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From NGSS
Students who demonstrate understanding can: 
	MS-PS4-1.
	Use mathematical representations to describe a simple model for waves that includes how the amplitude of a wave is related to the energy in a wave. [Clarification Statement: Emphasis is on describing waves with both qualitative and quantitative thinking.] [Assessment Boundary: Assessment does not include electromagnetic waves and is limited to standard repeating waves.]

	MS-PS4-2.
	Develop and use a model to describe that waves are reflected, absorbed, or transmitted through various materials. [Clarification Statement: Emphasis is on both light and mechanical waves. Examples of models could include drawings, simulations, and written descriptions.] [Assessment Boundary: Assessment is limited to qualitative applications pertaining to light and mechanical waves.]

	MS-PS4-3.
	Integrate qualitative scientific and technical information to support the claim that digitized signals are a more reliable way to encode and transmit information than analog signals. [Clarification Statement: Emphasis is on a basic understanding that waves can be used for communication purposes. Examples could include using fiber optic cable to transmit light pulses, radio wave pulses in wifi devices, and conversion of stored binary patterns to make sound or text on a computer screen.] [Assessment Boundary: Assessment does not include binary counting. Assessment does not include the specific mechanism of any given device.]


-------------------------------------------------------------------------------
NOTE: this wave modeling activity typically would be after instruction in wave characteristics such as amplitude, frequency, wavelength, and that waves carry energy – this lesson will focus on the concept that waves can also carry information. Students should have been exposed to both mechanical waves (e.g. sound waves or water waves) and electromagnetic waves as carriers of energy).

Establishing Model of Electromagnetic Waves in Communication Technologies
Begin by establishing a physical model for components using electromagnetic waves in communication technologies: transmitter, receiver, and image generator. This will be done by sequentially adding components to the physical model and making sure students understand analogs to a modern communication system. Use a long (approximately 2 meters unstretched) spring (see Figure 1) to model electromagnetic waves used for modern day communications. Demonstrate the model for students by having one student holding each end and slightly stretching it on a smooth floor (this doesn’t work well on carpeting). The first student then generates a sideways wave[image: https://encrypted-tbn0.gstatic.com/images?q=tbn:ANd9GcTvaDRRXRKU0-NP9NzMPAP4XXni0a1QzI3cksxbewLyJt-wvLDQ] pulse with a rapid flick of the wrist to the side – 
something with an amplitude about half a meter or so is sufficient. Because this model will be for digital
communications, the wave signal will be sent in pulses (digital, or discrete) rather than continuous (analog signal).Figure 1. Long Spring to Model 
Electromagnetic Waves



Remind students of characteristics of waves – amplitude, frequency, wave speed – and use the spring model to illustrate these characteristics. Remind students that this spring is representing an electromagnetic wave – an invisible wave of interacting electric and magnetic fields – but this model makes those waves visible.

It may be helpful to highlight for students that some wave signal in the model will be lost due to friction from sliding sideways on the floor, but in an electromagnetic wave there is not such a loss and so those waves would travel much farther than this physical spring model wave. The student generating the wave signal is the “transmitter” – the component in an electronic system which sends a radio or TV wave out over the air. An option would be to have an index card labeled “transmitter” with yarn in punched holes to hang around the neck of the student as a reminder (and similarly for other model components). The student holding the other end is simply there to anchor the spring and doesn’t really have an analog in the electronic model.

In addition to the two students holding the ends, a third student is now brought into the model – this student will be the “receiver.” A blindfold is put on this student so that she can’t see the wave pulse when it arrives. Instead, the blindfolded receiver lightly puts her hand over the spring near the fixed end so that the spring can still move but so that she’ll feel it when it does. The best technique is to form a small bridge with thumb and index finger with the spring free to move back and forth under it, but still trapped between these fingers so the blindfolded receiver doesn’t lose contact with the spring because it slides away. This simulates how the electronic components of a receiver react when an incoming electromagnetic wave arrives – the receiver senses that a wave pulse has arrived.

Finally, a fourth student on the team is given a clipboard with grid paper and pencil. This student is the “recorder” which simulates the components of the system that translates incoming signals received into an output message for humans to process.

First Message Sent – A Digital Stream
The team of 4 students will send a series of increasingly complex messages. Students are told that all waves will communicate one of two possible values (i.e. a digital signal). When the transmitter sends one pulse, that corresponds to a value of 1. When sending two quick pulses right after each other, that corresponds to a value of 0 (in keeping with the digital tradition of 0s and 1s rather than 1 and 2 – see Figure 2). 

	Number of Pulses
	Value

	1
	1

	2
	0


Figure 2. Coding pulses into digital 0s and 1s (a chart you can put on the wall to remind students)

The amplitude of the pulse doesn’t really matter, as long as it is big enough to reliably reach the receiver at the other end, so it is fine if there is inconsistency in amplitudes generated. This is one reason why digital systems are more robust than analog in terms of not having static in the picture – by its very nature, either a 0 or a 1 is transmitted and no worries about inbetween values, which isn’t true for analog signals. 

The student who is holding the fixed end of spring writes a random string of about ten 0s and 1s on an index card. This should be kept secret from the receiver and the recorder. The card is then given to the transmitter, who generates the signal with appropriate pulses, pausing for 2-3 seconds between each to clearly distinguish the space between digits. When the blindfolded receiver feels either one pulse (a 1) or two quick pulses (a 0), then they say what they received and the recorder writes it down. It works best if the transmitter waits until the receiver has verbalized the received digit before sending the next, or else they run the risk of sending digits too fast for the receiver. After sending the stream of 10 digits, the transmitter says “end of message” and the receiver takes off the blindfold, and all 4 team members then compare the original message with the recorded one. 

Team members can switch roles (moving the 4 people in a cycle is easiest – transmitter-to-fixed-to-receiver-to-recorder, for example) and repeat once or twice until they reliably receive the intended message. Typically the teams achieve 100% accuracy after the first or second try. The biggest element of being accurate tends to be making sure the transmitter sends adequately large pulses and waits for the receiver to verbalized receiving it before sending the next.

Digital vs. Analog Communication [optional]
If you want to contrast digital with analog communication systems, you could re-establish the codes to not be based on number of pulses, but rather to be based on amplitude of the pulse (this is how AM radio signals work – “Amplitude Modulation” radio).  A useful code would be: 30-cm (a ruler length) amplitude = 1, 60-cm amplitude = 0. Typically students find it much harder to consistently get 100% accuracy of 0s and 1s with this analog signal, which represents “static” in the signal. This approach models disturbances to amplitude modulation analog signals in the atmosphere, something most noticeable during a thunderstorm. Having students listen to AM radio a bit, including during a thunderstorm, helps them to make this connection.

Second Message Sent – A Low-Resolution Letter
With the communication technology model now firmly established, the next transmission will send the letter X (see Figure 3) rather than a random stream of 0 & 1 digits. Demonstrate by having a 3x3 grid large enough for the class to see, and indicate that the defined sequence for assigning a stream of digits to squares will be to go across the first row, then back to the left for the second row, and finally back to the left to the third row. A 9-digit stream of 0s and 1s will fill this grid, with each “1” representing a shaded cell and each “0” representing a white cell.


Sequence to send (one digit per box in the prescribed sequence):

1, 0, 1, 0, 1, 0, 1, 0, 1
 1st       2nd         3rd
row     row      row

	1
	0
	1

	0
	1
	0

	1
	0
	1


First row

Second row


Third row


Figure 3. Sending the letter “X”

After successfully sending the letter X, student teams will send out a few low-resolution letters to each other. Taking turns with each role, a student plans a letter in a 3x3 grid, generates the 9-digit code for it, and that code is sent to the receiver who then tells the recorder whether to record a 0 or 1 in the “message grid.” Finally, by shading in all of the 1s sent, the message grid should have the same letter as the one originally sent (see Figure 4).

1, 0, 0, 1, 0, 0, 1, 1, 1
1, 0, 1, 1, 1, 1, 1, 0, 1
1, 1, 1, 0, 1, 0, 0, 1, 0
Sample sequences


Resulting letter

	1
	1
	1

	0
	1
	0

	0
	1
	0


	1
	0
	0

	1
	0
	0

	1
	1
	1



	1
	0
	1

	1
	1
	1

	1
	0
	1






Figure 4. Sending a Variety of Letters

Third Message Sent – High-Resolution Text
As a next step, solicit from students how they might be able to send more high resolution text, and it will quickly become apparent that they need to use grids bigger than 3 x 3. In fact, the more squares in your grid, the more resolution. For example, with a 5 x 5 grid the letter X looks like Figure 5. Students can be told that instead of calling them “squares” the technical term is “pixels” (picture elements). So Figure 5 has a total of 25 pixels in it. Depending on the display system, pixels can be rectangular or circular in shape as well.

	1
	0
	0
	0
	1

	0
	1
	0
	1
	0

	0
	0
	1
	0
	0

	0
	1
	0
	1
	0

	1
	0
	0
	0
	1


Figure 5. A Higher-Resolution Letter with 25 Pixels

Students might use their spring wave model to send a 25-pixel letter of their own creation for the experience, but for subsequent refinements in the model, for time purposes it may be preferable to have students work with paper representations of the text or images they would send rather than actually sending them with the wave model. This is because as the images continue to get more complex and higher resolution, the time needed to send even one image grows quickly. Rather than having students actually send those signals via the spring wave-model, having them understand how it works and that computers are really good at sending such streams of 0s and 1s really, really fast might be more fruitful. 

Connecting Digital Images to Computer Monitors
An interesting exercise is to have students go to a computer and determine the pixel resolution of their monitor. For most computers, go into the “Control Panel” and select “Display” (or something similar) to find a display properties screen with multiple tabs. A tab labeled “settings” or something similar will show the screen resolution in pixels. In the case of my large-monitor computer, I have 2560 x 1440 pixels at the highest resolution. This resolution can be modified by the user; in my case, the lowest resolution I could choose is 800 x 600 pixels. You may wish to have students compute how many 0s and 1s are needed to fill their computer screen (2560 x 1440 = 3,686,400 in my case). So it would take over 3½ million ‘pulse codes’ of the spring to send a static picture to that monitor.

A natural follow-up question is how long that would take the computer to do? If you have students go into “My Computer” and select “Properties” you’ll find general system properties of the computer, including the clock rate of the computer’s Central Processing Unit (CPU) which can be thought of as the computation speed. Although there really is no single speed for a computer (there are speeds for accessing hard drive, for various computer busses, for the CPU clock, etc.), the CPU clock speed is a good way for students to get a sense of how fast computers can send a stream of 0s and 1s. In my computer’s case, the CPU clock speed on the “properties” screen is 3.20 GHz (3.2 GigaHertz = 3.2 billion cycles per second). So dividing this by the number of pixels computed above, my computer could send 868 full pictures (of 3,686,400 pixels each) every second. Some computers employ 2 or 4 processors (dual-core or quad-core) working simultaneously, which means their capacity for computations goes up proportionally.

Beyond Black and White Pictures – Grayscale and Color
But what if we wanted to send a black & white picture that isn’t just composed of black pixels and white pixels, but rather has shades of gray? In that case, a “percent gray” could be assigned from 0% (white) to 100% (black). If you wanted control of the gray in 1% increments, that means you’d need to have 100 different numbers available to which would be assigned a shade of gray. To make at least 100 different numbers out of a binary string of 0s and 1s would require a minimum of 7 digits (which would enable 128 numbers to be coded). For historic reasons, and because the binary base of computers naturally leads to thinking in powers of 2, a standard “chunk” of electronic information was typically coded in 8 digits – called 8 bits. A package of 8 bits is called a “byte”. Thus, with 8 bits, you have the opportunity to code 256 different numbers from 0 – 255. Thus, instead of each pixel being either black (a 1) or white (a 0), each pixel would be a gray color where the intensity of the grayness would vary across 256 shades of gray with white and black anchoring the ends. 

So to send a grayscale picture to a 5 x 5 grid (25 pixels), each pixel would need a total of 8 bits of information to know what shade of gray to become. Thus you’d need 25 pixels x 8 bits/pixel = 200-long stream of 0s and 1s to be sent. Or for my computer screen of 3,686,400 pixels, each pixel of which needs 8 bits (a package of 8 zeros and ones), that would require 29,491,200 digits to paint the whole screen in grayscale. At 3.2 GHz, that means it could send 108 screenfuls of grayscale pictures every second.

But what if we want to send pictures in color instead of grayscale? One way to do that is to combine the three colors red, blue, and green in different proportions to get any color you want. Thus, you’ll need 8 bits of information to communicate the intensity of the red color you want for a pixel, another 8 bits of information to specify the intensity of the blue color, and a third set of 8 bits for intensity of green color. Thus, three sets of 8-bit chunks of information for each pixel will permit each pixel to display a desired color. The same display properties screen on your computer where the screen resolution is shown likely also has the color quality options shown (sometimes under ‘advanced settings’) in terms of how many bits you’d like to use to specify a color. The more bits you use, the finer control over the distinction in color intensity you have.

Beyond Static Images – Sending Digital Movies
To send a movie instead of a static image, the basic strategy is to send a quick series of pictures so fast that any changes from one to another will make it look like the picture is moving – the same basic principle as that used in flip books where each drawing of a simple picture slightly changes from one drawing to another (e.g. the arm a little higher), and when flipping rapidly through the pages the effect is to make it look like the arm is moving higher. The more pictures you have with tiny changes and the faster you flip the pages, the smoother the motion looks. 

Standard rates of sending pictures to a computer monitor fast enough so that the human eye perceives it as smooth motion rather than a jumpy set of pictures is to send 30 or 60 pictures per second (also called “frames per second” which is measured in Hertz). This is called the refresh rate. You can usually find the refresh rate for your computer monitor in your “Display Properties” box from before – sometimes in an “Advanced” button. 

So, if you want to send a color movie (3 sets of 8-bits for each pixel to code for amount of red, blue, green) to a computer monitor with 2560x1440 pixels, at 30 frames/second, that would take a total of 2,654,208,000 bits of information per second. That would take a lot of spring shaking to do this using the physical model students started with! Depending on your electronic setup, it is easy to see how lowering screen or color resolution can be a workable solution to images freezing up if your computer’s processing speed can’t keep up.

Modern Communications
Although technical details of modern communications systems are overlooked with this simple physical model (e.g. compression algorithms which take advantage of the fact that very few pixels tend to change a lot from frame to frame), this modeling approach makes core scientific concepts underlying modern communications accessible to students. Connections to properties students can find on their own computers connects Next Generation Science Standards’ increased emphasis on modern communications with foundational science principles.
1
image1.jpeg




