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Foundations of Computer Science
Binary World
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•Binary Number

•Text

•Sound

•Image

•Why Binary?

•Binary Storage

•Boolean Logic

•Logic Gates

•Computer Circuit

Contents
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Decimal Numbers

•10 decimal digits 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, e.g. 459
•Sign/magnitude notation: + or – e.g. +31 and – 789 are examples
•Decimal notation: e.g. 12.34 

(2 × 103) + (3 × 102) + (5 × 101) + (9 × 100)
= 2,000 + 300 + 50 + 9
= 2,359 
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Representations
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Binary Numbers

         111001 = (1 × 25) + (1 × 24) + (1 × 23) + (0 × 22) + (0 × 21) + (1 × 20)
= 32 + 16 + 8 + 0 + 0 + 1
= 57 

           10111 = (1 × 24) + (0 × 23) + (1 × 22) + (1 × 21) + (1 × 20)
= 16 + 0 + 4 + 2 + 1
= 23

Q: Binary-to-decimal Algorithm?

Q: Decimal-to-binary Algorithm?
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Binary Numbers

         111001 = (1 × 25) + (1 × 24) + (1 × 23) + (0 × 22) + (0 × 21) + (1 × 20)
= 32 + 16 + 8 + 0 + 0 + 1
= 57 

           10111 = (1 × 24) + (0 × 23) + (1 × 22) + (1 × 21) + (1 × 20)
= 16 + 0 + 4 + 2 + 1
= 23

Q: Binary-to-decimal Algorithm?

Q: Decimal-to-binary Algorithm?

Q: What about 65535? 

Arithmetic Overflow
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Adding
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Signed Number

8

What about?

What about? 100…00 and 000…000?
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Complement Circle
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Fractional number

• Present 5.75

10

Exponent BaseMantissa
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Example

• Present – 0.3125 
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Text Symbols
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ASCII Conversion Table

•ASCII: American Standard Code for
Information Interchange 

•Unicode-16 bits
•Unicode-32 bits
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What is Sound ?

Acoustics is the study of sound. 

∙Physical - sound as a disturbance in the air 

∙Psychophysical - sound as perceived by the ear 

∙Sound as stimulus (physical event) & sound as a sensation. 

∙Pressures changes (in band from 20 Hz to 20 kHz) 

Physical terms 

∙Amplitude 

∙Frequency 

∙Spectrum
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Sound Waves

∙In a free field, an ideal source of acoustical energy sends out 
sound of uniform intensity in all directions. 
=> Sound is propagating as a spherical wave. 

∙Intensity of sound is inversely proportional to the square of 
the distance (Inverse distance law). 

∙6 dB decrease of sound pressure level per doubling the 
distance. 
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Sound Waves
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What is Sound
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How we hear

•Ear connected to the brain

∙left brain: speech

∙right brain: music 

∙Ear's sensitivity to frequency is logarithmic 

∙Varying frequency response 

∙Dynamic range is about 120 dB (at 3-4 kHz) 

∙Frequency discrimination 2 Hz (at 1 kHz) 

∙Intensity change of 1 dB can be detected.
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Digitally Sampling

Sampling Rate
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Clipping
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Quantization

Bit Depth
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Nyquist’s Theorem

• Sampling is dictated by the Nyquist sampling theorem which states how 
quickly samples must be taken to ensure an accurate representation of the 
analog signal. 

• The Nyquist sampling theorem states that the sampling frequency must be 
two times greater than the highest frequency in the original analog signal. 

or
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Audio Encoding Format

•AAC (Advanced Audio Coding): Apple’s iPhone and iPad,
•WMA (Windows Media Audio) 
•WAV (Waveform Audio File Format)
•MIDI (Musical Instrument Digital Interface)
•MP3: MPEG-1 (updated to MPEG-2), Audio Level 3 
Encoding

• Motion Picture Experts Group (MPEG), a committee of the
International Organization for Standardization (ISO)

• Sampling rate of 44,100 samples/second
• Bit depth: 16 bits per sample. 
• High-quality sound reproduction, 
• Used format for rock, opera, and classical music
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Common Sound Sampling Parameters

• Common Sampling Rates
• 8KHz (Phone)  or 8.012820513kHz (Phone, NeXT)
• 11.025kHz (1/4 CD std)
• 16kHz (G.722 std)
• 22.05kHz (1/2 CD std)
• 44.1kHz (CD, DAT)
• 48kHz (DAT)

• Bits per Sample
• 8 or 16

• Number of Channels
• mono/stereo/quad/ etc.
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Audio Data Rates

Quality Format
(examples)

Transfer 
Rate

Disk Space
1 hour

Disk Space
100,000 hours

Netcasting RealAudio 20 Kbit/s 8.8 MByte 0.9 TByte

Preview RealAudio 80 Kbit/s 35.2 MByte 3.5 TByte

Preview MPEG Layer 3 
(MP3)

192 Kbit/s 84.4 MByte 8.4 TByte

Broadcasting or 
Editing

MPEG Layer 2 384 Kbit/s 168.8 
MByte

16.9 TByte

Archive
(uncompressed
)

Waveform
PCM

1538 Kbit/s 675.9 
MByte

67.6 TByte
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Space/Storage Requirements

  1 Minute of Sound 
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The Blue Marble. NASA | Apollo 17
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Light received 
by camera

[Hasselblad 500 EL - NASA 
variant – ‘Data Camera’ 
(HDC)]
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Amount 
of light

Spatial 
dimension 
1

Spatial 
dimension 
2

Light received 
by camera

Approximate 
figurative 

distribution of 
light
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Sampling in 1D

•  

Danny Alexander

 

 

[2,6,5,2
]
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Sampling in 2D

Sampling in 2D takes a 
function and returns a matrix.

Danny Alexander
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2D Image

A sampling of a function that contains 
information about a 2D* signal.
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2D Image

Image stores intensity or ‘brightness’

                              
                                    

                             
                       

•A sampling of a function that contains 
information about a 2D signal.
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2D Image

Image stores intensity or ‘brightness’

2D visible light signals are special for us
• Brightness along x and y dimensions
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2D Image

Image stores intensity or ‘brightness’

2D visible light signals are special for us
• Brightness along x and y dimensions

Video: xy-coordinates + time
• Time-varying 2D signal
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Example 2D Images

Danny Alexander
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CMOS / CCD

Sampling in Practice: Digital Images
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Grayscale Digital Image as ‘Height Map’

Brightne
ss
or 
intensity

x y

Danny Alexander
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Each part of an image is a pixel

y

x
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Each part of an image is a pixel

Pixel -> picture element

y

x

I(x,y)

‘11
4’
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Resolution – geometric vs. spatial resolution

Both images are 1000 x 1000 pixels
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Integrating light

Output Image

Camera Sensor

James Hays

e.g., 
lens
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Integrating light over a frustum.

Output Image

Camera Sensor

James Hays

A frustum 
approximates 
the ray space 

that a pixel 
samples

Image

Pixel

e.g., 
lens
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“A Pixel Is Not A Little Square, 
 A Pixel Is Not A Little Square, 
 A Pixel Is Not A Little Square! 
(And a Voxel is Not a Little Cube)”
- Alvy Ray Smith, 

- MS Tech Memo 6, 1995.
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Sensor Array

Imaging sensor

James Hays
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Quantization

Underlying analog 
charge signal

Quantized 
values
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Quantization Effects – Photometric Resolution

8 bit – 256 
levels

1 bit – 2 
levels

2 bit – 4 
levels

4 bit – 16 
levels

We often call this bit depth.
For photography, this is also related to dynamic range.



49

Radiometric vs. spectroradiometric vs. photometric

Radiometric

The amount of light in physical units, e.g.,
- Radiance -> amount of light (in Watts per unit solid angle (steradian) per square meter)

- Irradiance -> amount of light arriving at a surface over the hemisphere (in Watts per square 
meter)

Spectoradiometric

Radiometric but for narrow wavelength bands of light

Photometric

The perceived amount of light to an observer, e.g., a human
- Luminous intensity (candelas -> lumens per steradian)

- Illuminance (lux -> lumens per square meter)
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Grayscale intensity

0.92 0.93 0.94 0.97 0.62 0.37 0.85 0.97 0.93 0.92 0.99

0.95 0.89 0.82 0.89 0.56 0.31 0.75 0.92 0.81 0.95 0.91

0.89 0.72 0.51 0.55 0.51 0.42 0.57 0.41 0.49 0.91 0.92

0.96 0.95 0.88 0.94 0.56 0.46 0.91 0.87 0.90 0.97 0.95

0.71 0.81 0.81 0.87 0.57 0.37 0.80 0.88 0.89 0.79 0.85

0.49 0.62 0.60 0.58 0.50 0.60 0.58 0.50 0.61 0.45 0.33

0.86 0.84 0.74 0.58 0.51 0.39 0.73 0.92 0.91 0.49 0.74

0.96 0.67 0.54 0.85 0.48 0.37 0.88 0.90 0.94 0.82 0.93

0.69 0.49 0.56 0.66 0.43 0.42 0.77 0.73 0.71 0.90 0.99

0.79 0.73 0.90 0.67 0.33 0.61 0.69 0.79 0.73 0.93 0.97

0.91 0.94 0.89 0.49 0.41 0.78 0.78 0.77 0.89 0.99 0.93
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Color

R

G

B

James Hays
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Images in Python Numpy

N x M RGB image “im”

‒ im[0,0,0] = top-left pixel value in R-channel

‒ im[x, y, b] = x pixels to right, y pixels down in the bth channel

‒ im[N-1, M-1, 3] = bottom-right pixel in B-channel

0.92 0.93 0.94 0.97 0.62 0.37 0.85 0.97 0.93 0.92 0.99

0.95 0.89 0.82 0.89 0.56 0.31 0.75 0.92 0.81 0.95 0.91

0.89 0.72 0.51 0.55 0.51 0.42 0.57 0.41 0.49 0.91 0.92

0.96 0.95 0.88 0.94 0.56 0.46 0.91 0.87 0.90 0.97 0.95

0.71 0.81 0.81 0.87 0.57 0.37 0.80 0.88 0.89 0.79 0.85

0.49 0.62 0.60 0.58 0.50 0.60 0.58 0.50 0.61 0.45 0.33

0.86 0.84 0.74 0.58 0.51 0.39 0.73 0.92 0.91 0.49 0.74

0.96 0.67 0.54 0.85 0.48 0.37 0.88 0.90 0.94 0.82 0.93

0.69 0.49 0.56 0.66 0.43 0.42 0.77 0.73 0.71 0.90 0.99

0.79 0.73 0.90 0.67 0.33 0.61 0.69 0.79 0.73 0.93 0.97

0.91 0.94 0.89 0.49 0.41 0.78 0.78 0.77 0.89 0.99 0.93

0.92 0.93 0.94 0.97 0.62 0.37 0.85 0.97 0.93 0.92 0.99

0.95 0.89 0.82 0.89 0.56 0.31 0.75 0.92 0.81 0.95 0.91

0.89 0.72 0.51 0.55 0.51 0.42 0.57 0.41 0.49 0.91 0.92

0.96 0.95 0.88 0.94 0.56 0.46 0.91 0.87 0.90 0.97 0.95

0.71 0.81 0.81 0.87 0.57 0.37 0.80 0.88 0.89 0.79 0.85

0.49 0.62 0.60 0.58 0.50 0.60 0.58 0.50 0.61 0.45 0.33

0.86 0.84 0.74 0.58 0.51 0.39 0.73 0.92 0.91 0.49 0.74

0.96 0.67 0.54 0.85 0.48 0.37 0.88 0.90 0.94 0.82 0.93

0.69 0.49 0.56 0.66 0.43 0.42 0.77 0.73 0.71 0.90 0.99

0.79 0.73 0.90 0.67 0.33 0.61 0.69 0.79 0.73 0.93 0.97

0.91 0.94 0.89 0.49 0.41 0.78 0.78 0.77 0.89 0.99 0.93

0.92 0.93 0.94 0.97 0.62 0.37 0.85 0.97 0.93 0.92 0.99

0.95 0.89 0.82 0.89 0.56 0.31 0.75 0.92 0.81 0.95 0.91

0.89 0.72 0.51 0.55 0.51 0.42 0.57 0.41 0.49 0.91 0.92

0.96 0.95 0.88 0.94 0.56 0.46 0.91 0.87 0.90 0.97 0.95

0.71 0.81 0.81 0.87 0.57 0.37 0.80 0.88 0.89 0.79 0.85

0.49 0.62 0.60 0.58 0.50 0.60 0.58 0.50 0.61 0.45 0.33

0.86 0.84 0.74 0.58 0.51 0.39 0.73 0.92 0.91 0.49 0.74

0.96 0.67 0.54 0.85 0.48 0.37 0.88 0.90 0.94 0.82 0.93

0.69 0.49 0.56 0.66 0.43 0.42 0.77 0.73 0.71 0.90 0.99

0.79 0.73 0.90 0.67 0.33 0.61 0.69 0.79 0.73 0.93 0.97

0.91 0.94 0.89 0.49 0.41 0.78 0.78 0.77 0.89 0.99 0.93

R
G

B

row
column

James Hays
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Cameras with Three Sensors

Lens

[Edmund Optics; 
Adam Wilt]
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Cheaper/More Compact Color Sensing: Bayer Filter

• Estimate RGB
at ‘G’ cells from neighboring values

Steve Seitz
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A microscope photograph (micrograph) of the corner of the photosensor array of a webcam digital 
camera.

Credit: Natural Philo, Wikipedia
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Reliability

•Binary: 
• Full on/full off
• Fully charged/fully discharged
• Charged positively/charged negatively
• Magnetized/nonmagnetized
• Magnetized clockwise/magnetized counterclockwise 
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