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ABSTRACT

Effective science instruction requires knowledge of subject matter and scientific practices (NGSS Lead States 2013) as well 
as the context in which learning occurs. For science teachers, there is often a tension between the efficiency of lecture and 
student engagement that comes with hands-on/minds-on activities. In this article we present RGB photography (used for 
creation of astrophotography) by way of filtered greyscale images captured with student cell phones, an inquiry based pho -
tography lesson that provides an opportunity for high school students in physical science, physics and chemistry to inves -
tigate science content that is current, authentic and relevant, and can bridge the gap between efficiency and engagement 
by concurrently teaching astrophotography, scientific practices and photo editing technology. This is an ideal activity 
addressing NGSS DCIs PS4.B and PS4.C that deepens student understanding of the EM spectrum by answering the sense-
making science questions, What is color? What is light? And how do space telescopes make their images?

Keywords: Electromagnetic spectrum; astronomy; astrophotography; photography; hands-on activity; multi-wavelength; 
imaging; space telescopes; cellphone camera; image processing; image editor

Who hasn’t been dazzled by each new image from the 
Webb space telescope (Figure 1)? When we hosted a 
school and community outreach event for the JWST 

First Image Reveal, the sense of awe in the room was palpable. 
The images were incredibly beautiful and engaging to the eye. 
But once the online Q&A with NASA folks was over, one of our 
students came up with the most important question of the day: 
“So if that was taken with infrared cameras, what color is it, 
really?”

It turns out that students (and most adults) carry an intuitive but 
incorrect assumption about photography that prevents them from 

understanding the answer to that question. The assumption? That 
color is a physical attribute of nature; that color itself exists.

To break down that assumption, the National Research 
Council (NRC) suggests that we lead our students to question 
the nature of color and confront the misconception to construct 
a new conception based on scientific models. In this article, we’ll 
explain how, once color is understood as a sensemaking illusion 
based on the three electromagnetic wavelengths our eyes hap-
pen to be tuned for, it becomes intuitive that all color images are 
illusions based on carefully chosen wavelengths from the elec-
tromagnetic (EM) spectrum.

F IGURE 1

The first breakthrough image from JWST. This sight is literally invisible to human eyes, 
since it was taken at infrared wavelengths.

Source: https://webbtelescope.org/contents/news-releases/2022/news-2022-031.
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More importantly, we’ll also provide you with an equitable, 
inclusive activity that we’ve found to be engaging for the broad 
diversity of our students regardless of prior academic achieve-
ment, English language mastery or other typical challenges.

The essential question: How do we see 
color?
One preconceived notion we run into with our students, and 
even lay adults, is that the primary colors somehow comprise a 
property of light itself. Even among people who can tell you 
about the color sensing “cone cells” in the retina, the connection 
between biological color perception and primary colors is often 
overlooked. In reality, there are three sets of cone cells, each of 
which creates a monochrome brightness map of the scene in the 
specific wavelength it is tuned to. All the other colors we can see 
are built from these building blocks by interpolation from their 
relative values. We’ve found that for high school students to 
really understand this, they first need to discover light’s great 
secret: That it’s made up of individual wavelengths.

The building blocks of color photography
Once we understand that discrete wavelengths are present in 
the general experience of light, we can build the idea that images 
are captured at specific wavelengths – those to which our cone 

cells are tuned, and which we sense as red, green and blue. The 
overall process involves natural objects reflecting wavelengths 
across the optical spectrum, transmission filters to extract three 
specific wavelengths from within the spectrum, cone cells in the 
human eye that absorb those same three specific wavelengths, 
and the mind that processes the electrical signals from the optic 
nerve to present the illusion of “seeing” across the spectrum 
(Figure 2).

The activity
In this lesson, students create an RGB image using their cell 
phones and Pixlr, a free browser-based photo editing program. 
The lesson begins as students apply their prior knowledge of the 
EM spectrum and light in the visible and non-visible portions of 
the EM spectrum. Color photography is an ideal exploration of 
this prior knowledge related to NGSS MS.PS4-5 that expects 
students to understand how waves are “reflected, absorbed or 
transmitted through various materials.”

By the end of the activity, students will have used color trans-
mission filters with technology to create their own color pictures 
from monochrome wavelength-specific image captures as 
addressed in HS-PS4. The students will be able to explain how 
we see color, using their phone cameras to model the process 
within the visible spectrum. High school students can explain 

F IGURE 2

Pixels and cone cells.

The camera has red, green and blue wavelength-sensing pixels in its image sensor. A digital image file is the set of brightness values for 
each pixel. The image processor in the computer uses those brightness values to stimulate each of the red, green and blue-emitting pixels 
in the display. The corresponding pixels in your eye (the red, green and blue cone cells) receive those three separate images and the brain 
knits them back together, adding in the sensation of color. Diagram by author.
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and understand how the beautiful James Webb telescope photos 
were created to reveal sights that are invisible to our human eyes.

Following the activity, students use their experience to 
inform a discussion of why near and far infrared astrophotogra-
phy on the James Webb telescope are helping us to illuminate 
our understanding of the universe.

Doing the activity
We used the 5E model (Bybee et�al. 2006) to develop this lesson 
(Figure 3). The 5E model, a constructivist framework that pro-
motes collaborative active learning through problem-solving, 
encourages students to investigate new concepts by asking ques-
tions, observing, analyzing and drawing conclusions. The 5E 
model includes five stages: Engage, Explore, Explain, Extend 
and Evaluate.

Engage
We began by sharing the James Webb Space telescope image 
shown in Figure 1 with the class. We start a discussion by elicit-
ing student questions about what they see and how they think 
the image was made. Through this process of guided inquiry, 
students realize the image is doubly impossible for us ever to see 
with our own eyes – it is far too dim (which is somewhat intui-
tive) and made from invisible wavelengths (which is not intui-
tive). This inspires student questions and further discussion of 
space telescope technology (including the digital storage and 
transmission of image datasets).

This leads to a review presentation on the EM spectrum and 
a simple sensory demonstration looking through prism glasses 
(Figure 4). By questioning students about the colors they see, 
students begin to ask what happened to the various shades of 
color and the significance of the small number of colors that 
dominate the image. This leads them to construct a bridge 
between their normal sensory experience and the technology 
that uses primary colors to directly stimulate our optic nerves.

They see that “primary colors” are not primary colors because 
of any inherent quality they have–we attribute prime status to 
them because they are the only ones that directly stimulate our 
optic nerves. All wavelengths on the EM spectrum work the 
same way (Figure 5). To understand astronomy as professionals 
do, it is helpful to think of cameras as eyes tuned to different sets 
of “primary” colors – real colors, but invisible ones.

During the Engage phase, students’ prior knowledge and 
interest is accessed through discussion of their experiences with 
the phenomena of photography using their cell phones. We 

F IGURE 3

The 5E Instructional Model.

F IGURE 4

Prism glasses show students how white 
light is composed of other colors in the 
visible portion of the EM spectrum.

Photo by author.
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prompted our students to think about when they tried to take cell 
phone photos for the first time, and to consider how important it 
is to practice in order to master the skill. Then we asked them a 
key supporting question: How are color images made? This pro-
vided an opportunity for them to question further and apply their 
prior knowledge of the visible portion of the EM spectrum.

Explore
During the Explore phase, students utilize cell phones to create 
a color image from three separate black and white captures 
taken with different color filters. They will reassemble them 
using image processing software assigning red, green and blue 
pixels. At this point the students had questions about photo pro-
cessing. It will help if you demonstrate the entire process using 
sample photos (See the sidebar in supplemental materials or the 
accompanying video for more details.).

Students are encouraged to think about the following sup-
portive questions:

•	 What is color?

•	 What is an image?

•	 How does a camera work?

•	 What can a camera show me that I cannot see with my own eyes?

•	 What is the problem I am trying to solve?

•	 What do I need to find out?

•	 What do I know already?

We’ve discovered several effective strategies for using the 
questions to encourage further student questioning and 

“Aha’s!” Overall, it’s important to select just a few for any given 
class period. Sometimes we post them in the classroom and on 
our online learning management system. We often find it help-
ful in encouraging equity to choose which students to ask by 
using a shuffled student card deck.

Encountering the phenomenon
How is color derived from black and white images? Here is 
where the image capture activity begins. Each team will need a 
tripod, a set of filters and a cellphone camera. We explain this in 
detail in the sidebar and video (see supplemental materials). But 
here’s a quick overview of the three-step procedure.

1.	 Preparation. This includes finding something to take a pic-
ture of and setting up the camera for black & white 
photography.

2.	 Capture. This is actually taking three pictures, one through 
each filter to make sure that only the primary color pixels 
are stimulated. Video instructions are here.

3.	 Processing. This is using technology to assign color back to 
the black and white images and combine them to make a 
“color” picture. Video instructions are here.

Differentiation strategies
This activity can be modified for students with impaired motor 
skills and difficulty processing complex software tasks. For stu-
dents with motor challenges, we provide a set of three prepared 
monochrome photos. As another teacher choice, you can use 
heterogeneous grouping so all students can participate in simi-
lar outcomes. In this scenario individual student strengths are 
utilized. Depending on your class, for the benefit of complete 
inclusion without highlighting student IEPs, student roles can 
be assigned.

F IGURE 5

The EM spectrum with the three directly visible wavelengths included.

Image adapted by author from NASA JWST Image Reveal presentation.
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Explain
Following the teacher’s guidance, students explain the science 
and technology concepts they explored in the previous phase 
and demonstrate their knowledge with the images they created 
(Figure 6). The inevitable imperfection of their first combined 
RGB image will provide an opportunity to review and explore 
concepts as they manifested as steps in the creation of their com-
bined RGB image. In other words, student technical work does 
not need to be perfect; students should be encouraged to explain 
the concepts that the RGB photo represents.

Students will:

•	 Apply prior knowledge of the EM spectrum and light in the 
visible and non-visible portions of EM spectrum (MS.PS4-2).

•	 Create their own color pictures from monochrome wave-
length-specific image captures using knowledge of primary 
colors and color transmission filters with technology (HS 
PS4-5, PS4.C).

•	 Explain how we see and assign visible color, using our cell 
phone camera to model the process within the visible 
spectrum – and bridge to the idea of using images captured at 
invisible wavelengths with assigned visible colors to make 
astrophotos revealing secrets of the cosmos (HS PS4-5, PS4.C).

Extend
Here we introduced NASA’s Astrophoto Challenge. The chal-
lenge is built around a website (https://mo-www.cfa.harvard.
edu/OWN/astrophoto/) that combines intuitive image process-
ing tools with an archive of monochrome astro images. The 
competitive challenge runs in two cycles per year, but the tool 
and the archive are always available.

Students are excited to enter the challenge and to see their 
work posted and receive public recognition (not to mention that 
it can differentiate a high school student’s college resume!) 
During times when the challenge itself wasn’t running, stu-
dents posted their work to a virtual gallery, with captions 
explaining their choices. Quality printouts of student work can 
make for a stunning gallery walk.

Throughout this phase, student understanding of the initial 
phenomenon is challenged and deepened. We found, for 
instance, that after having built their own “color” images from 
greyscale images taken from the NASA Astrophoto Challenge, 
students not only discussed published images in terms of 
assigned visible colors from IR and other wavelengths, they 
simply enjoyed the art at a deeper level. Reflection and dis-
course during this phase of the lesson provided a natural segue 
to exploring additional content to put the lesson in context.

Evaluate
Students are evaluated on their ability to create and explain 
RGB photography. We’ve provided rubrics for these parts of the 
activity. The greater goal is that the students are able to ask and 
answer the question, “How do we see color?” While your con-
text will determine the details of that response, students will be 

expected to refer to this activity and their results to demonstrate 
their understanding of the essential question.

Conclusion
Over the course of the past couple of years, with teachers at 
NSTA conferences, community members at STEM outreach 
events, and students in classes and clubs at different high 
schools, we have found this activity to be popular, engaging and 
enlightening. It provides an accessible, inexpensive, opportunity 
for “Aha” moments and addresses misconceptions!

Initially, many students thought that astronomical photos were 
just like their photos - that somebody just aimed a better iphone at 
the sky. More importantly, many students didn’t realize that the 
many glorious astrophotos they see are made from invisible por-
tions of the EM spectrum. Students of all ages and cultures and 
backgrounds gained a clearer understanding of the commonality 
of how their eyes and space telescopes fundamentally work - and 
how this relates to their personal technology, such as cell phones 
and computers. Color and vision give us joy in our environment 
and, through science, reveal the secrets of our world.
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F IGURE 6

Fully blended project by student at 
Stamford High School. The diverse 
class celebrated their results together 
and learned from every image.

Photo by Ameya McCulley.
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