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Abstract 
 

Individuals who lack the sense of sight can use their sense of touch or sense of hearing in order to visualize their 
surrounding environment.  Braille is a common method for blind persons to understand text, numbers, and even 
mathematical equations.  There are other known ways for blind people to see maps or pictures by using raised lines 
and certain textures.  In this project, grayscale intensities from black and white photographs are converted to varying 
elevations.  A blind person can then feel an object and have an idea of what the shade of the object is at a particular 
point (m,n).  The objective of this research is to describe a black and white photograph to a blind person using 
elevation in the x-z plane as a way to describe the grayscale intensity.  The method discovered to do such a project is 
based on using internally developed C++ software, which defines elevation according to a grayscale intensity 
number.  The computer generated models have been built using solid freeform fabrication.   
 
1.0 Introduction 
 
Images affect our everyday lives.  Many of us have pictures of our loved ones that we treasure.  Pictures are very 
important because they remind us of thoughts or they can even help to educate us.  A picture of the outdoors, for 
instance, might remind us of the beauty of nature.  Images are very important when a person is reading a book or a 
set of instructions because the image usually elaborates on what is being read.  Pictures also help us to learn since 
many people are more inclined to learn a concept better by seeing as opposed to reading.  Unfortunately, people who 
are blind do not have the wonderful privilege of being able to see images.  This project focuses on using solid 
freeform fabrication to create a topological model of an image so that a blind person can use their sense of touch to 
visualize the picture. 
 
2.0 Background 
 
The study of digital image processing is a field of study that must be understood in order for one to understand this 
particular project.  Topics such as pixels, resolution, and intensity numbers are very important to this experiment. 
 
2.1 pixels 
 
Images are basically just a rectangular array of blocks.  Each of these blocks is referred to as a pixel.  The rows are 
referred to as variable m and the columns are referred to as variable n.  Since both the rows and the columns start at 
zero, we say the total number of rows is M-1 and the total number of columns is N-1 (M and N are normal counting 
numbers starting at one).  Stored inside each pixel is a very important number, known as the intensity number.  The 
intensity number indicates the brightness of the shade at the point (m,n).  Shown in Figure 1 is the basic concept of 
digital images. 
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Figure 1 Basic Concept of Digital Images 
 

2.2 image resolution 
 
Notice in the figure above that each pixel is a square.  It is well known that the world is analog so therefore a picture 
with all straight lines would not appear as realistic as a picture with lines that are natural.  Therefore, in order to 
create higher quality images, the rugged edges of the square sections must not be seen to the naked eye.  As 
mentioned above, the total number of columns is N-1 and the total number of rows is M-1.  Resolution is expressed 
as rows x columns (“rows by columns”) so the resolution of the image above would be expressed M-1 x N-1.  The 
more columns there are in an image, the better the resolution is, thus creating a sharper quality image.  Essentially, 
the basic idea is this: the more rows and columns present in a picture, the greater the resolution will be.        
 
2.3 intensity numbers and shades of gray 
 
Professional photographers have defined 19 different shades of gray that range from white all the way to black.  
Each shade is assigned an arbitrary number from 0 through 19 according to the standard Kodak grayscale.  When 
referring to a digital image, intensity numbers describe a particular shade of gray.  They can range from 0 through 
255.  The intensity number 255 indicates white and the intensity number 0 indicates black.  These intensity numbers 
are for a grayscale such as the one shown below in Figure 2. 
 

 
Figure 2 Standard Kodak Grayscale 

 
On the standard scale in Figure 2, notice the labels A, M, and B.  These stand for average highlight, middletone, and 
shadow values (black).  The labels serve as a reference for photographers when reproducing photographs.  For the 
purposes of this project, A is a 0 shade, M is a 7 shade, and B is a 16 shade.  The grayscale shown above is the 
foundation for this project.   
 
The relationship between intensity numbers and shade numbers is described by the equation (1)  y = 276.87e-0.1032x.  
The variable x equals the shade number of the standard Kodak grayscale and the variable y is the estimated intensity 
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number for that particular shade.  Shown below in Figure 3 is an exponential curve of the grayscale number versus 
the intensity number. 
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Figure 3 Grayscale Number vs. Intensity Numbers 

2.4  miller’s rule 
 
George Miller, a psychology professor at Princeton University, conducted an experiment on the limits of the human 
mind to process information.  He concluded that an individual can generally process seven thoughts with a tolerance 
of two (http://www.well.com/user/smalin/miller.html).  Miller’s rule is important for this project because if the 
average human can process only a limited number of thoughts then it is logical to have only that number of different 
levels of elevation on a model.  Any more than seven levels could make the model more difficult to understand by a 
blind person.  Therefore, the limit for the maximum number of elevation levels in this project is defined as seven. 
 
2.5 the voice 
 
There is a product on the market now called “The Voice”.  This product uses basic windows operating system 
software in order to turn video images into sounds (http://www.seeingwithsound.com/).  Basically, the computer 
makes a noise to indicate the level of brightness (silence indicates black).  Glasses have been produced, which 
appear to be sunglasses but have a web camera mounted on the inside of them.  Also, there are fittings that can sit 
comfortably in one’s ear canal.  The camera takes a snapshot once every second which is then sent to a laptop.  The 
laptop is positioned in a backpack which is strapped to one’s shoulders.  The software on the laptop scans the image 
and converts the sight to a sound.  The level of sound is proportional to the intensity number that is stored in that 
pixel.  The sound is then transmitted to the ear canal fittings so that the blind person will be able to hear the sounds.  
In this way, blind people claim to have the ability to visualize their environment through their sense of hearing.  This 
is an amazing product that proves how credible blind people are when it comes to learning the impossible.  For this 
project, a product such as this one is a positive discovery because it proves how grayscale shades can actually be 
interpreted by a blind person. 
  
3.0 Creating Elevation 
 
The objective of this project is to create elevation in the z direction based on a picture in the x-y plane.  Alternatively 
stated, the goal is to add elevation to a picture so that a blind person can use their sense of touch to feel the features 
of that image.  The height of elevation is based on the intensity number, so the level of gray will affect the height of 
the elevation.  Shown below in Figure 4 is an illustration of the objective. 
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                                      Figure 4 Objective 
 
4.0  Triangulator Software 
 
Triangulator was originally written by a professor, Michael Garland, at Carnegie Mellon University.  This software 
was not quite completed but it was released to the public while still in the development stage.  Josh Mueller, an 
undergraduate research student at the Milwaukee School of Engineering, updated the software and named it 
Triangulator.  This software was written in the C++ programming language and its purpose is for terrain modeling.  
Triangulator is a console application which means that it does not have a graphical user interface.  All commands 
are given on a command line.  Currently Triangulator can use an input of two different file types.  These file types 
are bitmaps (bmp) and portable graymaps (pgm).  The bitmap file must be a 24 bit file.  Triangulator then outputs a 
solid computer generated model in the stereolithography file format (.stl) which is the file format that is understood 
by solid freeform fabrication systems.  Shown below Figure 5 is a diagram showing a basic overview of the 
Triangulator software. 

 
 

Figure 5 Basic Overview 
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4.1  portable graymap files 
 
The user can input a portable graymap file (.pgm) into Triangulator.  A portable graymap file is an image file 
viewed on the most fundamental level.  That is, all of the intensity values of an image are listed in a matrix form.  
Shown in Figure 6 is the general format of a portable graymap file.   
 

P2 Width Height MaxValue 
xxx xxx xxx xxx xxx xxx xxx 
xxx xxx xxx xxx xxx xxx xxx 
xxx xxx xxx xxx xxx xxx xxx 
xxx xxx xxx xxx xxx xxx xxx 
xxx xxx xxx xxx xxx xxx xxx 
xxx xxx xxx xxx xxx xxx xxx 

 
Figure 6 General Format of a PGM File 

 
P2 indicates that the file type is a portable graymap.  Width and Height values correspond to the resolution.  The 
MaxValue is 255 since a portable graymap is based on the standard intensity range.  Each value in the portable 
graymap file varies in the range of 0 through 255 and each line is no more than 70 characters long.  From a portable 
graymap file, Triangulator will interpret each intensity number and assign a height value to each pixel. 
 
4.2  stereolithography file format 
 
The stereolithography file format (.stl) is a format that uses triangles to create a computer generated solid object.  
This file is either in the ASCII or in the binary format.  This is the input file format for Rapid Prototyping machines, 
so ultimately any objects that are intended to be produced on such a machine, must be in the stl file format.   With 
complex figures, computers sometimes generate bad triangles.  There is a rule referred to as “the vertex to vertex 
rule” that must not be violated.  This rule states that all adjacent triangles must share two common vertices 
(http://www.sdsc.edu/tmf/Stl-specs/stl.html).  The vertex to vertex rule is illustrated below in Figure 7. 
 

 
Figure 7 Vertex to Vertex Rule 

 
 If this rule is violated and bad triangles are generated, software called RP Magics can be used to eliminate the bad 
triangles.  A solid object cannot be produced by a rapid prototyping machine until the bad triangle issue has been 
resolved. 
 
4.3 bitmap files 
 
As mentioned, Triangulator can use a bitmap file for input.  This is a 24 bit bitmap file which means that it is in 
color.  It uses RGB color which corresponds to red, green, and blue.  This type of a file uses three different intensity 
numbers for each color (red, green, and blue).  It takes intensity mixtures of these three colors in order to formulate 
any color in the rainbow.  Shown below in Figure 8 is a demonstration of how to visualize a Bitmap file. 
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Figure 8  RGB color in a Bitmap File 
 
If there are three numbers then how does Triangulator use these three numbers to define a single height?  First, 
Triangulator Bitmap will extract the three intensity numbers from the three dimensional matrix and average them 
together.  Since this average is the equivalent of the grayscale intensity number, Triangulator will assign height to 
each pixel using this number. 
 
4.4 how triangulator works 
 
Triangulator creates a computer generated solid model using intensity numbers from an image in the x-y plane.  
These intensity numbers are inversely proportional to the height of elevation.  That is, the intensity number 255 is 
white and is at the lowest elevation.  The intensity number 0 is black and is at the highest elevation.  Shown in 
Figure 9 is a basic illustration of how Triangulator assigns height using an intensity number. 
 
 
 
 
 
 
 
 
 

Figure 9  How Triangulator Assigns Height 
 

4.5 intensity ranges 
 
As mentioned earlier, Miller’s Law states that a human can remember an average of seven thoughts.  Therefore 
Triangulator is limited to seven different levels instead of the 256 different levels that are used for terrain modeling.  
With too many levels, a photograph model does get very confusing; not to mention that the naked eye cannot tell the 
difference between an intensity number of 37 and an intensity number of 7.  These two intensity numbers indicate a 
grayscale shade of black.  Therefore, two different sets of ranges have been defined in order to achieve maximum 
quality models.   
 
The first set of ranges is for general photographs.  This set of ranges focuses detail on the lighter areas of the 
photograph and assigns the darker areas to one level of elevation.  In most cases, the general range works perfectly.  
The second set of ranges is for darker photographs.  Some images that contain a majority of darker shades or the 
focus of the photograph is in the darker areas, then the dark intensity range should be used.  If a user is unsure of 
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which range to use then a trial and error method should be implemented and the model of the least detail should just 
be discarded.  Shown below in Figure 10 is the intensity ranges. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10  The Intensity Ranges 

 
5.0 Solid Freeform Fabrication 
 
Solid Freeform Fabrication (SFF) is an additive process by which an object is built, layer by layer, from the bottom 
to the top.  A SFF system takes slices of a stereolithography file, which is a solid computer generated model.  These 
slices are then added, one at a time, to the resulting model.  In this way, objects with unique geometries can be 
produced precisely and accurately.  In this project, three models were created using this method of fabrication. 
 
6.0 The Models 
 
Shown in Figure 11, Figure 12, and Figure 13 is three models and their corresponding black and white photographs.  
One flaw in the models, at the time of fabrication, was that they were mirrored images of the picture.  Recently, this 
problem has been resolved; however no actual models have been built. 
 

 
Figure 11 Playing Card  

Figure 12 Ghost Town 

 
 
 
 

 
 
 Figure 13 Tree 

 
7.0 The Experiment 
 
An experiment was conducted with a blind person, Kevin Myers, who used these models in order to try to visualize 
the photograph.  The first model that he tried was the playing card. He was able to feel the club (clover shape) and 
the backwards number nine.  Kevin needed no hints for this simple model.  The second model was a bit more 
difficult for Kevin.  This model was the tree.  The tree was much simpler for him to visualize after he was given a 
one word verbal hint: “Tree”.  The third model was the ghost town and this one was very difficult for Kevin since it 
had such very fine detail.  Kevin needed many hints with this model since it had such complex levels of elevation. 
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8.0 Conclusion 
 
Models of grayscale photographs can be made using solid freeform fabrication and these models can be used to 
describe the photograph to a blind person.  Further modifications could be made to these models in order to give the 
blind person an idea or a hint as to what the photograph is. 
 
9.0 Future Work 
 
In the future, one problem that could be resolved is that some complex images cannot be visualized by a blind 
person.  In order to solve this problem, one might assign a texture to shadows.  In this way, a blind person can feel 
the texture and know that it is only a shadow.  This will offer a second cue to the blind person.  A second solution to 
more difficult photographs is to add Braille to the model so that the blind person will have a hint as to what the 
object is.  A third solution to the complex photograph issue is to add an electrical circuit that is powered by a small 
watch battery.  This circuit would be activated by the person’s touch and would sound a speaker that would say a 
short hint so that the blind person would have an idea of what they were feeling.   
 
Also, the subject of geometric figures is related to this topic.  If there is an image of a geometric figure, that figure 
may cast a shadow depending upon where the light source is placed.  Using elevation to show shades in this 
situation is not an effective way to portray this type of an object to a blind person.  Therefore, the object would need 
to be made three dimensional so that a blind person could actually hold it.  There is much room for improvement 
regarding this study.    
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