3.12 - Sharp kernel (Left) and blur kernel (Right). 

 

The filters are only applied if the user chooses to, through the user interface, and they are only applied to 

the color image version, or original version, and afterwards nine new black and white images are determined. 

The blur filter is a low-pass filter and is useful to remove noise from the image, especially prior to the 

application of an edge detection filter. The sharp filter is a high-pass filter and can be used to enhance minute 

details in the image. 

 

 

Figure 3.13 - Comparison between the original image (Left), the sharpen version (Middle) and the blurred version (Right). 

 

➢ Edge Detection 

The implemented edge detection filters are the SXOR, Robert’s cross, Sobel and Prewitt operators. All the 

implementation methods are described in the Section 2.5.3 and result in the value of the gradient’s magnitude 

for each pixel. Except for the SXOR algorithm, the resulting gradient can be compared with different threshold 

values, to increase and decrease the edge detection sensitivity. As mentioned before, applying the blur filter 

before one of the edge detections can significatively reduce the noise in the image. 
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Figure 3.14 - Edge detection without blur (Left) and with blur (Right). 

 

Image Tool Pathing 

The image tool pathing is implemented by the IMG_ToolPathing class, and is executed in a background 

thread, just like the CNC communication and the G-Code simulation. It is divided in five steps: Pixel density 

adjustment; Image segmentation; Segment pathing; Segment Connection and last, but defiantly not least, the 

G-Code file generation. 

 

➢ Pixel Density Adjustment 

To better fit the tool paths within the image pixels, without overlapping, the image pixel density (pixels per 

inch) can be scaled so that each pixel has the same width (and height) of the tool diameter. This can introduce 

a small deviation in the image total size, as the tool diameter is not always as multiple of the image original 

size. However, this deviation is usually negligible because the laser diameter is very small (under 0.2mm). 

The image pixel density scaling consists in the resampling of the pixels, using one of the following 

interpolations (available in the System.Drawing.Drawing2D .NET library): nearest neighbor and bicubic 

interpolation. The nearest neighbor is the simplest interpolation method and it preserves the image pixel 

arrangement, as the new pixels color are equal to the nearest original pixel. It is only used in very small images, 

for example 100 by 100 pixel image, to enable the printing of pixel-art images. If used in bigger images it will 

enlarge the pixel staircase effect in diagonal lines. The bicubic interpolation offers a much more smoother 

scaling due to the cubic spline used to calculate the color of the new pixels, as it takes into consideration the 

color of the pixels surrounding the original pixel (bicubic interpolation considers 16 pixels, 4 by 4) [25]. Using 

this interpolation on an 8-bit BW image, where the value 0 is the black color and 255 white, requires a BW 

conversion after interpolation. The bicubic interpolation is also used when the image pixel density needs to be 

reduced (laser size bigger then original pixel), although in this situation the resulting image has a much bigger 

deviation from the original, and in extreme cases the image can be completely distorted. 
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Figure 3.15 - Image interpolation: Original image (Middle), nearest neighbor (Left) and bicubic (right). 

 

After the pixel density adjustment, the BW bitmap image is also converted to a two-dimensional bit array, 

using the BitArray2D class (based on the Java2s implementation [26]), in order to utilize less memory in the 

tool-pathing processes that follow. This reduces the image size by eight times, which is extremely important for 

larger images. The BitArray2D bits do not contain information about the color, but instead which pixels are to 

be pathed, marked or removed by the tool. A value of 1 means it is to be removed.   

 

➢ Image Segmentation 

To improve the time it takes to generate the tool path, a multi-thread approach is taken, where the image 

is divided into several segments, to be processed in parallel. The way that the image is divided is different for 

each of the two implemented tool pathing algorithms. With the Zig-Zag tool pathing, each line of pixels (rows if 

the number of rows is less than the number of columns, columns otherwise) is processed in parallel. With the 

contour-parallel tool pathing, or spiral, the image is split into isolated pixel ‘islands’, or segments, as illustrated 

in Figure 3.16. 

 

 

Figure 3.16 - Pixel segmentation in the spiral method. Each color represents a different segment. 

 

The division of the image into segments, when using the spiral tool pathing, is done in two parts, one to 

find new segments and one to find all the pixels in each segment. A second set of a BitArray2D is used to keep 

track of all the processed pixels. Every time a new pixel that has not been processed and is marked to be path is 

found, a new list of all the pixels contained in that segment of pixels is created.  

To find all the pixels of a segment, a search algorithm based on Dijkstra’s shortest-path algorithm is used 

[27]. Once a new pixel to remove is found it is added to a linked list. All its neighbor pixels (above, below, left 
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and right pixels) are then checked and all that are marked to be removed are also added to the list. This cycle is 

repeated every time a new pixel is added to the list, or in other words until every pixel contained in the 

segment is marked as processed. The flowchart of this search process is represented in Figure 3.17. 

 

 

Figure 3.17 - Segment pixel search flow chart. 

 

When the list is completed it is then converted to a structure containing a new BitArray2D class, with just 

the necessary dimensions to store the segment. If, for example, the segment was a square composed of four 

pixels, the width and height of the BitArray2D representation would have a value of two. The structure also 

contains a reference point, with the offset values of the segment with respect to the bottom left corner of the 

total image. After processing a segment, the search for new segments resumes, skipping all the already 

processed pixels, until all pixels have been marked has processed.  

 

➢ Segment Pathing 

The pathing of the segments, generated in the previous step, consists in finding and listing all the necessary 

lines to cover all the segment pixels. The initial unpathed segments are stored in a list which is processed in 

parallel, in both spiral and zig-zag methods, and the result is stored in a new list, which contains a sub-list of 

lines (ToolLine) per segment. The ToolLine class is used to store the information relative to each line path, 

including the starting and ending points and whether or not the tool should be active.  

On the spiral method, the path lines are drawn between two corners of the outer edge of the image. Once 

the outer edge is completed, the path moves inward until either every pixel is pathed, or a dead end is reached. 

If a dead end is reached, the remaining pixels became a new segment, and the process is repeated until every 

pixel is pathed. The corner search implementation is as follows: 

 

1. Search the segment for the starting corner, starting in the bottom row. The current searching direction 

is set to Top. 
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Figure 3.18 - Starting point of the segment pathing. 

 

2. Check the neighboring points. If the searching direction is Top, the left neighbor will be verified first 

and if it isn’t a valid point the top neighbor is verified and if it isn’t a valid point as well the right is 

verified. If the first valid point is to the left or to the right, a new corner is set, a new line (defined with 

the ToolLine class) is stored in a path list and the searching direction changes to Left or Right, 

depending on which valid point was detected. If the first valid point is to the top, then the search 

continues in the same direction. If there are no valid points, then a dead end was reached. In this 

situation the current point is set as a corner and the final line is added to the list. This list is stored in a 

second list containing all the segment paths. A similar logic is applied for the other three searching 

directions, Left, Right and Bottom to ensure a clockwise spiral path. Before moving to the next pixel, 

the current is set as invalid, to make certain that the same point isn’t pathed more than once. 

 

 

Figure 3.19 - Segment pathing dead end. 

 

3. After reaching a dead end, a final search is performed, to check if there are still any valid points. If there 

are the process is repeated and the following lines stored in a new segment. 
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Figure 3.20 - Segment pathing completed, with two new sub segments. 

 

On the zig-zag method, the segments are rows or columns of pixels and so the pathing consists simply in 

defining the lines where the pixels are marked to be pathed. If multiple lines are defined within the same line 

of pixels, they get separated into new segments. This is done to optimize the connection of the segments, 

making the connection to the nearest path instead of the next in the same line of pixels. It also as the benefit of 

reusing the same implementation for both zig-zag and the spiral implementations. 

 

➢ Segment Connection 

After all segments are pathed, they need to be sorted and connected. The list of segments (list of lists of 

ToolLines) is converted to a single, sorted, list of ToolLines and additional ToolLines are added between each 

segment, marked with the tool deactivated. The segments are inserted in the new list in order, the first being 

the closest to the bottom left corner, the second being the closest to the first and so on, till every segment has 

been inserted. When a new segment is inserted into the new list, it is also removed from the original, to 

simplify the search.  

This is a very simple way to sort the path segments, focusing on the efficiency of the cutting/engraving 

operation instead of the processing time, as the total number of sorting iterations 

is:

 ∑ (𝑛 − 𝑘)𝑛
𝑘=1 =

𝑛2−𝑛

2
(10) 

 

If, for example, the total number of segments is one thousand, the total number of iterations will be 

around five hundred thousand, which can take a very substantial time to process. 

As mentioned before, in the Zigzag algorithm, the separation of the lines in the same pixel line into 

segments results in a reduction of distance traveled while the tool isn’t active. 

 

➢ G-Code File Generation 

The G-Code file generated in the tool pathing from a raster image has two sections, a header and the body. 

All the initializations are described in the header, including the unit system, distance type (absolute or relative) 

and the home position. All these settings are chosen in the configurations menu of the application. The body 
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contains all the ToolLines, converted to G-Code, with the pixel values converted to millimeters, or inches, and 

with the feedrate (‘F’ parameter) and laser (‘E’ parameter) power specified in the configurations. All the lines 

which have the laser active use the linear G-Code function ‘G01’ and the ones who don’t use the rapid 

movement function ‘G00’.  

To improve the performance of the application, instead of concatenating all the strings with the 

commands, they are instead appended in a list, which is in the end converted to a single string. The 

concatenation of strings involves allocating a new place in memory with the size of the two strings, that are 

being merged, then copying both to the new location and finally freeing the space of the two original strings. 

Storing the strings that are being converted from the ToolLines in a list and then concatenating them all 

together in the end, significantly reduces the time spent creating the G-code file. 
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3.4.2. Vector Image 

As mentioned in Section 2.4.2, vector images use vectors to represent lines, curves and shapes with 

editable attributes like color, fill and outline. Because of this, vector images don’t depend on resolution, has 

they are scalable to any size without losing quality.  

As with the raster images, the application offers the possibility of tool pathing just the edges or the entire 

image, using the rasterized image for the filling path and the SVG vectors for finish contour path, to smoothen 

the edges around the figures of the image. The UML class diagram of all the classes used for the tool pathing of 

a raster image is illustrated in Figure 3.21. 

 

 

Figure 3.21 - UML class diagram of all the classes used in the tool pathing of SVG images. 

 

The SVG image file consists on a list of vectors, written in a XML format. The SVG library, developed by 

vvvv.org [28], was used to parse the file and convert it to a list of C# structs containing the information of each 

SVG element, such as their points, formats, transformations (for example rotation or skew), etc... These structs 

are later converted into simpler elements, lines and circular arcs, because these are the ones that the G-code 

can describe. The SVG library is also used to create a raster version of the image, to be used for the filling path. 

The application converts the SVG elements into simpler elements right after loading the image, keeping 

the list of elements stored until the image is closed. These elements are stored in a SVG_Path class, which 

contains the starting and ending points and the center point or radius if it is a circular arc. All paths are grouped 

into their respective SVG_Object. All paths inside an object undergo the same transformations, which are 

applied at the end of the path conversions.  The list of SVG_Objects is stored in the class SVG_Image, which 

also keeps all the information regarding the image, like width and height. Image scaling can later be applied to 

better rasterize the image and to fit the tool diameter size. 
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The tool pathing of the image, with both fill and contour paths, uses the same methodology of the raster 

images, using the rasterized version of the SVG image to create the fill ToolLines. After creating the G-code 

string of instructions of the filling path, all paths in the SVG_Image are converted to G-code and appended to 

the rest of the string. 

 

SVG Element Conversions 

 

➢ Ellipse to Arc 

 

The ellipse element in the SVG image is defined by the following parameters: x-coordinate of the center 

point; y-coordinate of the center point; x-axis radius; y-axis radius; transformation matrix. Note that the x and y 

radii represent the smallest and biggest radius value, ignoring any possible figure transformation.  

An approximation of an ellipse can be described in G-Code, by using several circular arcs to represent parts 

of the ellipse, as illustrated in Figure 2.9 in the state of the art G-Code Section 2.2.1. The more arcs used, the 

better representation of the ellipse will be. The implementation of this operation follows the approximation of 

an ellipse by circular arcs, proposed by David Eberly [29] and it is divided into two parts: selection of the ellipse 

points that are going to be used to generate the arcs and the calculation of the center points of each arc. The 

approximation is performed in the first quadrant, top right quarter of the ellipse and reflected for the other 

three quadrants. 

To approximate the ellipse, the points where the radius is the smallest and the biggest need to be aligned 

with the X and Y axes, so that the ellipse can be represented by the following expression: 

𝑥2

𝑅𝑥
2
+
𝑦2

𝑅𝑦
2
= 1 (11) 

 

The 𝑅𝑥
  and 𝑅𝑦

  are the two axis-align radii and 𝑥 and 𝑦 are the coordinates of any point in the ellipse edge.  

Considering the selected ellipse points as 𝑃𝑖 → (𝑥𝑖 , 𝑦𝑖), where 0 ≤ 𝑖 ≤ 𝑛, 𝑛 being the number of points per 

quadrant, and a normalization of the location of the ellipse, where the center is in the origin 𝐶 → (0,0), the 

first and last points are always 𝑃0 → (𝑅𝑥, 0) and 𝑃𝑛 → (0, 𝑅𝑦). The minimum number of arcs per quadrant is 

two, which means the minimum number of selected points is three. The Figure 3.22 shows the selected ellipse 

points for an approximation with three arcs per quadrant (four points per quadrant). 
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Figure 3.22 - Reference points to create the ellipse approximation. 

 

The selection of the intermediate points, 𝑃1 and 𝑃2 in the example illustrated in the Figure 3.22, is based on 

the weighted averages of the curvatures [29]. Given the parameterized functions of the ellipse in both axes: 

{

𝑥(𝑡) = 𝑅𝑥 cos(𝑡) , 0 ≤ 𝑡 ≤ 2𝜋
 

𝑦(𝑡) = 𝑅𝑦 sin(𝑡) , 0 ≤ 𝑡 ≤ 2𝜋
(12) 

 

The curvature 𝐾(𝑡) is given by:   

𝐾(𝑡) =
𝑥′(𝑡)𝑦′′(𝑡) − 𝑦′(𝑡)𝑥′′(𝑡)

((𝑥′(𝑡))
2
+ (𝑦′(𝑡))

2
)
3/2

=
𝑅𝑥𝑅𝑦

(𝑅𝑥
2 sin2(𝑡) + 𝑅𝑦

2 cos2(𝑡))
3/2

(13) 

The equation (13) can be written as a function of (𝑥, 𝑦) as: 

𝐾(𝑥, 𝑦) =
𝑅𝑥𝑅𝑦

((𝑅𝑦
𝑥
𝑅𝑥
)
2

+ (𝑅𝑥
𝑦
𝑅𝑦
)
2

 )

3/2
 (14)

 

 

Given a specified curvature, the corresponding point (𝑥, 𝑦) can be calculated using both (11) and (12) 

equations, obtaining the two following expressions: 

 

{
  
 

  
 
𝑥 = 𝑅𝑥√|

𝜆 − 𝑅𝑥
2

𝑅𝑦
2 − 𝑅𝑥

2
|

 

𝑦 = 𝑅𝑦√|
𝜆 − 𝑅𝑦

2

𝑅𝑦
2 − 𝑅𝑥

2
|

(15) 

where 𝜆 is given by: 

𝜆 = (
𝑅𝑥𝑅𝑦

𝐾
)

2
3

(16) 

 

By knowing the curvature of the points 𝑃0, 𝐾0 = 𝐾(𝑅𝑥, 0) = 𝑅𝑥/𝑅𝑦
2, and 𝑃𝑛, 𝐾𝑛 = 𝐾(0, 𝑅𝑦) = 𝑅𝑦/𝑅𝑥

2, the 

weighted averages of the curvatures of the intermediate points are given by [28]: 
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𝐾𝑖 = (1 −
𝑖

𝑛
)𝐾0 + (

𝑖

𝑛
)𝐾𝑛 , 𝑖 = 0, … , 𝑛 (17) 

Finally, each point intermediate point 𝑃𝑖  is calculated from (15) and (16) using the curvature in (17). 

A center of a circular arc can be determined given 3 of its points. For each center 𝐶𝑖, the corresponding 

three points are 𝑃𝑖−1, 𝑃𝑖  and 𝑃𝑖+1. The points 𝑃𝑖  and 𝑃𝑖+1 are the starting and ending point respectively, for the 

intermediate arc. As for the arcs with the centers 𝐶0 and 𝐶𝑛 the starting and ending points are 𝑃𝑖−1 and 𝑃𝑖+1. 

All arcs have a counter-clockwise direction. 

The center point of the arc that passes through three given points 𝑃1, 𝑃2 and 𝑃3, can be obtained from the 

intersection of the two lines that cross the middle of the 𝑃1𝑃2 and 𝑃2𝑃3 line segments, orthogonally, as 

illustrated in the Figure 3.23.  

 

 

Figure 3.23 - Center point of the arc that passes through all three points. 

 

Considering the two equations of the orthogonal lines 𝑂𝐿12(𝑥) = 𝑎𝑥 + 𝑏 and 𝑂𝐿23(𝑥) = 𝑐𝑥 + 𝑑, the 

intersection point 𝐶(𝐶𝑥 , 𝐶𝑦) is given as: 

{
𝐶𝑥 =

𝑑 − 𝑏

𝑐 − 𝑎
 

𝐶𝑦 = 𝑎𝐶𝑥 + 𝑏

(18) 

Where the values of 𝑎, 𝑏, 𝑐 and 𝑑 are:  

{
 
 
 
 

 
 
 
 𝑎 = −

𝑃2𝑥 − 𝑃1𝑥
𝑃2𝑦 − 𝑃1𝑦 

𝑏 =
𝑃1𝑦 + 𝑃2𝑦

2
−
𝑃1𝑥 + 𝑃2𝑥

2
× 𝑎

 

𝑐 = −
𝑃3𝑥 − 𝑃2𝑥
𝑃3𝑦 − 𝑃2𝑦 

𝑑 =
𝑃2𝑦 + 𝑃3𝑦

2
−
𝑃2𝑥 + 𝑃3𝑥

2
× 𝑐

(19) 

 

Equations (11) through (19), take only into consideration the first quadrant of an ellipse centered on the 

origin point, 𝐶𝑒𝑙𝑙𝑖𝑝𝑠𝑒 → (0,0). To determine the remaining arcs, both ellipse and center points are mirrored, by 
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inverting the sign of their 𝑥 and/or 𝑦 components, accordingly to the respective quadrant. The starting and 

ending points of the arcs of the second and fourth quadrant are also swapped, to keep the counter-clockwise 

direction. Finally, the value of the center of the ellipse is added to all the arc points and centers. Using three 

arcs per quadrant, and applying all the procedures mentioned above, the resulting approximation is illustrated 

in the Figure 3.24. 

 

Figure 3.24 - Simulation of the approximated result. 

 

The quality of the approximation depends on the number of arcs used and on the ratio between the biggest 

and the smallest radius of the ellipse. The bigger the difference the more arcs are needed to better 

approximate the ellipse, as illustrates Figure 3.25. 

 

 

Figure 3.25 - Quality comparison of the approximation of two ellipses with different radius ratios, with a ration of 2/1.5 for 
the left ellipse and a ration of 2/1. 
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The number of arcs per quadrant chosen is equal to eight times the relation between the biggest and the 

smallest radius, rounded to the nearest integer. This allows a smoother transition between the arcs, for ellipses 

with a greater radius ratio, shown in Figure 3.26, while also reducing the number of unnecessary arcs for 

ellipses with a lesser radius ratio. 

 

 

Figure 3.26 - Approximation of an ellipse with a ratio of 2, between the radii and 16 circular arcs per quadrant. 

 

➢ Bezier Curves to Lines 

 

There are two types of Bezier curves defined in an SVG image: quadratic and cubic. They are defined with a 

starting and ending point and one control point, for the quadratic curve, or two control points for the cubic 

curve.  

 

 

Figure 3.27 - Bezier curves. Quadratic curve (Left) and cubic curves (Right). 
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The parameterized functions of both curves are [30]: 

 

{
𝐵𝑄(𝑡) = (1 − 𝑡)2𝑆 + 2𝑡(1 − 𝑡)𝐶 + 𝑡2𝐸 ,   0 ≤ 𝑡 ≤ 1

 
𝐵𝐶(𝑡) = (1 − 𝑡)3𝑆 + 3𝑡(1 − 𝑡)2𝐶1 + 3𝑡

2(1 − 𝑡)𝐶2 + 𝑡
3𝐸 ,   0 ≤ 𝑡 ≤ 1

(20) 

 

Where 𝑆 represents the starting point, 𝐸 the ending point and 𝐶, 𝐶1 and 𝐶2 the control points. 

To generalize the conversion of the two types of Bezier curves, all quadratic curves are converted to cubic 

curves with two new control points, using the following conversion [31]. 

 

{
 
 

 
 𝐶1 =

1

3
(2𝐶 + 𝑆)
 

𝐶2 =
1

3
(2𝐶 + 𝐸)

(21) 

 

To convert the Bezier curve into a set of lines, the algorithm of De Casteljau is used. This algorithm is used 

to divide the curve into two new curves, both with lesser curvature than the original, which means that both 

are closer to a line than the original. This process can be repeated several times to reduce even further the 

curvature, or the error of the approximation. 

Considering the original curve as 𝐵𝑂 , with 𝑆𝑂, 𝐶𝑂1, 𝐶𝑂2 and 𝐸𝑂 points and the two derivative curves as 𝐵𝐹 , 

with 𝑆𝐹, 𝐶𝐹1, 𝐶𝐹2 and 𝐸𝐹 , for the first curve and 𝐵𝑆, with 𝑆𝑆, 𝐶𝑆1, 𝐶𝑆2 and 𝐸𝑆, for the second curve, the De 

Casteljau algorithm defines the points of the new curves as follows [30]: 

 

𝐵𝐹 →

{
 
 
 
 

 
 
 
 

𝑆𝐹 = 𝑆𝑂
 

𝐶𝐹1 =
𝑆𝑂 + 𝐶𝑂1

2 

𝐶𝐹2 =
𝐶𝐹1
2
+
𝐶𝑂1 + 𝐶𝑂2

4
 

𝐸𝐹 =
𝐶𝐹2 + 𝐶𝑆1

2

(22) 

 

𝐵𝑆 →

{
 
 
 
 

 
 
 
 𝑆𝑆 =

𝐶𝐹2 + 𝐶𝑆1
2 

𝐶𝑆1 =
𝐶𝑆2
2
+
𝐶𝑂1 + 𝐶𝑂2

4
 

𝐶𝑆2 =
𝐶𝑆2 + 𝐸𝑂

2
 

𝐸𝑆 = 𝐸𝑂

(23) 
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Figure 3.28 illustrates the points of the new curves, while using the De Casteljau algorithm. 

 

Figure 3.28 - Illustration of the De Casteljau algorithm [30]. 

 

The De Casteljau algorithm promotes a recursive solution for the line approximation, from a Bezier curve, as 

it allows the continuously splitting of the derivative curves until their direct line approximation (a line which the 

starting and ending points are equaled to the curve) has a minimal error. The error of the line approximation of 

each curve is the greatest of the perpendicular distances between the two control points and the line segment 

𝑆𝐸, as the Figure 3.29 illustrates.  

 

Figure 3.29 - Distance between the control points and the line that intercepts the start and end points. 

 

The distance 𝐷 between each of the control points and the line segment is given by the following equation: 

 

𝐷 =
|(𝐸𝑦 − 𝑆𝑦)𝐶𝑥 − (𝐸𝑥 − 𝑆𝑥)𝐶𝑦 + 𝐸𝑥𝑆𝑦 − 𝐸𝑦𝑆𝑥  |

√(𝐸𝑦 − 𝑆𝑦)
2
+ (𝐸𝑥 − 𝑆𝑥)

2

(24)
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The acceptable distance error in the application, corresponds to 1% of the distance between the start and 

end points of the curve. 

 

Figure 3.30 - Comparison between two approximations, one with a 10% deviation (Left) and one with 1% (Right). The Blue 
Line represents the original curve. 

 

➢ Transformation Matrix 

 

There are several image transformations that can be applied to the objects of the SVG images, such as 

translation, scaling, rotation and skew. These transformations are applied by multiplying a transformation 

matrix with all points of an SVG element (a figure or a group of figures), as shown in equation (25), considering 

the original point values as 𝑃𝑜(𝑥𝑜 , 𝑦𝑜) and the transformed points as  𝑃𝑇(𝑥𝑇 , 𝑦𝑇). 

 

[
𝑥𝑜
𝑦𝑜
1
] × [

𝑎 𝑐 𝑒
𝑏 𝑑 𝑓
0 0 1

] = {

𝑥𝑇 = 𝑥𝑜𝑎 + 𝑦𝑜𝑐 + 𝑒
 

𝑦𝑇 = 𝑥𝑜𝑏 + 𝑦𝑜𝑑 + 𝑓
(25) 

 

Different values of 𝑎, 𝑏, 𝑐, 𝑑, 𝑒 and 𝑓 results in different transformations. For the transformations 

mentioned before, the following matrices are used [33]: 

 

 

Translation → [
1 0 𝑇𝑥
0 1 𝑇𝑦
0 0 1

] 

 

Figure 3.31 - Translation. 
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Scale → [
𝑆𝑥 0 0
0 𝑆𝑦 0

0 0 1

] 

 

 

Figure 3.32 - Scaling. 

Skew → [

1 tan(𝜃𝑥) 0

tan(𝜃𝑦) 1 0

0 0 1

] 

 

 

Figure 3.33 - Skew. 

Rotation → [
cos(𝜃) −sin(𝜃) 0

sin(𝜃) cos(𝜃) 0
0 0 1

] 

 

 

Figure 3.34 - Rotation. 

 

Custom matrices can also be defined, in the SVG image and multiple can be used in the same figure. 
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4. Final Results 

4.1. Tool Pathing Performance 

The tool pathing performance was characterized in terms of the application performance, that is, the time 

it takes the application to process an image into a G-code file and in terms of efficiency, or the time it takes 

each resulting G-code file to complete the cutting/engraving operation. The computer used in these tests add 

an Intel i5-7200 duo core (capable of running 4 simultaneous threads) with a 2.5GHz clock frequency and 8GB 

of ram, the following two images were used: 

 

1. An image (Image A) with a very compressed distribution of pixels to remove (black pixels) and with 7 

different resample factors (same image but with more or less pixels): 

 

Table 4.1 - The image sizes used. 

 

Figure 4.1 - Image with a compact distribution of pixels to remove.  

 

2. An image (Image B) with more diffused distribution of pixels to remove (black pixels) and with 7 different 

resample factors (same image but with more or less pixel density): 

 

Table 4.2 - The image sizes used. 

 

Figure 4.2 - Image with a more diffused distribution of pixels to remove. 
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As described in the Section 3.4, the tool pathing process is divided into five parts: Image resampling, pixel 

segmentation, segment pathing, segment connection and instructions generation. Because the image 

resampling used default interpolation functions, the bicubic interpolation from the ‘System.Drawing’ library, 

and both algorithms, zigzag and spiral, use the exact same resampled image, its execution time was not taken 

into consideration. For both Image A and Image B the following results were achieved: 

 

Table 4.3 - G-code file generation time, for image A with a compact distribution of pixels to remove. 

 

 

Table 4.4 - Number of segments and Toollines generated, for image A with a compact distribution of pixels to remove. 

 

 

As seen in Table 4.3 and Table 4.4, in general the Zigzag algorithm generates more segments and so it also 

spends more time connecting them. Note that the zigzag segments consist of only one straight line, while the 

spiral groups do the pathing with pixels from the same “island” and as such its segments cover, on average a 

bigger area of the image. However, because it also generates more lines and not only spends more time 
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pathing, but also calculating/converting the physical positions in the generation of the G-code instructions. 

Generating more G-code instructions can possibly cause longer cutting/engraving operation times. 

Also note that the number of segments pre-pathing in the zigzag is equal to the height (in pixels) of the 

image, this being the biggest size of it, and the number of segments pre-pathing in the spiral is one, because of 

the very compressed distribution of pixels to remove. 

 

Table 4.5 - G-code file generation time, for image B with a diffused distribution of pixels to remove. 

 

 

Table 4.6 - Number of segments and Toollines generated, for image B with a diffused distribution of pixels to remove. 

 

 

Compared with the previous tables, in a more diffused distribution of pixels to remove, the Zigzag algorithm 

generates even more segments, as the groups of pixels to remove, in the same line, are larger and so it creates 

more segments per each image column/row. An obvious Achilles heel is the segment connection. Because the 
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number of iterations of the sorting cycle scales quadratically with the number of segments, as shown in 

equation (25), it degrades the application performance for large image files.  

One possible way to solve this issue is to do a less intensive search, looking for just a few groups of 

segments that are at a similar distance from the origin point (bottom left corner). This would lead, however, to 

an increase in the cut/engraving operation time. The difference between the total number of lines between the 

two algorithms is smaller than the previous image set, however the spiral still generates more instructions. 

As for the efficiency of each algorithm the following distances (CNC travelling) were obtained, using a 

resolution of one pixel per millimeter: 

Table 4.7 - Number of Toollines generated and distance to be travelled by the CNC tool, for the image with a compact 
distribution of pixels to remove. 

 

  

 The obvious big difference between the two algorithms is the distance that the CNC tool has to travel 

while not cutting/engraving. Assuming that the CNC tool moves at a constant speed, ignoring the accelerations 

and decelerations while turning direction, and considering the characteristics of the CNC used, with a 

maximum feedrate of 1300 millimeters per minute, the estimated time of completion for the worst situations 

(8x resample factors) would be approximately 31.49 hours for the zigzag and 34.39 hours for the spiral, a 9% 

increase in time. In this situation, the zigzag was also the fastest to produce the G-code file, taking only 9 

seconds against the 35, approximately, for the spiral. 
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Table 4.8 - Number of Toollines generated and distance to be travelled by the CNC tool, for image B with a diffused 
distribution of pixels to remove. 

 

 

From Table 4.8 it is seen that, again, the difference on the distance while the tool is not cutting/engraving 

is still substantial. Assuming the same feedrate as before, the estimated time of completion for the worst 

situations (8x resample factors) would be approximately 22.75 hours for the zigzag and 28.45 hours for the 

spiral, a 25% increase in time. This means that, despite taking 14 minutes tool pathing, the zigzag algorithm 

produced a G-Code file that is approximately 6 hours faster than the spiral, which only took a minute to 

toolpath. 

This shows that not always is the fastest algorithm the most efficient overall. Despite of this, there is still a 

lot of room for improvement. 
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4.2. Tool Pathing Quality 

The quality of the engraving relies heavily on the type of material that is being engraved. To compare the 

print quality of both algorithms and also the SVG contour, plywood was used, and the following results were 

obtained:  

 

 

Figure 4.3 – Image A with a compact distribution of pixels, printed with the Zigzag algorithm. Print result (Left) and 
simulation (Right). 

 

 

Figure 4.4 - Image A with a compact distribution of pixels, printed with the Spiral algorithm. Print result (Left) and 
simulation (Right). 

 

The results obtained show a smoother engraving for the zigzag algorithm, as the excessive number of 

turns/corners that the CNC does in the spiral method leads to a longer laser exposure in the same area. The 

simulations also show the substantial difference in the distance travelled while the laser was off, represented 

by the lines in blue, which leads, as mentioned in Section 4.1, to a longer time spent engraving/cutting a figure. 

The physical dimensions used for the image were approximately 90 by 75 millimeters, and the time it took to 
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print both results were 14 minutes and 28 seconds, for the zigzag and 19 minutes and 14 seconds for the spiral, 

with a feedrate of 1000 mm per minute. 

 

 

 

Figure 4.5 - Image with a diffused distribution of pixels, printed with the Zigzag algorithm. Print result (Left) and simulation 
(Right). 

 

Figure 4.6 - Image with a diffused distribution of pixels, printed with the Spiral algorithm. Print result (Left) and simulation 
(Right). 

 

The engraving of the wave image, diffused distribution of pixels to remove, had to be done in a slightly 

different type of material, causing a different texture in the final results. They are also less conclusive, in terms 

of difference in quality between the two algorithms, however, the inequality of the number of paths that the 

laser spent turned off is still significative, although lesser than in the previous image, the image with a compact 

distribution of pixels. The physical dimensions used for the image were approximately 120 by 75 millimeters, 

and the time it took to print both results were 11 minutes and 37 seconds, for the zigzag and 14 minutes and 

43 seconds for the spiral, with a feedrate of 1000 mm per minute. 
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As for the SVG images, for simple images without too many vector transformations, the results add the 

expected smooth finishes around the edges, as seen the Figure 4.7, engraved in agglomerated wood.  

 

 

Figure 4.7 - SVG image, with fill (zigzag used). 

 

 

Figure 4.8 - Simulation of the SVG image. Figure in the right only has the contour paths. 

 

Using SVG images for only contour paths also had the expected result. Figure 4.9 illustrates the print result 

of a SVG image, where nearly all paths were originally Bezier curves that were converted to lines, using the 

algorithm described in the chapter 3.4.2. 

 

 

Figure 4.9 - Print result of a SVG image with Bezier curves. 

 

For images with transformations, however, there were slight problems with misalignment of the finish 

path with the main filling path, as seen in Figure 4.10. To mitigate this problem, the finish path could be wider 

to better cover the rough edges of the filling path. The width of the path could be better adjusted with the 

height of the laser (which was not working, because the Z axis of the used CNC was tilted, causing even more 
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deviations and misalignments). One possible improvement would be to adjust the width of the engraving path 

(laser bean diameter) with the power and feedrate, instead of, or also with, the laser height. 

Another improvement would be to process the filling path of SVG images directly from the SVG vectors, 

instead of rasterizing the image and reusing the raster image tool pathing algorithms.  

 

 

Figure 4.10 - Misalignment with the SVG contour path. 
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5. Conclusions 

The objective of this project was to develop a computer application capable of controlling a CNC machine 

and tool path the most commonly used types of image files. The CNC was controlled with G-code instructions 

that describe what type of movement and how far the CNC tool should move. In order to abstract the user 

from the instructions and ease on the operations, like calibrating, printing and also tool pathing, a graphical 

user interface was design for the application, using the windows forms. It also includes a G-code simulator, 

which parses a given file for the compatible G-code instructions and draws its result, allowing the user to 

preview the file and position the CNC and or the material, before printing. 

As for the tool pathing of images, this project focused on the pathing of raster images, implementing two 

of the most used methods, the zig-zag and the parallel-contour (spiral), while also including a pathing option 

for vector images, specifically the SVG format, with a counter path to smooth the edges of the filling path.  

For the testes performed, the zig-zag method is the most efficient, in both time and quality of the 

cutting/engraving operation, despite taking longer to generate the file, in some circumstances. While both try 

to minimize the distance travelled with the laser turned off, the spiral method also tries to create longer paths 

with the laser turned on, which leads to fewer number of path segments, with the start and end points more 

far apart. The sorting algorithm, used to connect the segments, only tries to minimize the distance to the next 

path, while sorting, and not the total distance of connection, which can get unnecessarily long, especially in the 

spiral method, because of this. To solve this issue, the sorting algorithm would have to take into consideration 

multiple path combinations, which could drastically affect the time it takes to generate the tool path file. Using 

the GPU to process the tool pathing could not only help solving this problem, but also improve the overall 

processing time. 

Regarding the SVG images, the conversion of Bezier and ellipses, to simple lines and circular arcs, was 

achieved, there were some problems with the alignment of the contour with the filling path. This was more 

evident on images with transformations, like rotation or skew, which made the rendered version of the image, 

used for the filling path, slightly offset from the contour path.   

The project was far more complex than was expected, however it also allowed for a better understanding 

of the subject of image processing and the control of CNC machines. 

 

5.1. Future Work 

As mentioned before, the sorting algorithm for the connection paths could be improve, to consider 

multiple path combinations, to improve the spiral tool pathing method. The use of graphical tools, like OpenGL, 

to achieve more parallel processing would also improve the application performance. CAD files, like the Gerber 

file, could also be added to increase the image format compatibility. 
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The G-Code Generated by the tool pathing can be used for a laser and a drill, by choosing the respective 

option. Regarding the laser, a dynamic diameter could also be implemented, by adjusting both the power, 

feed-rate and height, although it would heavily dependent on the type and color of the material. A similar 

strategy could be used for the drill, with pauses add to the path to change the drill, however it would be less 

practical. 

One of the biggest limitations of the SVG pathing was its filling path, which was generated from a 

rasterized version of the image. This was done to reuse the functionality of the raster image tool pathing 

implementation, as the main objective was the smoothen jagged the edges around the image. However, a 

filling path directly generated from the SVG image would increase the quality of the cut/engrave.  
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Appendix A 

Given the starting point 𝑃1(𝑥1, 𝑦1) and ending point 𝑃2(𝑥2, 𝑦2) of an arc and its radius, two possible center 

points can be obtained, as illustrated in the Figure A.1: 

 

 

Figure A.1 - Possible center points, given a starting point and an ending point. 

 

The location of both possible centers is determined as follows: 

 

1: Calculate the middle 𝑷𝟑(𝒙𝟑, 𝒚𝟑) point and the distance between the starting (𝑷𝟏(𝒙𝟏, 𝒚𝟏)) and end points 

(𝑷𝟐(𝒙𝟐, 𝒚𝟐)).   

 

 

Figure A.2 - Middle point between the two possible centers and the starting and ending points. 
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Because the distance between 𝑃1 and 𝐶1is equal to the distance between 𝑃2 and 𝐶2 (equals 𝑅), 𝑃3 is 

symmetrically located with respect to 𝑃1 and 𝑃2, so: 

𝑃3(𝑥3, 𝑦3) → 𝑃3 (
𝑥1 + 𝑥2
2

,
𝑦1 + 𝑦2
2

) (𝐴. 1) 

 

The distance between 𝑃1 and 𝑃2 is: 

𝑄 = √(𝑥1 − 𝑥2)
2 + (𝑦1 − 𝑦2)

2 (𝐴. 2) 

 

2: Calculate the distance between the middle point (𝑷𝟑(𝒙𝟑, 𝒚𝟑)) and the center points (𝑪𝟏(𝒙𝒄𝟏, 𝒚𝒄𝟏),

𝑪𝟐(𝒙𝒄𝟐, 𝒚𝒄𝟐)).   

 

The distance between the middle point and any of the centers can be obtained through the triangle 

formed with the points 𝑃1, 𝑃3 and 𝐶1, where the distance between 𝑃1 and 𝑃3 is 𝑄/2 and between 𝑃1 and 𝐶1 is 

the radius (R in Figure A.3).  

 

 

Figure A.3 - Distance between the middle point and the center points. 

 

Using the Pythagoras theorem, the distance between 𝑃3 and 𝐶1(H in Figure A.3) is: 

 

𝐻 = √𝑅2 − (
𝑄

2
)
2

(𝐴. 3) 

 

3: Calculate the relative distance, in the X and Y axes, between the middle (𝑷𝟑(𝒙𝟑, 𝒚𝟑)) and the center points 

(𝑪𝟏(𝒙𝒄𝟏, 𝒚𝒄𝟏), 𝑪𝟐(𝒙𝒄𝟐, 𝒚𝒄𝟐)).   

 

The relative distance, in the X and Y axes, between 𝑃3 and the 𝐶1, which are represented in the Figure A.3 

as A and B, are: 

 

𝐴 = 𝐻 ∙ sin(𝜃) (𝐴. 4) 
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𝐵 = 𝐻 ∙ cos(𝜃) (𝐴. 5) 

 

The line 𝑃3𝐶1̅̅ ̅̅ ̅̅  intersects perpendicular with the line 𝑃!𝑃2̅̅ ̅̅ ̅, which gives: 

 

sin(𝜃) =
𝐷

𝑄
=
𝑦1 − 𝑦2
𝑄

(𝐴. 6) 

cos(𝜃) =
𝐸

𝑄
=
𝑥2 − 𝑥1
𝑄

(𝐴. 7) 

 

4: Calculate the location of both center points (𝑪𝟏(𝒙𝒄𝟏, 𝒚𝒄𝟏), 𝑪𝟐(𝒙𝒄𝟐, 𝒚𝒄𝟐)).   

 

Using the above expressions, (𝐴. 1) to (𝐴. 7), the coordinates of the two center points are: 

 

𝑥𝑐1 =
𝑥1 + 𝑥2
2

+ √𝑅2 − (
𝑄

2
)
2

∙
𝑦1 − 𝑦2
𝑄

(𝐴. 8) 

𝑦𝑐1 =
𝑦1 + 𝑦2
2

+ √𝑅2 − (
𝑄

2
)
2

∙
𝑥2 − 𝑥1
𝑄

(𝐴. 9) 

𝑥𝑐2 =
𝑥1 + 𝑥2
2

− √𝑅2 − (
𝑄

2
)
2

∙
𝑦1 − 𝑦2
𝑄

(𝐴. 10) 

𝑦𝑐2 =
𝑦1 + 𝑦2
2

− √𝑅2 − (
𝑄

2
)
2

∙
𝑥2 − 𝑥1
𝑄

(𝐴. 11) 

 

To choose the correct center, it is also required to know if the direction of the arc is clockwise or counter-

clockwise and if the angle described, or sweep angle, is less or greater than 180°. Both parameters are specified 

in the G-Code instruction, where the function index (G02/G03) references the direction and the signal of the 

parameter R identifies the path size (positive R means less than 180°, negative otherwise). 

The sweep angle (𝜃𝑆𝑤𝑒𝑒𝑝) is equal to the difference between the angles of the vectors 𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗   and 𝑃2𝐶⃗⃗⃗⃗⃗⃗  ⃗, where 

C is one of the centers, 𝑃1 is the starting point and 𝑃2 the ending point.  

 

𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  → (𝑥1 − 𝑐𝑥, 𝑦1 − 𝑐𝑦) (𝐴. 12) 

 

The angle of each vector is given by: 

 

{
 
 

 
  𝜃𝑃𝐶⃗⃗⃗⃗  ⃗ = cos

−1 (
𝑥

√(𝑥2 + 𝑦2)
)             , 𝑦 ≥ 0

 

𝜃𝑃𝐶⃗⃗⃗⃗  ⃗ = 2𝜋 − cos
−1 (

𝑥

√(𝑥2 + 𝑦2)
)  , 𝑦 < 0

(𝐴. 13) 
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where 𝑥 and 𝑦 are the vector coordinates. The angle between the two vectors is given by: 

 

{

 𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ∀𝑃2𝐶⃗⃗⃗⃗⃗⃗  ⃗ = 𝜃𝑃2𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗ − 𝜃𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗               , 𝜃𝑃2𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗ ≥ 𝜃𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗

 

𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ∀𝑃2𝐶⃗⃗⃗⃗⃗⃗  ⃗ = 2𝜋 + 𝜃𝑃2𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗ − 𝜃𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗     , 𝜃𝑃2𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗ < 𝜃𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗

(𝐴. 14) 

 

 

The angle obtained in (A.14) is always in a counter-clockwise direction, from the starting to the ending 

point, which means that if the chosen direction is clockwise, the correct sweep angle is: 

 

{
𝜃𝑆𝑤𝑒𝑒𝑝 = 𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ∀𝑃2𝐶⃗⃗⃗⃗⃗⃗  ⃗              , 𝑆𝑤𝑒𝑒𝑝 → 𝐶𝐶𝑊

 

𝜃𝑆𝑤𝑒𝑒𝑝 = 2𝜋 − 𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ∀𝑃2𝐶⃗⃗⃗⃗⃗⃗  ⃗   , 𝑆𝑤𝑒𝑒𝑝 → 𝐶𝑊   

(𝐴. 15) 

 

Using the expressions (𝐴. 12) through (𝐴. 15), to the two possible centers results in two different sweep 

angles, one greater and one smaller than 180°, except when there is only one possible center, which in this 

case the sweep angle is 180°. As mentioned before, the sign of the parameter R, in the G-Code function, 

defines if the sweep angle is greater or smaller than 180°, and so the correct center, starting angle (𝜃𝑃1𝐶⃗⃗ ⃗⃗ ⃗⃗  ⃗) and 

the sweep angle can be determined. 
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Annex 

This section contains attachments to the report, including illustrations of the application in different 

operations and a list of the implemented G-code instructions. 

 

 

Annex 1 - Application: Initial screen. 

 

 

Annex 2 - Application: Connected to the CNC machine. 
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Annex 3 - Application: G-code file simulation. 

 

 

Annex 4 - Application: Printing operation. 
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Annex 5 - Application: Tool-pathing initial screen. 

 

 

Annex 6 - Application: Image loaded. 
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Annex 7 - Application: Black and white version of the loaded image. 

 

 

Annex 8 - Application: Tool-pathing result. 
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Annex 9 - Application: Main settings. 

 

 

Annex 10 - Application: Advanced settings. 
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Annex 11 - Implemented G-code instructions. 


