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1. Introdu
tion 51 Introdu
tionThis do
ument des
ribes the CIAO DM (`Data Model') �ltering and binning language. Ithas signi�
ant overlap with the on-line ahelp �les found by typing `ahelp dm' in CIAO. Usersmay wish to �rst read the User Introdu
tion whi
h gives simple examples, and to use thisdo
ument in 
onju
tion with the Toolkit User Guide whi
h des
ribes the full DM syntax.2 Virtual File Syntax Referen
eThe virtual �le syntax is a way of des
ribing a �ltered version of a DM blo
k (a single tableor image). For instan
e, if evt.�ts is a FITS �le with a binary table 
alled EVENTS in it,evt.fits[events℄[pha=10:200,det=
ir
le(4096,4096,50)℄[bin det=8℄[opt null=NaN,type=r4℄[img8℄de�nes an image made by making a histogram on the "det" ve
tor 
olumn and puttingthe results in a 4-byte real image, binning by 8 (1 output image pixel is a range of 8 inea
h dire
tion in values of the det 
oordinate in the input table), with the histogram made
ounting only rows in the table satisfying the �lter, and with pixels in the image outside the�lter 
ir
le set to NaN.� The virtual blo
k spe
i�
ation 
onsists of a string 
onsisting of a `base dataset' nameand a series of quali�er se
tions. In the example, `evt.�ts' is the base dataset.� Ea
h quali�er se
tion is a string delimited by square parentheses [℄.� The possible quali�ers are:{ blo
k identi�er{ �lter-
ommand{ 
olumn sele
t/bin-
ommand{ name-
ommand{ option 
ommandAny quali�er may be omitted, but those whi
h appear must appear in this order.� There should be at most one of ea
h type of quali�er in a spe
i�
ation.5



3. Base dataset 6� A virtual �le spe
i�es either a table or an image. Whether a given string is a table spe
or an image spe
 depends on external 
ontext, and 
annot in general be determinedfrom the string itself.� A 
olumn-sele
t or bin 
ommand quali�er may be re
ognized by the fa
t that it beginswith the text `
olumns', `bin' or `bin/f' followed by a spa
e followed by further text. Inthe above example, we for
e making an image by using the bin dire
tive `[bin det=8℄'.� An option quali�er may be re
ognized by the fa
t that it begins with the text `opt'followed by a spa
e followed by further text. In the example, `[opt null=NaN,type=r4℄'.� A blo
k identi�er may be re
ognized be
ause it 
onsists of only a single word and isthe �rst quali�er. In the example, `[events℄'.� A name-
ommand may be re
ognized be
ause it 
onsists of either a single word, ora single word followed by a spa
e and other text, and it 
annot be a blo
k identi�erbe
ause it is not the �rst quali�er, and it 
annot be a sele
t/bin 
ommand be
ause theword is not `sele
t' or `bin'. In the example, `[img8℄' is the name 
ommand.� A �lter 
ommand 
an be re
ognized be
ause it does not mat
h any of the other qual-i�ers. In the example, `[pha=10:200,det=
ir
le(4096,4096,50)℄' is the �lter quali�er.We 
ould also have said more expli
itly `[�lter pha=10:200,det=
ir
le(4096,4096,50)℄'.3 Base datasetThe base dataset identi�es the input dataset (�le or �les).� The base dataset name is the name of a �le on disk. (Note that in the 
ase of theIRAF/QPOE kernel, this �le may be a dire
tory). The full �lename should be givenin
luding any extension. URLs are not 
urrently supported.� If no base dataset name is given and no dataset is otherwise spe
i�ed to the software,the meaning is unde�ned.4 Blo
k identi�er[name℄[#n℄ 6



5. Table Filtering 7The blo
k identifer spe
i�es the input DM blo
k (table or image) within the sele
ted dataset.Often, it's omitted and the DM tries to guess whi
h blo
k in the dataset you are likely tobe interested in. When in doubt, though, you 
an always spe
ify the blo
k by name. To seewhat the blo
k names are in the dataset, use `dmlist �lename blo
ks'.� The blo
k identi�er, if present, must be the �rst quali�er se
tion.� The blo
k identi�er 
onsists of a single word whi
h may 
ontain letters, digits, and the
hara
ters . (dot), - (minus), + (plus), / (slash), (underbar), # (hash), $ (dollar),; (semi
olon). Some other 
hara
ters may also be a

epted, but it may not 
ontainwhitespa
e or the 
hara
ters 
omma (,), bar (j), square parens ([,℄), equals (=), 
olon(:).� If the blo
k identi�er 
onsists only of digits, (and represents an integer n whi
h is lessthan the number of DM tables in the dataset), the interpretation is that it refers tothe nth DM table in the dataset, 
ounting from 1. The blo
k identifer [0℄ is illegal.� If the blo
k identi�er is empty, i.e. [℄, or not present, the �rst `interesting' blo
k in thedataset is implied. For FITS, this is the �rst blo
k with positive NAXIS. So in a FITSbinary table with a null primary header, the followingrh1012.fitsrh1012.fits[℄rh1012.fits[2℄are all identi
al.� Otherwise, the blo
k identi�er is interpreted as the name of an DM blo
k within thedataset.5 Table Filtering5.1 Des
riptionIf the underlying blo
k is a table, the �lter dire
tive sele
ts rows from the table. If theunderlying blo
k is an image, the �lter sele
ts an image subse
tion, dis
ussed in a laterse
tion of this do
ument.[filter nameA=min1:max1,min2:max2,...minN,maxN℄7



5. Table Filtering 8[filter nameA=min1:max1,...minN,maxN,nameB=min1:max1,...℄[nameA=min1:max1,...minN,maxN,nameB=min1:max1,...℄[filter nameA=shape(parameters),nameB=REGION(region_filename)℄[filter �filter.lis℄[filter nameA<max,nameA>min,nameA!=val℄[filter (nameA=min1:max1)||(nameA=min3:max3,nameB=min3:max3)℄[ex
lude nameA=min1:max1,min2:max2,..,nameB=...℄If the words '�lter(spa
e)' and 'ex
lude(spa
e)' are not present, the parser re
ognizes thesyntax as a �lter dire
tive be
ause of the equals sign. (With the equals sign, it 
an't be ablo
k name; but it 
an't be a 
ols or bin dire
tive either be
ause the '
ol(spa
e)','bin(spa
e)'are not optional in those 
ases.)5.2 Table �ltering on 
olumns with real data typeThere are a number of ways to �lter a DM blo
k (table or image in a �le). In this se
tionwe des
ribe table �ltering.To see whi
h 
olumn names you 
an �lter on, usedmlist a.fits 
olsto display the 
olumns in the main blo
k of �le a.�ts. The simplest kind of �lter is a range�lter[filter energy=1000:2000℄whi
h spe
i�es that the DM should only see rows in the input �le whi
h satisfy 1000.0 <=energy <2000.0. You 
an use this �lter by appending it to a �lename or blo
k name in anyof the CIAO tools:dm
opy "a.fits[filter energy=1000:2000℄" b.fitsdm
opy "a.fits[events℄[filter energy=1000:2000℄" b.fitsNote that the string "�lter(spa
e)" is optional:dm
opy "a.fits[energy=1000:2000℄" b.fits8



5. Table Filtering 9You 
an �lter on multiple quantities:dm
opy "a.fits[energy=1000:2000,time=5410300:5410320℄" b.fitsYou 
an also �lter on multiple ranges for ea
h quantity:dm
opy "a.fits[energy=1000:2000,4000:8000,grade=0,2:4,6℄" b.fitsThis �lter a

epts rows whi
h have energies between either 1000 and 2000 or 4000 and 8000,and grades equal to 0, 2 to 4, or 6. Note that you 
an leave out the 
olon if the min andmax of a range are the same, so 0:0 be
omes just 0. If you want to express "less than" and"greater than", you 
an just retain the 
olon but omit the min or max:[energy=:4000℄means a

ept energies up to 4000;[detx=:511,513:℄means a

ept all values of detx ex
ept 511.0 <= detx < 513.0.5.3 Table �ltering on 
olumns with integer data typesThe interpretation is a little di�erent depending on whether the table 
olumn has integer orreal data type. For an integer data type 
olumn,[filter energy=4000:5000℄means (4000 <= energy <= 5000), in other words both ends of the range are in
luded.The syntax also supports the spe
ial pseudo-
olumn #row, the row number of the un�ltered�le:[filter #row=100:200℄ 9



5. Table Filtering 105.4 Table �ltering on 
olumns with 
hara
ter string data typesFiltering is a little more restri
ted with 
hara
ter string 
olumns. You 
an only use the 
olonsyntax, for example:[filter shape=m:n,point,re
tangle,s:z℄Be 
areful: the range m:n in
ludes everything beginning with m, and it in
ludes the lettern, but not other strings beginning with n: for example, "ng
" is not within m:n sin
e in anASCII ordering ng
 >n. The 
omparison is 
ase-sensitive.5.5 Table �ltering on 
olumns with bit data typeColumns with bit data type are a spe
ial 
ase. The most 
ommon example is the STATUS
olumn in the event �les, whi
h is 32 bits wide. Suppose for simpli
ity you instead have astatus 
olumn with only 6 bits, and wish to a

ept rows with the 3rd bit from the end setand the end bit equal to zero. A simple numeri
 �lter of the type des
ribed above wouldhave to be very 
ompli
ated to des
ribe all the numeri
 values for whi
h these bits have thedesired values; instead, the user supplies a `bitmask string':[filter status=xxx1x0℄The string may only 
ontain the 
hara
ters 1 (
orresponding bit must be set), 0 (bit mustnot be set) and x (wild 
ard: bit may have any value).The bit pattern display 
onvention here is that the rightmost bit displayed (with the value 0in the example above) is the least signi�
ant bit, whi
h is bit 32 in the usual FITS 
onventionand bit 0 in the usual C programmers 
onvention.5.6 Table �ltering on ve
tor 
olumns using region �ltersIn CIAO, a `ve
tor 
olumn' is a paired 
olumn 
onsisting of two 
omponents. For instan
e,the DET ve
tor 
olumn has 
omponents DETX and DETY. You 
an see whi
h of the 
olumnsin the �le are ve
tor 
olumns by using `dmlist �lename 
ols'. There are two ways to �lter ona ve
tor 
olumn: de�ne a re
tangular region by �ltering on ea
h of the 
omponents as usual,dm
opy "evt.fits[detx=4000:5000,dety=3000:4000℄" re
tangle.fits10



5. Table Filtering 11or, use a region �lter (see below for the full region syntax) on the ve
tor 
olumn, eitherusing its name - in this 
ase DET - or the two 
omponents in parentheses - in this 
ase(DETX,DETY).dm
opy "evt.fits[det=
ir
le(4500,3500,120)℄" 
ir
le.fitsdm
opy "evt.fits[(detx,dety)=
ir
le(4500,3500,120)℄" 
ir
le.fits5.7 Compound �ltersThe syntax supports 
ompound (logi
al OR) �lters:dm
opy "evt.fits[(

d_id=2,
hipx=512:513)||(

d_id=7,
hipx=500:520)℄" two_bits.fitsNote that we do not support arbitrarily 
omplex C-style logi
al expressions, just lists of�lters separated by jj. In parti
ular, nested parentheses are not supported.5.8 Ex
lude �ltersA very useful feature is to invert a �lter, ex
luding instead of in
luding:dm
opy "evt.fits[ex
lude sky=region(reg.ds9)℄" holes.fitsdm
opy "evt.fits[ex
lude pha=2:100,grade=7℄" 
lean.fitsThis is parti
ularly useful in 
onjun
tion with 
ompound �lters:dm
opy "evt.fits[ex
lude (

d_id=0:6,8:9,
hipx=513,fltgrade=208)||(

d_id=7,
hipx=512:513,fltgrade=2,64)℄" better.fitsIt's very easy to make an ex
lude �lter whi
h results in an extremely 
ompli
ated andunhelpful data subspa
e (where the positive �lter rather than the ex
lusion must be stored).If you run into this problem, you 
an suppress the propagation of the subspa
e with [optupdate=no℄.dm
opy "evt.fits[ex
lude 

d_id=0:6,8:9℄[opt update=no℄" test.fits11



5. Table Filtering 125.9 Filter syntax spe
i�
ationA �lter 
ommand is made up of �lter 
omponents, whi
h are made up of �lter spe
i�
ations.Filter spe
i�
ations 
an be either a range �lter, a relational �lter or a region �lter. We'lldes
ribe the smallest items �rst (�lter spe
s) and work up to the 
omplete �lter 
ommand.5.9.1 Filter variable namesIn �lters, we use the names of `des
riptors' in the �le. The 
hoi
es are:� The name of a table 
olumn, image axis, or 
olumn/axis 
omponent. Examples:phaskytime� A name beginning with the 
hara
ter # followed by digits, referring to a numbered
olumn or axis. Examples:#1#5� A pair of names separated by 
ommas and en
losed in round parentheses, thus forexample (detx,dety). This de�nes a 2-dimensional des
riptor from two one-dimensionaldes
riptors or 
omponent names.� The spe
ial name #row is allowed for a �lter 
ommand in a table blo
k only. It pointsto a fake data des
riptor whose value is the number of the row in the 
urrent inputblo
k, and so supports the ability to �lter on row number.5.9.2 Range �ltersThe range �lterpha = 1:10,80:300,51:100is read as: `the list of restri
tions on pha is ...'.12



5. Table Filtering 13� A range �lter de�nes a restri
tion on a s
alar data des
riptor (a 
olumn in the tableor a s
alar axis in the image). It 
onsists of the name of the des
riptor followed by anequals sign, followed by a range list.� If the name alone is used, without an equals sign or range list, it must be a quantityof logi
al data type.� A range list is a 
omma-separated list of ranges.� Ea
h range de�nes a minimum and maximum value. In the most general form, theminimum and maximum are given separated by a 
olon. The range is a 
losed intervalon the real line. Several abbrevated forms are supported:{ min:maxRange from min to max.{ min:Range from min to the maximum legal value (TLMAX) of the quantity.{ :max Range from the minimum legal value (TLMIN) to max.{ valA single value is equivalent to val:val, a range with only one value.Examples:dm
opy "rh1012.fits[events℄[pha=5:10,20:100℄" filtered.fitsdm
opy "rh1012.fits[events℄[grade=0,2:4,6,status=1:℄" filtered.fitsdm
opy "rh1012.fits[events℄[x=:5.0,10.0:℄" filtered.fits5.9.3 Image se
tionsA spe
ial variant of range �lters is the image se
tion syntax, when the names of the quantitiesare omitted and only one range is permitted for ea
h quantity. In this 
ase, the quantitiesare assumed to be #1, #2, et
. in order. Thus for an imageih1012.fits[4:8,1012:1234,10:20℄is equivalent to 13



5. Table Filtering 14ih1012.fits[#1=4:8,#2=1012:1234,#3=10:20℄If image se
tion syntax is used, it may not be mixed with other kinds of �lter 
ommand.5.9.4 Relational �ltersAn alternative �lter syntaxpha op valuemay be read as `true if pha op value'.The supported operators are� >, greater than� <, less than,� >=, greater than or equal� <=, less than or equal� ! =, not equal to warning: may need to es
ape on unix 
ommand lineExamples:dm
opy "rh1012.fits[events℄[pha=5:10,x>100℄" filtered.fitsdm
opy "rh1012.fits[events℄[grade=0,2:4,6,status\!=0℄" filtered.fitsUnfortunately most unix shells require you to es
ape the !. When using parameter prompting,you won't need the ba
kslash.dm
opy "rh1012.fits[events℄[pha\!=5,x<2000℄" filtered.fitsNote that you 
an't mix notations for a single variable, so14



5. Table Filtering 15dm
opy "rh1012.fits[events℄[x\!=5.0:10.0℄" filtered.fitsisn't allowed, to ex
lude a range you would have to dodm
opy "rh1012.fits[events℄[x=:5.0,10.0:℄" filtered.fitsinstead.You also 
an't do a general relational statement with nested parentheses and logi
al oper-ators; the relational syntax is provided for familiarity, but in general the 
olon-syntax forspe
ifying ranges is re
ommended.5.9.5 Filter 
ommands� A �lter spe
i�
ation may be either a range �lter, a relational �lter, or a region �lter.pha=4:10,40:80time>400.0(detx,dety)=
ir
le(400,200,10)� A �lter 
omponent 
onsists of a 
omma-separated list of �lter spe
i�
ations; the 
om-plete �lter 
omponent is the logi
al AND of all of the �lter spe
i�
ations.pha=4:10,40:80,time>400.0,(detx,dety)=
ir
le(400,200,10)� A standard �lter 
ommand 
onsists of only a single �lter 
omponent.� A �lter 
ommand is an external �lter 
ommand (see below), a standard �lter 
ommand,or a 
ompound �lter 
ommand.5.9.6 External �lter 
ommands� An external �lter 
ommand 
onsists of the 
hara
ter � followed by the name of a blo
k(pre
isely, a virtual blo
k 
ommand with only the dataset and blo
k ID's), for examplerh1012.fits[events℄[�tmp12.fits[2℄℄The data subspa
e of the spe
i�ed blo
k is opened and used to �lter the input blo
k.� An external �lter 
ommand may also be an ASCII �le 
ontaining a valid �lter spe
i�-
ation. For example, 15



6. Regions and region �ltering 16rh1012.fits[events℄[�my.filt℄where the �le my.�lt 
onsists of the single linepha=4:10,detpos=
ir
le(54,52,2)6 Regions and region �ltering[filter name=shape(...)℄[filter name=shape1(...)*shape2(...)+shape3(...)℄[filter name=field()-shape(...)℄[filter name=region(file)℄Regions are two dimensional �lters that 
an be used to in
lude or ex
lude data from a given�le. They may be applied to any `ve
tor 
olumn' in the �le.Regions are made up of a number of shapes that are des
ribed below. The shapes 
an eitherbe in
lusive or ex
lusive. The di�erent shapes 
an then be 
ombined using either a booleanAND or boolean OR operation whi
h leads to a degree of 
exibility to design arbitraryregions.The following region shapes are de�ned (see below for detailed explanation)BOX(x
enter,y
enter,xlen,ylen)ROTBOX(x
enter,y
enter,xlen,ylen,angle)CIRCLE(x
enter,y
enter,radius)RECTANGLE(xmin,ymin,xmax,ymax)ANNULUS(x
enter,y
enter,iradius,oradius)ELLIPSE(x
enter,y
enter,xradius,yradius,angle)POINT(x
enter,y
enter)SECTOR(x
enter,y
enter,minangle,maxangle)PIE(x
enter,y
enter,iradius,oradius,minangle,maxangle)POLYGON(x1,y1,x2,y2,x3,y3,...)FIELD()Shape arithmeti
 (boolean operation) is supported with the * (or &) operator whi
h givesthe interse
tion of two regions, the + (or j) operator whi
h gives the union of two regions,and the - (or !) operator whi
h gives the inverse of a region.The FIELD() shape is given to allow you to ex
lude regions using16



6. Regions and region �ltering 17dm
opy evt[sky=field()-
ir
le(4096,4096,20)℄ out.fitswhi
h is equivalent todm
opy evt[ex
lude sky=
ir
le(4096,4096,20)℄ out.fitsFor the polygon shape, if the last point is not equal to the �rst point, another point will beadded onto the end to 
lose the polygon.The syntax also supports the "region(�le)" dire
tive, whi
h 
an read in ASCII region �lesprodu
ed by DS9, SAOImage, SAOtng, and PROS. Note that ds9 
an write out region �lesin any of these formats. It 
an also read ASC-FITS REGION �les. Also note that theregion(�le) dire
tive 
annot be mixed with other shapes.6.1 Issues with CIAO regionsThere are several subtleties with CIAO regions that are worth noting. These arise parti
u-larly when using region �les made by imagers like DS9.6.1.1 Celestial 
oordinate regionsIn order for a CIAO tool to make use of a region in world 
oordinates, e.g.
ir
le(06:37:11,-40:20:00,5')it must know about the mapping between world and physi
al 
oordinates for the datasetin question. Not all CIAO tools have this ability yet. If you have problems with 
elestial
oordinates, try using a region in physi
al pixel 
oordinates instead.DS9 region �les saved in 
elestial 
oordinates in degrees are not 
urrently supported in CIAO;
elestial 
oordinates are only re
ognized in sexagesimal format.6.1.2 Sta
ks of single-shape regions versus regions with many shapesIt's important to understand the di�eren
e between two 
on
epts: the REGION STACKand the REGION FILE. 17



6. Regions and region �ltering 18A region �le de�nes a single 'region' whi
h may have multiple shapes. For example, a region�le with
ir
le(4096,4096,20)+
ir
le(5000,2000,100)is a single region 
onsisting of two 
ir
les. Applying a region �le to some data lets CIAOde
ide whether points are in the region, but no knowledge is returned about whi
h of theshapes a point is in.A region sta
k 
ontains multiple regions. CIAO will �gure out ea
h of the regions separately.The most 
ommon use of region sta
ks is in dmextra
t, where binning on a region sta
k
reates a histogram where ea
h bin 
orresponds to one region.The syntax isdmextra
t "evt.fits[bin sky=�reg.stk℄" ...to operate on a region sta
k and make a histogram of 
ounts versus region. In 
ontrast,dmextra
t "evt.fits[bin sky=region(reg.stk)℄" ...spe
i�es a single (albeit 
ompli
ated) region, whi
h will generate a single output bin.6.1.3 In
ludes and Ex
ludesThe CIAO syntax requires ex
luded regions to follow in
luded regions. If you draw four
ir
les on DS9, two in
ludes and two ex
ludes, and then save the region, the resulting �ledepends on the order the regions were drawn. If the order is -
ir
le+
ir
le-
ir
le+
ir
le,CIAO will not understand be
ause of the leading -
ir
le.Note that+
ir
le(4096,4096,1000)-
ir
le(4096,4096,250)+
ir
le(4096,4096,50)will have the inner 50-radius 
ir
le in
luded, and the 50-250 radius annulus ex
luded, but18



6. Regions and region �ltering 19+
ir
le(4096,4096,50)-
ir
le(4096,4096,250)+
ir
le(4096,4096,1000)will in
lude everything, as it's interpreted as "(R50 minus R250) OR R1000", and the R1000in
ludes everything. Therefore, you must be 
areful about order when generating region �lesin DS9.6.1.4 Ellipti
al AnnuliCIAO doesn't understand the format DS9 uses for writing ellipti
al annuli, or for writinggrids of annuli.6.1.5 Region Areas (BACKSCAL)For simple regions, the area 
an be 
al
ulated using analyti
al methods. For 
ompli
atedregions where shapes overlap, or are 
lose enough that it's not obvious they don't overlap, wemust use a di�erent method; CIAO divides up the area into bins (whi
h may be smaller thana single pixel) and 
ounts the number of bins whi
h pass the test 'am I inside the region?'.This approa
h using dis
rete bins has a �nite error, whi
h is usually of order one per
ent ofthe area. CIAO2.2 is a bit smarter than CIAO2.1 and manages to do a better 
al
ulation inmany 
ases, but in other 
ases the e�e
t of the approximation may still be noti
eable.Region areas are most 
ommonly used in the BACKSCAL keyword added to PHA/PI spe
-tral �les generated by dmextra
t. The error in the area is almost always small 
ompared toother 
alibration un
ertainties.Be parti
ularly 
areful when making regions 
omparable in size to the pixel size. Whenapplying su
h a region to a table whi
h 
ontains fra
tional pixel positions, �ltering doeso

ur in exa
tly the area spe
i�ed, although the user should be 
areful about interpretation -for instan
e, the true radial pro�le of a sour
e may be blurred by aspe
t, PSF and instrumentpixelization. When applying the region to an image �le, �ltering will a

ept all the 
ounts ina pixel if the pixel 
enter is within the region, and none of them if the pixel 
enter is outsidethe region; therefore, the e�e
tive area sampled is not quite the same as the area 
al
ulated.6.2 Examplesmy_tool parameter="file.ext[EXTENSION℄[sky=
ir
le(10,10,20)℄"19



6. Regions and region �ltering 20Filter the �le, a table, on the X and Y 
olumns that in
ludes only the data inside the 
ir
ledes
ribed above. For a table you must spe
ify whi
h two 
olumns to use (or whi
h ve
tor
olumn).Note that "sky" is the name of a ve
tor 
olumn in the �le and translates to "(x,y)".Note also that the default behavior is to ex
lude the entire �eld and then start adding to it.my_tool "foo[field() * !
ir
le(30,40,10)℄"Filter the �le "foo", an image, by in
luding the entire image and then ex
luding a 
ir-
ular region (e.g. remove a sour
e from the �eld). For an image with this syntax, theregion is assumed to be in logi
al 
oordinates. The syntax is short hand for the moreformal "foo[(#1,#2)=�eld()*!
ir
le(30,40,10)℄" To spe
ify physi
al 
oordinates instead, use"foo[(x,y)=
ir
le(30,40,10)℄".my_tool "foo[(energy,time)=region(ds9.reg)℄"Filter the �le on the energy and time 
olumns with the region stored in the �le ds9.reg.6.3 Syntax de�nition� A region �lter 
onsists of a name followed by an equals sign followed by a regionexpression. The name must refer to a two-dimensional quantity.� A region expression is a set of region elements joined with logi
al region operators: `&'or `*' performs a logi
al AND. `j' or `+' performs a logi
al OR.An element 
an be pro
eeded by an `!' or `-' to indi
ate that the area 
ontained in theshape is to be ex
luded rather than in
luded. However the �rst element in a region�lter must not begin with `-'.dm
opy "a
is_evts.fits[sky=field()-
ir
le(4096,4096,100)℄" ba
kground_evt.fitswill 
opy all events from the �eld() region but will ex
lude events from the 
ir
le()region.
20



6. Regions and region �ltering 21� The region elements de�ne shapes in a two-dimensional plane. Ea
h region elementhas two forms: the element name followed by round parentheses 
ontaining a 
omma-separated list of parameters, or the element name followed by a spa
e-separated list ofparameters terminated by a 
omma, a region operator, or the 
losing square parenthesisof the quali�er. Ea
h region element name also has an abbreviated form. Coordinates
an be given in pixels or hh:mm:ss.s, dd:mm:ss.s. Radii are in pixels or ar
minutes(with 0, e.g. 70). Angles are in degrees. Example: sky=
ir
le(14:09:27,-00:02:33,5:30).

21



7. Image Filtering 22� Allowed region elements are�eld() the whole image
ir
le(x
en,y
en,radius) Center (x
en,y
en) with given radiusellipse(x
en, y
en, rad1, rad2) rad1 and rad2 are the semi-major and -minor axesannulus(x
en, y
en, rad1, rad2) rad1 and rad2 are the inner and outer radiibox(x
en, y
en, xlen, ylen) xlen and ylen are the width and height of the boxrotbox(x
en, y
en, xlen, ylen, angle) Same as box, but rotated through given anglein degreesre
tangle(xmin, ymin, xmax, ymax ) Like box, but spe
ify lower left andupper right 
ornersrotre
tangle(xmin, ymin, xmax, ymax, angle) Like re
tangle, but rotatedpoint(x
en, y
en) A single pointpie(x
en, y
en, rad1, rad2, angle1, angle2) An annular se
tor, with inner and outer radiiand angles measured 
ounter
lo
kwise from +Xse
tor(x
en, y
en, angle1, angle2) Like pie with rad1 = 0 and rad2 = in�nitypolygon(x1,y1, x2,y2,....,xn,yn) List of points to make 
losed polygonregion(�lename) ASCII region �leExamples:dm
opy "a
is_evts.fits[sky=region(saoimage.reg)℄" out.fitswill read an SAOImage/DS9 or ASC-FITS region �le with name "saoimage.reg".7 Image Filtering[filter nameA=min1:max1,nameB=min2:max2℄[filter #1=min1:max1,#2=min2:max2℄[min1:max1,min2:max2℄[filter nameA=shape(parameters),nameB=REGION(region_filename)℄[filter name=REGION(region_filename)℄[opt full℄[filter �filter.lis℄[shape(parameters)℄In the DM, an `image' is a single N-dimensional re
tangular array of data together with itsmetadata (header info, 
oordinate systems, et
). The 
on
ept maps 
losely to a single FITSimage �le, although in future releases we expe
t to be able to treat the 
ontents of tablearray 
olumns in the same way. 22



7. Image Filtering 23Although an image may have 1, 2, 3, or more dimensions, we provide spe
ial support for the
ase of a 2-dimensional image, and the examples below assume su
h an image.7.1 Image 
oordinatesOne 
ompli
ation with images is the distin
tion between the a
tual pixels of the image (whi
hwe 
all `logi
al' 
oordinates, and the DS9 display program 
alls `image' 
oordinates) and theoriginal pixels (whi
h we 
all `physi
al 
oordinates') of the data from whi
h the image was
reated. Sometimes these are the same, but often we make images at redu
ed resolution.For example,dm
opy "evt2.fits[bin detx=3000.5:5000.5:2.0,dety=4000.5:6000.5:2.0℄" by2.imgmakes an image whi
h is 1000 x 1000 pixels in size. Its logi
al pixel numbers then run from1 to 1000, and so the logi
al 
oordinate values run from 0.5 (left hand edge of �rst pixel) to1000.5 (right hand edge of last pixel).To distinguish beween the logi
al and physi
al systems, we use the notation "#1,#2,.." todenote the 1st, 2nd.,... logi
al 
oordinate axes, and a
tual variable names "detx,dety,.." et
.to denote the 
orresponding physi
al axes. Non-CIAO FITS images without axis names aregiven the default physi
al axis names X,Y,Z (if N is up to 3). To see the physi
al axis nameson your image, dodmlist by2.img 
olsIn this example, logi
al pixel #1=0.5 
orresponds to physi
al pixel x=3000.5.7.2 Image �ltering on logi
al 
oordinatesTo �lter an image on its logi
al 
oordinates,dm
opy "im.fits[#1=257:512,#2=1:100℄" subset.fitspulls out a 256 x 100 subset of the image.dm
opy "im.fits[(#1,#2)=
ir
le(145,356,25)℄" 
ir
le.fits23



7. Image Filtering 24sets everything outside the spe
i�ed 
ir
le to zero. The default behaviour of a �lter like thisis to also shrink the resulting image to be as small as possible surrounding the 
ir
le. Tosuppress this behaviour, and get a big, almost empty, image (the same size as im.�ts) witha small 
ir
le in the middle, use the "opt full" modi�er as shown below:dm
opy "im.fits[(#1,#2)=
ir
le(145,356,25)℄[opt full℄" 
ir
le.fits7.3 Image �ltering on physi
al 
oordinatesTo �lter on the original physi
al 
oordinates, we refer to the physi
al axis names:dm
opy "im.fits[x=4096.5:4213.5,y=4142.3:6120.1℄" subset.fitsYou 
an also use a region �lter:dm
opy "im.fits[(x,y)=
ir
le(4096,4096,12)℄" 
ir
le.imgThis will give you a square image bounding the given 
ir
le, and set to zero all pixels outsidethe 
ir
le. If you wish to mark these pixels as "invalid", you 
an use the "opt null" syntaxdes
ribed in "ahelp dmopt":dm
opy "im.fits[(x,y)=
ir
le(4096,4096,12)℄[opt null=-999℄" 
ir
2.imgNote that not all programs will re
ognise that su
h pixels are to be ignored, although bothds9 and dmstat do.7.4 Image �ltering on world 
oordinatesYou 
an also use world 
oordinates in a region �lter:dm
opy 'im.fits[(x,y)=
ir
le(11:03:28.4,-20:11:23.2,20.1\")℄' 
ir
.imgHowever, you 
an't use the world 
oordinates when �ltering on a one dimensional range -i.e. [x=11:03:28.2:11:03:32.1℄ won't work, you would have to do use "(x,y)=re
tangle(...)"instead (and of 
ourse, x and RA are not quite parallel in the tangent plane proje
tion).24



8. Column sele
tion 25Using (x,y) is a bit of a 
heat in the syntax; we should really use (RA,De
) to signal to theDM that world 
oordinates are being used, whi
h would let us also support entering thoseworld 
oordinates in de
imal degrees. That will probably be added in a later release.8 Column sele
tion8.1 Des
riptionThe sele
t 
ommand sele
ts 
olumns for an output table. For an image, it spe
i�es thenames and ordering of output axes, and is interpreted as a bin 
ommand. A bin 
ommandand a sele
t 
ommand may not be present in the same virtual blo
k spe
i�
ation.[
ols name1,name2,...℄[
ols #1,#4,...℄[
ols -name1,-name2℄[
ols newname1=name1,newname2=name2,...℄The DM virtual �le syntax lets you pi
k out sele
ted 
olumns from a table.dm
opy "evt.fits[
ols time,pha℄" tmp1.fitsmakes a �le 
ontaining only the 
olumns time and pha.dmstat "evt.fits[
ols grade℄"passes to dmstat a virtual �le 
ontaining only the 
olumn 
alled "grade".dm
opy "pi.fits[
ols rate=
ount_rate℄" npi.fitsrenames the 
olumn 
ount rate to be simply rate.dmstat "evt.fits[
ols #3℄" 25



8. Column sele
tion 26passes to dmstat a virtual �le 
ontaining only the third 
olumn in evt.�ts (where `
olumn'is used in the DM sense, in whi
h sky(x,y) is a single "ve
tor" 
olumn; use "dmlist evt.�ts
ols" to �nd the 
olumn numbers).You 
an also ex
lude 
olumns:dm
opy "evt.fits[
ols !status℄" tmp1.fitsdm
opy "evt.fits[
ols -status℄" tmp1.fitsmakes a �le without the status 
olumn. The �rst form needs to be typed as "" in the Unixshell, so the se
ond form may be more 
onvenient.dmlist "evt.fits[
ols ra,de
℄" dataor dmlist "evt.fits[
ols eqpos℄" datalists the values of pseudo-
olumns RA and DEC, whi
h are 
oordinates de�ned on thesky(x,y) 
olumn. You 
an �nd the names of the 
oordinate systems de�ned for a �le byusing the '
ols' option to dmlist:dmlist evt.fits 
olsand then using these 
oordinate system names in a DM [
ols ...℄ quali�er lets you turnthem into a
tual 
olumns. Note that in release 2.2, the 
oordinate names work in the [
ols...℄ quali�er but not in the �ltering and binning quali�ers. If you want to expli
itly �lteron a 
oordinate, you must �rst use dm
opy with [
ols *,ra,de
℄ to expli
itly 
reate the new
olumns and then �lter the resulting �le.8.2 Syntax de�nition� The sele
t 
ommand is re
ognized by the parser as a quali�er whi
h begins with theword COLUMNS (or COLS) followed by a spa
e followed by other text.� The sele
t text 
onsists of a 
omma separated list of 
olumn spe
i�
ations.26



9. Binning 27� The reserved 
olumn spe
i�
ations #all (synonym *) and #none (synonym -) denotesele
tion of all of the 
olumns of the input table or none of them respe
tively.� Omitting the sele
t 
ommand is equivalent to [
olumns *℄.� The 
olumn spe
i�
ation newname=oldname renames a 
olumn from oldname to new-name.� The 
olumn name #n, where n is an integer, denotes the nth 
olumn in the base blo
k.� A 
olumn spe
i�
ation is the name of a 
olumn or of a 
oordinate system (whi
h ispromoted to a 
olumn in the virtual �le).� The spe
i�
ation !name means delete that 
olumn. It is only useful when no other
olumns are positively sele
ted. Thusrh1012.fits[events℄[
olumns !pha,!status℄rh1012.fits[events℄[
olumns *,!pha,!status℄ea
h make a table with all the 
olumns of [events℄ ex
ept pha and status, butrh1012.fits[events℄[
olumns time,!pha,!status℄makes a table with only time, and the !pha,!status 
ommands are redundant.9 Binning9.1 Des
riptionSummary:[bin nameA=min:max:step℄[bin nameA=min:max:#bins℄[bin nameA=min:max:step,nameB=min:max:#bins℄[bin/f nameA=min:max:step,nameB=min:max:step℄[bin vname=step℄By `binning' we mean making n-dimensional histograms of a quantity. A typi
al binningoperation is to de�ne a 2-dimensional image by taking two 
olumns of values, say x and y,from a table and histogramming them; ea
h pixel in the image 
orresponds to a range in x27



9. Binning 28and y, and the pixel value is equal to the number of entries in the table whose x and y lie inthat range. The binning dire
tive 
an also be used to rebin an existing image to a new pixelsize.For example: Consider a small table with three 
olumns A, B, C and �ve rows:Row A B C1 1.0 2.1 1.82 2.8 1.2 4.23 2.5 1.3 4.14 3.6 2.0 0.35 2.0 2.2 5.1We 
an "bin on A and B" by making a two-dimensional histogram, thinking of A and B asspatial 
oordinates. The DM dire
tive[bin A=0.5:3.5:1,B=0.5:3.5:1℄is read "bin A from 0.5 to 3.5 in steps of 1, and B from 0.5 to 3.5 in steps of 1". Thisgenerates a 3 x 3 grid in whi
h the lower left bin runs in A from 0:5 <= A < 1:5, and so has
enter (1.0, 1.0). If we take the table above we obtain the array (as it would be seen in animage display tool)A=1 2 3--------------B= 3 | 0 0 0B= 2 | 1 1 0B= 1 | 0 0 2We 
an make a 
oarser or �ner grid by altering the step size sin
e row 1 falls in bin (1,2),row 2 falls in bin (3,1), and so does row 3 (be
ause the A=2.5 is rounded up), and row 5falls in (2,2). Row 4 is outside the grid and so is dis
arded; and be
ause we are binning onA and B, the information in the C 
olumn is dis
arded. This pro
ess is how we turn eventlists into images,dm
opy "evt.fits[bin x=0.5:8192.5:4,y=0.5:8192.5:4℄" img.fitsor (in the 1-dimensional 
ase) light 
urves or spe
tra.28



9. Binning 29dm
opy "evt.fits[bin time=74321940.2:74328100.0:10.0℄" l
.fitsdm
opy "evt.fits[bin energy=1000:7000:10℄" energy.fitsdmextra
t "evt.fits[bin pi=1:1024℄" standard.pha.fits9.2 Binning tables into images� A binning dire
tive starts with the word 'bin' or 'bin/f', followed by a spa
e, followedby the binning list.� The binning list is a 
omma-separated list of binning spe
i�
ations, ea
h of whi
hde�nes one axis or axis group.� The simplest kind of binning spe
i�
ation is a name. The name spe
i�es that that axisis next in the ordering. If the base blo
k is a table, the 
orresponding 
olumn will bebinned on.� The name may be followed by an equals sign and a binning. The binning spe
i�es astart value, a stop value and a step size in the form min:max:step; alternatively, thenumber of bins may be given instead of the step size, in whi
h 
ase this number ispre
eded by a hash sign. The defaults are TLMIN, TLMAX and 1.0. Alternate formssupported are:{ min:max:step{ min:max{ min:{ :max{ step{ ::step{ min::step{ :max:step{ min:max:#nbinsThe only potential parsing 
onfusion is with the 
ase with no 
olons, where there is
on
i
t with a 
olumn/axis name whose name is the same as the step size. For instan
e,doesrh1012.fits[bin pha=4℄mean 'bin pha by 4' or 'bin a 
olumn 
alled '4' by 1 and rename it pha'? Anothergood reason to not give 
olumns numeri
 names. In this 
ase we will require 
olumns29



9. Binning 30in the binning spe
 to not have numeri
 names - if you do have su
h a 
olumn, you'llhave to use the #n notation to referen
e it.For ve
tor 
olumns, you should spe
ify the binning separately for ea
h 
omponent if amin and max are required:[bin x=0.5:8192.5:4,y=0.5:8192.5:4℄but if the full range is sele
ted and only a step size is spe
i�ed, the ve
tor 
olumn namemay be used:[bin sky=4℄If no expli
it binning is given, a default binning will be used. For an un�ltered table
olumn, the axis will extend a
ross the full valid range (FITS TLMINn to TLMAXn)in steps of size 1.0. Example:evt.fits[events℄[bin pha,time℄makes a pha versus time image.If the table 
olumn has been �ltered, the resulting image will be shrunk to mat
h the�lter. In parti
ular,evt.fits[events℄[sky=
ir
le(4096,4096,200)℄[bin sky=4℄will make an image just big enough to 
ontain the radius 200 
ir
le that has been�ltered on (it will be 100 x 100 binned pixels in size). Of 
ourse, image arrays have tobe re
tangular (by the de�nition of a matrix) - the fa
t that pixels outside the 
ir
leare not valid data is en
oded in the data subspa
e. They are set to zero by default,but this 
an be 
hanged using the [opt null=value℄ dire
tive.Sometimes it is important to retain the original range of the variable without shrinkingthe output, even if that results in a lot of blank spa
e in the image. The bin/f dire
tive(for \bin/full") for
es the full size to be used:evt.fits[events℄[sky=
ir
le(4096,4096,200)℄[bin/f sky=4℄9.3 Columns with integer data typesFor 
olumns of integer data type, the dire
tive[bin x=1:1024:2℄ 30



9. Binning 31is taken to be in
lusive, that is 1 <= x <= 1024, so that the �rst bin 
onsists of x=1 andx=2.You 
an omit any or all of the three values (min,max,step) in the binning spe
i�
ation. Thedefault value of the step size is almost always 1.0 (it is possible to set another default in thedata �le by adding a TDBINn keyword to the header), so [bin x=1:1024℄ is the same as [binx=1:1024:1℄. The default values of the min and max are found from the des
riptor rangesin the data �le (for FITS �les, these are the TLMINn/TLMAXn keywords). These defaultvalues are displayed when you type 'dmlist �lename 
ols'. If you have a 
olumn for whi
hthe des
riptor ranges are not set, the DM 
an't guess a default and you must use an expli
itrange.If the defaults are present in the �le, then [bin x℄ will sele
t the default values; [bin x=::2℄will sele
t the default range with a step size of 2; [bin x=2℄ is a

epted as a synonym forthis. To use one default, [bin x=:512℄ or [bin x=12:℄ or [bin x=12::1℄ are all a

eptable.Another layer of defaulting is provided by the mission database �le 
xo.mdb, whi
h 
urrentlyde�nes standard binning for PHA spe
tral extra
tions. In the 
urrent release, the onlyprogram that re
ognizes this �le is dmextra
t (see the defaults parameter of dmextra
t).Note that you 
an use a real-valued binning fa
tor, whi
h may be less than one: [bin x=::0.5℄makes a double resolution image.If you spe
ify a bin size whi
h doesn't divide evenly into the binning range, the last bin willbe `in
omplete'. For instan
e, [bin x=1:10:3℄ 
reates four bins (1:3),(4:6),(7:9),(10:12), butthe �nal (10:12) bin will only in
lude 
ontributions from rows with x=10.An alternate syntax to spe
ify the total number of bins instead of the bin size is [binx=1:1000:#20℄, whi
h says "bin from 1 to 1000 making a total of 20 equal size bins".9.4 Columns with real data typesFor 
olumns of real data type, be 
areful when binning 
oordinate values. The ACIS sky
oordinate spa
e runs from 0.5 to 8192.5, for a total of 8192 pixels; pixel (512,512) runs from511.5 to 512.5 in ea
h axis. Binning [x=1:3:1℄ makes only 2 bins: (1.0:2.0) and (2.0:3.0);
ontrast this with the integer-
olumn 
ase where three bins are made: (0.5:1.5), (1.5:2.5),and (2.5:3.5).Otherwise, the syntax is the same as for integer 
olumns.
31



9. Binning 329.5 Binning with range and region �ltersFrequently you may wish to 
ombine �ltering and binning. For example,dm
opy "evt2.fits[

d_id=7℄[bin 
hip℄" 
hip7.imgmakes an image in 
hip 
oordinates, �rst �ltering the event list to a

ept only events on 

d7.Usually you won't �lter on the same 
olumns that you're binning on; it's suÆ
ient to set therange:dm
opy "sr
list.fits[flux=100:200℄[bin flux℄" flux_hist.fitswhile perfe
tly valid, is better expressed asdm
opy "sr
list.fits[bin flux=100:200℄" flux_hist.fitsIn the CIAO1 release, there was a signi�
ant di�eren
e: the �rst of these forms would giveyou an output image over the full default range of the variable '
ux', instead of just therange of interest 100:200, with zeroes in the image outside that range of interest. Sometimesyou may a
tually want this, when you are planning to sum or mat
h di�erent images. Asdis
ussed above, the spe
ial syntax bin/full or bin/f reprodu
es the CIAO1 behaviour:dm
opy "sr
list.fits[flux=100:200℄[bin/f flux℄" flux_hist.fitsThis is parti
ularly relevant when applying sky region �lters:dm
opy "evt2.fits[sky=
ir
le(4096,4096,100)℄[bin sky℄" 
ir
le1.fitsmakes a 201 x 201 pixel image with all the pixels outside the 
ir
le set to the null value(default zero). However,dm
opy "evt2.fits[sky=
ir
le(4096,4096,100)℄[bin/f sky℄" 
ir
le1.fitsmakes an 8192 x 8192 pixel image (the default range of SKY) with all the pixels outside the
ir
le zero (this was the standard CIAO1 behaviour).32



10. Name-
ommand 3310 Name-
ommandThe name-
ommand allows the user to spe
ify the name of the virtual blo
k. (This onlyworks for a simple blo
k renaming at the moment):)� For a virtual table spe
i�
ation, the name 
ommand must be a simple name, whi
hnames the virtual table blo
k.� If the name 
ommand is absent, the virtual blo
k has the same name as the inputblo
k.� If the name 
ommand is present, another quali�er must also be present to avoid am-biguity with the blo
k identi�er. Thusrh1012.fits[events℄spe
i�es an input blo
k name, whilerh1012.fits[℄[events℄spe
i�es a virtual blo
k name.
11 Fine-tuning using the opt dire
tive11.1 Des
riptionThe [opt ...℄ quali�er in the DM virtual �le syntax lets you 
ontrol spe
ial details of thevirtual �le.[opt name=value,...℄For example,dm
opy "evt.fits[sky=
ir
le(4096,4096,200)℄[bin sky℄[opt null=-99.0,type=r4℄" new.imgmakes an image �le of data type 4-byte real in whi
h the pixels outside the �lter 
ir
le areset to a value of -99.0. 33



11. Fine-tuning using the opt dire
tive 3411.2 Supported options11.2.1 type: Image Data Type[opt type={value}℄This option, used when binning a table to an image, for
es the output data type. Supportedvalues are i2,i4,r4,r8 for 2 and 4 byte integers and 4 and 8 byte reals. The default value isi2.11.2.2 null: Image Null Value[opt null={value}℄An image array is by de�nition re
tangular, but we often want to make an image in
ludingonly data from, e.g., a 
ir
ular region. The pixels in the output image outside the 
ir
leare not valid. When 
opying an image through a �lter, or binning a table to an image, thisoption 
ontrols the value of pixels whi
h lie outside the �ltered area. The default behaviouris to set these pixels to zero; [opt null=...℄ sets them to a spe
i�ed value, whi
h of 
oursemust be of the same data type as the output image.The spe
ial value "NaN" is supported, but is only valid if the output image is of real datatype:dm
opy "evt.fits[sky=
ir
le(4096,4096,200)℄[bin sky℄[opt null=NaN,type=r4℄" nan.img11.2.3 mem: Maximum memory to use[opt mem={value}℄Set the maximum memory used for a virtual image, in megabytes. The DM has an internaldefault limit on the size of a binning operation; this prevents users from a

identally 
om-manding the DM to 
reate a many-gigabyte image on a ma
hine whi
h only has a hundredmegs of memory. If you really want to 
reate a big image, you use this option to overridethe internal default. Example:dm
opy "evt.fits[bin sky=4℄[opt mem=100℄" big.img34



11. Fine-tuning using the opt dire
tive 3511.2.4 full: Full image size[opt full℄Binning a �ltered table to an image will by default sele
t the smallest image size that 
an
ontain the �ltered data. Thusdm
opy "evt.fits[sky=
ir
le(4000,4000,100)℄[bin sky℄" 
ir
.imgis equivalent todm
opy "evt.fits[sky=
ir
le(4000,4000,100)℄[bin x=3900:4100,y=3900:4100℄" 
ir
.imgrather than the full �eld imagedm
opy "evt.fits[sky=
ir
le(4000,4000,100)℄[bin x=0.5:8192.5,y=0.5:8192.5℄"
ir
big.imgIf you expli
itly want to retain the full �eld even though most of it will be empty (or withvalues set by the [opt null=value℄ 
ommand) you 
an use either the bin/f 
ommand, or itsequivalent the `opt full' dire
tive:dm
opy "evt.fits[sky=
ir
le(4000,4000,100)℄[bin sky℄[opt full℄"
ir
big.img11.2.5 update: Suppress subspa
e propagation[opt update=no℄For 
ompli
ated ex
lude �lters, the pro
ess of updating the data subspa
e may be long andnot very helpful. The update=no option suppresses re
ording of the 
urrent �lter:dm
opy "evt.fits[sky=region(nasty.reg)℄[opt update=no℄" nasty.fits35



12. Getting help 3611.2.6 s
ale: Suppress FITS autos
aling[opt s
ale=no℄The default behaviour in the 
urrent DM release is to automati
ally apply internal(BSCALE/TSCAL) s
aling for FITS �les. This option turns o� the s
aling, allowing a
-
ess to the raw values.12 Getting helpIf you 
an't �nd what you need in this do
ument, try the threads page atas
.harvard.edu/
iao, and if that fails send email to as
ds help�
fa.harvard.edu.
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