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Chapter 06.03 
Linear Regression 
 
 
 
 
 
After reading this chapter, you should be able to 

1. define regression, 
2. use several minimizing of residual criteria to choose the right criterion, 
3. derive the constants of a linear regression model based on least squares method 

criterion, 
4. use in examples, the derived formulas for the constants of a linear regression model, 

and 
5. prove that the constants of the linear regression model are unique and correspond to 

a minimum. 
 
 Linear regression is the most popular regression model.  In this model, we wish to 
predict response to n  data points ),(),......,,(),,( 2211 nn yxyxyx  by a regression model given 

by 
 xaay 10                          (1) 

where 0a  and 1a  are the constants of the regression model. 

 A measure of goodness of fit, that is, how well xaa 10   predicts the response variable 

y  is the magnitude of the residual i  at each of the n  data points. 

 )( 10 iii xaayE                       (2) 

 Ideally, if all the residuals i  are zero, one may have found an equation in which all 

the points lie on the model.  Thus, minimization of the residual is an objective of obtaining 
regression coefficients.   
 The most popular method to minimize the residual is the least squares methods, 
where the estimates of the constants of the models are chosen such that the sum of the 

squared residuals is minimized, that is minimize 


n

i
iE

1

2 .   

 
 Why minimize the sum of the square of the residuals?  Why not, for instance, 
minimize the sum of the residual errors or the sum of the absolute values of the residuals?  
Alternatively, constants of the model can be chosen such that the average residual is zero 
without making individual residuals small.  Will any of these criteria yield unbiased 
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parameters with the smallest variance?  All of these questions will be answered below.  Look 
at the data in Table 1. 
      
Table 1   Data points. 

x  y  
2.0 4.0 
3.0 6.0 
2.0 6.0 
3.0 8.0 

      
To explain this data by a straight line regression model, 
 xaay 10                         (3) 

and using minimizing 


n

i
iE

1

as a criteria to find 0a  and 1a , we find that for (Figure 1) 

 44  xy                       (4) 

 
       Figure 1 Regression curve 44  xy  for y  vs. x  data. 
 

the sum of the residuals, 0
4

1


i

iE  as shown in the Table 2. 

  Table 2  The residuals at each data point for regression model 44  xy . 

x  y  
predictedy predictedyy   

2.0 4.0 4.0 0.0 
3.0 6.0 8.0 -2.0 
2.0 6.0 4.0 2.0 
3.0 8.0 8.0 0.0 

 0
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
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 So does this give us the smallest error? It does as 0
4

1


i

iE . But it does not give 

unique values for the parameters of the model. A straight-line of the model  
 6y                        (5) 

also makes 0
4

1


i

iE as shown in the Table 3. 

  Table 3  The residuals at each data point for regression model 6y  

x  y  
predictedy  predictedyy   

2.0 4.0 6.0 -2.0 
3.0 6.0 6.0 0.0 
2.0 6.0 6.0 0.0 
3.0 8.0 6.0 2.0 

 0
4

1


i

iE  

 

 
 Figure 2 Regression curve 6y  for y  vs. x  data. 

 
 Since this criterion does not give a unique regression model, it cannot be used for 
finding the regression coefficients. Let us see why we cannot use this criterion for any 
general data.  We want to minimize  

  



n

i
ii

n

i
i xaayE

1
10

1

                    (6) 

Differentiating Equation (6) with respect to 0a  and 1a , we get  

 n
a

E n

i

n

i
i













10

1 1             (7) 
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



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Putting these equations to zero, give 0n  but that is not possible.  Therefore, unique values 
of 0a  and 1a  do not exist. 

You may think that the reason the minimization criterion 


n

i
iE

1

does not work is that 

negative residuals cancel with positive residuals.  So is minimizing 


n

i
iE

1

 better?  Let us 

look at the data given in the Table 2 for equation 44  xy .  It makes 4
4

1


i

iE  as shown 

in the following table. 
 
 Table 4   The absolute residuals at each data point when employing 44  xy . 

x  y  
predictedy  predictedyy   

2.0 4.0 4.0 0.0 
3.0 6.0 8.0 2.0 
2.0 6.0 4.0 2.0 
3.0 8.0 8.0 0.0 

4
4

1


i

i  

The value of 4
4

1


i

iE  also exists for the straight line model 6y . No other straight line 

model for this data has 4
4

1


i

iE .  Again, we find the regression coefficients are not unique, 

and hence this criterion also cannot be used for finding the regression model.  
Let us use the least squares criterion where we minimize  

  
2

1
10

1

2 



n

i
ii

n

i
ir xaayES          (9) 

rS  is called the sum of the square of the residuals. 

To find 0a  and 1a , we minimize rS  with respect to 0a  and 1a . 

    012
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giving  
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Figure 3 Linear regression of y  vs. x  data showing residuals and square of residual at a 

typical point, ix . 

 
       
Solving the above Equations (14) and (15) gives 
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Redefining 

 11 , yx

 33, yx

 22 , yx

),( nn yx

 ii yx ,

iii xaayE 10 

y 

x

xaay 10   
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we can rewrite 

 
xx

xy

S

S
a 1                                (22) 

 
_

1

_

0 xaya                                 (23) 

 
Example 1 

The torque T  needed to turn the torsional spring of a mousetrap through an angle,   is given 
below 
   Table 5 Torque versus angle for a torsion spring. 

Angle,   
Radians 

Torque, T  
mN   

0.698132 0.188224 
0.959931 0.209138 
1.134464 0.230052 
1.570796 0.250965 
1.919862 0.313707 

 
Find the constants 1k  and 2k  of the regression model  

 21 kkT   
 
Solution 

Table 6 shows the summations needed for the calculation of the constants of the regression 
model. 
   
Table 6 Tabulation of data for calculation of needed summations. 

i   T  2  T  
1 radians mN   radians 2  mN   
2 0.698132 0.188224 11087388.4  11031405.1   
3 0.959931 0.209138 11021468.9  11000758.2   
4 1.134464 0.230052 1.2870 11060986.2   
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5 1.570796 0.250965 2.4674 11094215.3   
6 1.919862 0.313707 3.6859 11002274.6   




5

1i

 6.2831 1.1921 8.8491 1.5896 
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Figure 4  Linear regression of torque vs. angle data 

 
Example 2 

To find the longitudinal modulus of a composite material, the following data, as given in 
Table 7, is collected. 
 
   Table 7 Stress vs. strain data for a composite material. 

Strain 
(%) 

Stress  
( MPa )

0 0 
0.183 306 
0.36 612 
0.5324 917 
0.702 1223 
0.867 1529 
1.0244 1835 
1.1774 2140 
1.329 2446 
1.479 2752 
1.5 2767 
1.56 2896 

 
Find the longitudinal modulus E  using the regression model. 
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  E                                (24) 
 
Solution 

Rewriting data from Table 7, stresses versus strain data in Table 8 
   
Table 8  Stress vs strain data for a composite in SI system of units 

Strain  
( m/m ) 

Stress  
( Pa ) 

0.0000 0.0000 
3108300.1   8100600.3   
3106000.3   8101200.6   
3103240.5   8101700.9   
3100200.7  9102230.1   
3106700.8   9105290.1   
2100244.1   9108350.1   
2101774.1   9101400.2 
2103290.1   9104460.2 
2104790.1   9107520.2 
2105000.1   9107670.2 
2105600.1   9108960.2 

 
Applying the least square method, the residuals i  at each data point is 

 iii E   

The sum of square of the residuals is 

 



n

i
irS

1

2  

       



n

i
ii E

1

2  

Again, to find the constant E , we need to minimize rS  by differentiating with respect to E  
and then equating to zero 

   0)(2
1



 


i

n

i
ii

r E
E

S
  

From there, we obtain  

 








n

i
i

n

i
ii

E

1

2

1




                    (25) 

The summations used in Equation (25) are given in the Table 9. 
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  Table 9 Tabulation for Example 2 for needed summations 
i      2    
1 0.0000 0.0000 0.0000 0.0000 
2 3108300.1   8100600.3   6103489.3  5105998.5   
3 3106000.3   8101200.6   5102960.1   6102032.2   
4 3103240.5   8101700.9   5108345.2  6108821.4   
5 3100200.7   9102230.1   5109280.4  6105855.8   
6 3106700.8   9105290.1   5105169.7  7103256.1   
7 2100244.1   9108350.1   4100494.1   7108798.1   
8 2101774.1   9101400.2  4103863.1   7105196.2   
9 2103290.1   9104460.2  4107662.1   7102507.3   
10 2104790.1   9107520.2  4101874.2  7100702.4   
11 2105000.1   9107670.2  4102500.2  7101505.4   
12 2105600.1   9108960.2  4104336.2  7105178.4   




12

1i

   3102764.1   8103337.2   

 
 12n  
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Figure 5  Linear regression model of stress vs. strain for a composite material. 
 
Appendix 

Do the values of the constants of the least squares straight-line regression model correspond 
to a minimum?  Is the straight line unique? 
 
ANSWER: 

Given n  data pairs,    nn yxyx ,,,, 11  , the best fit for the straight line regression model  

 xaay 10                                          (A.1) 

is found by the method of least squares. 
Starting with the sum of the square of the residuals rS , we get 

  



n

i
iir xaayS

1

2
10                 (A.2) 

and using 

 0
0




a

Sr                   (A.3) 

 0
1





a

Sr                   (A.4) 

gives two simultaneous linear equations whose solution is 
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But does this give the minimum of value of rS ?  The first derivative only tells us about a 
local extreme, not whether it is a minimum or a maximum.   
 
We need to conduct a second derivative test to find out whether the point ),( 10 aa  from 

Equation (A.5) gives the minimum or maximum of rS .  
 
What is the second derivative test for a minimum if we have a function of two variables? 
 
If you have a function  yxf ,  and we found a critical point  ba,  from the first derivative 

test, then  ba,  is a minimum point if  

 0
22

2

2

2

2




















yx

f

y

f

x

f
, and               (A.6) 

 0
2

2





x

f
 OR 0

2

2





y

f
                (A.7) 

From Equation (2) 
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then 
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So we satisfy condition (A.7) as from Equation (A.10), n2  is a positive number and from 

Equation (A.11) 


n

i
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1

22 is a positive number as assuming that all data points are NOT zero is 

reasonable.   
 
Is the other condition for being a minimum as given by Equation (A.6) met?  Yes, we can 
show (the proof is not given) 
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So the values of 0a  and 1a  that we have in Equations (A.5a) and (A.5b), are in fact a 

minimum.  Also, this minimum is an absolute minimum because the first derivative is zero 
for only one point as given by Equations (A.5a) and (A.5b).  Hence, this also makes the 
straight-line regression model unique. 
 

LINEAR REGRESSION  
Topic Linear Regression 
Summary Textbook notes of Linear Regression 
Major General Engineering 
Authors Egwu Kalu, Autar Kaw, Cuong Nguyen 
Date November 20, 2009 
Web Site http://numericalmethods.eng.usf.edu 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 1
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check true
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents best suited for Lulu's printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (None)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


