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Introduction 
In earlier chapters we had stressed on the fact that all scientific studies, or research should be free 
from human factors like biasses, prejudices, irrational thinking methods like wishful thinking, hopeful 
thinking etc. How can a researcher accomplish freeing his/her scientific affairs from human factors? 
The answer is the use of "scientific method".  

Scientific method improves the scientific rustability of one's research outcomes not only by eliminating 
human factors, but also by helping researchers in  

- using the correct methods and tools,  

- developing systematic research plans,  

- raising awareness accuracy and precision, i.e., pottential sources errors,  

- developing useful research habits,  

- doing sound analysis of data and discussion of results.  

However, scientific method is not clearly defined like a recipe; rather it is a set of "ideas" that has 
appeared in many different "formulations" to increase the likelihood of success of researchers. 

Historical perspective 
Scientific method developed considerably after18th century. Before this age people were doing just 
observation and recording with almost no scientific interpretation. Explanations to natural events were 
being done  by using mainly religious arguments.  

Some highlights in development of scientific method are: 

- 600 BC - Use of logic and introduction of the use of instrumentation (religion was not 
effective)  

- Socrates (470-399 BC) - importance of universal definitions to provide continuity between 
the researchers  

- Aristotle (384-322 BC) - application of formal logic  

- Dark Age in Europe - total control of the religion  

- Copernicus (1473-1543) -return of scientific method  
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- Francis Bacon, Sanctorius, Galileo (16th century) - the birth of modern science 
Galileo was the first modern scientist and he took steps to assure "objectivity in 
experimentation by quantifying his observations"  

- Sir Isac Newton (1642-1727) - use of mathematics as a research tool  

- 19th Century - blossoming of science and scientific method due to the positive factors:  

- Increased interaction between different fields of science.  

       - Increased pool of general knowledge. 

       - Development of new technologies. 

       - Much more accurate instrumentation. 

- Mendelev - use of classification as a research tool.  

- Darwin - use of systematic evidence to support a hypothesis.  

- Today - Scientific method is still developing. However, "science developes quicker than 
developments in the methods of science" and implementation of scientific method to 
different fields are at different rates.  

Scientific method consists of four major steps: 

1- Observation: critical and informed questioning of an existing phenomenon. 

2- Hypothesis: Formal expression of preconceived factual relationships. 

3- Experimentation: a systematic, controlled testing of the hypothesis. 

4- Induction: generalization of the experimental results to a formal statement of the theory. 

Observation. 

In research, it is not only seeing thinks or obtaining information by sight. Rather, in scientific method, 
observation requires: 

- special knowledge,  

- skills,  

- a critical mind,  

- introspective (self-examining) questioning of the researcher.  

There are two stages of observation: 

1-    Observation to define a problem 

2-    Observation to collect data or recognize effects that occur during research. 

So a scientific observation is actually "seeing through the problem" and this stage can be considered 
as the "problem definition" stage. 

A good observation results with development of a formal statement of the problem. 

Consider, for example, the following table consituting various observation possibilities on the concepts 
of a forest and a tree.    
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Concept Observations 

Forest Forest itself; thousands of trees; source of oxygen; home of wild 
life 

Tree Tree itself; thousands of leaves, twigs, plates of barks etc 

 So what to observe?  

To define a problem we observe by means of "selection". One usually selects to observe that which 
relates to his or her interests and expertise. Otherwise, the success of the project will be jeopardised 
(risked). Economical, social or political (ethical) effects should also be considered for the success. 

Good observation leads to a well defined "problem". For example by carefully observing the changes 
in the number and health of the trees in a forest in an industrialized region he may end up with such a 
problem definition: “How to minimize the negative effects of gaseous industrial pollutants on the 
echosystem?" 

As Einstein said, the formulation of a problem is often more essential than its solution, which may 
merely a matter of mathematical, experimental, or other scientific skills. 

As mentioned above, observation is not only "see"ing by our eyes. Instead observation can be done 
by: 

- by using all other senses,  

- by reading the other researchers' work, i.e., literature,  

- through the use of one's or others' knowledge or experiences.  

A researcher should make maximum use of observations and get most out of observations. One 
should constantly watch for "observable features" that can be used in solving the problem. Never 
discard any observation. 

Record keeping: 

- Record every observation, data and idea. Never trust to the "human memory" which is 
failable.  

- Note that some great discoveries have been delayed because of careless record keeping. 

- Never forget that your records will be a proof of an efficient research; plus, it will also protect 
you against future accusations of improper professional conduct. 

- Use a permanently and strongly bound, sufficiently sized notebook of which all pages are 
numbered. Loose-leaf or seperate pages are easily lost or tempered with  

- Record in "permanent ink", never use erasable pencils.  

- Data should be entered directly to the notebook at the time of observation. It should never 
be delayed or recorded onto a temporary paper.  

- Sometimes rough but qualitative graphs are very useful and easy to understand. In addition, 
sketches, drawings and diagrams are essential since much of observation is visual. All 
should be done on the notebook. The graphs may be prepared on graph-paper and glued 
on the page firmly.  

You should keep records of: 
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- Supervision,  

- ongoing work,  

- what you read,  

- of text as draft thesis chapters  

- particular achievements.  

  

Keeping Records of Supervision: 

Take careful notes when you meet your supervisor. In your notes, include: 

- Date, time, and location  

- Topics discussed  

- Objectives set and attained  

- Feedback and advice given by the supervisor  

- Decisions  

- Ideas presented  

If you are not good in note taking, use a tape recorder; although it is not suggested by many 
researchers. 

  

Keeping records of ongoing work: 

Keep record of some or if possible, all of the followings: 

- What you do, and where, how and why you do it, with dates, possibly with an indication of 
time spent.  

- What you read.  

- What data you collect, how you process it and what the outcomes are.  

- Particular achievements, dead ends and surprises.  

- What you think or feel about what is happening.  

- Any thoughts that come into your mind that may be relevant for your research.  

- What your supervisor's reactions are.  

- Anything else that is influencing you.  

- Environmental conditions (city electric voltage, noise level, room temperature, pressure, 
humidity etc.).  

Also take proper records as described in the following cases:  

- If you are using a software, define it by noting it's name, version, developer etc. Please be 
aware of the copyright issues.   
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- If an instrument is used, its brand, model and location shoud be recorded in the first use. 
Setup conditions should also be included in every use.  

- If a chemical is used, its source (brand) and purity information sould be recorded in the first 
use. If further purification is done, the method of purification should be recorded.  

- In an experiment, you should enter numerical results and the values of the independent 
variables such as temperature and pressure that are directly applicable.  

- You should explain the experimental setup as well (use sketches as much as possible, you 
may forget it later). When modifications to the experimental setup  or procedure are made, 
you should describe them immediately.  

- Some statement of the purpose of the axperiment and summary of the calculations also 
make the notebook vastly more useful. Show how you do the calculations to go to the result 
by a sample calculation, including the equations used, and definition of the parameters in 
the equations. 

- If you collect huge digital data (out of computerized calculations or digital signal output of an 
instrument) such that it takes a lot of time and space in notebook, you may not record on the 
notebook. In such cases you can keep their copies in electronic media (hard disk, flopy disk, 
preferably a CD-ROM for its durability). In such cases record the name and location of the 
file clearly on your notebook. If you keep your records in computer, you need to protect them 
by using frequently updated virus-check programs. And you should never ignore to take 
their backups. Never store the backups in the same computer; but keep them in diskets or 
preferably in CD-ROM in a separate place, if possible. Otherwise, you may loose the work of 
days or months when a computer is crashed or damaged after a fire or accident.  

Data should always be entered in their original form; not after recalculation, transformation, or 
interpretation. 

All references to apparatus, places, times, books, papers, graphs and people should be sufficiently 
explicit (described in detail) such that it will be still clear enough to yourself, or to others. 

Precise definitions are necessary so that a specific word carries the same meaning to all other 
researchers of the same field. For example, “concentration has increased by the time" is poor 
expression as there are various types of concentration in chemistry like molarity, molality, ppm etc. 
Instead, "molarity icreased by the time" would be more explicit. 

Using abbreviations, or notations (system of symbols) is very handy in record keeping. However, you 
shoul define them in a list of abbreviations as an appendix of your notebook (You may use the last 10 
pages of the notebook for this purpose). 

  

Keeping records of what you read: 

Follow the guidelines presented in the chapter Literature search and reviewing with an emphasis on 
on-line search methods. 

  

Keeping records as draft thesis chapters: 

Write the sections as the preliminary work is completed. This may not be used as it is while you are 
writing the thesis, but it may serve as a map to guide you and save your time in future. 

  

Keeping records of achievements: 
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You should have a folder or folders in your office. This folder might include: 

- your current curriculum,  

- any letters of documents that may serve as testimonials to your work,  

- copies of progress reports,  

- copies of your publications,  

- statement of courses or other training undertaken (diplomas, transcripts, certificates etc),  

- flyers of programs for meetings, seminars or conferences attended,  

- notes on participation in professional-body activities,  

- notes on participation in team/community activities,  

- flyers of teaching/tutorial/lab demonstration activities,  

- contracts,  

- diaries or formal notes of meetings with supervisors,  

- departmental or subject-based codes of practice, where relevant, with which you comply 
(eg, rules and regulations of master or PhD Degree programs, academic calenders, etc.,),  

  

The validity of data and error analysis 

Data of unknown reliability are worthless. It is seldom easy to estimate the reliability of experimental 
data. However, every measurement is influenced by many uncertainties, or errors which combine to 
produce a scatter of results. Such measurement uncertainties can never be completely eliminated. 
The probable magnitude of the error in a measurement can be evaluated by using some techniques. 

Psychlogists have shown that people have a tendency to see what they expect to see and fail to 
notice what they believe should not be there.  However, the research data are not necessarily 
"predictable" and may contradict the preconceived hypothesis, as the hypothesis is by definition not 
certain. Therefore, especially, at the MS level, you should record both "good" and "bad" results.  

Inevitably, the question of how much one can trust the measured data will arise. The answer to this 
question is not easy. Only experienced researchers can decide on the reliability of the data without 
doing any statistical test or treatment. However, there are no generelized formulations to distinguish 
between good and bad data. A researcher should be a very good observer to be able to do this. And if 
he or she omits a data, he or she should note (write) the scientific justification). A bad data should 
never be erased from the notebook.  

Once again, a researcher is not free to select only the data that fit his or her prior expectations. 

Accuracy and precision: 

Accuracy indicates the closeness of a measurement to its true or accepted value in other words, 
accuracy measures the agreement between a result and its true value.  
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It is not easy to measure accuracy because the true value of a quantity is often unknown, or extremely 
difficult to measure. Due to this reason, the term "accepted value" is preferred to "true value" by most 
researchers.  

However, the researchers are not helpless in doing highly accurate measurements. There are 
methods ensuring a high level accuracy in the measurements. Some of them will be discussed in the 
next section while discussing errors.  

Accuracy is sometimes expressed by "percent error" which is found by using the following formula: 

Percent error = 100×
−

valueaccepted
valuemeasuredvalueaccepted

 

Precision describes the agreement among several results measured in the same way. A highly precise 
experiment results with a set of data all of which are very close to each other. A low precision 
measurement results with data scattered around an average. 

Precision is usually measured by standard deviation which will be mentioned later. 

As shown in the example shown below, a high precision does not always mean a high accuracy, or 
visa-versa.  
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Types of Errors: 

There are three types of errors: 

1.       Indeterminate (or random) errors, 

2.       Determinate (or systematic errors). 

3.       Gross errors. 

Indeterminate (random) Errors: 

They are caused by many uncontrollable incidences that are inevitable part of every measurement and 
arise when a system of measurement is extended to its maximum sensitivity.   

In each experiment various small errors occur randomly and results with measurements which are 
above or below the expected value. This up-and-down variations in repeated measurements results 
with a scattered set of data. Scattering of data around an average is also called “noise” in some fields.  

Indeterminate errors are common to all experiments and usually ignored if the amount of scattering 
(noise) is at tolerable levels. The reason for innocence of these errors is due to having a minimal effect 
on the average value since their effect cancel one another.  

Thus, indeterminate errors result with lowering the "precision" of measurements. Accuracy is 
maintained as long as there are no determinate errors (discussed below) accompanying the 
indeterminate errors. 

One method to measure the extend of indeterminate errors (i.e., precision) for a set of replicate 
measurements is to calculate the standard deviation. A small standard deviation is always an 
indication of a high precision. Here is the equation for standard deviation, s.  

        where xi is the individual measurements, x  is the average value, and N is 
the number of measurements. 

Standard deviation can be calculated manually by using this equation, or preferably by simply loading 
your data to most modern calculators, or computer software (e.g.,MS Excel) very easily.  

Consider for example two sets of data for the density of water were measured by two students. The 
data in the first set is highly precise (low s) whereas the second set is relatively scattered (high s). 

Also note that the average of the second set is very close to the known density of water (1.000 g/cm3) 
meaning reasonably high accuracy in spite of low precision. 

  Student 1   Student 2 
  0.999   1.150 
  1.000   0.832 
  0.998   0.987 
  1.001   0.999 
  1.001   1.175 
  1.002   1.113 
  0.998   0.897 
  0.999   0.885 
  1.003   1.000 
  1.002   1.101 
  1.000   0.956 
  0.998   1.005 
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  0.999   1.115 
  1.001   0.988 
  1.000   0.897 

Average: 1.000   1.007 
Standard deviation: 0.0016   0.1047 

Confidence limits: 1.000 ± 0.0016   1.007 ± 0.1047 

As seen in the last row, the results of such data is expressed together with their confidence limits. For 
example a result like 1.007 ± 0.1047 means that the true value is in somewhere between (1.007 + 
0.1047) and (1.007 - 0.1047).   

Another way to detect and measure indeterminate errors (or other errors as well) is to draw a graph. 
One can visually observe the extend of errors by examining the deviation of data points from the line 
representing the expected values.  

For a better evaluation of the validity of your data you can obtain an equation for the so called "best-fit" 
line, and calculate the statistical parameter "correlation coefficient", R2. It can be calculated by using 
the following equation, which, in turn, is obtained by a linear regression analysis of your data details. 
Details of regression analysis is out of the scope of this course.  
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Calculation of R2 by using a software is very easy. Any graph drawing software can do this analysis 
through its built-in best-fit utility. Therefore, you don't have to know how to do regression analysis, or 
memorize the equation above. What you need to do is to explore how to use that utility of your 
software. The rest is a matter of a few mouse clicks.  

Let's illustrate how to obtain R2 by using the most simple software MS Excel.  

• Input your data, 

• draw graph by using this data, 

• Click the menu items "Chart / Add Trendline..." 
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• Select an appropriate trend  on the opened dialog box. (linear for above graph) 

• Click the "Options" tab item and click check the option "Display R-squared value on chart" . 

 
Your R2 is now on your graph: 
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A set of data is said to be highly precise (i.e., valid) if R2 is very close to 1.00. A data is said to be of 
very low precision (hence, it should preferably be discarded) if R2 is below 0.95. The correlation 
coefficient, R2 is equal to 0.9964 in the above example which indicates a fairly precise data.  

Also note that you can easily observe on the graph that some errors have positive (i.e., the data is 
above the line) and some have negative (i.e., the data is below the line) effect, and their magnitude 
are comparable.  

Following are some examples to the causes of indeterminate errors: 

•      Variations of voltage in the city power lines.  

Use of a power regulator, or a UPS (uninterrupted power supply) can eliminate such errors. 
Doing the experiments after the work hours is another solution since there is less variation in 
the city voltage at night.  

•      Using poor sampling techniques. 

Non-uniform or inhomogeneous samples in repeated experiments may result with differing 
results in the measurements. Therefore one must study the sampling method and describe the 
major characteristics of the samples to be measured. Samples of the same or at least similar 
characteristics should be used each time the experiment is repeated.  

For example one should crush soil samples to a fine powder and sift through sieves of known 
pore size (mesh size) to make sure that soil samples of same size are used. 

•      Variations in weather conditions. 

Temperature, pressure, humidity, contents of air, change during the day. If your experiments 
are sensitive to these variables, and if you assume that they are constant, then you should 
perhaps carry out the experiments in a well air-conditioned room. 

•      Noise and vibration sources. 

Daily activities in a building may effect the sensing devices of the equipment you are using. 
These error sources can also be eliminated by using well cushioned support systems, or 
better doing such experiments at night. 

•      Using poor quality, or old electrical equipment. 
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Such equipment may create its own vibrational or electrical noise. Keeping them in good 
condition by gentle, clean use together with regular maintenance and/or service may help.  

•      Presence of magnetic field, or irradiation sources in close vicinity. 

Some electrical equipments are sensitive to magnetic fields or different types of irradiation. 
Keeping mobile phones, loud-speakers, magnets or similar devices away from these 
equipments is strongly recommended. Shielding the equipment (e.g., with aluminum foil) may 
also help. 

•      Setting the electronic equipment to its maximum sensitivity. 

Some electrical equipments generate unnecessarily high levels of noise when operated at 
their maximum sensitivity level. Tuning its sensitivity to an optimum value will smooth out 
unnecessary noise.  

•      Personal reasons. 

Lack of concentration or attention, having nonsystematic measurement habits, lack of 
experience or exercise, variations in the psychological mood, working in a dirty and 
disorganized work environment etc, may result with scattered data.  

A disciplined work together with some exercise prior to real measurements will help to 
eliminate personal errors.  

Obedience to the instructions of the supervisor and exact follow-up of the method utilized 
increases the possibility of error-free measurements. 

One should free the working environment from concentration killers. Switching of the mobile 
phones, logging out of msn chat sessions, decreasing the volume of music, and preferably 
listening to soft music, avoiding aimless visits your friends to your work place, avoiding 
unnecessarily long breaks, avoiding doing other work (like doing home works,  exam grading, 
or studying for exams) while doing measurements will help to improve the quality of your work.  

Getting help from other people to attend your measurements while you are away should be 
avoided. Especially inexperienced or insufficient people like students or technicians may 
destroy your measurements. The worse thing is that you usually won't know what mistakes 
these people did. 

Determinate (systematic) Errors:  

They cause the average of a set of data to divert from the accepted value. In other words, they cause 
all the results from replicate measurements to be either high or low.  

There are 3 types of indeterminate errors: 

1.     Instrument errors. 

They are caused by imperfections in measuring devices and instabilities in their power 
supplies.  

Some examples to sources of determinate errors are as follows: 

•      Instruments running at continuously higher, or continuously lower voltages.  

An instrument adjusted to run at 220 Volts may always result with measurements 
higher than the expected value if it continuously run at 240 Volts. A voltage 
transformer, or regulator will sort out the problem. 

•      Uncalibrated instruments. 

Most instruments need frequent calibration, i.e., fine tuning for obtaining correct 
results. It is also called “zeroing”. For example electronic balances may show nonzero 
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values in their display even though there is no weight on their sample holders. That 
means that you need to “zero” the balance before proceeding with the measurement 
by pressing a special button for zeroing. 

Some instruments are calibrated by using “standard” samples, usually provided by the 
producer of the instrument. You need to use these standards to check if your 
instrument is running properly. If not, you need to do some adjustments (calibration) 
until it shows correct measurements. 

Your instrument may need a thorough maintenance or repair if its stability is lost very 
frequently. 

2.    Method errors 

They arise from non-ideal experimental experimental systems or conditions. 

Examples to sources of method errors are: 

•      Interference of similar variables. 

For example presence of copper in a soil sample may interfere the measurements on 
the soil’s iron content. One should either use copper free samples, or use methods 
sensitive to “only” iron.   

•      Incorrect assumptions. 

For example, you may assume that humidity has no effect on your measurements. 
This may be valid in countries with dry air, but significant in a humid country like 
Cyprus. 

•      Calculation errors. 

Calculation errors are unfortunately common among new researchers. The problem is 
two-fold since these errors can not be detected easily. Therefore being very 
precautious is advised even if you have a high level of self-confidence in 
mathematics.  

A thorough examination of the equations or formulas being used to process your data 
is necessary before doing calculations. One sample hand-calculation by involving 
units will help to explore potential mistakes. 

You should also ask your supervisor or colleagues to check your calculations.  

Here are some common calculation errors 

-       Using inappropriate equations:  

The existing theory may suggest for example a linear relation between two 
variables, but in fact, it may be a parabolic relationship. 

-       Wrong use of the equations or formulas. 

Some may not be good in rearranging the equations to extract the variable 
to be calculated. For example assume that we want to calculate “M” in the 
following equation: 

V=kMa  

This equation transforms into: 

a
kV

M
)log(

10
−

=  
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You will do a serious error in all of your calculations if you transform it to for 
example: 

a
k

a
V

M
loglog

1010 −=  
-       Using wrong units or missing multipliers. 

Measuring devices usually give the results as multiples of 10, Some people 
forget to include this multiplier in their calculations. For example, if an 
instrument measures milliVolts, and you forget to convert it to Volts (by 
dividing by 1000) you will repeat this error in every calculation by a factor of 
1000. 

Being consistent and insistent in use of known unit systems will also be 
helpful. For example, if one may convert all of his/her data to say SI units 
prior to further processing. Knowing that in IS system length is always 
measured in “meter”, temperature is always in “Kelvin”, pressure is always 
“Pascal”, energy is always in “joules” etc will help to eliminate “wrong unit” 
mistakes. 

One should also check the output unit of the instruments used. 

-       Using incorrect signs. 

Some instruments show only the absolute values of your measurements in 
their displays, or you record only the absolute values by an assumption that 
you will add the signs later. If you forget to correct your data for their signs, 
you will do a serious error in an opposite direction with every calculation you 
do.  

-       Error propagation in successive calculations. 

Errors associated with a measurement is also multiplied, or summed after 
successive multiplications or additions. The use of error propagation 
techniques should accompany all calculations involving measured values 
with known confidence limits.  

Error propagation techniques will be studied separately in one of coming 
sections in this lecture. 

-       Rounding or truncation errors. 

Incorrect rounding of the result of an individual calculation, or calculations 
thereafter may have a cumulative effect on the overall result. 

The results should be rounded to the most meaningful digit. The most 
meaningful digit is usually the same with the last digit of your readings. For 
example the average of three masses 3.37g, 3.32 g and  3.31 g is reported 
by your calculator as 3.33333333333 g. Presence of 11 "3"s after the 
decimal point means that your measuring device (balance in this example) 
is sensitive up to 11 digits  which is very meaningless as there is no such 
balance in the world. From the data presented in this example we 
understand that the balance is sensitive up to 2 digits after the decimal 
point. Thus one must round the result to the 2nd digit after the decimal 
point. Hence, the owner of this data should present the average as 3.33 
rather than 3.33333333333 g. The rest of the numbers after the 2nd digit 
have no meaning since the device can not measure them anyway. 

Some people simply truncate the numbers for the purpose of rounding. 
Truncation and rounding are two different things. For example if one can not 
report the result like 2.67 for a calculated value of 2.67896. This induces a 
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serious error since it should be rounded to 2.68 when rounded to the 2nd 
digit after the decimal point. 

One may feel difficulty in rounding some numbers to a higher value or keep 
the same when the next digit after the digit to be rounded to is 5 or 50000 
etc. Consider for example that we want to round 23.467500 to the 3rd digit 
after the decimal point. Shall we report it as 23.467 or 23.468? We have this 
problem since 5 is just in the middle of the range 1 to10. In order to reduce 
the effect of personal preferences, the following rule is used by experienced 
researchers: Keep the last meaningful digit (the digit you are rounding to) 
the same if it is an even number; and increase it by 1 if it is an odd number 
if that digit is followed by only 5 or 50 or 500 (or so on). 

Here are some examples:  

Rounding 2.6745000 to the 3rd digit:    2.674    4 is an even number, 
keep it the same 

Rounding 2.6735000 to the 3rd digit:    2.674    3 is an even number, 
increase by 1 

Rounding 2.6755000 to the 3rd digit:    2.676    5 is an even number, 
increase by 1 

Rounding 2.67451 to the 3rd digit:       2.675 Treat regularly by 
increasing by 1 since there 
is no “zero” after 5. The 
rest of the digits (i.e.,51) is 
no longer in the middle but 
in the bigger half,of the 
range 1 to 100.   

Rounding 2.67 to the 1st digit :              3  

  

3.    Personal or human errors. 

They result from carelessness, inattention, or personal limitations of the experimenter. 

Here are some sources of personal or human errors: 

•      Personal limitations. 

You must be aware of your weaknesses and limitations. For example, if you have 
color-blindness, you should not be involved in measurements involving color. If you 
are short, you must use a platform to read the scales of instruments from the right 
angle, or if you have a hand-shaking problem, you should not handle an equipment 
during measurement. 

•      Careless work. 

Doing several measurements at the same time, or sleepiness, or being too tired may 
end up with undesired effects on your results. For example experiments carried out in 
hurry, or just the reverse, may consistently reduce or increase your concentration. 
Carelessness usually results with loss of controlling variables. For example an 
unattended heating experiment may result with unnecessarily long heating which 
might result with undesired changes in the content. 

A careless experiment may make your system prone to pollution, leakages, 
evaporation, unobserved (hence undetected)  changes in variables etc which you will 
not be aware of. 
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•      Working in a dirty and disorganized environment. 

Tidy and clean work is a must in research. Dirty equipment, or equipment frequently 
transferred to different locations, or an equipment having some books or other stuff on 
it may loose its stability. A dusty room, or a room in which there is heavy smoking may 
cause some deposits on the electronic components of equipments, which in turn may 
result with errors in a specific direction.  

Detection of determinate errors is difficult but not impossible. Here are some useful techniques 
to detect and eliminate these errors: 

•      Measurement with standard samples. 

•     You can check the validity of your methods by using standard samples. For example 
you can first  measure the tensile strength of a mechanical part with known tensile 
strength to check if your instrument is measuring correctly. If not, that problem can be 
sorted out perhaps by a simple calibration with the same standard sample.   

•      Blank determinations (measurements without sample) 

This methods involves doing an experiment by involving every ingredient except your 
sample in the measurements. You will be able to check the existence interference by 
other variables by using this method.  

For example, one may do a measurement with pure water before doing a 
measurement with a solution of iron in water to see if there is an interference of 
impurities in water. 

•      Doing the same measurement with two independent methods. 

This is used to check the validity of your method. Your method is said to be valid if 
both methods result with similar data.  

•      Examining the graphs. 

This method is especially useful if you know the trend of the change of your data upon 
changes in a variable.  

Indeterminate errors are either constant all over the range studied or they are 
proportional to the amount of changing variable. Let’s see how they are detected on 
graphs. 

Constant errors. 

Assume that you expect a linear graph passing through origin. If the best line does not 
pass through origin (i.e., it has a nonzero intercept) but has the same slope with the 
expected line, there is a constant error in an amount equal to intercept in every data 
measured as illustrated on the following graph: 
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Please note that the same error (+9.3 °C) is repeated in every data on the graph. The 
data can be corrected for such a constant error by simply subtracting the constant 
error from each measurement and redrawing the graph. 

Please also note that the expected line passes through origin and has the same slope 
with the erraneous one. 

These errors are due to interferences of environment in the working medium, or 
shifted calibrations. They can also be detected by blank measurements. 

Proportional errors. 

Deviation from the expected behavior increases with increasing sample size of 
independent variable in the presence of these errors. Presence of a curved graph 
rather than a linear increase is an indication of these errors as demonstrated in the 
following graph. The  effect of these errors are minimal for small sample sizes but 
gradually become drastic for higher sample sizes. 
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Please note that both lines representing expected and measured values pass through 
origin. 

These errors are usually due to presence of interfering components in the sample 
being investigated. For example presence of some impurities in a wire may result with 
such deviations on the measured properties like resistance. 

You must either change your method, or free your sample from these impurities or 
any other interfering parameters. 

Gross errors: 

Gross errors are drastic deviations of one or few data in a series of measurements. In other words 
they show themselves as “outliers” in the data set. One can easily differentiate the data effected by a 
gross error either by a close examination of the data values or by drawing a graph if applicable. 

For example “0.897 g” seems to be out of a gross error in the data set 0.517 g, 0.512 g, 0.897 g, 0.519 
g, and 0.513 g. It is far different then the rest of the data. 
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Gross errors can be random but occur so infrequently that they are generally not considered as 
indeterminate or determinate errors. Indeterminate or determinate errors effect all measurements 
 whereas gross errors effect one or very few of the data. 

Most gross errors are personal and attributable to carelessness, laziness, or ineptitude. Thus they can 
be prevented by self discipline. Most researchers do at least parallel measurements, and expect their 
results match each other. Some specific examples to sources of gross errors include: 

•       Arithmetic mistakes. 

They result from calculation errors (outlined above) done randomly on some of 
measurements. 

•       Transposition of numbers in recording data (eg recording 198 as 189). 

•       Reading a scale back-word. 

•       Reversing a sign.  

•       Using a wrong scale.  

•       Momentary interruptions in power or water supplies and other unexpected events. 

•       Spilling a solution,  

•       Missing the the reading on time 

•       Or just bad luck.  

Treatment of outliers  
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Some people easily exclude some data if they look odd, or wrong. Doubtful or questionable data 
suspected of being affected from drastic errors are called outliers.  

Outliers show themselves by being seemingly away from the rest of the data. It is usually the minimum 
or maximum value in a set of replicate measurements. For example 0.897 g seems to be an outlier in 
the data set 0.517 g, 0.512 g, 0.897 g, 0.519 g, and 0.513 g since it is obviously different from the 
others. A practical method to detect outliers is to sort your data. 

Another way to detect the suspected data is to draw a graph. A sharp deviation of a data point from 
the expected behavior may indicate an outlier as illustrated in the following example: 

 

Rejection or acceptance of outliers from your data set is not that easy. It requires an elaborate 
analysis before accepting or rejecting since they may represent true values, or sometimes they fall in a 
tolerable error range. Take for example the outlier on the above graph. By considering the existing 
theories you may expect a linear behavior within the whole X range you studied. But, who knows, 
perhaps your specific system may not obey the existing theories but behave differently in the range 
around the outlier. You can not ignore this possibility. If you do more measurements around the outlier 
perhaps you would see that there is a real peak over there as shown in the following graph: 



The scientific method in research   |   Page 21 
 

 

Thus one needs to be precautious in blind-folded rejection of outliers. 

Here are some recommendations for treatment of suspected values: 

• Reexamine carefully all data relating to the outlying result to see if a gross error could have 
effected its value. This recommendation demands properly kept laboratory notebook 
containing careful notations of all observations.  

• If possible, estimate the precision that can be reasonably expected from the procedure to be 
sure that the outlying result actually is questionable.  

• Repeat the analysis if sufficient sample, time and other resources are available. Agreement 
between the newly acquired data and those data of the original set that appear to be valid will 
lend weight to the notion that the outlying result should be rejected. Furthermore, if retention 
is still indicated, the questionable result will have a relatively small effect on the average of 
the larger set of data.  

• If more data cannot be obtained, apply some statistical tests to the existing set to see if the 
doubtful result should be retained or rejected on the statistical grounds. A commonly used 
easy test (Q-test) is described below.  

• Please note that the blind application of statistical tests to retain or reject a suspect 
measurement in a small set of data is likely to be much more fruitful than an arbitrary 
decision.  

• The application of good judgement based on broad experience is usually a sounder 
approach. In the end, the only valid reason for rejecting a result from a small set of data is 
the sure knowledge that a mistake was made in the measurement process. Without this 
knowledge, a cautious approach to rejection of an outlier is wise. So, one should consult to 
his/her supervisor whatever the results of tests are. Your supervisor may insist on retention or 
rejection of an outlier in spite of test results out of his/her instincts based on his/her 
experiences and background.  
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The Q-Test for outliers: 

It is the simplest test.  

In this test Qexp value is calculated by using the following equation and compared with a standard Q 
value denoted as Qcrit. A data is rejected if  Qexp is bigger than Qcrit else it is retained. 

minmax
exp xx

xx
Q nq

−

−
=

 

where xq is the questionable data, xn is the nearest data, xmax and xmin are the maximum and minimum 
data, respectively. 

Qcrit value is obtained from a standard table found in most statistical analysis books. A comprehensive 
one is provided below: 

Qcrit values at different degrees of confidence. 

Number of 
measurements 

90%  
Confidence 

95%  
Confidence 

99%  
Confidence 

3 0.941 0.970 0.994 

4 0.765 0.829 0.926 

5 0.642 0.710 0.821 

6 0.560 0.625 0.740 

7 0.507 0.568 0.680 

8 0.468 0.526 0.634 

9 0.437 0.493 0.598 

10 0.412 0.466 0.568 

The degree of confidence is a statistical term used to represent your tolerance level for scattering of 
data. If you can tolerate for larger values, then, choose a high degree of confidence. Low degrees of 
confidence favor rejection whereas high degrees of confidence favor retention of data.  

Here is an example: 

Replicate measurement of the density of a certain mineral yielded 3.456, 3.451, 3.475, and 3.452 
g/cm3. 3.475 g/cm3 appears to be anomalous. Thus, shall we reject or retain it at 90% confidence 
level? 

Let's calculate Qexp first: 
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Sorted data: 3.451, 3.452, 3.456, 3.475 

xq = 3.475 

xn = 3.456 

xmin = 3.451 

xmax = 3.475 

thus, 

 

         = 0.792  

Now let's determine Qcrit from the above table. We have 4 data in our data set. Thus Qcrit is 0.765 for 4 
measurements at 90% confidence level. 

Finally, let's compare Qexp with Qcrit: 

Qexp which is 0.792 is greater than Qcrit which is 0.765. Therefore we should reject the outlier 3.475 at 
90% confidence level. 

Now let's see what happens if we increase our tolerance for errors, i.e., increase the degree of 
confidence to 95%. Qcrit at 95% is 0.829 meaning that the data point 3.475 should be retained in our 
data set since Qexp (0.792) is smaller than Qcrit (0.829) at this confidence level.  

Reporting the experimental results. 

Measurement results reported in your thesis notebook, or thesis manuscript should also show the 
degree of uncertainty in your measurements. The degree of uncertainty is either determined by 
utilizing some statistical techniques if enough data is available, or deduced from the sensitivity of the 
measuring device for single measurements. 

Degree of uncertainty originates from the errors, and it is used to define the confidence range of a 
measured value. It is shown in the reported data as shown below: 

measured value = measured quantity ± degree of uncertainty 

This means that the true value is somewhere in between  (measured quantity - degree of uncertainty) 
and (measured quantity + degree of uncertainty) to a certain confidence level. For example if the result 
of a measurement is reported as 20.5 g ± 0.2 g, than we understand that the true value is most 
probably in between 2.3 g and 20.7 g. 

Degrees of uncertainties in your recorded results should be carried (propagated) to the results of 
arithmetic calculations including your measured values. This will be discussed below in more detail.  

Reporting degree of uncertainty in a single measurement. 

The degree of uncertainty of a single measurement is limited by the sensitivity of the measuring 
device.  
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For example, the balances used for weight control at our homes are sensitive to 1st digit after the 
decimal point whereas the ones used by dieticians may be more sensitive, say up to 3 digits after the 
decimal point. The first one may show the weight of the same person for example as 87.6 kg whereas 
the other reads more precisely as 87.863 kg.  

The manufacturers usually supply the degree of uncertainty (i.e. precision)  for example as ± 0.003 g 
for a balance. If such an information is available, one should report it while reporting the results of a 
measurement done by this measuring device as exemplified below: 

weight = 4.011 g ± 0.003 g 

If there is no such precision information supplied by the manufacturer, then most researchers assume 
that the degree of uncertainty is ±1 in the last digit of the measured value. In such a case, one can 
report above measurement as:  

weight = 4.011 g ± 0.001 g 

In this last example we assume that the sensitivity of the measuring device is ± 0.001 g. However, in 
practice, reporting this ± 0.001 g is redundant since it is nothing but repeating the same information 
which is already obvious from the number of digits after the decimal point. That means that you can 
report (4.011 g ± 0.001 g) as 4.011 g.  

Please note that one should report an experimental value exactly as shown on the scale or display of 
the measuring device. They should not be rounded or truncated. The zeros after the decimal point 
should not be dropped. For example if a balance reads 8.970 g for a given sample, you should report 
it as 8.970 g. Reporting it as 9 g, or 8.97 g is wrong. 

  

Reporting degree of uncertainty in replicate measurements. 

If you have a set of data obtained by repeated measurements under the same conditions you might 
report the degree of uncertainty. Most researchers report the degree of uncertainty by reporting the 
standard deviation in measurements. Thus one might report the results of measurements as follows: 

measured value = average ± standard deviation    

For example, the average and standard deviation are 1.007 and 0.1047, respectively, for the density 
measurement data: 0.832, 0.987, 0.999, 1.175, 1.113, 0.897, 0.885, 1.000, 1.101, 0.956, 1.005, 1.115, 
0.988, 0.897. 
Thus the experimenter should report the result of above measurements as follows: 

density = 1.007 g ± 0.1047 g  

Some researchers use multiples of standard deviation to increase the confidence limits. For example 
they use ±2s, ±3s or so on rather than using 1s, s being the standard deviation. The confidence levels 
for 1s, 2s, and 3s are 68%, 96% and 99.7%, respectively. However, reporting only 1s will be sufficient 
for most purposes.  

One should also be careful in tabulating his/her individual results with some software like MS Excel. 
They usually truncate the results to the last nonzero digit after the decimal point. The following 
example demonstrates how to report a set of measurements done by the same balance which is 
sensitive to 3rd digit after the decimal point: 

Improper Correct 
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reporting reporting 

    

4.01 4.010 

4.011 4.011 

4 4.000 

    

  

Error propagation. 

If a data is to be processed by using an arithmetic equation, its degree of uncertainty (e.g., standard 
deviation) should also be processed similarly.   

We will summarize two approaches (techniques) commonly applied by most researchers. 

The first one, the standard deviation approach requires more elaborate calculations whereas the 
second one, the significant figure approach is more practical. 

  

Error Propagation: Standard deviation approach. 

This technique is applied to calculations involving sets of data obtained by replicate measurements 
such that we can calculate standard deviation for each data set. 

Assume that we have three sets of data a, b and c with their individual standard deviations like: 

a ± sa , b ± sb , and c ± sc  where s is standard deviation 

Let's see now how do we carry the standard deviations to the results of some arithmetic operations.  

Addition and subtraction. 

If, the calculation, y, involves only addition or subtraction, then the standard deviation of the calculated 
result is found by using: 

 

If for example 

y = a + b - c 

and  

a = 0.50 ± 0.02, b = 4.10 ± 0.03 and c = 1.97 ± 0.05 

then 
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y= 2.63 ± 0.06  

since: 

y = 0.50 + 4.1 - 1.97 = 2.63 

and 

 

Multiplication and division: 

sy is calculated by using the following equation for calculations involving multiplication or division: 

 

If we use the same data used in the above example in the following calculation: 

 

a = 0.50 ± 0.02, b = 4.10 ± 0.03 and c = 1.97 ± 0.05 

then  

± 0.05 

± 0.012 

± 0.023x103 

Logarithms: 

If y = log(a) then sy is calculated from: 

 

Thus, for example, log(7.88± 0.03) is reported as: 

0.896± 0.012 

since  

y = log (7.88) = 0.896  
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Error propagation: "Significant figure" approach. 

We need to introduce the "significant figure" concept first. 

"Significant figure" is equal to the number of all meaningful digits in an experimentally measured 
number. In practice it is equal to the number of digits between the first nonzero digit and the last digit 
(inclusive) of the number. For example, 6.311 has 4 significant figures since there are 4 digits between 
the first nonzero digit (6) and the last digit (1), including the digits containing 6 and 1. 

Here are some other examples: 

 
0.967 
  

  

0.00012  

  

0.8670  

  

0.0408  

  

10.01 
   

 
3 SF     Note that the first nonzero digit is 9. Thus, all leading zeros are dropped 
in counting Significant figures 

  

2 SF  

  

4 SF     Note that all zeros after the first nonzero digit are significant 

  

3 SF 

  

4 SF 

The number of significant figures of exact numbers are infinite. For example we practically write 1 L as 
1000 mL but it actually is 1000.0000000000....... mL. 

In significant figure approach, we assume that all digits in a measured number are significant except 
the last digit, which may vary by ±1. In other words, degree of uncertainty is ±1 only in the last digit as 
discussed above. 

Now let's see how to propagate the errors by using "significant figure" approach in different arithmetic 
operations.. 

Addition and subtraction: 

Round the result to the number of decimal places in the number having smallest number of decimal 
places. 

Consider the following calculation as an example . 11.34 has 2 decimal places, 346.3 has 1 decimal 
places, and 0.345 has 3 decimal places. So, the result of calculation should have 1 decimal places. 
Therefore, the result 357.295 found by the calculator, is round to the 1st decimal place and reported 
as 357.3 according to the rule outlined above. 

+   11.34   

+ 346.3   
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-      0.345   

    357.295 = 357.3 

  

Products and Quotients (multiplications and divisions): 

Round the result to the number of significant figures in the number with the smallest number of 
significant figures. 

Example: (21.367g) / (2.32 cm)³ = 1.71 g/cm³ (calculator shows 1.71111217887116……) 

Here, 2.32 has 3 significant figures, and 21.367 has 5 significant figures. Thus the result should have 
3 significant figures. 

Logarithms and Antilogarithms 

In a logarithm of a number, keep as many digits to the right of the decimal point as there are 
significant figures in the original number. 

Example: 3.14 g x log 4.0789 = 3.14 x 0.6105 g = 1.92 g 

In an antilogarithm of a number, keep as many digits as there are digits to the right of the decimal 
point in the original number. 

Example: antilog 12.5 = 3 x 1012, not 3.16227 x 1012 

  

Variables 

A variable is any entity that can take on different values, or in other words, something capable of 
change.  

There are three types of variables: controlled, independent, and dependent. 

Controlled variables are kept the same for all tests within an experiment. Changes in 
controlled variables during an experiment may effect the results. This could lead to 
misinterpretation of the experiment. Controlled variables are capable of change, but 
controlled. Examples are: inserting the thermometer to the same depth into each cup, using 
the same volume of each sample, using identical cups, or running each test at the same room 
temperature. 

Independent variables are tested and varied within the experiment to see what happens. X-
axis of graphs represent independent variables.  

Dependent variables are results from manipulating the independent variables. Y values of 
graphs represent dependent variables. 

For example, in determining the boiling point of water, the temperature may be set by the 
researcher (independent variable). There is only one pressure at this temperature at which 
water boils, so the setting of the temperature effectively sets the pressure (dependent 
variable). Conversely, the pressure may be set which, in turn, sets the temperature. 
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On the other hand, a variable does not necessarily have to be "numerical or quantitative". It may have 
nonnumeric (qualitative) values as well. Here are five types of the variables: 

1. Nominal / Categorical: No order or distance relation 

• Colors 
• Gender 
• Binary values 
• Names 

2. Periodic: Values have distance relation, but no order 

• Days of the week 
• Time 

3. Ordinal: Order relation but no distance relation 

• Class rank 
• Course sequence 
• Gold, silver, and bronze medal positions in Olympics 

4. Interval / Numeric: Order relation and a distance relation 

• Temperature 
• Potential Energy 
• Voltage 

5. Ratio: Values have an order relation and a distance relation. The ratios of numbers are meaningful 
and there is a natural interpretation of 0. Includes all real-valued cases. 

• Income 
• Mass 
• Speed 
• Current etc. 

 

Other Considerations in Selecting a Research Problem 

Interest - select a topic that really interests you; otherwise, you will not have enough motivation; thus 
the completion time of the project will be affected. 

Magnitude - Narrow the area and amount of the work such that it is manageable within the allowed 
time and resources. 

Measurement of concepts - make sure that you are clear about a concept's indicators and their 
measurements. This, however, does not mean that you develop new concepts 

Level of expertise - make sure that you have adequate level of expertise for the task you are 
proposing. You will get help from your supervisor and other sources, but don't forget that you will do 
most of the work yourself. 

Relevance  - select a topic that is of relevance to you as a professional. You may enjoy aeronautics, 
but you may be end up with no job. Similarly, the conditions in a your country is also a determining 
factor. 

Availability of data - Make sure that the data you need is available in the format you want. Check for 
the existence of the necessary equipment, their physical condition, technical assistance etc. Talk with 
the technicians, or perhaps with former researchers to have an idea about those instruments. 
Otherwise you may got stacked with a broken instrument. Sometimes, these instruments are in other 
departments or institutions. Please make sure that you have access to use them before starting the 
work. 
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Ethical issues - The study population, or other people, or environment should not directly or indirectly 
adversely be affected by your work. This will be reconsidered later in this course. 

 

HYPOTHESIS 

Once a problem has been defined and examined, the next stage of the scientific method is the 
construction of a hypothesis. In fact, one usually forms hypothesis during the observation stage, 
since the term hypothesis implies a connection between the observations and the solution to the 
problem. (disappearance of a distant ship from the visual field → hypothesis: "the earth is round") 

The most important feature of a hypothesis is that it is a mere trial idea, a tentative suggestion 
concerning the nature of the problem. 

The hypothesis should not be confused with "law". Unfortunately, hypotheses are occasionally 
accepted without adequate tests because of an emotional wish to believe. "Possibility" can not be 
substituted for "evidence".  

Since the hypothesis is just a "preconceived" (presupposed) expression of a possible solution, you 
should keep in mind that it may turn out to be false. Therefore you should not let the hypothesis be a 
factor that could bias observations in an experiment.  

The hypothesis is not just a datum, since every hypothesis goes beyond the evidence (data). 
Nonetheless, formulation of hypothesis and data collection go hand-in-hand. In other words, a 
researcher hypothesizes while collecting data; meanwhile, hypothesis suggests how to collect data 
and which data to search for. To take an example from daily life, suppose you discover that your car 
will not start. You may say, "My car does not start because the battery is low." This is your first 
hypothesis. You may then check whether the lights were left on, or if the engine makes a particular 
sound when you turn the ignition key. You might actually check the voltage across the terminals of the 
battery. If you discover that the battery is not low, you might attempt another hypothesis ("The starter 
is broken"; "This is really not my car.") 

Formulation of the hypothesis requires imagination and a creative and critical mind. Although 
hypothesis formation is a mental creation, a hypothesis is based on the rationality of observation and 
expectations for the future.  

The basic form of a hypothesis is usually a logical form, "if p, then q." For example, "if the dog is 
angry, then the dog barks" is a hypothesis that links two propositions, namely, "the dog is angry" and 
"the dog barks." The first proposition refers to data concerning the dog's behavior (in analogy to 
human behavior) and, therefore, is itself a hypothetical statement.   

Hypothesis can also be in other forms, such as, "there is life in other solar systems," or "there is 
radiocarbon in every living being". Here are three forms of the hypothesis: 

• Declarative Form states a relationship between the variables that the experimenter 
expects will emerge. 

“There will be significant difference between the mechanical properties of polyethylene using 
straw as an additive or using no additive.” 

• Null Hypothesis states that no relationship exists between the variables concerned. 

"There will be no significant difference between the mechanical properties of polyethylene 
using straw as an additive" 

• Question Form 



The scientific method in research   |   Page 31 
 

“Is there a significant difference in the mechanical properties of polyethylene if it is used as an 
additive” (good for new researchers). 

The following criteria can be used to generate a good scientific hypothesis: 

• The hypothesis must be well formed, self-consistent, and meaningful in some scientific 
context. "The tides of the sea are caused by the movement of water" is not a good hypothesis 
since it is not meaningful. A better statement would be, "The tides of the sea are caused by 
the moon's gravitational field."  
• The hypothesis must fit the bulk of relevant available knowledge and have maximal 
strength with respect to the empirical (experimental) evidence relevant to it. For example, if 
one notices an inordinate number of blue cars with alarms, it is more appropriate to 
hypothesize that "blue cars are more likely to have car alarms than other cars" than "only blue 
cars have car alarms"  
• The hypothesis must, in conjunction with other formulas, entail consequences 
translatable into observations. For example, "satin is nicer than silk" is not a good hypothesis 
because it cannot be translated into anything that can be observed. "Satin is more expensive 
to produce than silk" would be a better example.  
• The hypothesis must be empirically (experimentally) testable by the objective 
procedures of science. "The new Madonna album is her finest work yet" is not a good 
scientific hypothesis because it is not testable. A better hypothesis would be, "The new 
Madonna album will sell more copies than her previous albums."  

Here are the tests for checking the validity of a hypothesis:  

• Test for broader scope - to prove a certain theory for restricted situation is also 
applicable in other situations. The hypothesis will yield a stronger theory if proved 

• Test for limits - to test the validity of the hypothesis at extreme degrees (e.g.., 
Newtonian theory work for macroparticles but fails for microparticle.) 

• Test for improved accuracy - to discover the specific factors and degrees that 
characterize phenomena or theory that has been described before “generally”. Being specific 
is often the only thing that distinguishes the scientist’s predictions from common sense 
predictions. 

• Test core assumptions - to identify assumptions that are unproven, often 
unidentified, in development of many theories. Proving them strengthens, disproving 
invalidates the theory, or asks for the modification of theory. 

  

EXPERIMENTATION 

A good experiment to test a hypothesis successfully balances accuracy and the time spend on the 
project. The experimentation must be sufficiently accurate to achieve substantial results but, at the 
same time, accuracy has a limit. Effort spent on improving accuracy beyond reason is effort that could 
be better spent on another project. The degree of accuracy varies with the experiment, and is affected 
by the goals, what is known about the phenomenon, and the sophistication of the available tools. 
When in doubt, it is better to spend more time on a project than less time. 

The types of observations to be made and data to be collected must be included as part of the 
experimental design. The data may be qualitative, quantitative, or a combination. This affects the 
design of the experiment and the methods of analyzing the data. In some instances, qualitative 
information may be more difficult to obtain, while, in others, the reverse may be true. The type of the 
data collected also affects the type of statistical tests used to analyze the data. 
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Values of the independent and dependent variables of the experiment must also be measured.  

A number of experimental approaches may be used: 

• The laboratory analysis - the independent variables can be controlled to determine 
their effect on the dependent variables. The laboratory experiment does not necessarily 
provide a true picture of the phenomenon that is being researched and may be somewhat 
artificial. It does however, provide the experimenter with a great deal of control over the tests. 
Results should be checked in a broader scale if they are going to be used in production (pilot 
plants)  
• The computer or physical simulation (modeling) - a recreation or model of a real-
life system and may be a physical model or a computer-generated procedure. This method 
recognizes the true complexity and independence of the variables of the system and provides 
a measure of control.  
• The field experiment - the researcher works in a real-world system. Variables may 
still be manipulated but are subject to some uncontrolled source of variation, affording the 
researcher less control than in laboratory setting. For example, an agriculture researcher 
might be interested in the value of a new fertilizer in crop growth. The experiments are 
conducted in real fields, all of which may not be exactly the same. There might be differences 
in soil type, seed quality, irrigation amounts etc. 
• The field study - this is also performed in a real-life environment, but the independent 
variables can not be controlled. The method involves the basic observation of the dependent 
variable. 
• Survey  research - utilizes questionnaires to obtain results. The researcher can only 
control the groups that he or she decides to poll. A strong "statistics" background is necessary 
for the success of such a research. 

Let's examine the experimental (mainly the laboratory experiment) method in a little more detail. 

Here are the basic steps in an experiment: 

• Determining relevant factors or variables of prime importance for a description of the 
problem 

• Performing experiments by keeping one or more variables constant. The same 
experiment must always be repeated until a satisfying precision level is reached. Possible 
determinate and indeterminate errors should be kept in mind. 

• Analyzing primary data. One might draw a graph or prepare a table. A Graph is useful 
in showing 

- precision of results (scattered or high precision data) 
- susceptible data to be rejected 
- tendencies of the results 
- functional relationships (linear, logarithmic etc) 

• Treating unusual (outlying) points 

Susceptible data, which does not conform to the rest of the measured values, shall be tested 
for the validity within confidence intervals. The methods for testing of data was studied 
previously. 

• Testing the functional relationships 

• Experiment with remaining variables  

• Relate the experimental result to a model of the system being studied. (Conclusions) 
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For a successful application of the method, basically only three conditions must be satisfied: 

1. The system to be studied should be physically available at the place of investigation 
and suitable for manipulations.  

2. The problem to be studied should be possible to formulate with quantitative concepts 
that can be accurately measured.  

3. There must not be any political or other social (ethical) restrictions on using the 
method. 

One should once again consider the following factors in an experiment design: 

• Cost factor - (the most important parameter is time. As time (increases linearly with 
repetitions) increases, cost increases. 

• Accuracy - In order to achieve high accuracy the experiment should be repeated 
several times meaning a proportional increase in the cost. 

• Damage Factor - Safety of the equipment and its environment (human beings, 
environment etc) may require special care. 

Once again, in order to overwhelm the conflict between accuracy and cost, one must always make 
sure not to require more accuracy in a measurement than what really is needed. 

Here are some details of the computer or physical simulation (modeling).  

A model is a representation of a system. In general a model is only an approximate representation of 
the real world which may be very complex and impossible to describe in all its details. There are 
several types of models, some of which are listed below: 

1. Descriptive model - In a descriptive model, a system is represented by block 
schemes and graphs or simply by words and various responses of the system are described 
in a qualitative manner. A descriptive model is often a forerunner of the more precise model, 
such as a mathematical model.  

2. Mathematical model - In a mathematical model a system is represented by 
mathematical expressions. Such a model can, of course, be more precise than a descriptive 
model, assuming that the correct equations are used.  

3. Empirical model - In an empirical model only variables directly observable are 
considered.  

4. Theoretical model - In a theoretical model variables that are not directly observable 
are also used. This may include such objects as protons, electrons, molecules, and the Big 
Bang.  

5. Computer model - A computer model of a system consists of a computer program 
that exhibits dynamic characteristics of the system written in some high level programming 
language.  

6. Physical model - A scaled copy of the real system is called a physical model. This 
type of a model is especially useful in technical applications. 

  

   

INDUCTION 
(Induction: The act or process of deriving a general proposition from certain facts) 
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Induction is the process of interpreting the data obtained from experimentation to develop some 
general conclusions that will support, invalidate, or redesign the hypothesis.  

A scientist can never develop a theory that describes the researched phenomenon completely. 
Limitations on the verification of this theory are inherent. This is one way in which the scientific theory 
differs from a non-scientific theory; that is, it has the possibility of being wrong under selected 
circumstances.  The theory is strengthened by verification, however.  

It is very hard to evaluate the reliability of "generalizations" that are supported by their connections 
with other accepted theories or observations. Some rules may help:  

• The more precisely the class is specified, the more likely it is that the properties of 
individual members will be shared by the whole class.  

• The more varied the conditions under which the property is observed, the stronger the 
evidence for the generalization, i.e., repetitions under varied but controlled conditions (with 
various variables other than those used to define the class) are more convincing than 
repetitions under constant conditions.  

Real life is far too complex to be described by simple theories or equations. Many methods are used 
for drawing conclusions from data: mathematical modeling, statistical analysis.  

Regardless of the method used, the researcher must take judgmental decisions. He or she must omit 
factors that play a negligible role in the project, account for the phenomenon in objective terms. 
Sources of error must also be determined, including the type of error, error in experimentation, and 
error in the design of the experiment.  

Other considerations:  

• Everyone likes to have theories that are right. Scientists spend a lot of time making 
predictions, and hoping they will come true. But they actually don't learn much when they do! 
The real learning happens when the predictions don't come true. In many cases, the scientists 
themselves refuse to believe the key results that lead to the new theories.  

• Wrong theories are still useful. Einstein is probably wrong too. But each theory is a 
building block to the next, bigger theory: and each one is also useful, as long as you work 
within the domain in which it is true. Almost everything we build today is based on 19th century 
Physics, which has been known to be very fundamentally wrong for almost a hundred years. 
But it's still useful for making cars and bridges and rockets and anything else that isn't too fast 
or too big or too small  

  

  

 See Also: Research Methods Knowledge Base by William M. Trochim of Cornell University 

 

http://trochim.human.cornell.edu/kb/
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