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al Observatory, 60 Garden St., Cambridge, MA, USAABSTRACTSix years into the mission, Chandra data pro
essing operations has rea
hed a stage of maturity that allows nearly
omplete automation as well as dynami
 
exibility to a

ommodate future 
hanges in mission and instrumentstatus and 
onstraints. We present a summary of the pro
edural and te
hni
al solutions that have been developedsin
e the laun
h of Chandra to meet unanti
ipated 
hallenges in the area of data pro
essing. Lessons learned
on
erning data pro
essing are dis
ussed, in
luding an explanation of the sour
e of ea
h problem and the Chandrateam's response to the problem. Potential pitfalls that might a�e
t future proje
ts are also in
luded. The userinterfa
e, data quality s
reening, and qui
klook software developed spe
i�
ally to address issues identi�ed afterlaun
h have proved valuable in meeting the goals of low-
ost, eÆ
ient, and 
exible mission operations for theChandra mission and 
an provide insight for future mission designs.Keywords: Data pro
essing, data operations, pro
essing automation1. INTRODUCTIONData System Operations (DSOps) re
eives in
oming raw telemetry from the satellite via the Chandra GroundSystem and pro
esses the data to 
reate ar
hival s
ien
e and engineering data produ
ts, performs Validationand Veri�
ation (V&V) on the �nal s
ien
e data produ
ts, 
reates qui
klook data and images for anomalyand a
quisition problem dete
tion, and transfers realtime data from 
ommuni
ation passes with the satellite tonumerous groups at Chandra X-ray Center (CXC) for evaluation. In addition, DSOps repro
esses the entiremission dataset every few years to make the most 
urrent 
alibrations and algorithms available to users of thear
hive. The Automated Pro
essing (AP) system? that in
orportates Standard Data Pro
essing (SDP) tools? isused to pro
ess the data for distribution to the users.This paper dis
usses a system of data quality 
ontrol and pro
essing automation that has been developed byDSOps. Lessons learned and 
hallenges met during the 
ourse of seven years of the missions are also presentedin the 
ontext of data pro
essing operations. Overall, many solutions to our the lessons learned are easilytransferable to other missions, in
luding the front-end software we have developed whi
h fun
tions outside thes
ien
e data pro
essing system. 2. OPERATIONAL AUTOMATIONAt the time Chandra laun
hed, there were no tools spe
i�
ally designed for tra
king observations in data pro-
essing operations or for automation of routine pro
edures. Su
h tools, in general, are developed after laun
h,addressing the realities of 
ight. The obvious long-term goal of data pro
essing was to implement maximumautomation of all pro
essing, both AP and repro
essing e�orts. The standard data pro
essing and any repro-
essing e�orts need to run without operator intervention as mu
h as feasible, both to redu
e the need for manualFurther author information: (Send 
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intervention and thus the possibility of operator error, as well as minimize resour
e usage and pro
essing time.Operator error is the more 
ostly issue, be
ause of the time required to determine the sour
e of the problem andthe sometimes extensive 
leanup. Therefore, the primary goal in the design of automation in data pro
essing wasthe redu
tion of manual intervention. The se
ondary goal was the redu
tion of the time required to pro
ess anddeliver the data to the user. These goals have been a
hieved and the resulting de
rease in elapsed time betweenend of the observation and data distribution is shown in Figure 1. The �gure is a bar graph with indi
ationsfor average time in ea
h 6 month interval of (1) end of observation to data re
eipt by DSOps, (2) data re
eiptby DSOps to submission to AP, (3) submission to AP to 
ompletion of Level 2 pro
essing,? and (4) 
ompletionof Level 2 pro
essing to 
ompletion of V&V and data distribution. Improvements in the time required to pro-
ess data in AP (3) are due to repla
ement of older ma
hines with faster ones, as well as improvements in theeÆ
ien
y of the SDP 
ode. Improvements in (2) are due to the operational automation des
ribed in this paper.Improvements in (4) are due to pro
edural 
hanges and lessons learned that are des
ribed in this paper, as wellas some automation tools provided by SDP.2.1. The Operational Interfa
e: The Telemetry Tra
kerWe have developed a data operations tool known as the Telemetry Tra
ker (TT9), whi
h provides 
ontrol andorganization of nearly all aspe
ts of data pro
essing operations, as well as automati
 initiation of qui
klookand AP pro
essing. This system serves as a front-end to AP. The system is written in Perl and may be easilyadaptable to other missions. It 
onsists of a 
ustomizable intera
tive GUI, daemon pro
esses, and a databaseba
kend used to store information spe
i�
ally relevant to DSOps. Management of data pro
essing is simpli�eddue to the dynami
 display of the status of all observations in the pro
essing system. Figure 2 shows how TT9�ts into the Chandra Data Systems operational s
enario.A key feature of TT9 is its 
exibility. Be
ause it does not have the extensive infrastru
ture of the APpro
essing system, it is easily modi�able on a short time s
ale to respond to 
hanging spa
e
raft and instrumentoperation parameters and anomaly resolution support. The automation of pro
essing provided by this systemhas greatly redu
ed the need for personnel, thus 
ontributing to 
ost savings for the proje
t. One of the morevisible su

esses of TT9 is the near elimination of delayed raw telemetry veri�
ation prior to AP submission.For several years this stage of pro
essing a

ounted for approximately 25% of the total time from the end of anobservation to 
ompletion of V&V but has now been redu
ed to less than 8%.TT9 is easily maintained by 1 FTE. It is well suited to use by other missions be
ause it does not intera
tdire
tly with any �les ex
ept the in
oming data �les. Automated database queries are used to determine the stateof the pro
essing system and the pro
essing status of ea
h observation. Daemon pro
esses exe
ute these queriesevery few minutes. The database that tra
ks all of the information needed to populate the GUI is a MySQLdatabase with tables that are easily modi�able to 
olle
t relevant information for other missions. The informationis primarily organized by observation, with timestamps for ea
h stage of pro
essing useful for 
ompiling metri
s.In addition, observation reports of unusual a
quisitions, the validation and veri�
tion reports, and data qualityreports are stored by observation and by downlinked raw telemetry �le. The evolution over time of the Chandradata pro
essing automation, quality 
ontrol, and qui
klook automation is shown in Figure 3.2.1.1. Custom pro
essing s
ripts: se
ondary method of pipeline pro
essingPrior to laun
h, it was 
lear that having a means to 
ompletely pro
ess an observation outside of AP, the primarypro
essing system, would be useful for trial run pro
essing of problem datasets. Due to the stri
t requirementspla
ed upon AP, that system is not well suited for 
on
urrent trial run pro
essing many observations from varioustime periods in the operational environment.Manual pro
edures used for su
h trial run pro
essing formed the basis of a series of s
ripts now referred toas the Custom Pro
essing (CP) s
ripts that redu
e manual pro
essing of a single observation starting from rawtelemetry to a single 
ommand. CP s
ripts are wrappers around the same pipeline tools used by AP. The CP dataprodu
ts are as identi
al to AP produ
ts as possible; however there are key di�eren
es prior to Level 1 produ
ts.CP ignores restri
tions on low level data produ
ts su
h as overlap and versioning (see Fig 4), whi
h allowspro
essing observations independent of one another and makes the CP s
ripts ideal for trial run pro
essing. APadheres to all data produ
t requirements to interfa
e with the Chandra data ar
hive. By disregarding all interfa
e
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Figure 1. Improvements in automation at ea
h stage of data pro
essing have dramati
ally redu
ed the elapsed timefrom the end of an observation to data distribution. Early in the mission, an observation 
ould be expe
ted to be in thedata pro
essing system for weeks. Today, the majority of observations are out the following day. During the time rangepresented, personnel were redu
ed from 7 to 4 operators, whi
h additionally attests to the in
reased end-to-end eÆ
ien
yof Chandra data pro
essing.



Figure 2. A high level diagram of Chandra data pro
essing 
ow, showing how TT9 �ts in the entire pro
ess. Qui
klookprodu
ts produ
ed with Custom pro
essing s
ripts 
an optionally be sent to V&V for distribution (lower path), but onlyAP produ
ts 
an be ar
hived. TT9 monitors ea
h stage of pro
essing for end-to-end visibility (
urved arrows).

Figure 3. Evolution of data pro
essing steps over the life of the Chandra mission. Pre-laun
h a
tivites in
lude testdatasets.



Figure 4. Comparison of AP and CP data produ
ts. AP data produ
ts at all levels are required to be 
ontiguous andnon-overlapping. CP ignores this requirement for Level 0 and 0.5 data produ
ts to provide a means of simple and eÆ
ienttrial run pro
essing. Levels 1 and 2 CP data produ
ts are identi
al to AP, whi
h are distributable data produ
ts.requirements, CP provides a se
ondary method that is well suited for generating qui
klook data, pro
essing anobservation with in
omplete raw telemetry, repeatedly pro
essing an observation for test purposes and providingtime-
riti
al data produ
ts that may not be immediately available from AP.Years into the mission the CP s
ripts remain useful for rapid pro
essing of time-sensitive observations, asimple means to test new 
alibration �les and pipeline 
hanges, and for qui
klook pro
essing, whi
h doubles asa form of raw telemetry quality 
ontrol.2.1.2. Qui
klook pro
essingThe request by the S
ien
e Operations Team for qui
klook data of ea
h observation was brought to our attentionshortly after laun
h. We developed a very simple te
hnique for produ
ing qui
klook data through a trun
atedLevel 1 pro
essing using the CP s
ripts. The qui
klook system is simple to maintain be
ause it la
ks theinfrastru
ture and internal tra
king of the AP system. The qui
klook pro
essing system only knows about oneobservation at a time. Qui
klook data are produ
ed automati
ally as raw telemetry �les be
ome available.The result of qui
klook pro
essing is returned to TT9 as \su

ess" or \failure" as a data quality test. Forobservations that span several raw telemetry �les, partial qui
klook data are produ
ed as ea
h sequential rawtelemetry �le arrives. These partial qui
klook data allow early identi�
ation of a problem with the a
quisition.The qui
klook images produ
ed from qui
klook pro
essing have been the sour
e of identi�
ation of at least 80%of the instrument anomalies and in
orre
t a
quisitions. Qui
klook images are available within a 
ouple of hoursafter the raw telemetry is re
eived, meaning these unusual situations are 
aught early enough to res
heduletime-
riti
al observation or modify.2.1.3. In
oming data quality 
ontrolIn
oming raw telemetry �les from the spa
e
raft are veri�ed with a number of tests that identify lost data in theGround System, whi
h may be re
overable, double-bit 
orruption that is not dete
table by the Ground System,data lost air-to-ground that may be re
overable by a repeat downlink from the spa
e
raft, and missing data in
ru
ial pa
kets that 
an prevent the observation from pro
essing 
orre
tly. O


asionally missing data or double-bit 
orruption in 
riti
al data pa
kets require the re
onstru
tion of the missing data in order for the observationto pro
ess. This pro
ess is manual and often requires the support of the instrument team to re
reate the missingdata, su
h as a parameter blo
k for Advan
ed Camera for Imaging and Spe
tros
opy (ACIS) that instru
ts theinstrument 
on�guration for the observations. If data are missing from an ACIS bias �le, the data pro
essinggroup has developed an algorithm for repla
ing the missing bias values so that the observation is useful. Be
ausethe data quality 
he
ks identify these situations of missing 
riti
al data before the data are submitted to AP,
orre
ted �les 
an be delivered, tested, and submitted so AP runs without error.Clo
k 
orrelation �les and ephemeris �les are required for pro
essing Chandra data and are delivered twi
ea week. Ea
h �le is assessed for 
onsisten
y with the previous �le and with the trend for the last year. Largedeviations 
an indi
ate an error in the 
reation of these �les. Raw telemetry �les, 
lo
k 
orrelation �les, and



ephemeris �les must pass quality 
ontrol before being submitted to AP. TT9 prevents a 
lo
k 
orrelation �lethat fails data quality 
he
ks from being submitted to AP until an operator overrides the TT9 hold status oralternately reje
ts the �le in favor of a repla
ement.2.1.4. Automated data submission to pro
essing systemAutomation of the submission of raw telemetry to the pro
essing system has essentially eliminated AP laten
yfrom the Chandra data pro
essing time metri
s. This automation was a
hieved using a 
omponent of TT9 thatqueries the operational database for veri�ed raw telemetry and monitors the overall status of the AP system. Dataare submitted to AP on
e (1) the raw telemetry has passed quality 
ontrol measures, (2) qui
klook pro
essinghas 
ompleted without error and (3) the state of the AP system is nominal. At the 95% level, these 
onditionsare satis�ed and the full ar
hival pro
essing pro
eeds without operator intervention. This allows data pro
essingto o

ur 24/7 although shifts are only sta�ed 13 hours per weekday with 1 8-hour shift on Sunday. Before rawtelemetry is submitted to AP, the state of the AP system is 
he
ked by TT9. We have 
hosen very 
onservative
riteria for these 
he
ks, although the 
riteria 
an be modi�ed if ne
essary. The AP pro
essing system must beidle and all logs error-free. There 
an be no individual pipeline in AP in an error state unless that error is 
aggedto be ignored by an operator. All previous automated TT9 tasks su
h as disk 
leaning and ar
hive �le ingestionmust have run su

essfully. If these 
riteria are met, the next raw telemetry �les that have passed data quality
he
ks and 
ompleted qui
klook pro
essing are automati
ally submitted to AP. The automation has resulted ina signi�
ant improvement in data delivery statisti
es for Chandra.Our experien
e with the automated submission of raw telemetry to the data pro
essing system, whi
h hasbeen a
tive for more than two years, has been very positive. There have been no instan
es of preventableinappropriate raw telemetry submissions to AP during that time, and there have been no instan
es of errors inthe pro
essing that 
aused extra resour
es to resolve be
ause of the automation.2.1.5. Operational databaseInformation management and organization were identi�ed early on as fun
tions that needed simpli�
ation forDSOps. The TT9 system alone must tra
k thousands of observations, input �les and pro
esses and have diag-nosti
s available for internal 
al
ulations and 
riteria evaluation, as well as for operator use. Maintaining su
h aquantity of data in an organized and eÆ
ient manner is best handled by a database. DSOps sele
ted the MySQLdatabase server as the ba
kend for TT9 and dynami
 web pages. The de
ision to use MySQL was driven by sev-eral fa
tors in
luding ease of administration, quality of available APIs, 
ost and performan
e. A database serverthat is 
ompletely independent of the ar
hive was preferred, allowing DSOps to maintain maximal 
exibilityin response to the Chandra operation situations. The database used by TT9 is relatively simple and does notrequire many of the features that more advan
ed relational databases o�er. MySQL is an open sour
e databaseserver that is readily interfa
ed with a Perl DBI pa
kage, DBD::mysql, and satis�ed all of our requirements. Theavailable APIs also enable 
lients of many forms in
luding CLIs, GUIs and web pages. This has allowed DSOpsto maintain maximum system wide visibility and availability be
ause operators 
an monitor and manage TT9and other DSOps systems through ea
h of the 
lient interfa
es. Other missions should 
onsider these fa
tors andmore when 
hoosing the database server that will best suit all of their teams' needs.2.1.6. DSOps GUIThe primary interfa
e for monitoring DSOps system status is the TT9 GUI. The TT9 GUI is a Perl/Tk appli
a-tion that 
ontains \tabs", following a notebook theme ea
h de�ned by a parti
ular task or set of information todisplay. The goal of the TT9 GUI was to provide a highly visual end-to-end interfa
e for operators to manageTT9 and other pro
esses. Several tabs display information about telemetry �les, observations, V&V and systempro
esses. Other tabs allow an operator to 
ontrol maintenan
e tasks for AP, initiate additional qui
klook pro-
essing or modify quality 
ontrol status of input �les. An example of the tab for in
oming observations is shownin Figure 5. An example of the tab for in
oming raw telemetry �les, showing the available pulldown menu forea
h �le, is shown in Figure 6. Many tabs are simply 
lients of the TT9 database and exe
ute 
ustomizeablequeries of 
ertain tables within the database. Standardized APIs de�ne templates for new tabs and enable rapid
reation of interfa
es to most aspe
ts of DSOps systems. For example, we have re
ently added tabs to organize



the latest repro
essing e�ort 
onsisting of 5 years of Chandra data. Perl/Tk was 
hosen primarily to simplify in-tegrating existing Perl s
ripts. We found it is a well do
umented toolkit with numerous CPAN pa
kages resultingin shorter time to deployment.2.2. V&VA relatively new responsibility of Chandra DSOps is the V&V analysis for ea
h observation before it is releaseto the user or to the publi
. DSOps began doing the V&V task in January, 2005. Sin
e that time, the averagetime required to do V&V has been redu
ed signi�
antly (see Figure 1). The software is des
ribed by Evans etal., 2006.? This software be
ame available about the same time that DSOps started doing V&V, and is in partresponsible for the in
reased eÆ
ien
y.The most 
ommon reason for reje
ting a pro
essed observation in V&V is to request the removal of oneguide star from the re
onstru
ted pointing solution that has not been tra
ked with suÆ
ient a

ura
y. Another
ommon reason for reje
ting a pro
essed observation is the in
orre
t identi�
ation of the zeroth order sour
e fora grating spe
trum, whi
h results in the spe
tral extra
tion region not in
luding the entire dispersed spe
trum.An important fun
tion of the V&V pro
ess is to 
onvey information dire
tly to the user 
on
erning a
quisitionproblems or unusual 
ir
umstan
es of the observation. This is the primary means of 
ommuni
ating with the useron these issues. V&V reports in
lude information about temperatures onboard that are outside the 
alibratedrange, known software and instrument 
alibration issues that will be addressed in the future, reason for less thanrequested time, phase, and roll angle 
onstraints that were not met due to s
heduling and spa
e
raft issues, and
omplexities of the data that may require spe
ial analysis te
hniques.Most of the issues with ea
h observation are known to DSOps before the observation gets to the V&V stage,whi
h expedites the V&V pro
ess and makes the V&V reports to the user more 
omplete and a

urate. It issometimes ne
essary to 
onta
t the spa
e
raft engineers, mission planners, and instrument team members toresolve issues with observations.2.3. Spe
ial Pro
essing for Problem CasesA very small per
entage of observations fail V&V and must be repro
essed with 
ustomized te
hniques. A
on�gurable version of AP, 
alled Spe
ial AP (SAP?) is used to modify parameters in the pro
essing to obtain thebest possible s
ien
e data produ
ts. CXC Data Systems also maintains a database of data issues and pro
essingissues, 
alled the ISSUES database, that is linked to the pro
essing status of ea
h dataset. The pro
essing statusis web-available (http://as
.harvard.edu/soft/op/op pst.html) to all users. Data produ
ts produ
ed by AP andSAP are versioned in the ar
hive to allow multiple repro
essings and partial repro
essings while maintaining ahierar
hi
al system in the ar
hive that delivers that latest version of ea
h produ
t to the user.3. LESSONS LEARNED3.1. Information on the status of the system and on metri
s should be in a 
entrallylo
ated pla
e.On
e AP was delivered to DSOps for use in data pro
essing, we found that TT9 would be useful for more thanjust raw telemetry veri�
ation and qui
klook pro
essing. There was no single lo
ation providing end-to-endvisibility into AP. To determine what observations were planned, awaiting AP, awaiting V&V, distributed tothe user, or in an error state, we had to sear
h for status data in several lo
ations. Problem situations 
ouldgo undete
ted for hours or even days if this investigation was not done frequently. We developed TT9 modulesthat monitor for key data produ
ts from ea
h stage of data pro
essing and update the operational database with
ompletion times for ea
h observation. Time of 
ompletion is stored providing metri
s for ea
h stage of datapro
essing. The end-to-end status is then retrieved and displayed by the TT9 GUI for ea
h raw telemetry �leand the observations 
ontained as they progress through the data pro
essing. Color 
odes in the TT9 GUI areused to highlight error and warning 
onditions. The GUI allows evaluation of all pro
essing a
tivities at a glan
eat any time and intera
tive 
ontrol, even from remote lo
ations. The metri
s are used along with monitoringmission planning produ
ts to estimate the 
ompletion time of planned observations. This is useful for time
riti
al observations where observers request the expe
ted time of data distribution.



Figure 5. Observation ID (Obsid) TT9 GUI tab showing one observation per row in order of a
quisition. Timestampsfor ea
h stage of data pro
essing su
h as qui
klook 
ompletion and submission to AP are available. Time metri
s from theoperations database and mission planning data are used to 
al
ulate 
olumns su
h as estimated re
eipt of raw telemetry(Est Re
eived). The status 
olumn tra
ks ea
h observation from planned to V&V 
ompletion. There are 50 viewable andsortable 
olumns that 
an be displayed in the Obsid tab.



Figure 6. Raw Telemetry (Dumps) TT9 GUI tab showing ea
h raw telemetry �le in order of re
eipt and the data qualitystatus of the �le. The pull-down menu is available by highlighting a row in the GUI and right-
li
king to view moreinformation or take a
tion on the sele
ted row. Other available tabs 
an be seen at the top of the �gure, su
h as the\R3 Bat
h" tab used to organize input of large raw telemetry bat
hes to an instan
e of AP 
on�gured for repro
essing,a se
ond instan
e of the Obsid tab 
ustomized for tra
king observations going through repro
essing, and the AA9 tabtailored for monitoring and 
ontrolling AP maintenan
e. Currently, the TT9 GUI 
ontains 16 
ustomized tabs for DSOps.



The need for information management for data pro
essing suggests systems solutions 
apable of providing a
exible and easily administered database for operations as well as personnel skilled with databases. Having thispowerful tool early in a mission will en
ourage end-to-end visibility of operations and greatly in
rease eÆ
ien
y.Ea
h team should either in
lude or have available personnel that are pro�
ient in SQL and database appli
ationdesign. Su
h sta� will be invaluable resour
es to the entire mission and have the skills needed to help maintaina well organized and highly produ
tive operational group.Lesson Learned: Centrally lo
ated, realtime information 
on
erning status of all aspe
ts of the systemprevents many operator errors and allows full 
ommuni
ations. Su
h a system should be prototyped prior tolaun
h. Flexible, easily maintained databases are essential for organizing and tra
king the large amounts ofinformation that will hopefully 
ow through any mission data pro
essing group. Having the database tools inpla
e early in the mission would have saved Chandra DSOps 
onsiderable e�ort in ba
k �lling the database.3.2. Proa
tive rather than rea
tiveWe qui
kly found that we needed to be fully informed about spa
e
raft and instrument issues as they o

urred.For example, if the spa
e
raft autonomously safes the instruments due to high radiation during an observation, itis important for us to know about that before we pro
ess so we 
an determine if any s
ien
e data were 
olle
ted,whi
h di
tates how the observation is pro
essed. Also, if the �rst onboard Solid State Re
order �lls up and thereis an autonomous swit
h to the se
ond SSR, the data will be delivered to us out of time order as it is retrievedfrom ea
h SSR. We then are alerted to the need to reorder the data dumps into time order for submission toAP. There are several other operational issues that 
an a�e
t how the data are pro
essed, in
luding unusualsequen
es in the load.Lesson Learned: It is better to be in a proa
tive role and be prepared for unusual pro
essing situations thanto dis
over them empiri
ally. We have ensured that we will know about su
h issues beforehand by maintaining
ommuni
ation with mission planning, spa
e
raft operations, and ground operations. In general simply beingin
luded on e-mail lists for these groups and also attending some meetings is suÆ
ient. Co-lo
ation with thesegroups has greatly fa
ilitated the information 
ow.3.3. A 
exible front-end to the standard data pro
essing software system fa
ilitatespost-laun
h adjustments.Requirements for the software were �rmly in pla
e before laun
h and were based on the best information availableat the time. However, as with all missions, some pre-laun
h assumptions are not appropriate when the mission
ies. In the 
ase of Chandra, the pre-laun
h assumption at data from the spa
e
raft would always arrive fromthe Ground System in time order and be the best quality data obtainable proved to be in
orre
t on a fewo

asions. Sometimes a better version of the data be
omes available after the �rst delivery be
ause (1) the dataare re-dumped from the spa
e
raft, (2) the se
ond 
hannel at JPL DSN is brought in and is of higher quality or(3) the Ground System is able to �ll a data gap with data from a realtime data stream. As noted above, if the�rst SSR �lls up and data are re
orded on the se
ond SSR, the data will arrive out of order. We realized thatwe needed an automated method of sorting the in
oming data into time order and dete
ting when we needed towait for missing data before submitting the raw telemetry to AP. TT9 was enhan
ed to determine if data aremissing between raw telemetry �les and hold submissions until all data are available. TT9 also identi�es resentdata and reje
ts the original version. These 
apabilities were 
riti
al to the goal of full automation of the datapro
essing.Lesson Learned: The lesson learned is that pre-laun
h assumptions ne
essary for design of the pro
essingsoftware should be understood to be assumptions. A 
exible operational interfa
e 
an a

ommodate theseunexpe
ted situations.3.4. S
ienti�
ally motivated and 
reative personnel prove to be very produ
tive andmore permanent than entry-level IT personnel for data pro
essingData pro
essing operators at many missions are often sele
ted for their 
omputer expertise, and are generallyrather low salary personnel. However, it is a perennial problem for missions that these operators tend to staywith the proje
t for only a short time, resulting in large turnover and signi�
ant training time for new personnel.



Most of our data pro
essing operators were sele
ted based on an Astronomy or Astrophysi
s degree with veryhigh grade point average. Most have intentions of 
ontinuing to graduate s
hool in Astrophysi
s or anotherte
hni
al �eld in the future. Their interest in the s
ien
e that is being done with Chandra and the 
han
e towork with Chandra data have served to keep them interested and motivated in a job that is often is viewedas un
hallenging and repetitive for IT personnel. Strong s
ien
e majors have plenty of good software skills todevelop needed s
ripts, databases, and software design, but they also have the opportunity to learn more abouttheir 
hosen �eld and enhan
e their prospe
ts for graduate s
hool. In fa
t, 80% of data pro
essing operators atChandra have been there sin
e laun
h.Lesson Learned: Personnel with an interest in the s
ien
e goals of the mission are more dedi
ated andmotivated than IT personnel.3.5. ISSUES databaseCategorizing data and pro
essing issues and organizing the information in a publi
ly available database has beena bene�t to produ
tive user interfa
es. Issues are normally re
ognized during data quality s
reening and in thedata pro
essing system. Ea
h issue is given a number and a short explanation. Ea
h observation that is a�e
tedby the issue is then linked to the issue in the database.Lesson Learned: The implementation of web-based a

ess to pro
essing status and asso
iated informationon data and pro
essing issues has simpli�ed enormously the user intera
tion for Chandra Data Systems. Thenumber of queries from users was redu
ed greatly as soon as this web-based reporting was implemented. TheISSUES database is also an important sour
e of metri
s that are provided to NASA.3.6. Operational re
ordsWe have kept a �le for ea
h observation sin
e laun
h that has anything unusual in its a
quisition or data. Thesere
ords have been invaluable for mass repro
essing of the data be
ause no one 
an remember every unusualor anomalous situation. As it turns out, no other group has keep su
h 
omplete re
ords. Some groups 
olle
tinformation about a
quisition problems, but data problems as they a�e
t AP are not re
orded uniformly by anyother group. Data pro
essing operations should take this responsibility and not rely on any other group to doso. In the �rst years of the mission, I assumed other groups kept su
h information, but that was later revealedto be wrong. These observations reports are used by V&V, so that the information ultimately ends up in thear
hive.Lesson Learned: The lesson learned is that data pro
essing should keep full re
ords of any unusual infor-mation about ea
h obsid. Don't expe
t others to do that.3.7. Make generous estimates of hardware requirements and have the resour
es in pla
eat laun
hWe had at least one o

asion when standard data pro
essing of 
urrent data from the satellite fell behind solelydue to the la
k of suÆ
ient disk spa
e. Estimates of ne
essary hardware resour
es should not only in
ludeexpe
ted usage per observation, but also in
lude generous margins for unexpe
ted situations and growth ofsoftware system. It takes some time to pur
hase and re
eive new hardware, and it normally doesn't arrive intime to get out of a tight spot.Lesson Learned: Pur
hase hardware with a signi�
ant margin beyond the 
al
ulated average needs. Hard-ware should a

ommodate the peak rate of pro
essing, not the average.3.8. V&VIt is very eÆ
ient for the sta� members who are responsible for qui
klook pro
essing and AP pro
essing to doV&V, be
ause information learned about ea
h raw telemetry �le and ea
h observation is often dire
tly appli
ableto the V&V analysis. Be
ause DSOps personnel do V&V, they have normally already learned about anythingunusual 
on
erning an observation. Therefore, V&V analysis goes very qui
kly.Lesson Learned: It is most eÆ
ient for sta� members who normally investigate problems with data,observation a
quisition, s
heduling, and pro
essing to also perform V&V analysis. This approa
h eliminatesdupli
ate independent investigations and fa
ilitates to the delivery of the data to the user.



4. CHALLENGES MET4.1. Improvement in data distribution time and sta� redu
tionTo a
hieve the goal of full automation, several problems had to be solved.� s
ript standard tasks into one-line 
ommands� automate qui
klook pro
essing� develop algorithms for time-ordering in
oming data dumps, dete
ting when a dump is missing, and evalu-ating data quality� develop noti�
ation system for operators� develop operational GUI to allow full visibility into system and to serve as an intera
tive interfa
e withTT9 system� develop database to support GUI and maintain sear
hable information� design method of determining state of AP system� develop method of queuing and exe
uting tasks based on status of AP systemWe developed a simple system at �rst, writing s
ripts to ki
k o� sequential pipelines automati
ally from asingle 
ommand line. This system allowed us to pro
ess data with exa
tly the same tools as the ar
hival pro
essingsystem, produ
ing qui
klook data through Level 1,? or Level 2 if required. The use of a single 
ommand linesystem greatly redu
ed operator error, whi
h 
an be very 
ostly in resour
es, and later enabled full automation ofqui
klook pro
essing. The system also provided a means of dete
ting data with 
orruption or other problems thatwould prevent the pro
essing in AP. Complete automation was a
hieved with a system of s
ripts that monitorsthe state of the pro
essing (idle, pro
essing, error) of AP and ki
ks o� various fun
tions based on the dete
tedstate of the system. For example, when AP is idle, pro
essed data are ingested into the ar
hive and disk 
leaninga
tivities are initiated. The next data dump is then sent for pro
essing. The automation system is 
ontrolledwith the operational GUI, allowing an operator to in
lude or ex
lude any of the tasks from automati
 exe
utionvia a simple right 
li
k. This is seldom ne
essary. The introdu
tion of the pro
essing automation signi�
antlyredu
ed the elapsed time between the end of the observation and data distribution to the user. The personnelrequirements have also been redu
ed due to the automation.4.2. Noti�
ationsTo redu
e the amount of time needed to a
tively monitor the pro
essing, both for qui
klook pro
essing and APpro
essing, pager alerts have been set up to inform personnel of situations that need immediate attention tokeep the system running. Pager alerts are a
tivated if raw telemetry fails Level 0? pro
essing. In this 
ase, thedata may be 
orrupted and immediate response 
an allow a re-dump of the data from the satellite on the nextpass. Pager alerts 
an also be a
tivated for spe
i�
 observations, informing the operators that an observationhas �nished Level 2 pro
essing and is ready for V&V. This type of alert is used for fast pro
essing requestsapproved by the proje
t for time-
riti
al data distribution. Also, any interruption in the 
ow of realtime data
auses a pager alert to minimize any loss of realtime data 
ow to other groups in CXC. The noti�
ation systemwas 
riti
al to a
hieving automation with limited sta�.5. CONCLUSIONThe Chandra Data Pro
essing Operations has redu
ed the time required to deliver s
ien
e data to the usersfrom an average of 13 days in 2000 to an average of a little more than 1 day in 2005. The improvement is due toseveral fa
tors, in
luding the implementation of a front-end system of data quality 
he
ks, qui
klook produ
tion,and automati
 
ontrol of the data submission and ar
hiving pro
ess. The front-end system developed to a
hievethe automation, 
oupled with a database of observation-spe
i�
 information and an intera
tive GUI for systemvisibility and 
ontrol, is potentially adaptable to other missions due to a simple design and minimal intera
tionwith mission-spe
i�
 �les. V&V is done by DSOps personnel who are familiar with any a
quisition problemsand data problems for ea
h observation.
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