
COLOR IMAGES TO REPRESENT ONE, TWO, AND THREEDIMENSIONAL DATAMay 7, 2002Carl HeilesBefore reading this, look at BIDIDL. This dis
usses the basi
s of image display and alsotells how to make pos
ript �les of images using our home grown routines hardimage andopenimageps. You 
an also make ti� �les, gif �les, et
; see IDL's help fa
ility under s
ienti�
data formats.This handouts dis
usses the use of 
olor in representing arrays of data. Normally we thinkof image display as just that|a way to display an image. However, you 
an 
ombine moreinformation into a single image by the 
ombined use of 
olor and intensity. Using 
olor for thesepurposes is great, but using it intelligently is not trivial. There are three basi
 uses for 
olor, andbelow we dis
uss ea
h in the 
orrespondingly-numbered se
tion:(1) Using a 
olor table to represent a single quantity. Consider this as a one-dimensionalmapping of the quantity into 
olor. The most 
ommon example is the ordinary greys
ale image,in whi
h the degree of whiteness or bla
kness represents the value of the quantity represented inthe image (su
h as light intensity). Many astronomers like to repla
e the simple greys
ale with a
olors
ale be
ause it's easier to dis
ern 
hanges of 
olor than small 
hanges of brightness. However,this has its problems: �rstly, 20% of the human population is at least partly 
olorblind; se
ondly,
olor reprodu
tions in printed journals are very expensive.(2) Using 
olor to represent the value of a single quantity, su
h as the mean velo
ity of aspe
tral line, and using the lightness (brightness of the 
olor: bla
k is zero, full brightness ismaximum lightness) to represent a di�erent quantity, su
h as intensity of the spe
tral line. Thisis a two-dimensional mapping onto the image plane. Here, one uses a 
olor table to represent onevariable, as one sometimes does in one-dimensional mapping, plus the addition of the 
hange inlightness to represent the se
ond variable.(3) Using 
olor to represent the values of three independent quantities, with the lightness ofea
h 
olor proportional to its quantity. For example, using red for IR, green for opti
al, blue forX-ray. This is a three-dimensional mapping onto the image plane. You 
an't represent more thanthree dimensions in a 
olor image be
ause the eye is responsive to only three independent 
olors.Finally, there are some related matters su
h as overplotting onto images and 
alibration; wedis
uss these in se
tion (4).



{ 2 {1. ONE-DIMENSIONAL COLOR: THE 8-BIT COLOR TABLE1.1. Pseudo
olorPseudo
olor mode is the ideal one for the one-d 
olor 
ase be
ause the 
olor table allows youto spe
ify 256 di�erent 
olor/lightness 
ombinations, one for ea
h image intensity. An important
onsideration is the number of 
olors. Of 
ourse, you normally invoke this 8-bit pseudo
olor modeby typingdevi
e, pseudo=8as the �rst thing you do in IDL. After doing this, you might think you have 256 di�erent 
olorsavailable on your IDL display. But you're wrong!As dis
ussed in BIDIDL, for the X window output devi
e (whi
h are the windows in whi
hyou make plots and images) IDL doesn't have all 256 
ombinations available to it be
ause theoperating system takes up some 
olors for itself. However, for the posts
ript output devi
e IDLalways has 256 
ombinations available to it. Thus the s
reen has fewer 
olors available to IDL thanthe posts
ript devi
e does. Thus, the 
onversion of images to PS needs to interpolate the s
reen's
olors to �ll the 256 
olors of posts
ript. This 
an lead to distortions in the 
olor appearan
e;usually these are small, but not always.To avoid these problems, it's most reliable to for
e IDL to use all 256 
olors for the X windowdisplays; that way, on
e you generate an image on the s
reen, you know exa
tly how it will 
omeout in the posts
ript �le. If you do this, then the s
reen 
olors will \
ash" depending on whetheryour 
ursor is on an IDL window or not (see BIDIDL).If you're running IDL with 256 
olors, you'll �nd that the 
ontrast sliders in xload
t don'twork as you expe
t. You 
an dupli
ate the operation of these sliders using our home-grown routinediddle: the left-hand mouse button is like xload
t's Stret
h Bottom, the right-hand button likeStret
h top, and the middle button like Gamma Corre
tion; moving the 
ursor horizontally withinthe small window 
hanges the quantities, and you get out of diddle by hitting a key on thekeyboard.On
e you �nd the 
ombination of stret
h and gamma that makes the image look good,we advise that you apply these to the data and produ
e an image using stret
h 0 ! 255 andgamma = 1. That way you will know for sure that your PS �le will look very mu
h like what youhave on the s
reen.2. TWO-DIMENSIONAL COLOR: AN 8-BIT COLOR TABLE WITH 24-BITCOLORExamples: /dzd2/heiles/
ourses/handouts/images/xmx
std1.ps.



{ 3 {2.1. True
olor and Dire
t
olorFor two- and three-dimensional 
olor you need the 24-bit 
olor display, whi
h allows you togenerate any 
olor/lightness 
ombination. Your ma
hine might display 24-bit 
olor. However,there are two 
avors of 24-bit 
olor: True
olor and Dire
t
olor. When you enter IDL, it will 
hoosethe most advan
ed 
avor; if you are lu
ky enough to have Dire
t
olor, that's what you'll get. Wedis
uss these 
olor modes more extensively in BIDIDL.In True
olor, there are no 
olor tables. This means that it is impossible to intera
tively
hange the 
ontrast of an image using diddle. If you run IDL under (God Forbid!) Windows98, you'll �nd that True
olor is the only mode you've got. This is �ne for two-dimensional 
olorappli
ations, and this is what you will probably want to 
hoose on your UNIX ma
hine. To dothis, the �rst thing you type in IDL should bedevi
e, true 
olor=24If you now type help, /devi
e, the display will tell you that the Translation table is bypassed.You have a full 256 levels of intensity for ea
h of the three 
olors. This absen
e of an IDL
olortable means no 
ursor 
ontrol of image 
ontrast|and no 
ashing.2.2. Choosing a 
olor table for the �rst dimensionSuppose you are representing the mean velo
ity of a spe
tral line by 
olor. To do this, youshould generate a 256 entry 
olor table in whi
h ea
h 
olor represents velo
ity. You might thinkthat a natural 
hoi
e would be the spe
trum, from red to blue, representing positive to negativevelo
ities.However, this is an ex
eedingly poor 
hoi
e be
ause you wish to have a se
ond dimension,namely to represent the line intensity by the 
olor's lightness, whi
h is apparent brightness of the
olor. And the human visual system has a very low sensitivity to blue light. Therefore, the brainwill per
eive all negative velo
ities, represented by blue, as less intense than the 
orrespondingpositive velo
ities, even though the line intensities are the same or larger.In other words, you need to a

ount for human physiology in the 
hoi
e of the 
olor table.There has been lots of resear
h on this topi
 and IDL provides three pro
edures that are tailoredto meet these needs; see IDL's ?pseudo help. I've found that a good 
olortable is given bypseudo, 100, 100, 100, 100, 22.5, .7, 
olrThe pseudo pro
edure 
reates a 
olor table based on lightness (apparent brightness), saturation(degree of 
olor purity: more white mixed in means a less pure 
olor, one that looks more nearlypastel), and hue (
olor). pseudo loads the 
olor table, �rstly into the 2-d array 
olr[256,3℄; andse
ondly into the 
olor table of IDL's 
olors 
ommon blo
k (not that this matters for True
olor



{ 4 {mode!).This 
olor table runs from magenta to pale blue to green to yellow to red. The array 
olr has256 elements in its �rst dimension, 
orresponding to 256 velo
ities. The se
ond dimension 
ontainsthree elements, 
orresponding to the three 
olors red, green, blue. Suppose, for example, that in aparti
ular pixel the velo
ity is su
h that this �rst index is 86. Then 
olr[86,0℄ is the intensity ofred, 
olr[86,1℄ that of green, and 
olor[86,2℄ that of blue for that parti
ular velo
ity. The velo
ity86, being about 13 the way from magenta to red, 
orresponds to roughly pale blue. These 
olorsall appear to be roughly the same intensity to the average human.2.3. Changing the lightness for the se
ond dimensionIn the aforementioned pixel, the 
olor is given by the mixture of red, green, and blue spe
i�edby 
olr[86,*℄. Displaying the 
olors at full intensity gives maximum lightness. You redu
e thelightness by s
aling all 
olors simultaneously. For example, suppose the maximum line intensity islmax and the minimum is zero. Let lpix be the line intensity in the 2-d image array and redimg,grnimg, bluimg be the three 2-d image arrays that you will generate and pass to the tv routine.Then, for the whole image, the IDL statementsredimg = byte( 
olr[*,0℄ * (lpix/lmax) > 0 < 255)grnimg = byte( 
olr[*,1℄ * (lpix/lmax) > 0 < 255)bluimg = byte( 
olr[*,2℄ * (lpix/lmax) > 0 < 255)generate the arrays. We 
onvert to byte, although that's not stri
tly ne
essary be
ause IDL willdo it automati
ally. What is stri
tly ne
essary is to keep the numbers � 0 and � 255, whi
h iswhat the (> 0 < 255) ensures.2.4. Writing the image to the displayYou write the image to the display using tv (not tvs
l: you want to preserve brightnessratios!). You have to write three images, one for ea
h 
olor.For the s
reen there are two ways to do this. You 
an use the 
onvenient form, whi
h worksonly for Xtv, redimg, 
hannel=1tv, grnimg, 
hannel=2tv, bluimg, 
hannel=3or you 
an use the same format that posts
ript requires.



{ 5 {The other way fossssssr X, and the way required for posts
ript, istv, [[[redimg℄℄, [[grnimg℄℄, [[bluimg℄℄℄, /normal, true=3, $ybotm, xbarleft, ysize=xbarsize, xsize=yplotsizewhere on the se
ond line we've in
luded some extra keywords to position and size the image;you should look at the do
umentation for tv. The normal means that positions are spe
i�ed innormalized 
oordinates, whi
h is always a good idea when you will end up making a posts
ript�le; see BIDIDL. 2.5. Adjusting the image parametersThe 
olors span a range of line velo
ity, and you need to 
hoose this range. Similarly, thelightnesses span a range of line intensity, and you need to 
hoose this properly and, in addition,possibly need to 
hange the 
ontrast (the \gamma fa
tor"). To do this in this two-dimensional
olor mode, you need to 
hange the parameters and rewrite the image to the s
reen; diddle won'tgive good results be
ause it operates on all three 
olors identi
ally, whi
h isn't what you want(whi
h is why you might as well use True
olor for two-dimensional 
olor). You will probably wantto write some software that allows you to use the 
ursor to intera
tively 
hange the ranges whileyou look at the image so that you 
an judge what ranges are best. I have some poorly-do
umentedsoftware that I might be willing to share with you if you bribe me with a ni
e enough treat.3. THREE-DIMENSIONAL COLOR: WITH 24-BIT COLORExamples: /dzd2/heiles/
ourses/handouts/images/jerry rgb1.ps, itp1.ps, itp2.ps.Here you want to represent three independent quantities by three independent, orthogonal-to-the-eye 
olors. You 
an use two 
olor s
hemes. One is the obvious red, green, blue; these
orrespond dire
tly to the three 
ones of sensitivity in the eye. Alternatively, you 
an use their
omplements: 
yan, magenta, and yellow. Re
all that white = (red + blue+ green), so you 
angenerate a se
ond set of eye-orthogonal 
olors as 
yan = (green + blue), magenta = (red+ blue),yellow = (red + green). The former s
heme is sus
eptible to the poor blue-sensitivity of thehuman visual system, but sometimes this is an advantage when one of the images is less important.Experiment for ea
h individual 
ase!3.1. Dire
t
olor and diddle: adjusting the image parametersThis is the ideal appli
ation for Dire
t
olor. In Dire
tolor, ea
h 
olor has its own 
olortableand you 
an manipulate them independently using our home-grown pro
edure diddle. Therefore,



{ 6 {you 
an independently 
hange one image relative to the others and a
hieve the best balan
e. Ifyour ma
hine doesn't have Dire
t
olor and you are doing three-dimensional 
olor, you'll save lotsof time by going to a di�erent ma
hine that has Dire
t
olor.In Dire
t
olor, IDL takes 
ontrol over all of the 
olortables. In other words, IDL for
es aprivate 
olortable. This means you'll get the \
ashing" when the 
ursor moves on and o� of IDL'sdisplay windows; see our above dis
ussion in se
tion 1.diddle 
an work on any 
ombination of 
olors. For example, to 
hange the red image alone,type diddle, 'r'; to 
hange the 
yan image, type diddle, 'gb'; to 
hange all three, type eitherdiddle, 'rgb' or just diddle (be
ause all three 
olors is the default).4. MORE4.1. Overplotting a 
oordinate gridOften you wish to overplot an image, for example to make a 
oordinate grid or pla
e a pointto label an obje
t. To make an overplot, use plot with the appropriate keywords position (whi
hpla
es the plot borders where you spe
ify), normal (best to use normalized 
oordinates), andnoerase (whi
h doesn't erase before overplotting); see the details in BIDIDL. If the labels ofthe plot extend outside the image, then you have to be 
areful with the labels' 
olors: on thes
reen they are written on the bla
k ba
kground, but on the ps devi
e they are written on a whiteba
kground.Let's reiterate that point. The default ba
kground for X is bla
k, while that for PS is white.When you are making a pretty pi
ture to publish, you might �nd it useful to give the X window awhite ba
kground. You 
an do this by tv'ing a white image onto the whole window immediatelyafter you 
reate it.After you make your image overplotted with a plotting grid, you 
an use plots to plot asingle symbol somewhere or xyouts to write a label. However, when you use these you should useeither data or normalized 
oordinates, not devi
e 
oordinates, be
ause if you use the same 
ode togenerate a posts
ript �le the devi
e 
oordinates are meaningless.For more details see BIDIDL.4.2. Annotating with 
olor in true
olor and dire
t
olorWhen you annotate, for example with the plot or xyouts 
ommands, you 
an make 
olored
hara
ters and plot 
olored lines using the 
olor keyword. Unfortunately, the use of thiskeyword di�ers greatly between X and PS.
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olor in XIn 24-bit 
olor X, the 
olor is spe
i�ed by a 24-bit (3-byte) word. This is true both for theimage and for 
hara
ters written by, say, xyouts. The least signi�
ant byte is red, the next onegreen, and the most signi�
ant blue. Thus, pure red is 255; pure green is 255*256; pure blue is255*256*256. White is red+ green+ blue, magenta is red+ blue, et
. So if you want to annotatewith green letters 
entered at data 
oordinates (5,6) you type xyouts, 5, 6, 'This is writtenas green', 
olor=green, /data, where green = 255 � 256. (Spe
ifying data is usually notne
essary). 4.2.2. Annotating with 
olor in PSUnfortunately, PS uses a di�erent s
heme. In PS you must spe
ify the 
olor of text with a
olortable, whose length is limited to 256 elements. This is, of 
ourse, 
ompletely di�erent fromthe way 
olored images are written. Here's a simple example of su
h a 
olortable that 
onsists ofjust �ve 
olors: bla
k, red, green, blue, and white. This is a 5-element 
olortable; you 
an have asmany as 256.First, generate the red, green, and blue intensities of the 5 
olors:red = 255 * [0, 1, 0, 0, 1℄grn = 255 * [0, 0, 1, 0, 1℄blu = 255 * [0, 0, 0, 1, 1℄whi
h 
orrespond to 
olors
olor = [ bla
k, red, green, blue, white℄and then load them into IDL's internal 
olor tablestvl
t, red, grn, bluNow you're ready to roll! You'd annotate with green 
hara
ters using xyouts, 5, 6, 'This iswritten as green!' 
olor=2, /data.This ne
essity to use di�erent 
olor s
hemes in X and PS is a royal pain.4.3. ColorbarsThe �rst thing you learned in kindergarten should have been: \When you make a plot, labeland quantify the axes". What are the s
ienti�
 images we've been dis
ussing ex
ept plots of one,
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ept that the plots are in 2-d spa
e. And the �rst thing you learned inkindergarten still applies. This means that you need to quantify the meaning of the intensity, or
olors. You do this with a 
olorbar.There is nothing more infuriating than an image in a so-
alled s
ienti�
 journal whoseintensities or 
olors are not quanti�ed.You do this 
alibration with a 
olorbar, whi
h is a bar along whi
h the 
olor, or intensity,
hanges from one extreme to the other; labels quantify the 
olors. You 
an make your own 
olorbarusing tv with the X, Y arguments to position the subwindow and the xsize, ysize keywordsto set its size (ex
ept that, on the X window, the size is set by de�ning the number of pixels inthe array displayed by tv). See, for example, Fanning page 234, or the 
olorbar pro
edure in hiswebsite http://www.dfanning.
om/.The above 
olorbars are �ne for one-dimensional 
olor. For two-dimensional 
olor, you needto also in
lude a 
hange in intensity in the orthogonal dire
tion. For this, you need to make yourown. Or, again, I might be persuaded to give you my undo
umented software that makes 
olorbarslike that in 
2hihalfa.ps.Three-dimensional 
olor needs more than a single 
olorbar, whi
h 
anrepresent only two dimensions. I have atta
ked this with the s
heme in/dzd2/heiles/
ourses/handouts/images/jerry rgb1.ps. Here, a bar a
ross the top of theimage is divided into eight squares. The three leftmost squares give the 
hara
teristi
 
urves forred, green, and blue, and are labeled with the quantity depi
ted. The �ve rightmost squaresexhibit how the 
olors mix when 
ombined. In ea
h square, blue has a di�erent intensity, 
onstantwithin the whole square, running from 0, 0.25 . . . 1.0 of full intensity. Within ea
h square, red iszero at the left and maximum at the right; green is zero at the bottom and maximum at the top.So the top right 
orner of ea
h of these �ve squares is full red and green: the �rst square, with noblue, shows yellow and the last, with full blue, white.4.4. Making posts
ript �lesSee BIDIDL. You 
an use hardimage, whi
h reads pixels from the s
reen and writes themdire
tly into a posts
ript �le. Also, you 
an use openimageps; write your plot and 
hara
terannotation; and then 
loseps. These routines work in all 
olor modes.For pseudo
olor and dire
t
olor follow this, the voi
e of experien
e. In prin
iple, you 
anapply a 
olortable to the three-dimensional 
olor images using diddle and then this 
olortable
ould apply to the ps image as well. But I don't re
ommend this te
hnique. Rather, write a newbyte array that is based on the parameters you obtain from diddle and display it with a linear
olor table|equivalent to using True
olor. Then there is absolutely no possibility for s
rewupwhen transferring the data to posts
ript. X-windows and posts
ript seem to work a bit di�erently,
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e, and I've never understood why.4.5. Displaying 24-bit images with utility routines su
h as xvOn Sun ma
hines, XV doesn't work very well on 24-bit 
olor PS images (those that aregenerated with true
olor and dire
t
olor). I don't know why. Use the UNIX 
ommand displayinstead. On my linux laptop, both work �ne.


