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tive Analysis of Observations) software pa
kage was �rst released in 1999 followingthe laun
h of the Chandra X-ray Observatory and is used by astronomers a
ross the world to analyze Chandradata as well as data from other teles
opes. From the earliest design dis
ussions, CIAO was planned as a general-purpose s
ienti�
 data analysis system optimized for X-ray astronomy, and 
onsists mainly of 
ommand line tools(allowing easy pipelining and s
ripting) with a parameter-based interfa
e layered on a 
exible data manipulationI/O library. The same 
ode is used for the standard Chandra ar
hive pipeline, allowing users to re
alibrate theirdata in a 
onsistent way.We will dis
uss the lessons learned from the �rst six years of the software's evolution. Our initial approa
hto do
umentation evolved to 
on
entrate on re
ipe-based \threads" whi
h have proved very su

essful. A multi-dimensional abstra
t approa
h to data analysis has allowed new 
apabilities to be added while retaining existinginterfa
es. A key requirement for our 
ommunity was interoperability with other data analysis systems, leadingus to adopt standard �le formats and an ar
hite
ture whi
h was as robust as possible to the input of foreigndata �les, as well as re-using a number of external libraries. We support users who are 
omfortable with 
odingthemselves via a 
exible user s
ripting paradigm, while the availability of tightly 
onstrained pipeline programsare of bene�t to less 
omputationally-advan
ed users. As with other analysis systems, we have found that infras-tru
ture maintenan
e and re-engineering is a ne
essary and signi�
ant ongoing e�ort and needs to be planned into any long-lived astronomy software.Keywords: data analysis, software, X-ray astronomy, modeling and �tting1. INTRODUCTIONCIAO� (Chandra Intera
tive Analysis of Observations) is the name for the suite of tools and appli
ations developedat the Chandra X-Ray Center (CXC) for the analysis of data from the Chandra X-Ray Observatory and othermissions. CIAO 1.0 was released for the �rst time publi
ly in O
tober 1999 and sin
e then the software hasevolved through several releases until the most 
urrent 3.3 version released in De
ember 2005.CIAO is a data analysis system whi
h was originally written for the needs of users of the Chandra X-rayObservatory whi
h was the �rst mission with high resolution 4-dimensional data (2 spatial, time, energy): inChandra data ea
h of these dimensions has many independent resolution elements. Therefore CIAO was built tohandle N-dimensional data without 
on
ern about whi
h parti
ular axes were being analyzed. Apart from a fewChandra-spe
i�
 instrument tools, CIAO is mission independent by design and has proven itself useful for theanalysis of data from other X-ray and non-X-ray missions.Further author information: AF: E-mail: afrus
ione�
fa.harvard.edu; JCM: j
m�
fa.harvard.edu�For the linguists among us, the Italian word \
iao" 
omes from an old expression in the Venetian language, \s'
iavo",that means \I am your servant"



While the lega
y from previous data analysis system (e.g. IRAF1, FTOOLS2, MIDAS3) is visible in several fa
etsof the CIAO design, CIAO was ar
hite
tured around a few innovative aspe
ts:� all axes are treated equally in the analysis, with no built-in assumptions toward spa
e, time, spe
trum orany other variable� the user has the 
hoi
e of a 
ommand line or a graphi
-oriented approa
h in some tools and appli
ations� the syntax is uniform a
ross the entire CIAO system� the use of a 
ommon 
exible data manipulation input/output layer 
alled the \CXC Data Model" (DM).4results in:{ �le-format independen
e{ row and 
olumn �ltering and binning 
an be applied to the input �le for all CIAO tools and appli
ations,avoiding the need to generate subsidiary data �les{ all �lters are re
orded in the \data subspa
e" of output �les whi
h is then re
ognized in the subsequentanalysisThe CIAO design allows 
lose inter
onne
tion of tools. For example, the output of many tools 
an be
omethe input of a subsequent tool or appli
ation. Also, the same CIAO tools are used in the Chandra Standard DataPro
essing (SDP) pipeline.5 Users 
an easily and eÆ
iently re
alibrate their data if needed and they have anunderstandable a

ess to the pro
essing steps.The CIAO software is available for a number of di�erent platforms. The supported platforms have evolvedduring the years: 
urrently it is o�ered for Solaris, Ma
 OS X and several Linux 
avors. The sour
e 
ode for theentire software system is distributed along with the binary �les, through a GNU General Publi
 Li
ense (GPL).CIAO 
an be downloaded from http://
x
.harvard.edu/
iao/download/.2. TOOLS, FILES, AND ANALYSIS APPLICATIONS2.1. Data Analysis ToolsCIAO is a 
olle
tion of programs both \atomi
", the so-
alled tools, or more 
omplex \appli
ations". The mainCIAO appli
ations are des
ribed in paragraphs below. CIAO o�ers users a wide and ever growing variety of toolsfor Chandra instrument-spe
i�
 analysis, but also tools whi
h are useful for generi
 data analysis tasks. Thereare more than 100 tools 
urrently available in CIAO whi
h 
an be divided into six broad 
ategories:1. Data Manipulation: tools needed for generi
 data analysis tasks su
h as �ltering or binning, smoothing,image 
al
ulation, histogram extra
tion, data statisti
s, et
. Example of tools in this 
ategory in
ludedm
opy, dmextra
t, dmlist, dmstat. As the names suggest, these tools rely heavily on the 
ommonDM library.2. Data Preparation: tools needed to \repro
ess" (re
alibrate) the data pro
essed by the Chandra pipelineto a

ount for improvement in instrument 
alibration or spe
ial pro
essing needs. Tools in this 
ategoryin
lude most notably the 
omplex tools a
is pro
ess events and hr
 pro
ess events whi
h play a
ru
ial role in the pipeline and 
ompute or re-
ompute, for example, 
oordinates and energy levels fromraw instrumental data.3. Imaging: tools optimized for the needs of imaging data analysis; they in
lude tools for sour
e dete
tion(three di�erent sour
e dete
tion methods are available for users: 
elldete
t, wavedete
t, vtpdete
t),image smoothing (a
onvolve, 
smooth), for 
reating exposure maps and normalized images, 2D PSFmodels, and for 
al
ulating image statisti
s. They also in
lude tools to 
reate 
olor images for publi
ationas well as merging data from multiple observations.



4. Imaging Spe
tros
opy: tools to extra
t sour
e and ba
kground spe
tra from imaging observations(dmextra
t, spe
extra
t).5. Grating Spe
tros
opy: tools to dete
t and extra
t sour
e and ba
kground grating spe
tra from Chandragrating observations (e.g. tgdete
t, tg resolve events, tgextra
t)6. Timing Analysis: tools to extra
t light
urves (dmextra
t) and perform timing 
orre
tions (axbary)7. Response Tools: tools to 
ompute e�e
tive areas, exposure maps, energy redistribution, and line pro�lesfor all instruments or any sub-
omponent, in
luding e�e
ts of dither, dete
tor geometry, software masks andmodes, and long-term e�e
ts, tailored to individual observational 
on�gurations so that the 
ounts spe
tramay be modeled and �t (mkarf, mkrmf, mka
isrmf, mkgrmf, mkgarf, mkinstmap). The responses havealso been uni�ed through a formal underpinning on a theoreti
al framework.6All the tools share a 
ommon infrastru
ture so that both the \look-and-feel" and the behavior of the tools isuniform and predi
table a
ross the system.All parameters needed by the tools to run 
an be set on the 
ommand line or, as with IRAF and FTOOLS, usingparameter �les.1 These are ASCII �les stored in a users dire
tory and 
an be easily a

essible using a number oftools provided to read and write to them (e.g. plist, pset, punlearn) or through the GUI parameter editorpeg (see below). Parameter �les provide a simple history me
hanism and allow the pre-setting of variables thatrarely 
hange.The following are examples of setting parameters for the dmlist tool (1) when running the tool at the
ommand line (2) through a pset statement or (3) allowing the tool to prompt for them:unix% dmlist infile=p
ad_asol1.fits opt=
olsunix% pset dmlist infile=p
ad_asol1.fits opt=
olsunix% dmlistunix% dmlistInput dataset/blo
k spe
ifi
ation (): p
ad_asol1.fitsOption (): 
olsThe Resulting dmlist parameter �le is the same in all 
ases:unix% plist dmlistParameters for /home/username/
x
ds_param/dmlist.parinfile = p
ad_asol1.fits Input dataset/blo
k spe
ifi
ationopt = 
ols Option(outfile = ) Output file (optional)(rows = ) Range of table rows to print (min:max)(
ells = ) Range of array indi
es to print (min:max)(verbose = 0) Debug Level(0-5)(mode = ql)All tools make use of the DM library whi
h provides users with powerful built-in data �ltering and binning
apability through the use of \virtual �les". Virtual �les (data �les whi
h are �ltered and binned only in 
omputermemory and not saved onto disk) are a

epted as input by all the CIAO tools and appli
ations whi
h use the DMlibrary making for a very powerful and uniform syntax.The following is an example of the \virtual �le" syntax. In this 
ase only a subset of the data from the �leevt2.�ts is listed: the subset is de�ned by �lters in time and 
oordinates. In addition, only a few 
olumns fromthe original �le are sele
ted.



Figure 1. An exposure-
orre
ted 
omposite mosai
 image from 11 separate Chandra ACIS observations of the supernovaremnant SN1006. In the right panel the image is displayed in \true" 
olors (where 
olor 
orrelates with energy) obtainedfrom the ACIS energy bands. Blue represents non-thermal emission above 2.5 keV while red represents thermal emissionbelow 1.5 keV. Several CIAO tools were used to 
reate these images and in parti
ular the tools reproje
t image gridand reproje
t image whi
h allow a user to proje
t images to 
ommon 
oordinate systems and a
onvolve and dmimg2jpgused to 
reate the smoothed three-
olor image.unix% dmlist "evt2.fits[time=107:208℄[sky=ellipse(40,40,20,10,2)℄[
ols time,det,pha℄" dataOne of the most diÆ
ult non-algorithmi
 problems to solve in 
omplex data analysis is how to eÆ
iently andeasily propagate the information whi
h is not the data itself, but whi
h is related to the data or to the stepsperformed to obtain the data. For example it is very important to be able to re
ord and maintain, along withthe data, the extra
tion region for a sour
e, the time �ltering performed on a dataset, the version of the softwareused to analyze the data, the 
alibration �les used, et
. Given the 
omplexity of the Chandra data and the amplevariety of tasks that 
an be performed on them, a 
omplete metadata propagation has revealed itself as a veryresour
e- and time-
onsuming undertaking but 
ru
ial for ease of use and tra
eability.The CIAO software ta
kles this problem through the use of �le \headers" and data \subspa
e". The \header"of a �le is a 
olle
tion of metadata in the form of keywords whi
h is atta
hed to the data and 
arried along duringdata analysis. All tools populate the header of the data they operate on, updating header keywords if 
hangesare made. In parti
ular, every run of a tool is re
orded together with the tool parameters used in a HISTORYkeyword, whi
h makes it quite easy to tra
e how a dataset was generated.The data \subspa
e" is a history of all �ltering applied to a �le (e.g. sele
tion of a sour
e region, energyinterval, et
.). Sin
e this information is atta
hed to the data �le, subsequent tools 
an use it to extra
t 
alibrationinformation only appropriate for the sele
ted �lters. The subspa
e also allows users to see how the data �le wasaltered during the analysis. All tools that use the DM library propagate the data subspa
e.2.2. Files, New and OldWe have attempted to maintain ba
k-
ompatibility with established FITS formats as mu
h as possible. Given thenew window Chandra opened on high-resolution spe
tros
opy over a broad band with well-
alibrated instruments,we had to develop some new te
hniques and �le formats for representing and manipulating these data. Based onexperien
e with 1D and 2D UV and opti
al spe
tra, we extended formats and response �les within the general



Figure 2. This shows a small portion of the High Energy Transmission Grating Spe
trometer (HETGS) 
ux-
alibratedspe
trum of the star Capella, from the sum of 11 observations. The upper �lled region (red) is from the Medium EnergyGrating (MEG), and the lower (blue) is from the High Energy Grating (HEG) (HEG and MEG have di�erent spe
tralresolutions and sensitivities). The solid lines outlining ea
h region (bla
k and green) are models derived from the atomi
database (APED) 
onvolved with the instrument responses. Line identi�
ations are shown below the spe
trum. Ea
hindividual observation and 
alibration were 
omputed with standard CIAO tools, velo
ities and wavelength shifts 
omputedwith 
ustom S-Lang programs, and spe
tra were 
ombined and displayed with ISIS.spe
i�
ation of X-ray event, spe
tral, and response formats to support new 
apability, but also to be largely
ompatible with existing software su
h as XSPEC and FTOOLS. For example, grating event �les are augmentedwith di�ra
tion 
oordinate and order sorting 
olumns whi
h are used when binning to 1D spe
tra or light 
urves;e�e
tive areas and instrumental line pro�les are 
omputed as a fun
tion of energy and position. However, the�nal produ
ts are still pa
kaged in standard format \PHA" (
ounts spe
trum), \ARF" (e�e
tive area), and\RMF" (spe
tral redistribution) �les. All the the input 
alibration information was pa
kaged into FITS �les andstored in the Calibration Database (CalDB7), using established 
onventions.High-resolution X-ray spe
tros
opy also generated a new need for a

ess to atomi
 data, not just the �nalresult as a binned spe
trum. Sin
e individual lines, or blends of a few lines, 
an be measured, new types ofanalysis 
an be done given a

ess to individual emission line emissivities vs. temperature. The Astrophysi
alPlasma Emission Database (APED)8 de
ouples atomi
 data from 
ode. We have taken advantage of this todevelop utilities for browsing the database and for use in modeling. Sin
e the database is in FITS format, wehave developed multiple interfa
es, meeting di�erent needs, su
h as with ISIS (see Se
tion 3), Sherpa/GUIDE(see Se
tion 2.4), or WebGUIDEy. Figure 2 shows a small se
tion of a 
ux 
alibrated emission line spe
trumwith some line identi�
ations and a model.2.3. Graphi
al User Interfa
esA few graphi
al user interfa
es (GUI) have been developed in CIAO as an alternative to 
ommand-line tools withthe purpose of giving users an intuitive, visual interfa
e for intera
ting with their data. While data analysisGUIs are appealing at the initial stages of the software learning pro
ess or for more \visual" tasks, we foundthat they are not always very easily extensible or very general, and are dropped in favor of 
ommand line toolsby more experien
ed users or as soon as repetitive or 
omplex tasks are performed.However, one GUI appli
ation that has en
ountered a great su

ess among CIAO users is Prism.yhttp://
x
.harvard.edu/atomdb/WebGUIDE/index.html



Figure 3. A Prism window browsing a Chandra aspe
t solution data �le. A list of \extensions" in the �le (in this 
asePRIMARY and ASPSOL) is listed in the top left panel, the header of the highlighted extension is visible on the top rightpanel, while the data are listed in the 
entral panel. The bottom panel shows the 
ommands that are laun
hed from theprism window. In this example two 
olumns (RA and DEC) are highlighted and are plotted through the \Visualization"menu via ChIPS. The result is shown in the plot on the right hand side. The �gure represents the Chandra dither patternaround the aimpoint for this parti
ular observation. The Chandra spa
e
raft has a built-in dither on its pointing positionto average a
ross 
alibration un
ertainties: the e�e
ts of this 
ompli
ated dither pattern must be taken into a

ount byevery instrument tool whi
h is 
oordinate-dependent.Prism is a format-independent (i.e. it 
an display any �le format through the Data Model library) �le browsingand manipulating tool. It lists the parts (\extensions") of a �le and allows the user to view the header and dataof ea
h one. Prism o�ers many other analysis features in
luding intera
tive plots of 
olumn data (in
ludingplotting errors and histograms), viewing of simple ASCII �le, table editing, on-the-
y 
olumn sele
tion, imagedisplay, header editing, and integration with other CIAO analysis tools.Other GUI appli
ations 
urrently in
lude Peg whi
h allows users to easily view and modify parameter �lesand then run the asso
iated tool with these values; and Firstlook, whi
h provides users with a simple meansof examining a Chandra dataset and it is intended to allow a qui
k examination of the data rather than performdetailed s
ienti�
 analysis.2.4. Sherpa and ChIPS: modeling, �tting and plottingSherpa is the CIAO modeling and �tting appli
ation whi
h enables the analysis of multi-dimensional, multi-wavelength data (see elsewhere9 for a detailed des
ription of this appli
ation). Sherpa �ts parameterized models(both parameterized algebrai
 expressions or parameterized 
ode) to input data and is a �tting appli
ation whi
his \domain" and mission independent in the sense that it does not require parti
ular axes to be �t (e.g. radius,energy, time) and it has no spe
i�
 ties to the Chandra mission. It has been su

essfully used for the analysis ofdata from other observatories.Sherpa's main features in
lude:� the support of a variety of input and output data formats� a

ess to internal data and variables



� a model language whi
h allows the 
onstru
tion of arbitrarily 
omplex model expressions from simplede�nitions� a library of pre-de�ned models, from simple equations to sophisti
ated algorithms� ability to easily add user-de�ned models� ability to 
ross referen
e and link model parameters� an a

essible library of �t statisti
s and optimization methods� a sele
tion of model 
omparison tests and parameter estimation methods� 1-D and 2-D visualization 
apability� intera
tive and s
ripting 
apability provided by the embedded S-Langz interpreted languageSherpa's 
apabilities are enhan
ed by the use of other programs and libraries in
luded in CIAO. For example,the data input and output is provided by the CIAO Data Model library whi
h allows a high-level abstra
t viewof astronomi
al data �les and gives a

ess to several 
ommon astronomi
al �le formats in addition to providingpowerful �ltering and binning 
apabilities that permit the extra
tion of spe
i�
 portions of a data �le.During a typi
al Sherpa analysis session, users �rst input data and set �lters and then de�ne and build modelsthat des
ribe the best knowledge of either the data or the teles
ope and dete
tor 
ombination (e.g. instrumentspe
tral response models or point spread fun
tion models) or both. Sherpa 
urrently provides a library of 42one- and 13 two-dimensional models plus all the one-dimensional models from the XSPEC10 library v.11.3, allof whi
h 
an be arbitrarily 
ombined to build 
omplex 
omposite models. User-de�ned models 
an also beeasily in
luded. Multi-dimensional model expressions are also supported by Sherpa and therefore, for example,
ombination of 2-D surfa
e and 1-D spe
tral �tting 
an be performed.A 
hoi
e of statisti
s and optimization methods (i.e. the a
t of minimizing the 
hosen statisti
s to obtainthe \best-�t") allow users to tailor their analysis to their parti
ular datasets or needs. For example the �2-based statisti
s is appropriate for Gaussian distributed data while Cash statisti
s is appropriate for low-
ountPoisson distributed data. Currently 8 di�erent statisti
s and 13 di�erent optimization methods are available inSherpa. If several �ts are performed (e.g. by 
hanging model expression, data �lters, et
.), the various \best"�t 
an be evaluated through model 
omparison tests and again Sherpa allows a 
hoi
e of them. The last step inany modeling and �tting session is parameter estimation, i.e. the evaluation of 
on�den
e intervals (or errors)asso
iated with ea
h model parameter: 
urrently three parameter estimation methods are available to users.The most re
ent expansion to the Sherpa appli
ation11,12 has been the in
lusion of the S-Lang interpretedlanguage whi
h greatly expands not only Sherpa's s
ripting 
apabilities but also gives users the ability to a

essand manipulate internal Sherpa variables (e.g. �t parameters, 
ux, errors, et
.) through a number of \set" and\get" fun
tions.S-Lang \modules" (libraries of S-Lang fun
tions allowing a

ess to several CIAO libraries) are dire
tly a

es-sible from Sherpa via S-Lang. They give users the ability to perform numerous operations within the Sherpaappli
ation. For example dynami
 grouping of the data gives the 
exibility to adjust the grouping (or binning)of a �le within a Sherpa session rather than being required to run a separate tool.Visualization in Sherpa is obtained through another CIAO appli
ation, ChIPS, the Chandra Plotting andImaging System and the o�-the-shelf visualization pa
kage DS9.13 ChIPS is the plotting pa
kage of CIAO and
an be used intera
tively or be driven by a s
ript to 
reate plots on the s
reen and in hard
opy form. In additionto being embedded within Sherpa, ChIPS is used by other CIAO appli
ations (e.g. the �le viewer Prism) fordisplaying data. ChIPS is designed so that plots 
an be built up intera
tively in small steps and 
an easily bere�ned, saved, printed, and restored. It is parti
ularly 
exible at 
reating plots from tables, but also allows usersto generate plots of sele
ted 
olumns from an image or event �le. The S-Lang programming language is alsoembedded in ChIPS and 
an be used to manipulate - or 
reate - data for plotting.zhttp://www.s-lang.org/index.html



Figure 4.An example of a 2D modeling and �tting and a radial pro�le extra
tion an �tting performed on a X-ray 
luster using theSherpa appli
ation. The left panel shows the best-�t 2D model (a two-dimensional version of f(r) = A�[1+(r=r
)2℄(3�+0:5)whi
h in
ludes ellipti
ity). The \null" values are regions, 
orresponding to point sour
es, ex
luded from the �t. The data(smoothed using the CIAO tool a
onvolve for illustration purposes) is shown on the middle panel. Note however that the�tting has been performed to the un-smoothed data using the Cash statisti
s to a

ount for the low 
ount rate. The rightpanel represents a radial pro�le of best-�t 2D model (solid line) superimposed on the radial pro�le of the raw data. Thepro�les were generated within the Sherpa appli
ation with ellipti
ity and position angle taken from the best-�t values,rather than 
ir
ular annuli.Figure 4 shows an example of a Sherpa/ChIPS output where 2D modeling and �tting was performed on anX-ray dataset of a 
luster of galaxies. A radial pro�le was then extra
ted within the Sherpa appli
ation andplotted using ChIPS. Extensive do
umentation on Sherpa 
an be found on the CIAO web pages and in parti
ularat http://
x
.harvard.edu/sherpaBoth the Sherpa and ChIPS appli
ations are 
urrently being redesigned14, 15 with the following goals: (1)more robust, fast and programmable spatial and spe
tral �tting (2) more modular and easily maintainable 
ode(3) ability to make plots of better publi
ation quality (4) a plotting pa
kage usable both by users and by theChandra validation and veri�
ation pipeline.3. SCRIPTING LANGUAGE AND EXTENSIBILITYAn important lesson we learned whi
h initially led to in
remental 
hanges, then to major re-writes of large
omponents of CIAO (Sherpa and ChIPS; see above Se
tion 2.4), is that to support ad ho
 and arbitrary needs offorefront resear
h, s
ientists need the ability to intera
tively s
ript analysis, modeling, and visualization tasks,in
luding the de�ninition of variables and evaluation of mathemati
al expressions whi
h dire
tly a

ess data andmodels. An early prototype in this area was the Intera
tive Spe
tral Interpretation System (ISIS),16 originallywritten for browsing the atomi
 database to support high resolution spe
tros
opy, but whi
h evolved into a�tting and modeling system. ISIS introdu
ed the s
ripting language, S-Lang, as an interpreter for intera
tivedata analysis.Based on this experien
e, the in
lusion of a s
ripting language within CIAO appeared as an obvious ben-e�t for users and software developers alike. After in-depth analysis and dis
ussion within the CIAO develop-ment team and the larger 
ommunity (see for example the \S-Lang as the CIAO S
ripting Language" topi
 at



http://
x
.harvard.edu/
iao/why/slang.html and the \Choosing a S
ripting Language for CIAO" presenta-tion at http://
x
.harvard.edu/
iao/presentations.html#slang), the S-Lang programming and s
riptinglanguage (http://www.s-lang.org/) was 
hosen and integrated within CIAO sin
e version 2.2. In addition tothe bene�ts usually found in most s
ripting languages (e.g. extensibility, rapid prototyping, no 
ompilation)S-Lang also satis�ed our spe
i�
 additional requirements:� powerful mathemati
al 
apability� 
on
ise syntax relatively natural for s
ientists to adopt� embeddability into existing appli
ations� as small a footprint as possibleStarting from CIAO 3.0 the full S-Lang fun
tionality has be
ome easily a

essible both within CIAO appli
ationsand at the unix 
ommand line through the use of slsh (the S-Lang shell), whi
h is now distributed with CIAO.As further dis
ussed below, all CIAO software 
apable of running S-Lang s
ripts (Sherpa, Chips, slsh, ISIS)
an import a number of di�erent libraries that have been wrapped in S-Lang, su
h as the GNU S
ienti�
 Library(GSL) Spe
ial fun
tions, the DS9 image viewer, GTK, whi
h in
ludes the graphi
al �ltering fun
tion vwhere,17, 18and the Parallel Virtual Ma
hine19 (PVM; http://arxiv.org/abs/astro-ph/0510688).x.As mentioned in the previous se
tion, one of the CIAO appli
ations whi
h has bene�ted greatly by theintrodu
tion of S-Lang is Sherpa. Sherpa -like XSPEC- was originally a 
lassi
 `bla
k box': data were inputfrom a �le and analyzed with results possibly written out to disk; however, the data themselves 
ould not bea

essed on
e they were read in. By embedding S-Lang into Sherpa, the old `bla
k box' paradigm was movedto a new one in whi
h numeri
 data 
an be a

essed and freely manipulated through the fun
tionality providedby the Sherpa/S-Lang library of fun
tions.The in
lusion of a programming language in CIAO has empowered both advan
ed and average users. Advan
edusers have the the ability to automate their own 
omplex tasks and also to import personal C++, C or Fortran
ode in s
ripts. Average users 
an bene�t from additional s
ripts provided by the CIAO team in response tospe
i�
 data analysis needs on times
ale shorter than the oÆ
ial CIAO releases. Several of those s
ripts havealready been released to the CIAO users' 
ommunity and are used seamlessly together with other CIAO dataanalysis tools.The S-Lang Interfa
e Pa
kage (SLIRP){ makes generation of importable libraries into almost a simple turnkeypro
ess, where a few simple 
ommands 
an automati
ally 
reate a 
ustom user-module, or take a publi
ly availablelibrary and import it into CIAO via S-Lang. (See, for example, a des
ription of using a S-Lang imported versionof the Parallel Virtual Ma
hine (PVM) library to perform 
omplex, 
omputer intensive analysis of the Chandra1 Mse
 observation of the Cas A supernova remnant20).4. SOFTWARE TESTINGA 
ru
ial step in the release pro
ess of the CIAO software is s
ienti�
 and fun
tional testing. A detailed des
riptionof the pro
ess 
an be found elsewhere.21 Ea
h release involves four stages of testing:� Stage 1: Unit Tests At this stage software developers and s
ientists run unit tests on new and modi�edtools and appli
ations and s
ientists run tools within s
ien
e threads; the s
ientists report the results viatest worksheets with pointers to example data; the tests are then in
orporated into automated test s
riptsused for portability and later regression testing. The test lead s
ientist 
oordinates all the inputs.xFor a list of modules, see http://
x
.harvard.edu/
iao/slang/fun
tions/modules.html andhttp://spa
e.mit.edu/CXC/software/slang/modules/{http://spa
e.mit.edu/
x
/software/slang/modules/slirp/



� Stage 2: Mini-Test Spe
ialized regression test are run on key CIAO tools and on all new or modi�edtools; the tools are sele
ted to test mainly new library fun
tionality and to test out high risk areas, ensuringstability during preparations for a release� Stage 3: Full test A regression test is run for all the tools in system and in
ludes all the new tests addedfor ea
h release via the input from the test worksheets. The test is run on all portability platforms and itis 
onsidered as passed only after the approval of the test lead s
ientist.� Stage 4: Pa
kage testing S
ientists verify the proper download of the software on ea
h platform; inaddition a brief 'smoke test' 
on�rms that the as-pa
kaged system does run. Web links, install instru
tions,and tar �les are validated and, if they are 
orre
t, the release is approved. The oÆ
ial release do
ument isthen reviewed by CXC senior sta�The software testing stages are very intense and time 
onsuming and 
ould always bene�t from extra time ortesters: there is a very large number of tools/appli
ations to test ea
h with numerous parameters and therefore itis obviously not pra
ti
al to test all possible paths through the 
ode. The test suites developed for CIAO attemptto sample likely user 
ases and parameter values, but the resour
es do not always allow us to test all the 
asesthat users may en
ounter.5. DOCUMENTATION: MANUALS, THREADS AND HELPThe CIAO website (http://
x
.harvard.edu/
iao) is the primary do
umentation resour
e for users of theCIAO software pa
kage and 
ontains links to the various kinds of do
umentation whi
h are o�ered: mainly dataanalysis threads, analysis guides, \why" topi
s, help pages, manuals, bugs, \wat
h out" and FAQ lists. Theobvious bene�t of su
h on-line do
umentation is that it 
an be updated and expanded in very short time s
alesand permits 
ross-linking of information. The most 
hallenging aspe
t however is that it be
omes very easy toget \lost" in the multitude of web pages (several hundreds to date) so that do
umentation on a spe
i�
 subje
tis not readily found.Our experien
e early in the Chandra mission showed us that thi
k manuals are not always the best wayto provide do
umentation to users when step-by-step instru
tions represent their initial needs. Therefore wede
ided to produ
e do
uments whi
h are easy to update and easy to expand: the data analysis threads.Threads are pro
essing re
ipes designed to tea
h users by leading them, step-by-step, through pro
edureswhi
h range from basi
 to signi�
antly 
omplex; ea
h thread des
ribes the pro
ess in the same easy-to-followmanner. Sin
e the �rst pioneering data analysis threads appeared on the CIAO web pages with the CIAO 1.1releases (in De
ember 1999) a lot of e�ort has been devoted to improving the thread stru
ture, the thread
ontent and espe
ially the number of available threads in order to make them more reliable, easy to read, user-friendly and s
ienti�
ally useful. Data analysis threads have a uniform and slim format (information 
ommon tovarious threads is summarized outside the threads and linked from them ); in them ea
h analysis tool is 
learlyidenti�ed and linked to its ahelp �le; a history blo
k is added at the end of ea
h thread to make it easier to�nd the date and details of updates; and �nally all threads are available in PDF format so that good qualityhard
opies may be 
reated. Threads are written in XML language and then automati
ally translated into HTMLand PDF via the XSLT and HTMLDOC programs.22The threads simply show how to perform a 
ertain task, often without explaining why it is important orwhere it falls into the larger analysis session. To address these issues we developed inter-
onne
ted layers in thewebpages whi
h we 
alled \analysis guides" and \why topi
s".Looking at the large amount of do
umentation online, it 
an be diÆ
ult for CIAO user to know where tostart. The analysis guides serve as a \roadmap" through the threads. Ea
h guide takes a 
ertain instrument
on�guration (e.g. ACIS) or type of analysis (e.g. extended sour
es) and lists the relevant threads. Along withthe listing is a brief explanation of the purpose of ea
h task, as well as the spe
i�
 order in whi
h they shouldbe run, if any. The goal is to help the user to 
omplete the analysis without requiring that every thread be read.On the other hand, the threads sometimes do not 
ontain enough information for the s
ientist interested inthe details. Just as the analysis guides 
reate a layer above the threads, the why topi
s are intended to dig



deeper. Some of the topi
s des
ribe aspe
ts of the Chandra Observatory and data obtained with it, while othersprovide information on why 
ertain s
ien
e de
isions are made.All of this information 
ombined - the guides, threads, and why topi
s - enable the user to tailor the analysisto a parti
ular dataset or s
ienti�
 goal. Currently more than 100 analysis threads are available from the CIAOweb site together with several analysis guides and why topi
s.In addition to web-based do
umentation, the CIAO system provides a

ess to help �les through the 
ommandline via the ahelp system. ahelp gives a

ess to the CIAO do
umentation both in ASCII format or HTMLformat. An HTML version of all the ahelp �les is also available on the CIAO web site. Help �les are arrangedby subje
t (or \
ontext") and 
ross-
orrelated through keywords. Ea
h ahelp �le has a well-de�ned stru
turewhi
h in
ludes a synopsis of the tool, the tool syntax, the des
ription and examples. Ahelp �les exist not onlyfor tools or appli
ations, but also for more generi
 subje
ts (
alled \
on
epts") (e.g. ahelp subspa
e, ahelpmerging rules). All ahelp �les are written using the XML language and then translated into ASCII and HTML.In a system as large as CIAO, maintaining up-to-date do
umentation is the biggest 
hallenge and sin
e avariety of do
uments is presented to the users it is very important to insure uniformity among them. Oneattempt to produ
e multiple do
uments in di�erent format from the same sour
e has been done in the design ofthe Sherpa do
umentation.All Sherpa 
ommands and 
on
ept ahelp �les are written using spe
ially-tagged XML �les whi
h are thentranslated in XML, HTML and latex format. The Sherpa manual is written entirely in latex and in
ludesse
tions only pertinent to the manual (e.g. verbose des
riptive paragraphs and introdu
tory material) plus allthe se
tions about 
on
epts and 
ommands generated from the ahelp �les. This do
umentation design is goodin prin
iple to maintain the do
umentation 
urrent, avoiding dupli
ation and automati
ally generating di�erentkinds of do
uments from one sour
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