Physics 321


Notes on uncertainty and error.





For most beginning physics students, the subject of error and uncertainty is considered the most distasteful and arcane; a subject designed to deaden the spirit, and not worthy of much interest or attention.   The purpose of these notes is to try to convince you to the contrary.


First, the subject is important.  Physics is a science based entirely upon accurate measurement, but accuracy of a measurement is only as good as its associated determination of uncertainty.  The manifest goal of the this laboratory course is to introduce you to some of the fundamental ideas and experiments that have been basic to the development of physics in this century.  Equally important, however, is the intent to introduce you to the physicist's way of observing and measuring.


Viewed correctly, uncertainty is the area in the elementary laboratory most susceptible to the powers of creative and imaginative thinking.  It is the area that quickly distinguishes between those who have learned to think physically in the laboratory, and those who have not. 


Fundamental to an understanding of error is the development of a healthy skepticism accompanied by a determination to make the best of whatever experimental conditions or constraints may be given.  One learns here the lesson that results are only as valuable as the confidence we can place in being able to reproduce the experiment and come up with the same answer (never trust a single measurement of anything!).   This lesson extends far beyond the physics laboratory.  Daily we see quotations of experimental results quoted in the press which turn out to be less meaningful then seen initially, due to the fact the at the basis for the results - that is, the experimental uncertainly - was not clarified initially.  


A major specific objective of this laboratory is that you begin to learn to state, as part of your conclusion, exactly what you can conclude as a result of your measurements.  


There are several definitions which need to be learned and used carefully.  Just as in other areas of physics, the definitions that the physicist use is very specific, and will differ from some of the popular uses of the seam terms.  A brief summary:


precision:  how many significant figures to which you can quote your results.


accuracy: how closely your results reproduce the "true" value; i.e., that found by the community of physics investigators


discrepancy: the percentage difference between your measurement and the "true" value.


uncertainty: the degree of confidence you assign to your results, normally by quoting a range within  which you are confident that another investigator would find the results of the same measurement approximately 2/3rds of the time.  Ideally, this would be true independent of equipment, and this is the case in the "real world."  Given the limitations of the school laboratory situation, practically, it means that range within which you are confident any other investigator, using your equipment, would find the value to lie (again, 2/3rds of the time).


error:  a term often used as a synonym for uncertainty, but also used in a number of contexts, and in less than consistent ways,  including, a) for the contribution to the uncertainty associated with a particular aspect of a measurement; b) as a synonym for discrepancy; c) as a synonym for uncertainty.  It is also used to describe the more formal study of the treatment of how the uncertainty associated with a particular aspect of an experiment is reflected in the final outcome, as in the "analysis of the propagation of error", or "random error" or "instrumental or "systematic error"..  Because of its multiple uses, I try to avoid the term as much as possible.  However, two of the specific uses noted must be described further. 


random error:  refers to the characteristic variation of outcomes when measurements reach the limit of discrimination of the experimental equipment.  The best known example is the exercise of measuring the length of a laboratory table.  When measured to the nearest millimeter by a number of observers, a range of answers will be found which will tend to be randomly distributed about a mean value.  At their limits, nearly all measuring instruments will display a variation of output which may or may not be random.  For instance, the digital multimeters are rated as having an accuracy of 1%, although they have a precision of the size of the scale, usually 4 digital places.  One hopes that the uncertainty of measurement associated with using such a meter is random, and thus likely to cancel, but it may be that the meters read reproducibly but incorrectly, giving a false sense of the accuracy of the experiment.  It should be noted that there is a large body of work related to the mathematical description of random error and its consequences.  The fact that the distribution of measurements where the error can be characterized as random can be shown, in the limit of large numbers, to follow a Gaussian distribution is extremely significant and lead to  many useful characterizations of random error and thus of experimental uncertainty.


systematic  (or instrumental) error.  Refers to a offset from the true value due to, e.g., incorrect calibration.  Systematic error obviously distinguishes accuracy and precision.  That is, systematic error adversely affects the accuracy but does not affect the precision of a measurement.


mean (or average):  the mean is assumed to be the value of the set of measurements that is closest to the true value represented by the experiment 


standard deviation:(s):  a formal mathematical way of characterizing the spread of experimental results.  Calculated from finding the root-mean-square of the set of measurements.  When the measurements are random, important conclusions follow, i.e.,  that 2/3rds of the measurements fall within (s of the mean.  (This result is sometimes used to define s.) 


There are other ways to characterize the spread of measurements, e.g., the average of the difference, irrespective of sign, of the measured value from the mean. However, the standard deviation is by far the most widely used, due to its useful properties.


adding errors in quadrature:  when the measurement includes the sum or difference of two quantities, the errors must be added.  However, if the two measurements are independent and random, the error may be appropriately added or subtracted in a given instance.  To account for this, one "adds in quadrature" (square root of the sum of the squares, just like finding the hypotenuse.).   


Percentage errors.  As indicated above, when two quantities are to be added, their errors add. When two quantities are to be multiplied, one adds the percentage errors, again in quadrature, if appropriate. 


In practice, how does one apply the above?  I assume that you measure with care, and use the instruments correctly.  Some general rules then follow:


1) First and foremost, never make a single measurement of anything.  Every measurement must be characterized by an uncertainty.  A single measurement shows no range of results and therefore cannot reflect any information about uncertainty.


2) Always try to determine what is the part of the measurement that has the greatest effect in determining the  error of the measurements.  In most cases, your uncertainty will be determined by just one part of the measurements you  make (the Millikan Oil Drop experiment doesn't fall easily into this category!).  Then, your percentage uncertainty will be determined by the percentage error of that quantity.  


3) Reducing errors by repeated measurements.  If you can characterize a particular measurement by a particular size of random error, then repeated measurements will give a more accurate result.  Taylor derives the result, which is that the standard deviation of a set of N measurements, each characterized by a standard deviation, ssample , is given by sset = ssample /N1/2 .  Thus the accuracy of the result increases as the square root of the number of measurements, provided the error characterizing the uncertainty of each measurement is random.  


