The exercise below is no longer an assessed part of the course. It has been left in this file should any student want to try a more challenging example of a simulation. 
Random walk
The second process you could simulate is what’s called a random walk.  Suppose a very small particle, only slightly larger in size than a molecule of air, is allowed to fall freely under gravity.  Its trajectory is recorded using a digital camera.  The horizontal (x) position of the particle is located for each of 8000 frames and stored as a set of picture element values (pixels) relative to the x-position in the first frame.  A theoretical analysis of this problem suggests that the average x-position of the particle over long periods of time is zero.  However, the probability of finding the particle at a particular x-position should follow a normal (Gaussian) distribution centred on x = 0, with a variance which increases linearly with time (the frame number).  Thus the standard deviation should increase as the square root of the time.  This example is a one-dimensional version of a random walk process, sometimes called the “Drunkard’s Walk”.  
Simulate this process in a third sheet of the workbook. 
· Fill column A with 8000 rows of random numbers in the interval -1 to 1.  Use the Tools/Data Analysis/Random Number Generation dialogue box.  

· In cell B1 enter the value 0 (the initial position of the particle).  

· In cell B2 enter the formula =B1+A1.  Copy this formula into cells B3:B8000.  Thus column B contains the positions of the particle at successive intervals of time.  

· Plot the x-position of the particle (column B) against the row number (time).  This will show the random walk. 
You have generated just one sample of a random walk.  The position of yours at the end of the walk may well not be zero.  Look at the graphs of your neighbours.  If they have used a different seed in the random number generation they will have a different set of plots.  Perhaps the sample formed from the data of several of your neighbours’ results would average to zero displacement.  
You need, therefore, to generate several independent random walks of different time durations to see the statistical prediction that the variance of the distribution increases linearly with time.  

Use another worksheet in the workbook.  
· In columns A to G generate 10000 random numbers per column.  (Use tools/Data Analysis/Random Number Generation, with Number of variables = 7, Number of random numbers = 10000 … Output range =  A1.  This produces more than the total of random numbers needed, but it is the quickest way to generate those that are needed.  (Even quicker if you turn off automatic calculation in the spreadsheet via the Tool/Options menu, but do remember to turn it back on again!)
· In cells H1 to N1 put zero.
· In cell H2 put  = H1+A1

· Copy this formula through cells H2 to N10000. Then the data in the columns H to N represent the positions of the particle for 7 random walks of 10000 steps.

The data in each column are independent, so if we reset the zero of displacement at regular intervals we may obtain from this data an even larger number of random walks.  For example we may take data in H1 to H100 as a random walk of 100 steps.  By subtracting the value in H100 from the next 100 rows we can take H101 to H200 as another random walk of 100 steps starting once again with zero displacement.  We next subtract H200 from the next 100 rows etc. This process can be repeated till we have used up all the x-positions in column H.  In this case we get 100 samples of random walks each with 100 steps.  A similar process can be applied to each of the other columns, but with a different number of steps in the random walk thereby generating a large number of independent samples of random walks. 
In this example you will generate 16 samples of a random walk with a fixed number of steps, and then repeat it for 7 choices of the number of steps.  The process of doing so may seem tedious, but we can again make it easier by use of textual formulae and indirect addressing as in the first exercise.  The table below shows the formulae that can be used.  
The formulae in columns P, Q and R should be copied through columns S to AJ. 
(Note the selective use of the $ in the addressing is important!) 

The quantity N in row 2 corresponds to the number of steps in the random walk.  A suitable choice for the sequence is 36, 81, 144, 225, 324, 441 and 576.   (Other values may be chosen as you like, except that the value may not exceed 625.)  
	
	Col O
	Column P
	Column Q
	Column R
	Column S
	Column T
	Column U

	Row
	
	
	
	
	
	
	

	1
	
	H
	
	
	I
	
	

	2
	N
	36
	0
	
	81
	0
	

	3
	1
	=P$1&P$2*$O3
	=INDIRECT(P3)
	=Q3-Q2
	=S$1&S$2*$O3
	=INDIRECT(S3)
	=T3-T2

	4
	2
	=P$1&P$2*$O4
	=INDIRECT(P4)
	=Q4-Q3
	=S$1&S$2*$O4
	=INDIRECT(S4)
	=T4-T3

	5
	3
	=P$1&P$2*$O5
	=INDIRECT(P5)
	=Q5-Q4
	=S$1&S$2*$O5
	=INDIRECT(S5)
	=T5-T4

	6
	4
	=P$1&P$2*$O6
	=INDIRECT(P6)
	=Q6-Q5
	=S$1&S$2*$O6
	=INDIRECT(S6)
	=T6-T5

	7
	5
	=P$1&P$2*$O7
	=INDIRECT(P7)
	=Q7-Q6
	=S$1&S$2*$O7
	=INDIRECT(S7)
	=T7-T6

	8
	6
	=P$1&P$2*$O8
	=INDIRECT(P8)
	=Q8-Q7
	=S$1&S$2*$O8
	=INDIRECT(S8)
	=T8-T7

	9
	7
	=P$1&P$2*$O9
	=INDIRECT(P9)
	=Q9-Q8
	=S$1&S$2*$O9
	=INDIRECT(S9)
	=T9-T8

	10
	8
	=P$1&P$2*$O10
	=INDIRECT(P10)
	=Q10-Q9
	=S$1&S$2*$O10
	=INDIRECT(S10)
	=T10-T9

	12
	9
	=P$1&P$2*$O11
	=INDIRECT(P11)
	=Q11-Q10
	=S$1&S$2*$O11
	=INDIRECT(S11)
	=T11-T10

	12
	10
	=P$1&P$2*$O12
	=INDIRECT(P12)
	=Q12-Q11
	=S$1&S$2*$O12
	=INDIRECT(S12)
	=T12-T11

	13
	11
	=P$1&P$2*$O13
	=INDIRECT(P13)
	=Q13-Q12
	=S$1&S$2*$O13
	=INDIRECT(S13)
	=T13-T12

	14
	12
	=P$1&P$2*$O14
	=INDIRECT(P14)
	=Q14-Q13
	=S$1&S$2*$O14
	=INDIRECT(S14)
	=T14-T13

	15
	13
	=P$1&P$2*$O15
	=INDIRECT(P15)
	=Q15-Q14
	=S$1&S$2*$O15
	=INDIRECT(S15)
	=T15-T14

	16
	14
	=P$1&P$2*$O16
	=INDIRECT(P16)
	=Q16-Q15
	=S$1&S$2*$O16
	=INDIRECT(S16)
	=T16-T15

	17
	15
	=P$1&P$2*$O17
	=INDIRECT(P17)
	=Q17-Q16
	=S$1&S$2*$O17
	=INDIRECT(S17)
	=T17-T16

	18
	16
	=P$1&P$2*$O18
	=INDIRECT(P18)
	=Q18-Q17
	=S$1&S$2*$O18
	=INDIRECT(S18)
	=T18-T17

	19
	mean
	
	
	=AVERAGE(R3:R18)
	
	
	=AVERAGE(U3:U18)

	20
	st.dev
	
	
	=STDEV(R3:R18)
	
	
	=STDEV(U3:U18)

	21
	error
	
	
	=R20/SQRT(2*($O$18-1))
	
	
	=U20/SQRT(2*($O$18-1))

	22
	sqrt(time)
	
	
	=SQRT(P2)
	
	
	=SQRT(S2)


· Plot the standard deviations (row 20) against the square root of the time intervals (row 22).  
· Take the data for the errors bars from row 21 (
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 ) - the uncertainty on the standard deviation.)

· Add a trendline with equation and R2. 
· For the adventurous student – what should be the predicted value for the slope of the trendline?

You can change the values of N in row 2 and see the changes that occur if you use random walks with other choices of the number of steps.  
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