Data Description
From the Hipparcos Main Catalogue[footnoteRef:1] [1:  http://heasarc.gsfc.nasa.gov/W3Browse/all/hipparcos.html] 


Cat. Field	CDS Name	HEASARC Name	Description	

H1	HIP	HIP_Number	/Identifier (HIP number)
H3	RAhms	RA	/RA in h m s, ICRS (J1991.25)
H4	DEdms	Dec	/Dec in deg ' ", ICRS (J1991.25)
H5	Vmag	Vmag	/Magnitude in Johnson V
H12	pmRA	pm_RA	/Proper motion in RA
H13	pmDE	pm_Dec	/Proper motion in Dec
H37	B-V	BV_Color	/Johnson BV colour
H40	V-I	VI_Color	/Colour index in Cousins' system
H44	Hpmag	Hip_Mag	/Median magnitude in Hipparcos system
H49	Hpmax	Hip_Mag_Max	/Hpmag at maximum (5th percentile)
H50	HPmin	Hip_Mag_Min	/Hpmag at minimum (95th percentile)
H51	Period	Var_Period	/Variability period (days)
H52	HvarType	Hip_Var_Type	/Variability type
H59	MultFlag	Dbl_Mult_Annex	/Double and or Multiple Systems flag
H63	theta	Dbl_Theta	/Position angle between components
H64	rho	Dbl_Rho	/Angular separation of components
H66	dHp	Diff_Hip_Mag	/Magnitude difference of components
H76	SpType	Spect_Type	/Spectral type
[bookmark: name]
Name
Name of the star in the recommended format for Hipparcos stars, as created by concatenating the prefix 'HIP ' and the Hip_Number identifier in the original catalog. Entries in the Hipparcos (HIP) Catalog have exactly the same identifier as in the Hipparcos Input Catalog (HIC), notice.
[bookmark: ra]RA
Right ascension in the specified equinox for epoch J1991.25. This was given in the ICRS reference system (J2000 equator) in the original Hipparcos Catalog, and thus equinox 2000 should be specified to avoid inaccuracies due to the non-rigorous HEASARC coordinate precession algorithm. This parameter was given to a truncated precision of 0.01 seconds of time in the original Hipparcos Catalog. If the 'precise' RA is desired, one should use the value of the parameter RA_deg which contains the complete RA in decimal degrees.
[bookmark: dec]Dec
Declination in specified equinox for epoch J1991.25. This was given in the ICRS reference system (J2000 equator) in the original Hipparcos Catalog, and thus equinox 2000 should be specified to avoid inaccuracies due to the non-rigorous HEASARC coordinate precession algorithm. This parameter was given to a truncated precision of 0.1 arcseconds in the original Hipparcos Catalog. If the 'precise' declination is desired, one should use the value of the parameter Dec_deg which contains the complete declination in decimal degrees.
[bookmark: vmag]Vmag
The magnitude in Johnson V band, given to a precision of 0.01 magnitudes in the original Hipparcos Catalog.
[bookmark: parallax]Parallax
The trigonometric parallax pi in units of milliarcseconds: thus to calculate the distance D in parsecs, D = 1000/pi. The estimated parallax is given for every star, even if it appears to be insignificant or negative.
[bookmark: pm_ra]PM_RA
The proper motion component in the RA direction expressed in milliarcseconds per Julian year (mas/yr), and given with respect to the ICRS reference system: mu_RA* = mu_RA x cos (declination).
[bookmark: pm_dec]PM_Dec
The proper motion component in the declination direction expressed in milliarcseconds per Julian year (mas/yr), and given with respect to the ICRS reference system.
[bookmark: bv_color]BV_Color
The (B-V) color index in, or reduced to, the Johnson UBV system.
[bookmark: vi_color]VI_Color
the (V-I) color index in Cousins' photometric system; it represents the best available (V-I) value at the time of the Hipparcos Catalog publication.
[bookmark: hip_mag_max]HIP_Mag_Max
The observed magnitude at maximum luminosity. This is defined as the 5th percentile of the epoch photometry.
[bookmark: hip_mag_min]HIP_Mag_Min
The observed magnitude at minimum luminosity. This is defined as the 95th percentile of the epoch photometry.
[bookmark: var_period]Var_Period
The variability period, or a provisional estimate of such a period, derived on the basis of the Hipparcos data (possibly in combination with ground-based observations) and expressed in days, with a precision of 0.01 days.
[bookmark: hip_var_type]HIP_Var_Type
The variability type: the sources of scatter in the photometric data are various, and this flag indicates the origin of the extra scatter, which may be astrophysical, or, in some cases, instrumental. See Section 1.3, Appendix 2 of the published Hipparcos Catalog for a more detailed description. Amongst astrophysical sources of variability, this parameter only distinguishes between 'M' (micro-variables), 'P' (periodic variables), and 'U' (unsolved variables). Further variability details for the periodic or unsolved variables are included in the Variability Annex. The flag takes the following values:
       C : no variability detected ("constant")
       D : duplicity-induced variability
       M : possibly micro-variable, with amplitude < 0.03 mag (stars
           classified with high confidence as micro-variable are flagged U)
       P : periodic variable
       R : the V-I colour index was revised during the variability analysis
       U : unsolved variable which does not fall in the other categories;
           this class also includes irregular or semi-regular variables,
           and possibly varaibles with amplitude > or ~ 0.03 mag
         : a blank indicates that the entry could not be classified as
           variable or constant with any degree of certainty
[bookmark: dbl_mult_annex]Dbl_Mult_Annex
The Double and Multiple Systems Annex flag. This indicates that further details of this system are given in one of the 5 (mutually exclusive) parts of the Double and Multiple Systems Annex labelled as follows:
       C : solutions for the components
       G : acceleration or higher order terms
       O : orbital solutions
       V : variability-induced movers (apparent motion arises from variability
           of one of the components of a double system)
       X : stochastic solution (probably astrometric binaries of short period)
always positive.
[bookmark: dbl_theta]Dbl_Theta
The rounded value for the position angle between the components specified in the Dbl_Ref_id field, expressed in degrees (in the usual sense measured counterclockwise from North).
[bookmark: dbl_rho]Dbl_Rho
The rounded value for the angular separation between the components specified in the Dbl_Ref_id field, expressed in arcseconds.
[bookmark: spect_type]Spect_Type
The MK or HD spectral type acquired from ground-based compilations and primarily taken from the Hipparcos Input Catalog, with some updates, especially for variable stars.
Data transformations performed to convert to ARFF format
All transformations carried out in Excel, then output to CSV before converting to ARFF.
· Select attributes needed
· Period
· No period given -> -1
· HvarType
· C->Constant
· D->Duplicity
· M->Microvariable
· P->Periodic
· R->Revised
· U->Unsolved
· No flag -> None
· MultFlag
· C->Components
· G->Unresolved
· O->Orbital
· V->Variability
· X->Stochastic
· No flag -> None
· Wrap any strings in single quotes. The easiest way to do that is to create a column with ="'"&S2&"'" (=<doublequote><singlequote><doublequote>&<cell>&<doublequote><singlequote><doublequote>) the copy the values of the new column back to the original column.
· Weka is not happy with missing values. Replace all missing values with ?
· It's taken a bit of faffing about, but I now have the Spectral Classification split into Spectral Class, Spectral Subclass and Luminosity Class. There are some oddballs in this - in particular C, WC, WN and D stars plus one or two with no RA&Dec given. This sample contains no MS, SC, T or Y stars, and uses the old C,N,S classification rather than the new extended C classification.
· Time for data mining classification experiment 1 - how well do the classification algorithms work, and what is my minimal attribute set for performing a classification analysis? B-V and V-I should be enough, but let's see what WEKA produces.

ARFF Header
@RELATION Hipparcos6000

@ATTRIBUTE recno NUMERIC
@ATTRIBUTE RA NUMERIC
@ATTRIBUTE DEC NUMERIC
@ATTRIBUTE Vmag NUMERIC
@ATTRIBUTE Plx NUMERIC
@ATTRIBUTE pmRA NUMERIC
@ATTRIBUTE pmDE NUMERIC
@ATTRIBUTE B-V NUMERIC
@ATTRIBUTE V-I NUMERIC
@ATTRIBUTE Hpmag NUMERIC
@ATTRIBUTE Hpmax NUMERIC
@ATTRIBUTE Hpmin NUMERIC
@ATTRIBUTE Period NUMERIC
@ATTRIBUTE HvarType {Constant, Duplicity, Microvariable, Periodic, Revised, Unsolved, None}
@ATTRIBUTE MultFlag {Components, Unresolved, Orbital, Variability, Stochastic, None}
@ATTRIBUTE theta NUMERIC
@ATTRIBUTE rho NUMERIC
@ATTRIBUTE dHp NUMERIC
@ATTRIBUTE SpType string
@ATTRIBUTE LumType {I,Ia,Ib,Ic,Iab,II,III,IV,V,VI}
@ATTRIBUTE SpClass {O,B,A,F,G,K,M,R,N,S,C,WC,WN,D}
@ATTRIBUTE SpNumber numeric
@ATTRIBUTE MainSeq {Y,N}
@DATA

Initial visualisation of data
[image: ]

Initial thoughts on this: 
Recno: Flat, because it is the primary key.
RA: Reasonably flat, because this shows the number of elements in each vertical slice of the sky and this doesn't vary much with local stars.
DEC: Much more interesting. There are clearly far fewer starts towards the celestial poles.
Vmag: A nice effectively-normal plot of the magnitude of the stars seen.
· Why is this? Is this what I would expect given the underlying physics of stars, the Hipparcos detectors and the astrography of the local area?
Plx: A big spike in the small values because parallax is only visible for stars that are close to us. 
pmRA, pmDE: Tight spikes because we can only measure proper motion for nearby stars.
· Are the outliers errors or really close stars? Or something else?
B-V: Interesting - a double hump. I may need to go back and review my first-year astrophysics to see if there's a reason for this.
V-I: Another odd shape.
· Is this skewed by the local astrography? Is there a basic physics thing?
[bookmark: _GoBack]Updated 11/10/2019: The two humps are main sequence stars and evolved stars. That there is a small hump in the evolved stars frequency distribution where the hump in the main sequence stars lies suggests that some of these may have been misclassified.
Hpmag, Hpmax, Hpmin: Normal distributions, as expected.
Period: The -1 spike is a data coding artifact, as records with no period have been set to -1.
HvarType: Expected distribution of variable types
· Automatic classification of Unknown variables is a hot research topic - http://arxiv.org/abs/1301.1545
MultFlag: Expected distribution of multiple types.
Theta: Expected fairly even distribution of position angles between components for multiple stars.
Rho: Close multiples seem a lot more common than spread-out variables.
dHp: Most multiple systems seem to have stars that are fairly similar in brightness.
SpType: This is a string, so it's not going to show up on a frequency plot.

First Thoughts
I might want to strip out the multiple stars, or at least the ones whose multiplicity has an effect on their photometric measurements.

If I want to look at spectral classifications I'm going to have to do a lot more cleaning of the SpType data. Possibly keep the current one but add a couple more for SpClass and SpLum, together with a TeffCI (effective temperature based on the colour index) and a TeffLum (effective temperature based on the luminosity class). Must make sure that I don't get these confused.
Data exploration
Exploration 1 - can ML (Machine Learning) be used to classify stars using the Harvard and MKK schemes?
First look at MK scheme - probably need to split into main-sequence and non-main-sequence rather than try to differentiate between individual classifications (also because non-MS stars are less common than MS stars). Next look at Harvard scheme.
This assumes that that these can both be predicted from B-V and V-I attributes (good astronomical basis for this assumption, hence its choice as the first exploration).

MK
Data has been pre-processed so that only stars with a known MKK classification are used. The training set is the set of all such stars, labelled as MainSeq=Y (Class V) or MainSeq=N (Classes I, Ia, Ib, Ic, II, III, IV, VI).

Data Exploration
Using JRip as a starting point:
JRIP rules:
===========
 (B-V <= 0.855) and (B-V >= 0.366) => MainSeq=Y (957.0/171.0)
(B-V <= 0.863) and (B-V >= 0.318) => MainSeq=Y (48.0/19.0)
(B-V <= 0.315) and (B-V <= 0.2) => MainSeq=Y (183.0/73.0)
(B-V <= 0.942) and (V-I >= 0.95) => MainSeq=Y (15.0/3.0)
(B-V <= 0.315) and (B-V <= 0.254) => MainSeq=Y (20.0/9.0)
(V-I >= 1.1) and (B-V <= 1.128) => MainSeq=Y (15.0/6.0)
 => MainSeq=N (1051.0/51.0)

Number of Rules : 7
Time taken to build model: 0.08 seconds

=== Evaluation on training set ===
Correctly Classified Instances        1957               85.4958 %
Incorrectly Classified Instances       332               14.5042 %
Kappa statistic                          0.7127
Mean absolute error                      0.223 
Root mean squared error                  0.334 
Relative absolute error                 45.2529 %
Root relative squared error             67.2707 %
Total Number of Instances             2289     

=== Detailed Accuracy By Class ===
               TP Rate   FP Rate   Precision   Recall  F-Measure   ROC Area  Class
                 0.949     0.219      0.773     0.949     0.852      0.888    Y
                 0.781     0.051      0.951     0.781     0.858      0.888    N
Weighted Avg.    0.855     0.125      0.873     0.855     0.855      0.888

=== Confusion Matrix ===
   a   b   <-- classified as
 957  51 |   a = Y
 281 1000 |   b = N
Not a stunning accuracy, but a decent colour index diagram:
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Clearly there is separation between main sequence (blue) and non-main sequence (red) stars in the B-V > 0.7 range. (Ish - is it too much to ask for 'approximately less than' and 'approximately greater than' symbols in MS Word???) Clearly the next thing to add in is Harvard class; more stars have spectral classes defined in the data than luminosity classes.

Using JRip again:
JRIP rules:
===========
 (B-V <= 0.863) => MainSeq=Y (1258.0/302.0)
(B-V <= 0.942) and (V-I >= 0.95) => MainSeq=Y (15.0/3.0)
(V-I >= 1.06) and (B-V <= 1.075) and (SpClass = K) => MainSeq=Y (9.0/2.0)
(V-I >= 1.21) and (B-V <= 1.194) => MainSeq=Y (5.0/0.0)
(V-I >= 1.44) and (B-V <= 1.473) and (B-V <= 1.318) and (V-I <= 1.52) => MainSeq=Y (6.0/0.0)
 => MainSeq=N (996.0/22.0)

Number of Rules : 6
Time taken to build model: 0.05 seconds

=== Evaluation on training set ===
Correctly Classified Instances        1960               85.6269 %
Incorrectly Classified Instances       329               14.3731 %
Kappa statistic                          0.7169
Mean absolute error                      0.2228
Root mean squared error                  0.3338
Relative absolute error                 45.1981 %
Root relative squared error             67.23   %
Total Number of Instances             2289     

=== Detailed Accuracy By Class ===
               TP Rate   FP Rate   Precision   Recall  F-Measure   ROC Area  Class
                 0.978     0.24       0.763     0.978     0.857      0.871    Y
                 0.76      0.022      0.978     0.76      0.856      0.871    N
Weighted Avg.    0.856     0.118      0.883     0.856     0.856      0.871

=== Confusion Matrix ===
   a   b   <-- classified as
 986  22 |   a = Y
 307 974 |   b = N

No significant increase in accuracy overall, but the diagram below clearly shows that there is the possibility that K and M stars could be classified more accurately with this algorithm.
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JRIP rules:
===========

(B-V <= 0.942) and (B-V <= 0.863) => MainSeq=Y (25.0/5.0)
(B-V <= 0.942) and (V-I >= 0.95) => MainSeq=Y (12.0/0.0)
(V-I >= 1.44) and (B-V <= 1.299) => MainSeq=Y (6.0/1.0)
(V-I >= 1.06) and (B-V <= 1.086) => MainSeq=Y (13.0/4.0)
(V-I >= 1.21) and (B-V <= 1.194) => MainSeq=Y (5.0/0.0)
 => MainSeq=N (753.0/13.0)

Number of Rules : 6


Time taken to build model: 0.03 seconds

=== Evaluation on training set ===
Correctly Classified Instances         791               97.1744 %
Incorrectly Classified Instances        23                2.8256 %
Kappa statistic                          0.8007
Mean absolute error                      0.0501
Root mean squared error                  0.1582
Relative absolute error                 34.3515 %
Root relative squared error             58.7855 %
Total Number of Instances              814     

=== Detailed Accuracy By Class ===
               TP Rate   FP Rate   Precision   Recall  F-Measure   ROC Area  Class
                 0.797     0.013      0.836     0.797     0.816      0.894    Y
                 0.987     0.203      0.983     0.987     0.985      0.894    N
Weighted Avg.    0.972     0.188      0.971     0.972     0.971      0.894

=== Confusion Matrix ===
   a   b   <-- classified as
  51  13 |   a = Y
  10 740 |   b = N

A much improved accuracy rate, which suggests that it is possible to distinguish between red dwarfs (K and M main sequence) and red giants (K and M non-main sequence) stars.
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Building and testing a formal model
Data splitting
The data was split into two groups using the filters built into WEKA:
· A training set (67%)
· Load the complete dataset into WEKA
· Select the RemovePercentage filter (unsupervised.instance) in the preprocess panel
· Set the percentage for the split
· Apply the filter
· Save the output data as a new file
· A validation set (33%)
· Load the complete dataset into WEKA (or undo the previous filter action)
· Select the RemovePercentage filter (unsupervised.instance) in the preprocess panel
· Set the invertSelection property to true
· Apply the filter
· Save the output data as a new file

With the Training set
=== Run information ===

Scheme:weka.classifiers.rules.JRip -F 3 -N 2.0 -O 2 -S 1
Relation:     MS-KM-Training
Instances:    545
Attributes:   5
              recno
              B-V
              V-I
              SpClass
              MainSeq
Test mode:10-fold cross-validation

=== Classifier model (full training set) ===

JRIP rules:
===========

(B-V <= 0.942) and (V-I >= 0.95) => MainSeq=Y (9.0/0.0)
(B-V <= 0.857) => MainSeq=Y (14.0/3.0)
 => MainSeq=N (522.0/22.0)

Number of Rules : 3


Time taken to build model: 0.02 seconds

=== Stratified cross-validation ===
=== Summary ===

Correctly Classified Instances         511               93.7615 %
Incorrectly Classified Instances        34                6.2385 %
Kappa statistic                          0.4543
Mean absolute error                      0.0895
Root mean squared error                  0.2388
Relative absolute error                 62.3052 %
Root relative squared error             89.5503 %
Total Number of Instances              545     

=== Detailed Accuracy By Class ===

               TP Rate   FP Rate   Precision   Recall  F-Measure   ROC Area  Class
                 0.381     0.016      0.667     0.381     0.485      0.708    Y
                 0.984     0.619      0.95      0.984     0.967      0.708    N
Weighted Avg.    0.938     0.573      0.928     0.938     0.93       0.708

=== Confusion Matrix ===

   a   b   <-- classified as
  16  26 |   a = Y
   8 495 |   b = N

Not bad. At this point I could try other classification algorithms or tweak some of the parameters of the JRip algorithm, but for now I just want to go through the whole sequence of train-validate-test for a single model.
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The colour-colour diagram looks sensible, although the blue point on the right looks a bit odd so I'll check up on it later.

Model Validation
After loading the validation set as the dataset, re-run the model on the validation set:

=== Re-evaluation on test set ===

User supplied test set
Relation:     KS-MS-Validation
Instances:     unknown (yet). Reading incrementally
Attributes:   5

=== Summary ===

Correctly Classified Instances         256               95.1673 %
Incorrectly Classified Instances        13                4.8327 %
Kappa statistic                          0.6045
Mean absolute error                      0.0898
Root mean squared error                  0.2123
Total Number of Instances              269     

=== Detailed Accuracy By Class ===

               TP Rate   FP Rate   Precision   Recall  F-Measure   ROC Area  Class
                 0.5       0.008      0.846     0.5       0.629      0.747    Y
                 0.992     0.5        0.957     0.992     0.974      0.747    N
Weighted Avg.    0.952     0.46       0.948     0.952     0.946      0.747

=== Confusion Matrix ===

   a   b   <-- classified as
  11  11 |   a = Y
   2 245 |   b = N

The model has increased in accuracy by approximately 2%. The confusion matrix clearly shows that this is a model that is very good at identifying true negatives but less good at identifying true positives. In practical terms, this would make it good for identifying non-main sequence stars rather than identifying main sequence stars.

The model was then used to predict the class of stars in the testing set. This is now real science prediction going on - it is not known whether these stars are main sequence or not, but if the model classifies them as non-main sequence then it looks pretty likely that they are not main sequence stars. The test data was loaded and the output predictions selected from the classifier evaluation options so as to show the output in the log window.

=== Predictions on test set ===
inst#,    actual, predicted, error, probability distribution
...
    35        2:N        2:N          0.042 *0.958
    36        2:N        2:N          0.042 *0.958
    37        2:N        2:N          0.042 *0.958
    38          ?        2:N      +   0.042 *0.958
    39        2:N        2:N          0.042 *0.958
    40        2:N        2:N          0.042 *0.958
    41          ?        2:N      +   0.042 *0.958
    42          ?        1:Y      +  *0.786  0.214
    43          ?        2:N      +   0.042 *0.958
    44          ?        2:N      +   0.042 *0.958
    45          ?        2:N      +   0.042 *0.958
    46          ?        1:Y      +  *1      0    
    47        2:N        2:N          0.042 *0.958
    48        2:N        2:N          0.042 *0.958
    49        2:N        2:N          0.042 *0.958
    50          ?        2:N      +   0.042 *0.958
    51          ?        1:Y      +  *0.786  0.214
    52          ?        2:N      +   0.042 *0.958
    53          ?        2:N      +   0.042 *0.958
    54          ?        2:N      +   0.042 *0.958
    55          ?        2:N      +   0.042 *0.958
...
Thoughts
What does this mean?

=== Confusion Matrix ===

   a   b   <-- classified as
  31  33 |   a = Y
   5 745 |   b = N

The likelihood of correctly identifying a main-sequence star is only roughly equal to chance, so this model is useless for identifying main sequence stars. The likelihood of correctly identifying a non-main sequence star is much higher - over 95% (745 of 778 were correctly identified). As the sample set contained 83% of non-main sequence stars, this is an improvement on chance.

Next problem - this is an improvement, but is it a significant improvement? Will need to do a bit more statistics to find out.
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