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(Lab outcomes: Review of measurements, uncertainties,  and error propagation; a procedure for manual fit is introduced)
Abstract
	This document outlines the format of the lab report and describes the assignment with all reminders from last semester. The abstract should be a short paragraph that very briefly includes the experiment objective, method, result and conclusion. After skimming the abstract, the reader should be able to decide whether they want to keep reading your work. Both the format of the report and the error analysis are to be followed. Note that abstract is not just the introduction and conclusion combined, but rather the whole experiment in short including the results. When a measurement is done, the obtained value contains uncertainty. When used in equation, this uncertainty must be propagated to the result. The equations for this propagation are derived in this document. The procedure for ‘measurements and uncertainties’ lab is outlined. The procedure for measuring the systematic and statistical errors is provided. Plotting, manual fitting and quality of the fit are revisited.

Introduction
This section should normally start with some background information on the topic of the lab. Historical background is fine, such as the history of discovery or first measurement of the value, etc. The motivation for doing the experiment should follow. Try to avoid separate statements of objective, hypothesis or similar. The motivation paragraph should logically conclude with the necessity of the experiment.	
The propagation of the uncertainties (normally called errors) and the ability to classify them as systematic and statistical are at the base of the theory of measurements. The presented derivations follow from the simple considerations and are useful in a multitude of fields beyond physics (think about which ones? You can include that in your introduction). Pay attention to the lab report formatting as more and more points will be subtracted for mistakes. Plotting and fitting using website tool (https://sos.clayton.edu/physics/chi2/) will be carried out for this report.

Experimental Setup
	A reminder, the experimental setup should include the photo or a schematic of the setup (all relevant parts, such as scales, rulers, etc.) as well as the setup text description and the experimental procedure. The schematic can be very simple, such as shown in Figure 1. Briefly describe all the parts of your figure. Descriptions like Figure 1a or Figure 1 (left) can be used. Note the formatting of the figure reference and the caption. No colored text unless absolutely required by context.
	In this experiment, the sides of the lab table (Figure 1b) will be measured using a ruler from PASCO [1] (Figure 1a) (yes, the description of each part should be included). Note the use and format of the references – use IEEE style!
Ruler
Table


b)
a)

[bookmark: _Ref101896863]Figure 1: The experimental setup schematic. A ruler (a) is used to measure the table (b). Add missing components as needed. DON’T COPY FROM MANUAL – instant 0!


Procedure[footnoteRef:1] [1:  In your report, DON’T COPY this or any other section. This document is a lab manual and, in many parts, will be written in the style that is not appropriate for the report. I will consider copying any text from manual as error and lack of section even if you reference it, or even as plagiarism. Must be in your words, describing what you did in the lab. Might be different from this description as lab activities may not always follow the description provided.] 

	We will use a metric ruler (never use imperial system in the lab!) and a table. The result is the area of the table. (Note: in general, don’t do the % discrepancy unless the accepted value for the result is known. For example – in this lab, we don’t know the “true” value of area).
As we use tools that are somewhat different from each other (i.e. the rulers are slightly different) and every person also tends to measure things a bit different as well, we need to assess the combined systematic and the statistical errors. Note that in the future labs we will skip such rigorous measurements but remember that any error estimation that you will be making in the future can always be checked by a similar process.
A three-step process for weighing the mass has been done in semester 1 of this course. Here we will try another approach to measure all uncertainties in a same process without separating into human readout precision and the differences between various tables. Note that the rulers we use have extremely small systematic error that will be ignored. We will further assume that all sides of all tables are the same and use them for a single statistical result.Hint: manufacturer precision is not always known. Normally, an order of smallest division can be used with caveat. Must clearly state that in the text. Typically, this is an overestimate.

NOTE: all rulers may be identical and still have error in their scale. This process has only limited use. The actuals systematic error should be listed in the manual or on the manufacturer website. Find “Aluminum Meter Sticks” on PASCO website and use manufacturer precision instead of this measurement[footnoteRef:2]! What about the thickness of the markings – do they matter? [2:  The best I found is this: https://www.pasco.com/resources/video/fnACFOgqlBs , maybe you’ll have better luck!] 


Procedure: Every student will go around the lab and measure all tables/all edges indicated by the instructor using all rulers as we need large number of measurements (depending on number of students, instructor may shorten this process). Make sure that during the process you don’t say any of your results but write it down silently; complete all tables with the same ruler, then pick another and write results in a link provided or on a new piece of paper so you don’t see your previous results! This is important! (WHY?). Finally, share your results with all students by sending them to the instructor. The fitted mean of these results will be the used as , and the sigma – as the total error of the measuring process. (NOTE: sanitize hands and/or rulers in the process as needed.) See analysis part for the description of how we will get the mean and the sigma as a width of the distribution. Find average and stdev using Excel as well for the comparison purpose only.
In the theory section, provide the equations that you are going to use with explanation of symbols in them (yes, include the equation for area of the rectangle). Propagate the error and show this equation as well! The theory section will also have the equation for the Gaussian. Don’t do any errors on the Gaussian, you are not using it manually, the website uses it for the fit. Don’t include equations for the average and stdev as they are assumed to be common knowledge (unless you used non-standard equation for the stdev – include it and provide explanation as to why you used it). 
Only show the error propagation for equations that you will be using. 
Remember to number the equations. Use equation editor in Word or your text processing software, the equations typed in text like: s^2-√(23/45)^3 and all similar will not be accepted. 
Any mistakes in this part will carry the heaviest penalty so make sure you are doing this correctly!
There is no separate systematic error for this lab. Sigma is a combined error!

Experimental Data
The results of the measurements are in Table 1. Think about how to organize this table. The error can be listed in a different column or as value ± error unit. Don’t include all data values here, only relevant means, stdev etc. All data values may be included in the Appendix for this lab, formatted to take less space. Show important parts! In most cases, all data points are not needed, especially for computer-based labs.

[bookmark: _Ref101897498]Table 1: Experimental data.
	Quantity name
	Measured value, units

	Table side length (average)
	

	Various errors measured, list separately as needed
	

	
	

	
	


Provide description about each entry as needed, don’t just leave the table without text in this section. Organize well so that data takes up less space, but everything needed is included.

Theory
Consider equation 1 that described the dependence of position x on time.

where  is the area,  is length of the side of the table. Always use equation editor and number the equations so that they later can be referenced as eq. 1 or equation 1. If there is a total measurement error on , what is the ? Show this in your theory section.
For the analysis of the table side length measurements, we will also need a formula for the Gaussian curve as presented here:

Here, C is the multiplicative constant that has a meaning of the amplitude, x is the histogram bin value (the x axis value that is),  is position of the peak, and  is the width of the gaussian.
The Table 2 shows the reminder of the parts of the lab report that should be included. DO NOT include this in your report – this table is only for your benefit.

[bookmark: _Ref107852105]Table 2: Description of all parts of the report.
	Section name
	Section content description

	Abstract
	This is a short summary of the whole report, including the introduction, results, and the conclusion. Include numeric result as appropriate!

	Introduction
	Give an introduction into the topic of the lab and why are you doing it.

	Experimental Setup
	Can be also Experiment design, Setup and design, Apparatus, or anything similar. Includes the description of the apparatus used, or the experiment itself with all relevant schematics of the experimental setup. For Tracker labs, a relevant screenshot can be used.

	Experimental Results (or Data)
	Includes relevant tables (just one per each data type)/graphs of your data. Most likely, this is not raw values but averages with errors or similar. If you have more tables of the same, show only one - do not include the rest in the body of the report, but attach an Appendix at the very end.

	Theory/Derivations
	Either name is fine. If the lab asks you to derive any equation, or you need to use a set of specific equations, list and describe them here. A separate Derivations section in addition to theory (or as a subsection) can be used if a lengthy derivation is needed from the stated theory. Remember to number all the equations. Do not list equations that are considered ‘common’ knowledge, such as how to find mean or standard deviation. Sometimes such equations should be listed if they are used explicitly in your calculations.

	Analysis
	Describe analysis process referring to equations from theory section. Show only organized results (for example, as a table or a plot, etc.). Describe what they are and what do they mean. You may show highlights of some steps of the calculation for a single example if you feel it’s necessary to be shown in detail.
Unless the focus is on the error analysis, it should be included in this section and not separated. ALL LABS SHOULD HAVE ERROR ANALYSIS even if the manual doesn’t directly instruct you to do so.

	Conclusion
	Restate the result with appropriate errors and comment on it. Or refer to the plot or table with the results if longer than one-two numbers. Comments/discussion should include if the experiment was a success, if the value is near the expected, what was the reason for any deviation and can this experiment be improved if done again.

	References
	Use IEEE format for references. You can use reference as part of the text, such as: As described in [1], the result matches with the value from [2] and so on. Avoid quoting actual text from references or keep to as little as possible.

	Appendix
	Can be Appendix 1, Appendix 2 as needed. It can include anything you wanted to show but it was lengthy or didn’t fit into all previous sections. Normally, you should try to avoid adding an appendix but it’s ok to include one to your report.



Analysis
For analysis, we will use https://sos.clayton.edu/physics/chi2/ tool, Histogram option. Enter all the data into the field provided, for the fit curve type the word gaus, provide axes names. Use the number of bins for the optimal plot (a starting value will be provided).
Now, what is your value of  ? Should be around 1 ideally. Now, convert the  into the probability. For that, use some calculator that can do this function. For example, http://courses.atlas.illinois.edu/spring2016/STAT/STAT200/pchisq.html . Note that this calculator specifically asks for the  before you divide it by the degrees of freedom, and the degrees of freedom separately. Your number of degrees of freedom (ndf) are indicated in the plot you have produced.
Quick note: if your 2 value is much larger than 1, you may adjust number of bins, make sure you clearly state that in your report.
Now, what we want from this process are the values for. Use  for length  and . Find the area using equation 1, propagate the error using .

Conclusion
	This article describes the format for the lab report as well as the initial error analysis and propagation, plotting and manual fitting. Remember to include references and appendices as needed. Comment on your result (table area). What did you learn in performing this measurement? Where else can it be used? Can it be improved?

References

[1] 	PASCO Scientific, 10101 Foothills Boulevard, Roseville, California 95747 USA. 


APENDIX 1: Error Propagation

Consider some equation (that is completely made up here) that described the dependence of quantity x on measured quantities m1, m2, c and e – shown in equation 3. Let’s say that in this example m=Average (m1, m2) since both are very close – like each length of each table that we measured, so we take m to be the same for all with some error. And same error  is used for m. Since c, e, m1 and m2 are measured, they have an associated uncertainty that will contribute to the .

But before we write out the equation for the , we need to derive it first.
Simplified error propagation equations
Now that you have seen the full derivation, note that the error analysis in the lab report should be kept simple yet used everywhere applicable. The simpler equations can be derived from equation 4 for common cases using simple formulas of forms like , without trig or log functions, etc. Table 3 shows how to do error analysis for simple formulas:
[bookmark: _Ref101900502]Table 3: Simplified error propagation equations.
	Formula form, 
	Simplified error analysis rules to be used

	
	

	
	

	
	



However, for the formulas involving more complex functions like trigs and exponentials, you will have to use the full differential formula (results will be provided or ask the instructor). Remember that errors are always positive. And they always increase no matter if you add, multiply or divide variables with each other. Exceptions are powers, say, a square root makes the error to be reduced in half, but the ratio of error to its value still increases!
(NOTE: if you divide or multiply the variable by a constant, the associated error gets divided or multiplied by the same constant. Addition or subtraction doesn’t affect the error).
Error estimation method (supplemental):
There is a short-hand version of error analysis for a simple function that contains a term with a trig, log or similar slow varying function (will not work for exponential functions!) that you can’t process using simplified equations. Do not use in the lab reports unless you are in PHYS 1112L – but you can use this for quick error estimation in class and for checking if you calculated errors right). 
Say , with  and . Then the quick error estimate will be:

Note that in the first term, you use the values that give you the largest result (for example, for cos(a) you would use the angle minus error instead). And the second term should be the smallest result that can be obtained by applying all errors.
If you want to convince yourself that this works, compare this with the result from the differentiation using equation 4. Note that radians must be used for the  for the calculations! 

EXAMPLES:
Example 1. What about equation 3? Now we can find the uncertainty in x by propagating the errors for the m, c and e using simplified rules from Table 3:

The equation 5 has the term for m three times because it’s the number of occurrences of the variable in the equation. However, if the power of the variable is different, it should be treated separately when using these simplifies error propagation rules.
You only need to show the important parts of the error analysis calculations (very brief), but include the error with any measured number and value unless the initial error was much smaller than the value measured so that it could be taken as ‘perfect’ (e.g. time in computer measurements it counted typically in seconds., but the uncertainty is in milliseconds so it can be omitted).
