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A Lesson in Probability and Statistics: 

Voyager/Scratch Coin Tossing Simulation 

 

Introduction 

 

This lesson introduces students to a variety of probability and statistics concepts using PocketLab 

Voyager and Scratch—ScratchX is not required.  The Scratch program simulates tossing any number of 

coins any number of times, displaying the number of heads in each toss with a square having varying 

shades of grey—black for zero heads and white for the maximum possible number of heads in each toss.  

The simulated coins are tossed once each second with Voyager’s light sensor recording the results for 

each toss, as shown in Figure 1. 

 

 
Figure 1 

 

Activities for students include simulating the tossing of 4 coins 100 times.  Students become familiar 

with the concept of independence—the result from any toss is independent of all previous tosses of the 

coins.  From the light intensity data collected, students study randomness, the trend in running average, 

comparison of results with the binomial expansion coefficients in Pascal’s triangle, and runs in which the 

number of heads is the same for several successive tosses.  In an optional activity in which 256 coins are 

tossed 3000 times, students discover a distribution with a narrow central peak and near zero 

probabilities elsewhere. 

 

For computer science students, the teacher can discuss the Scratch code and ask students how to 

modify the code so that dice are tossed instead of coins.  This can be used to introduce the concepts of 

probability of success, probability of failure, and mutually exclusive outcomes. 
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Simulating the Tossing of 4 Coins 100 Times 

1. Download the Scratch file PocketLabCoinTossSimulator.sb2 that accompanies this lesson. 

2. Go to the Scratch website at https://scratch.mit.edu and click on the Create link in the top 

menu. 

3. Click on File/Upload from your computer and navigate to and open the Scratch sb2 file from step 

1. 

4. Click on the blue “full screen” rectangle in the upper right of the Scratch menu.  You will see a 

large black square. 

5. Pop off Voyager’s orange cover.  Be careful not to lose the two little round light diffusers in the 

two holes of the orange cover, as they are only loosely attached to the cover. 

6. Place a piece of black electricians tape over the status indicator LED inside of Voyager in order to 

avoid that LED from interfering with light intensity data collection.  This is an issue for which the 

PocketLab team is working on some solutions.  See Figure 2. 

 

 
Figure 2 

 

7. Place a piece of double-stick tape on the outside of Voyager’s orange cover as shown in Figure 2 

and then snap the orange cover back in place on Voyager. 

8. Stick Voyager to the center of the large black square on the Scratch screen 

9. Open the PocketLab app on your cell phone, iPad, or Chromebook.  Press Voyager’s start button.  

After Voyager has synched with the PocketLab app, select the light sensor as the only data 

collection sensor to be used.  The data rate should be 10 points/second. 

10. Click on the dark green start flag in Scratch.  The input shown below will then be requested.  Key 

in 4 and then press the enter key on your computer or click the blue checkmark on the right.  

 
The input shown below will then be requested. 

 

Key in 100, but do not enter or click on the blue checkmark quite yet.  Instead, do this while 

simultaneously tapping the red record button in the PocketLab app.  (You want to start 

recording data collection exactly on the first toss of the coins.) 

11. As soon as the tossNumber has finished the 99
th

 toss, stop the recording of data in the 

PocketLab app. 

12. Save the PocketLab app’s collected data as a csv file for analysis in a spreadsheet program such 

as Excel. 
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100 Tosses of 4 Coins Graph 

The first graph that students should make is light intensity versus toss number, remembering that toss 

number and time in seconds are synonymous here.  Figure 3 shows typical results for tossing 4 coins 100 

times in succession.  The lowest light intensity corresponds to tossing 0 heads, the next highest intensity 

to 1 head, the next to 2 heads, the next to 3 heads, and the highest intensity to 4 heads.  Each second 

corresponds to one toss of the four coins.  For clarity, the five intensities have been highlighted in red.  

The results appear to be random.  However, the frequencies appear to be the least for 0 and 4 heads, 

and the most for 2 heads.  We’ll have more on this later!  

 

Figure 3 

Running Average 

The next graph for students to make is running average of light intensity versus toss number (time).  

Students will need to add a column to their data that computes the running average from the first toss 

through the n
th

 toss.  The resultant running average graph for the example data of Figure 3 is shown in 

Figure 4.  The running average is quite erratic at first, but does begin to get more stable as the number 

of tosses increases.  The five light intensities have been highlighted in red as was done in Figure 3.  It 

appears that the average is trending toward 2 heads.  Students should learn that random data can show 

trends as the number of trials gets larger and larger. 



4 

 

 

Figure 4 

Sorted Data 

The next graph is one of the most revealing.  Students need to copy the light intensity data column to 

another column and then sort the data in the new column without sorting data in adjacent columns.  

Then they can make a graph of the sorted light intensities versus toss number, which should still be in 

order from 0 through 100.  The resultant sorted graph for the data of Figure 3 is shown in Figure 5. 

 

Figure 5 
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Once again we have highlighted in red the light intensities corresponding to 0 through 4 heads in a toss 

of the coins.  We now have a graph with several steps, where the width of each step is equal to the 

number of tosses out of 100 having a given number of heads!  As was qualitatively observed back in 

Figure 3, we now have quantitative frequencies for 0, 1, 2, 3, and 4 heads:  7, 29, 41, 19, and 4, as well as 

the corresponding percentage.  Zero and 4 heads are the least frequent, 2 heads is the most frequent, 

while 1 and 3 heads have intermediate frequencies.  Our next task is to compare these empirical 

frequencies to those from theory. 

Comparing Experimental and Theoretical Coin Tossing Frequencies 

There are a variety of ways to have students explore theoretical frequencies.  Probably the easiest for 

youngest students is to have them begin with a table showing every possible permutation of heads and 

tails for four coins, and then simply count the number of heads in each permutation, as shown in Figure 

6. 

Penny Nickel Dime Quarter Number of Heads 

H H H H 4 

H H H T 3 

H H T H 3 

H H T T 2 

H T H H 3 

H T H T 2 

H T T H 2 

H T T T 1 

T H H H 3 

T H H T 2 

T H T H 2 

T H T T 1 

T T H H 2 

T T H T 1 

T T T H 1 

T T T T 0 

Figure 6 

The penny can be either H or T, the nickel could be H or T, the dime could be H or T, and finally the same 

for the quarter.  With two possible independent outcomes for each coin, the total number of possible 

outcomes is 2∙2∙2∙2 = 24 = 16.  For n coins there would be 2n possible outcomes.  With the number of 

outcomes doubling for each coin added, the table grows quickly in size. 

Students can calculate the respective probabilities for 0, 1, 2, 3, and 4 heads from the rightmost column 

of the table:  1/16 = 0.0625, 4/16 = 0.25, 6/16 = 0.375, 4/16 = 0.25 and 1/16 = 0.0625.  Corresponding 

percentages would be 6.25%, 25%, 37.5%, 25%, and 6.25%.  Students could then construct a graph 

comparing their experiment results with those from theory.  A bar chart such as shown in Figure 7 



6 

 

probably makes the most sense here since there are five discrete probabilities and not a continuous 

distribution of values.  Students are quite likely to see reasonably close agreement between experiment 

and theory.  

 

Figure 7 

For the more mathematically advanced students, Pascal’ triangle and the concept of combinations can 

be used to determine the theoretical probabilities.  Figure 8 contains the first five rows, with the bottom 

row showing the frequencies for obtaining 0, 1, 2, 3, and 4 heads when tossing 4 coins.  

1 

1      1 

1      2      1 

1       3       3      1 

1       4        6        4      1  

Figure 8 

With the first row of the triangle being row 0 and the first element of any row being element 0, the r
th

 

element of row n is the number of combinations of n things taken r at a time, often called “n choose r”.  

Mathematicians write this as: 

nCr =  ��
�� =  �!

�!��	�
!
 

As an example, the value 6 in the bottom row of Figure 8, is 

4C2 =  ��
�� =  �!

�!��	�
!
= 6. 

In words, there are 6 ways of obtaining 2 heads in a toss of 4 coins, as we saw back in Figure 6. 
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Runs and Their Probabilities 

In our experiment of tossing 4 coins 100 times, a run of length L can be defined as obtaining the same 

number of heads in L consecutive tosses.  Figure 9 highlights a few example runs for our experiment.  

Although runs of length 1 are not particularly exciting, a run of length 1 for 3 heads has been 

highlighted.  The highlighted run of length 2 of 3 heads is a case in which we tossed 3 heads in two 

consecutive tosses of the four coins.  The highlighted run of length 3 of 1 head is a case in which we 

tossed 1 head in three consecutive tosses of the four coins.  The highlighted run of length 4 of 2 heads is 

a case in which we tossed 2 heads in four consecutive tosses of the four coins.  Finally, the highlighted 

run of length 5 of 2 heads is a case in which we tossed 2 heads in five consecutive tosses of the four 

coins. 

 

Figure 9 

It is instructive to have the students compute the probabilities for specific occurrences of runs.  Let’s 

consider our run of length 5 as an example—what is the probability of obtaining 2 heads in 5 

consecutive tosses of four coins?  The answer involves some interesting probability considerations.  

First, we have previously learned that the probability of obtaining 2 heads in a single toss of the coins is 

0.375.  Second, the result from each toss is independent of all previous tosses.  The third consideration 

involves a basic principle of probability:  When two or more events are independent, the probability 

that all of the events occur is obtained by multiplying their separate probabilities.  Since tosses of our 

four coins are independent, then the probability of obtaining 2 heads in 5 consecutive tosses of our 

coins is 0.3755 = 0.0074, a rather rare happening at less than 1%. 

3000 Tosses of 256 Coins 

One of the nice things about the Scratch program provided with this application is that you can simulate 

tossing any number of coins any number of times.  Let’ toss 256 coins 3000 times—you can cut the time 
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for data collection down to about 17 minutes if you are willing to settle for 1000 tosses—but the more 

tosses the better.  Here, we are interested in the number of tosses with zero heads, 1 head, 2 heads, 3 

heads, …, 254 heads, 255 heads, and 256 heads.  Zero heads would correspond to a black square, 256 

heads to a white square, and there would be 255 shades of gray squares between black and white 

squares!  Figure 10 shows the resultant graph with the experimental data ordered from lowest light 

intensity to highest light intensity.  We see that two-thirds (~67%) of the 3000 tosses are in the range 

shown.  (2500 – 500 = 2000 tosses).  Our understanding of Pascal’s triangle implies that 128 tosses 

should be the average, which occurs in the middle of the above mentioned range.  There appear to be 

about 16 steps in this range.  So, 67% of the tosses should result in 120 to 136 heads.   

 

Figure 10 

A binomial distribution calculator at https://www.di-mgt.com.au/binomial-calculator.html allows us to 

compute the theoretical probabilities for 0 through 256 heads when tossing 256 coins.  If we then make 

a graph of the probabilities from this calculator, we obtain the graph of Figure 11.  In this figure, x is the 

number of heads in a toss and P(x) is the probability for that number of heads occurring.  We observe 

that nearly all of the tosses of the 256 coins will have between 100 and 160 heads in a very narrow peak.  

Outside of this range, the probability, for all practical purposes, is zero!  This implies that virtually all of 

the 3000 tosses shown in Figure 10 have between 100 and 160 heads. 

 

Figure 11 
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The Scratch Coin Tossing Simulation Program 

This Scratch coin tossing simulation program has two sprites with scripts.  We first discuss the main 

program, whose script is shown in Figure 12.  The script is started when the green flag is clicked.  The 

tossNumber is initialized at 0, and two variables are then hidden.  Next, input is requested for the 

number of coins per toss and the total number of tosses.  The three main variables of interest to the 

user are shown.  With the range of brightness values for Scratch between 0 and 127, the value 125 is 

divided by one more than the number of coins per toss, giving the Scratch brightness increment for each 

additional head.  A loop is then repeated once for each of the requested number of tosses.  The loop 

first broadcasts a message intended for the “Square” sprite letting it know that it can toss the coins.  

There is a 1 second wait, after which the variable tossNumber is incremented by 1.  After all iterations of 

the loop are completed, three variables are hidden. 

 

Figure 12 

The script for the “Square” is shown in Figure 13.  This script is executed each time it receives the 

tossCoins message.  The intensity total is initialized at zero.  Then a loop is repeated for “Number of 

Coins” times.  The variable tossHT is randomly set to either 0 or 1.  We will let the value 1 indicate that 

the toss resulted in heads.  The value of the variable intensity is then set to lumIncrement if heads and to 

0 if tails.  The value of intensity is then added to intensityTotal.  When the loop is completed, the 

brightness of the square is set to intensityTotal.   
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Figure 13 

Programming Challenge—Modify the Scratch Program to Simulate Rolling Dice 

A challenge for computer science students is to make appropriate modifications to the coin tossing 

Scratch program so that it becomes a dice rolling simulation.  The program should roll any number of 

dice any number of times.  Voyager’s light sensor should monitor the rolls in a fashion similar to that 

done with the coins.  For example, if 4 dice are to be rolled each time, then Voyager’ light sensor should 

distinguish, say, the number of “boxcars”, i.e. 6’s, in each toss of the four dice.  Voyager light intensity 

values would represent the number of boxcars using four different light intensities corresponding to 0, 

1, 2, 3, or 4 boxcars. 

Note that for teachers who just want their students to investigate statistics and probability associated 

with dice rolling, the completed Scratch file PocketLabDiceTossSimulator.sb2 accompanies this lesson.  A 

sample analysis of Voyager light intensity data for dice rolling is discussed in the next section of this 

lesson. 

Simulating the Rolling of 4 Dice 500 Times 

Figure 14 and Figure 15 contain Voyager light intensity data for the Scratch simulation of rolling 4 dice a 

total of 500 times.  These two figures are synonymous to Figure 3 and Figure 5 discussed for coin 

tossing.  Figure 14 suggests that rolling zero boxcars has the highest frequency, rolling 1 boxcar next 

highest, rolling two next, and rolling 3 boxcars less than a handful of times.  Four boxcars never occurred 

in the 500 rolls.  With the data sorted from lowest to highest light intensity in Figure 15, we were able to 

quickly determine the exact frequencies (242, 202, 54, 2) for rolling 0, 1, 2, and 3 boxcars, respectively.  

The pattern appears much different than we obtained from our coin tossing experiment! 
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Figure 14 

 

 

Figure 15 

Comparing Experimental and Theoretical Dice Tossing Frequencies 

Here is an opportunity to discus probability of success (p) and probability of failure (q) with your 

students.  We can easily expand the binomial (p + q) to the 4
th

 power using coefficients in Pascal’s 

triangle: 

(p + q)
4
 = p

4
 + 4p

3
q +6p

2
q

2
 + 4pq

3
 + q

4
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Since we are rolling dice, the probability of success p for rolling a boxcar is 1/6 ≈ 0.167.  The probability 

of failure (not rolling a boxcar) q = 1 – p = 5/6 ≈ 0.83.  We can then compute the terms in our binomial 

expansion as follows when rolling 4 dice: 

p
4
 + 4p

3
q +6p

2
q

2
 + 4pq

3
 + q

4
 ≈ 0.001 + 0.015 + 0.116 + 0.386 + 0.482 

where 

   0.001 is the probability of obtaining 4 boxcars when rolling 4 dice 

   0.015 is the probability of obtaining exactly 3 boxcars 

   0.116 is the probability of obtaining exactly 2 boxcars 

   0.386 is the probability of obtaining exactly 1 boxcar 

   0.482 is the probability of obtaining no boxcars. 

 

A graph comparing our experiment with theory is shown in Figure 16.  Theory and experiment are in 

close agreement. 

 

Figure 16 

  


