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NOTE:This diagram represents the steps applied on a typical consumer camera pipeline. ISPs may apply these steps in a different order or
combine them in various ways. A modern camera ISP will undoubtedly be more complex, but will almost certainly implement these steps in
some manner.



Integrated signal processor (ISP)

• You will hear the term "ISP" associated with camera pipelines
• An ISP is dedicated hardware used to process the sensor image to 

produce the final output (JPEG image) that is saved on your device
• The ISP is usually integrated as part of a system on a chip (SoC) that has 

other modules
• Companies such as Qualcomm,HiSilicon, Intel (and more) sell ISP chips
• An ISP can be customized by the customer (Samsung,Huawei,LG,Apple, etc)

• Note that it is also possible to perform operations common on an ISP 
on your device's CPU and GPU
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Camera sensor

Almost all consumer camera sensors are based on complementary
metal-oxide semiconductor (CMOS) technology.

• We generally describe sensors in terms of number of pixels and size.
• The larger the sensor, the better the noise performance as more light can fall on

each pixel.
• Smart phones have small sensors!

Figure from Photo Review website.
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CMOS sensor



Camera sensor RGB values

Sensor
Color Filter

Sensor
Color Filter

Sensor
Color Filter

Micro-lenses are placed over the
diode to help increase
light collection on the sensor

Light

Photodiode 
Photons hit the diode and
force out electrons.
This design is similar to a

solar cell!

Silicon/Circuitry

Color filters place over 
the sensor. This forms
a Color FilterArray (CFA) 
also called a“Bayer Pattern” 
after inventor Bryce Bayer.

Color filter array 
or "Bayer" pattern.

Bryce Bayer
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Camera RGB sensitivity
• The color filter array (CFA) on the camera filters the light into three sensor-specific

RGB primaries

Plotted from camera sensitivity database by Dr.JinweiGu from Rochester Institute ofTechnology (RIT). Dr.Gu is now at
SenseTime (USA). http://www.cis.rit.edu/jwgu/research/camspec/ 116

http://www.cis.rit.edu/jwgu/research/camspec/


Sensor raw-RGB image
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Remember: physical world 
is measured by radiometric 
spectral power distributions.
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Your camera sensor 
RGB filter is sensitive 
to different regions 
of the incoming SPD.

raw-RGB represents 
the physical world's SPD 
"projected" onto the 
sensor's spectral filters.



Sensors are linear to irradiance
• Camera sensors are decent light measuring devices
• If you double the amount of light hitting a sensor's pixel,the digital value 

output of that pixel will double

Sensor output is linear with
respect to irradiance falling over
the sensor over a certain amount
of time.

! = # ∗ %
Digital value I is a linear function of irradiate i and
exposure t. 9



IMPORTANT:raw-RGB sensor images are not in a 
standard color space
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Color plots show L2 distance between the raw-RGB values with different cameras.



Displaying raw-RGB images
• Inserting a raw-RGB image in your slides,research paper,etc will result in 

strange colors.
• Why? Our devices (computers,printers,etc) expect the image to be in a 

standard color space like sRGB.
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This is a raw-RGB image. Why does it look bad?
Because the RGB values are not sRGB values.

Knowing your color space is important!
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ISO signal amplification (gain)
• Imaging sensor signal is amplified and digitized
• Amplification to assist A/D conversion
• Need to get the voltage to the range required to the desired digital

output

• This gain is used to accommodate camera ISO settings
• Gain to signal applied on sensor
• Note – gaining the signal also gains image noise

Different ISO settings (note:the exposure will be shorter for higher ISO)
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ISO gain and 
raw-image 
processing Image:Harry Guinness



Pixel "intensity"
• We often talk about a pixel's intensity,however, a pixel's numerical 

value has no unit

• The digital value of a pixel is based on several factors
- Exposure (which is a function of both shutter speed and exposure)
- Gain (ISO setting on the camera)
- Camera hardware that digitizes the signal

• We typically rely on the relative digital values in the image and not 
the absolute digital values



Flat-field correction
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Uniform light falling on the sensor
may not appear uniform in the raw-RGB 
image.This can be caused by the lens, 
sensor position in the camera
housing,etc.

We want to correct this 
problem such that we 
get a "flat" output.

ISO gain and 
raw-image 
processing

Before correction

This operation can also be called "lens shading" correction.

Apply a correction 
gain over the sensor 
values.

After correction
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CFA/Bayer pattern demosaicing
• Color filter array/Bayer pattern placed over pixel sensors
• We want an RGB value at each pixel,so we need to perform 

interpolation
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pixel.
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Simple interpolation
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B5 = B3B1 B9B7+ + +
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4
= + + +At location R5,we have a red pixel 

value,but no Green or Blue pixel.
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We need to estimate the G5 & B5
values at location R5.

This is a zoomed up version
of the Bayer pattern.



Simple“edgeaware” interpolation
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Case 1

All about the same.

G2

G6G4

G8

Case 2

G2 and G8 differ 
– ignore them
in the 
interpolation

Case 3

G4 and G6 differ 
– ignore them
in the 
interpolation

RGB
Demoasicing
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Do this procedure also for the blue pixel,B5.



Demosaicing in practice
• The prior examples are illustrative algorithms only
• Camera IPSs use more complex and proprietary algorithms.
• Demosaicing can be combined with additional processing
• Highlight clipping
• Sharpening
• Noise reduction

RGB
Demoasicing

2
0



DNN for demosaicing (anddenoising)
Gharbi et al SIGGRAPHAsia, 2016

This is a very interesting paper that examines
using a DNN to perform demoasicing.

Interestingly,the act of demosaicing to a
clean ground truth image implicitly performs denoising.

The only drawback of this paper is that training/testing
demosiaced images were synthetically generated
by sampling sRGB images and adding noise.

A lack of a raw-RGB dataset is a problem and 
would be a nice addition in this area.



Non-learning improvement for demosaicing

Wronski et al SIGGRAPH 2019

This paper uses multiple frames and very 
small camera motion (from hand tremors) 
to perform demosaicing and
super-resolution. By exploiting motion,
they can fill in missing Bayer data.
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* Note that steps can be optional (e.g.noise reduction) or applied in slightly different order. 134



Noise reduction (NR)

• All sensors inherently have noise
• Most cameras apply additional NR afterA/D conversion
• A simple method is described in the next slide
• For high-end cameras, it is likely that cameras apply different strategies 

depending on the ISO settings,e.g.high ISO will result in more noise,so a 
more aggressive NR could be used
• Smartphone cameras,because the sensor is small,apply aggressive noise 

reduction.

135
Noise
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