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Statistical techniques can help us to analyze the distribution of light and dark 
tones in an image.

Lately, I’ve written articles about image sensors (starting with this first article in the image sensor 
technology series) and statistics (I started with an introduction to statistical analysis in electrical 
engineering). It occurred to me that I would like to write an article about an interesting topic that 
draws upon both digital imaging and statistical analysis—namely, visual contrast.

What Is Contrast?

Brightness and contrast are the two most fundamental characteristics of a grayscale or color 
photograph. Brightness is straightforward: it describes the overall lightness or darkness of an 
image. Contrast, on the other hand, is somewhat more complex.

Contrast might be easier to demonstrate than to explain, so let’s begin this discussion with some 
images:

Understanding Contrast, Histograms, and 
Standard Deviation in Digital Imagery

A low-contrast (left), medium-contrast (center), and high-contrast (right) version of the same photograph.  

The image in the center is direct from the scanned negative, and the only modification I made to 
create the other images was increasing or decreasing contrast.

I think that this trio of photographs helps to convey the subtlety and nuance of contrast in the 
context of everyday imagery. I could create high- and low-contrast versions that are taken to the 
extreme—i.e., one with contrast increased to the point where almost all of the pixels are completely 
black or completely white and the other with contrast so low that everything is washed out grayness. 
However, contrast doesn’t work that way when we’re trying to produce a realistic, visually pleasing 
image.

https://www.allaboutcircuits.com/technical-articles/introduction-to-image-sensor-technology-photons-to-electrons/
https://www.allaboutcircuits.com/technical-articles/introduction-to-image-sensor-technology-photons-to-electrons/
https://www.allaboutcircuits.com/technical-articles/introduction-to-statistical-analysis-in-electrical-engineering/
https://www.allaboutcircuits.com/technical-articles/introduction-to-statistical-analysis-in-electrical-engineering/


5 // 18
3D Imaging and Other Emerging Areas in Vision IoT Technology / TECHNICAL ARTICLES

A standard way to define contrast is the degree of difference between the lighter and darker tones in 
an image. “Tone” in this context is essentially synonymous with “brightness,” but the connotation is 
slightly different: brightness might be interpreted as numerical intensity (for digital data) or measured 
density (for film), whereas using the word “tone” also evokes the way in which human beings perceive 
or respond to brightness (and darkness) in an image.

I’m not quite satisfied with the “degree of difference” definition because contrast is more than just a 
single number that specifies the extent to which gray levels in an image are spread out or squeezed 
together.

Contrast can be manipulated in diverse ways. Thus, I would suggest that contrast is more fully, 
though perhaps more abstrusely, defined as the distribution of gray levels in an image insofar as this 
distribution influences the differences between lighter and darker tones.

Contrast and the Image Histogram

Image processing makes extensive use of statistical plots called histograms. With a histogram, we 
can visually specify 1) the values in an image (or in any other data set) and 2) how frequently these 
values occur.

Histograms organize and present pixel values in a way that can be extremely informative, and they 
often function as an essential complement to a holistic evaluation of the image itself. A standard 
histogram has pixel values that increase as you move from left to right along the horizontal axis.

A histogram gives us clear information about the contrast of an image, and we can also use changes 
in a histogram to better understand the effects of modifying contrast in some way. Below I have 
reproduced the three kitten photos shown above, with each one accompanied by its histogram.

https://www.allaboutcircuits.com/technical-articles/normal-distribution-understanding-histograms-probability/
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As contrast increases, the pixel values shift farther toward the left or right side of the histogram. 
In an image like this one, which emphasizes dark and light tones with relatively few midtone pixels, 
increasing the contrast makes the distribution more bimodal: the two peaks are moved farther 
apart and the “valley” in between the peaks becomes more pronounced.

The effect is somewhat different in an image that emphasizes midtones. For example:

Here, the medium-contrast image has one dominant peak near the middle of the pixel-value range. 
If we decrease contrast, even more pixels are concentrated into this primary peak. If we increase 
contrast, we create a more even distribution of pixels across the range and secondary peaks become 
more prominent.

Contrast and Standard Deviation

Standard deviation is one of the most important descriptive statistical measures, and it’s explained 
in detail in my article on average deviation, standard deviation, and variance. Here’s the bottom line: 
standard deviation conveys the tendency of the values in a data set to deviate from the average 
value.

The histograms shown above report standard deviation (as well as mean and median). It’s interesting, 
though not surprising, to note that the standard deviation increases as contrast increases: when we 
add more contrast to an image, we spread out the histogram such that the overall tendency of the 
data set is to have greater distance between the individual pixel values and their mean.

https://www.allaboutcircuits.com/technical-articles/descriptive-statistics-in-electrical-engineering/
https://www.allaboutcircuits.com/technical-articles/average-deviation-standard-deviation-variance-signal-processing/
https://www.allaboutcircuits.com/technical-articles/descriptive-statistics-in-electrical-engineering/


In fact, reporting the standard deviation of the pixel values in an image is one way to quantify 
contrast. This is called RMS (root-mean-square) contrast because calculating standard deviation is 
a root-mean-square procedure.

Conclusion

I hope that you’ve enjoyed this conceptual and statistical exploration of visual contrast. In a future 
article, we’ll continue this topic by discussing transformation functions and their effect on the 
contrast of a digital image.

https://www.allaboutcircuits.com/technical-articles/how-standard-deviations-relates-rms-values/
https://www.allaboutcircuits.com/technical-articles/how-standard-deviations-relates-rms-values/
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Behind the explosion in computer vision is tremendous growth in the world of 
3D imaging. What’s the state of 3D imaging today and where are we headed?

One of the most useful and well-studied subsects of AI/ML is machine vision. Machine vision, or 
the ability for a computer to analyze and predict the contents of an image, is often only as good as 
the images it’s fed.

This is why engineers have been 
working tirelessly to create new, better 
means of 3D imaging technology 
from both a hardware and software 
perspective.

What Is 3D Imaging?

When studying imaging, engineers 
have, understandably, found 
inspiration from the way the human 
eye captures and interprets images. 

3D Imaging—the Heart of Machine 
Vision—Forges Ahead

Example of a machine vision application. Image from 
Robotics Tomorrow

Working principle of a camera mimicking parallax. Image from SPIE Digital Library

https://www.visiononline.org/blog-article.cfm/How-3D-Imaging-Works/44
https://www.visiononline.org/blog-article.cfm/How-3D-Imaging-Works/44
https://www.visiononline.org/blog-article.cfm/How-3D-Imaging-Works/44
https://www.roboticstomorrow.com/article/2019/12/what-is-machine-vision/14548
https://www.spiedigitallibrary.org/journals/journal-of-electronic-imaging/volume-23/issue-6/061109/Method-for-generating-full-parallax-holographic-stereograms-without-vergence-accommodation/10.1117/1.JEI.23.6.061109.short?SSO=1&tab=ArticleLinkReference
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The way the human visual system works is that each individual eye sees the world from a different 
angle and merges these images as one through a process called parallax. 3D imaging follows the 
same approach, using two lenses for every shot—each capturing an image that’s different from the 
other.

Active vs. Passive 3D Imaging

In general, 3D imaging techniques can be classified as either active or passive.

Active 3D imaging systems are ones that use artificial illumination in order to capture and record 
digital representations of objects. This artificial illumination provides dense and accurate images, 
even of textureless objects, which would be otherwise difficult to obtain.

An active 3D imaging system uses different 
methodologies, including time-of-flight, 
triangulation, and interferometry. Time-of-
flight, for example, requires the encoding 
of 3D data into each pixel by measuring the 
time that elapses as light travels to the target 
object and then returns to a sensor. LiDAR is a 
popular example of active 3D imaging.

Passive methods, on the other hand, are 
systems that recover 3D information from 
scenes that are illuminated only with ambient 
lighting. They tend to utilize depth from focus 
and light field. In snapshot-based methods, the difference between two snapshots captured at the 
same time is used to calculate the distance to objects—a process called passive stereo imaging.

Expanding 3D Imaging Use Cases

Many fields may greatly benefit from 3D imaging. 

An obvious application is autonomous vehicles. With improvements in 3D imaging technology will 
come better visual systems for self-driving cars, allowing them to make more accurate and safe 
decisions in real-time. Augmented reality is also a use case that will benefit from 3D imaging. 

Beyond machine vision, the medical field in particular can see many notable applications. The 

A LiDAR-represented spatial plane. Image used 
courtesy of Geospatial World

https://link.springer.com/chapter/10.1007/978-1-4471-4063-4_2
https://www.hindawi.com/journals/bmri/2017/6027029/
https://www.geospatialworld.net/blogs/what-is-lidar-technology-and-how-does-it-work/
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implementation of 3D imaging 
in procedures like ultrasound, 
cardiological exploration, and 
surgical vision will greatly benefit 
doctors and patients alike. 

It’s obvious to see why 3D imaging 
is such a hot field right now, and 
as the technology continues to 
improve at the circuit level, many 
fields may establish 3D imaging as 
a commonplace technology.

Image-guided spinal surgery. Image used courtesy of ODT 
Magazine

https://www.odtmag.com/contents/view_breaking-news/2017-01-23/fda-clears-7d-surgicals-machine-vision-image-guided-spine-surgery/
https://www.odtmag.com/contents/view_breaking-news/2017-01-23/fda-clears-7d-surgicals-machine-vision-image-guided-spine-surgery/
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A research team from the University of Utah in Salt Lake City in partnership with 
Oblate Optics, Inc. have developed an ultra-thin lens that could be used in the 
next generation of cameras and imaging equipment.

Using this lens, which is around one-thousandth of an inch thick, the researchers have built a camera 
that does not require focusing. This offers several benefits over traditional cameras, such as those 
found in electronics from smartphones to LiDAR systems, which use multiple lenses to build high-
quality, focused images. 

The researchers published their findings in The Optical Society’s journal for high impact research, 
Optica, and claim that the lens is able to maintain focus for objects that are around 6 meters apart 
from each other.

This is said to be achieved through a nanostructure that is patterned on a flat surface to achieve 
important optical properties to control how light travels. In contrast, a regular lens will use bulky 
plastic or glass to achieve this. 

Eliminating the Need for Focusing

Conventional cameras, regardless of whether they are used in smartphones or high-level industrial 
equipment, require focusing to ensure that the details of the objects it captures are sharp. If there 
are several objects at different distances from the camera in the frame, each object must be focused 
separately. 

The lens, which is 1/1000th of an inch thick, is said to eliminate the need for this, allegedly enabling 
any camera to keep every object in a frame simultaneously in focus.

In the team’s research paper, Rajesh Menon, the team’s leader, says: “Conventional cameras also 
use multiple lenses to keep different colours of light in focus simultaneously. Since our design is 
very general, we can also use it to create a single flat lens that focuses all colours of light, drastically 
simplifying cameras even further.”

Enabling Thinner and Higher Quality 
Cameras and Imaging Systems for 
Electronics Development

https://www.osapublishing.org/optica/abstract.cfm?uri=optica-7-3-214
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Improving Lens Design

The researchers say that this development came when 
they realized that there were other ways to direct light 
besides using conventional lenses to turn parallel light 
waves into spherical ones which converge into a focal spot. 
They realized that waves of other shapes could produce a 
similar effect, thus increasing the number of potential lens 
designs. 

“In stark contrast to what is taught in optics textbooks, our 
research has shown that there is more than one way that light 
transmission is affected by an ideal lens,” added Menon. 

Applications in Imaging Systems

The lens has many potential applications outside of use in photography and consumer products 
such as smartphones, say the research team. One application where it could prove to be highly 
useful is in LiDAR systems for self-driving cars and other autonomous vehicles and systems.

Although LiDAR systems primarily operate with the use of lasers, cameras are used for the 
identification of things like traffic cones, traffic lights, debris on the road, animals, and more. By 
eliminating focusing, the lens could mean autonomous vehicles are safer because LiDAR systems 
will start out with sharper starting images, hastening identification and decision making. 

Furthermore, because the design approach that the research team uses can be expanded to create 
optical components with varying properties—for example, lower cost, higher bandwidth, and easier 
manufacturability—the cameras used in imaging systems like LiDAR could become even more 
functional and specialized by reducing factors like weight, complexity, and cost. 

The flat lens developed by the 
University of Utah researchers. Image 
credited to Dan Hixson/University of 

Utah College of Engineering

https://www.allaboutcircuits.com/news/2020-lidar-sensors-autonomous-vehicles/
https://unews.utah.edu/thin-to-win/
https://unews.utah.edu/thin-to-win/
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Different from other image sensors using RGB patterns to generate the viewing image stream and 
require another IR module to detect liveliness in motion. This new solution leverages the AR0237IR 
to obtain both visible and infrared images for depth sensing and advanced algorithms such as anti-
spoofing and 3D recognition. AR0237IR also provides good sensitivity at various light conditions 
and supports HDR functions.

Imaging technology is used across numerous access control 
and security applications including smart video doorbells and 
locks. To prevent security threats, 3D technology is now being 
used to enhance the application’s facial recognition capabilities.

Making it easier to develop intelligent access control and 
smart video solutions, ON Semiconductor has collaborated 
with Ambarella and Lumentum to develop a 3D sensing access 
control and security platform that provides smooth video 
streaming, facial recognition and anti-spoofing features in one 
system.

This solution also enables a keyless feature with a higher security level to both consumer and 
commercial applications. The platform is based on the AR0237IR image sensor from ON 
Semiconductor, Ambarella’s CV25 CVflow® AI vision System on Chip (SoC) and Lumentum’s VCSEL 
technology.

For this joint 3D sensing platform, it can be used for the development of intelligent access control 
systems and smart video security products such as smart video doorbells and door locks.

3D Imaging for Intelligent Access 
Control and Smart Video Security

https://www.ambarella.com/
https://www.lumentum.com/en
https://www.ambarella.com/news/ambarella-lumentum-and-on-semiconductor-collaborate-to-provide-3d-sensing-platform-for-access-control-and-smart-video-security-solutions/
https://www.ambarella.com/news/ambarella-lumentum-and-on-semiconductor-collaborate-to-provide-3d-sensing-platform-for-access-control-and-smart-video-security-solutions/
https://www.onsemi.com/products/sensors/image-sensors-processors/image-sensors/ar0237?utm_source=blog&utm_medium=blog&utm_campaign=AR0237-3D-Platform&utm_content=link-ar0237IR-page
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Ambarella’s products are used in a wide variety of human and computer vision applications, including 
video security, advanced driver assistance systems (ADAS), electronic mirror, drive recorder, driver/
cabin monitoring, autonomous driving, and robotic applications. Ambarella’s low-power System on 
Chips (SoCs) offer high-resolution video compression, advanced image processing. Their SoCs also 
provide powerful deep neural network processing to enable intelligent cameras to extract valuable 
data from high-resolution video streams. 

This joint development uses Ambarella’s powerful image sensor processor (ISP), CV25, to provide 
exceptional image quality while adding support for AI features including video encoding, anti-
spoofing algorithms, liveliness detection and 3D recognition. The CV25 includes a suite of anti-
hacking security features including secure boot, TrustZone® and I/O virtualization.

Lumentum is a market-leading designer and 
manufacturer of innovative optical and photonic 
products enabling optical networking and 
laser applications worldwide. Using their high-
quality VCSEL technology, the platform is able 
to generate the high accuracy depth solution 
and produce reliable anti-spoofing features 
for intelligent access control and smart video 
solutions.

The new 3D sensing platform from Ambarella, Lumentum and ON Semiconductor will provide a new 
level of security for access control and smart video applications.

Learn more about the AR0237IR and other vision IoT solutions from ON Semiconductor and watch 
our video below! Missed one of our live seminars? Watch a recording of the Vision IoT seminar here 
where we discuss balancing performance and lower power, requirements for vision IoT, energy-
efficient image sensors for battery-powered applications and imaging technology.

https://www.onsemi.com/products/sensors/image-sensors-processors/image-sensors/ar0237?utm_source=blog&utm_medium=blog&utm_campaign=AR0237-3D-Platform&utm_content=link-ar0237IR-page
https://www.onsemi.com/products/sensors/image-sensors-processors?utm_source=blog&utm_medium=blog&utm_campaign=AR0237-3D-Platform&utm_content=link-image-sensors-page
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CMOS Image Sensor

An image sensor is one of the main building blocks in a digital imaging system and determines the 
overall system performance. In this article, we’ll take a look at the basics of CMOS image sensors. 

CMOS Photo-Detectors

Most CMOS photo-detectors are based on the operation of a pn-junction photodiode. When a 
photodiode is reverse-biased (and the reverse voltage is less than the avalanche breakdown 
voltage), a current component proportional to the incident light intensity will flow through the 
diode. This current component is often referred to as photo-current. Since the photo-current linearly 
increases with the light intensity, we can use a photodiode to build a photo-detector. An abstract 
representation of such a photo-detection structure is shown below. 

The reset switch is closed at the beginning of an 
exposure cycle to reverse-bias the photodiode to a 
voltage of VD. Next, the switch opens and a photo-
current proportional to the incident light intensity is 
generated. This current is in the range of femto- to pico 
amperes and is too small to be directly measured. If 
we let the photodiode be exposed to the light for a set 
period of time, tint, the current will be integrated over 
the diode capacitance CD. The stored charge provides 
us with a stronger accumulative signal that is easier to measure. Besides, the averaging process 
incorporated makes the accumulative signal a more faithful representation of the measured light 
intensity especially when dealing with weak or noisy signals.

Note that the well capacity, Qwell, sets an upper limit for the amount of charge that CD can hold. 
Above a certain light intensity, the diode will be saturated and the accumulated charge will be equal 
to a maximum value as shown in the above figure. Hence, the integration period must be chosen 
carefully. 

Another non-ideal effect that should be considered is that, in addition to the photo-current, there 
is another current component called dark current that flows through the diode. The dark current is 
the current that is generated in the absence of light. This current component must be minimized to 

The Fundamentals of CMOS Image Sensors

Image courtesy of Abbas El Gamal.

http://isl.stanford.edu/groups/elgamal/abbas_publications/M001.pdf
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maximize the device sensitivity.

Block Diagram of a CMOS Image Sensor

The basic structure of a CMOS image 
sensor is depicted here. 

A two-dimensional array of photo-detectors 
is used to sense the incident light intensity. 
The charge created by a photo-detector is 
converted to a voltage signal and passed on 
to the output amplifier through an array of 
“row select” and “column select” switches. 
An ADC is used to digitize the amplified 
signal.

To perform readout, the pixel values of a 
given row are transferred in parallel to a set 
of storage capacitors (not shown here) and 
then, these transferred pixel values are read 
out sequentially.

Note that the above figure shows only a basic architecture for a CMOS image sensor. Advanced 
architectures employ a much more sophisticated circuitry. For example, with a digital pixel sensor 
(DPS) architecture, each pixel can have its own analog-to-digital converter and memory block. 
Hence, each pixel in a DPS architecture outputs a digital value proportional to the light intensity.

CMOS Image Sensors

As the name suggests, CMOS image sensors 
are fabricated in a standard CMOS technology. 
This is a major advantage because it allows 
us to integrate the sensor with other analog 
and digital blocks of the imaging system. An 
integrated solution allows us to reduce the power 
consumption and improve the readout speed. 

Rolling Shutter Artifacts

Image courtesy of Edmundoptics.

Image courtesy of Abbas El Gamal.

https://www.edmundoptics.com/knowledge-center/application-notes/imaging/understanding-camera-sensors-for-machine-vision-applications/
http://isl.stanford.edu/groups/elgamal/abbas_publications/M001.pdf
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With many CMOS image sensors, the exposure cycle of different pixel rows start at slightly different 
times. Typically, the rows are reset in sequence from top to the bottom. After the integration time of 
a given row passes by, its readout should start. Hence, the readout also happens in sequence from 
top to the bottom just like the reset process. This can cause a kind of distortion called rolling shutter 
artifact when capturing a fast moving object. This is due to the fact that a scene with a fast moving 
object can change by the time all of the pixels benefits are captured. Rolling shutter artifact manifests 
itself as some non-rigidity or bending in the captured scene. This is illustrated in the following figure. 

Modern higher end CMOS sensors have much faster readout rate and can more easily avoid this 
non-ideal effect. Besides, there are CMOS image sensors with global shutter where the reset and 
exposure cycle of all of the pixels happen at the same time. At the end of the integration time, the 
accumulated charge of different pixels is simultaneously transferred to a storage area for further 
process. Since the exposure cycle of all of the pixels occurs at the same time, there will be no rolling 
shutter effect.

Image courtesy of ON Semiconductor.

https://www.onsemi.com/pub/Collateral/AND9195-D.PDF
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