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ABSTRA CT

The Chandra X-Ra y Observ atory w as launc hed in July , 1999 and has yielded extraordinary scien ti�c results.

Behind the scenes, our Monitoring and T rends Analysis (MT A) approac h has pro v en to b e a v aluable resource

in pro viding telescop e diagnostic information and analysis of scien ti�c data to access Observ atory p erformance.

W e ha v e created and main tain real-time monitoring and long-term trending to ols. This pap er will up date our

2002 SPIE pap er on the design of the system and discuss lessons learned.
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1. INTR ODUCTION

The core MT A team consists of three p eople with supp ort from other Science Op erations T eam (SOT) mem b ers,

the Fligh t Op erations T eam (F OT), and Chandra X-ra y Cen ter Data Systems (CX CDS) programmers. The

group is c harged with pro viding data, to ols, and analysis to access telescop e p erformance as it a�ects the science

qualit y and e�ciency of the Observ atory in concert with the engineers, instrumen t exp erts, and scien tists. This is

a unique program to augmen t the purely health and safet y , subsystem-sp eci�c approac h of the F OT engineering

exp erts.

Section 2 reviews and up dates the MT A pro ducts and services. W e ha v e created and main tain real-time mon-

itoring to ols capable of sending e-mail and pager alerts in the ev en t of limit violations or unexp ected spacecraft

states detected on an y of 40 critical parameters during 3 daily con tact p erio ds. The real-time telemetry stream

is formatted for easy access through a w eb bro wser or wireless device. W e also are resp onsible for monitoring

radiation data from other satellites (A CE, GOES) at all times. Eigh t y-t w o additional v alues are c hec k ed in near

real-time including temp erature and electronic hard limits and v ariable instrumen t con�gurations v ersus planned

mo des. Finally , appro ximately 1,500 parameters are a v eraged on 5-min ute in terv als and databased. This SQL

database is used for long-term trending and is accessible to instrumen t and op erations teams. A database of

p oin t source prop erties for use in PSF studies is under dev elopmen t.

Section 3 o�ers lessons learned. The Chandra MT A system is under constan t dev elopmen t to add capabilit y

and to resp ond to c hanging spacecraft needs. Automation is essen tial for our small team to pro vide 24/7 co v erage

and to main tain routine tasks. W e b orro w and reuse as m uc h co de as p ossible while dev eloping new scripts,

making v ersion con trol and prop er programming a necessary o v erhead. Data and hardw are bac kup strategies

are also considered.

Section 4 o�ers ideas for future enhancemen ts.
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Figure 1. The real-time Chandr a Snapshot bro wser.

2. PR ODUCTS AND SER VICES

Most MT A pro ducts are readily a v ailable on w ebpages, with, of course, some access restriction and passw ord

protection in certain areas. The homepage is http://cxc.harvar d. edu /m ta /so t. htm l . W e also pro duce e-mail

and pager alerts and wireless (WML) w ebpages. A t this p oin t, the primary tasks laid out b efore the mission b egan

ha v e b een completed and are no w main tained automatically when p ossible. In addition, the MT A databases

are implemen ted through Phase 2, although some bac k-�lling is still required. Phase 3 will presen t real science

metrics as oppp osed to the engineering metrics arc hiv ed th us far. This includes CTI measuremen ts and emission

lines for individual observ ations.

The ma jorit y of MT A time can no w b e sp en t on expanding the long-term trending o�erings in resp onse

to life-limiti ng exp ectations and actual anomalies. Finally , w e no w ha v e more time to create larger, in-depth

researc h pro jects ab out once ev ery t w o mon ths.

2.1. Real-time Data

The Chandr a Snapshot

�

, whic h pro vides easy access to the most relev an t information from the most recen t

telemetry . See �gure 1. The page is run using a dedicated real-time feed and underlying P erl co de to format

the ASCI I output, limit c hec k, and color co de particular items of in terest. Alerts are issued on limits violations

of the 10 most critical metrics. A cron job c hec ks for new data and up dates the v alues once p er min ute during

real-time con tacts. The CGI allo ws users to review \snapshots" from the past three da ys and incorp orates the

latest non-spacecraft data suc h as ephemeris and radiation en vironmen t information. W e also pro vide a text

only v ersion for faster access from remote or dial-up connections. A more comprehensiv e, but less sophisticated

real-time displa y of MSIDs w as created for the Fligh t Op erations T eam engineers

y

. Kno wn as the State of

Health, there are nine pages co v ering 1011 mnemonics. P ages exist for PCAD (asp ect determination), CCDM

(command and con trol), EPS (electrical p o w er supply), Thermal, Propulsion, SIM/OTG (science instrumen t

and transmission grating) Mec hanisms, a con�guration summary , o v erall summary (top lev el), and a safe mo de

summary for quic k assessmen ts of telescop e health. The design and implemen tation is similar to that of the

Snapshot, with t w o dedicated real-time feeds and nine parallel P erl scripts (one for eac h page) up dating ev ery

min ute during liv e con tacts. There is only limited state c hec king on the top lev el and con�guration pages and

no capabilit y for bro wsing to earlier ep o c hs.

MT A is also resp onsible for monitoring the radiation en vironmen t at all times. In particular, w e gather A CE,

GOES-11 (with GOES-8 and GOES-12 as bac kup), and the Costello Kp index data from solar.sec.noaa.go v.

�
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An A CE P3 (112-187 k eV) in tegrated 
uence greater than 3.6e8 particles/cm

2

/steradian/MeV within t w o hours

triggers a pager alert. W e also no w trac k XMM Radiation Monitor v alues for eac h orbit. Although the radiation

en vironmen t has b een mostly b enign for the past y ear as solar minim um sets in, w e ha v e started a record of

ev ery mission in terruption in an ticipation of the next solar max and other spacecraft anomalies

z

. As of April

18, 2006, there are a total of 61 sh utdo wns caused b y high radiation. Of those, 20 w ere commanded man ually

from the ground as a precaution, while 41 w ere triggered autonomously on-b oard. The n um b er of autonomous

trips caused b y the EPHIN c hannels E1300 (2.64 { 6.18 MeV) and P4GM (5.0 { 8.3 MeV) are resp ectiv ely 30

and 11. None ha v e b een caused b y the P41GM (41 { 53 MeV) c hannel alone.

2.2. Stored Data

Chandra stores science and engineering data on b oard and do wnloads it to Earth during eac h con tact. This

dump ed data is pac k aged and receiv ed from the Ground Op erations T eam, usually within 2 hours of the end

of the con tact. The dump is automatically pro cessed b y a P erl script. The v alues are review ed and compared

against exp ected, as-planned v alues and op erational limits using output pro ducts from mission planning and a

limits database. When violations are found, e-mails and pages are directed as appropriate. W e no w monitor

83 mnemonics in this manner, with more b eing added as required. In addition, transmission grating mo v es and

science instrumen t mo v es are captured at this stage and rep orted on their o wn w eb pages. Finally , sev eral ASCI I

databases are created to supplemen t the SQL databases used in long-term trending and sp ecial rep orts.

The CX CDS standard data pro cessing pip eline con tin ues to pro duce, on a daily basis, MT A w ebpages sho wing

quic klo ok data on science and CTI observ ations and limit violations on engineering metrics. The outputs of these

pip elines serv e as the inputs in creating the SQL databases.

2.3. Long-term T rending

The �v e min ute a v erage and standard deviation is computed for eac h monitored mnemonic and ingested in to

an SQL database.

1, 2

Curren tly there are 48 tables con taining ab out 1500 columns, divided b y subsystem. An

additional 24 tables with 500 columns are slated for future phases. These higher order tables will capture k ey

science data suc h as emission line detections and p oin t source c haracteristics.

Extracting v alues from the MT A databases, w e pro vide plots and statistics for all the monitored metrics

(MSIDs). Three iterations are p erformed on eac h metric: �v e min ute a v erage v alues, daily minim um v alues, and

daily maxim um v alues. The system attempts to predict the next six mon ths' b eha vior b y estimating a �rst and

second deriv ativ e. The �rst deriv ativ e is simply a �rst order (linear) �t to the data. The second deriv ativ e is

a �rst order �t to the slop es b et w een smo othed data p oin ts. P ast, curren t, or predicted future limit violations

are highligh ted with a green-y ello w-red color sc heme. Figure 2 sho ws an example of the trend page output. A

subsystem is run eac h nigh t, to cycle the complete list eac h w eek.

The latest strategy in our trending attempts is to de�ne op erational en v elop es for eac h metric MSID. W e

calculate a mo ving a v erage and note the extrema, minim um and maxim um v alue in eac h b o xcar. The minim um

and maxim ums are then �t with an n{th degree p olynomial. In the �gure, w e ha v e used 1 mon th b o xcars with a

6{th degree p olynomial on the left and 10 degree b o xes with a 4{th degree �t on the righ t. The goal is to b etter

describ e the actual as-
o wn data to mak e the iden ti�cation of curren t or future limit violations more apparen t

and automatic. It ma y b e b est to use a linear �t on the past 1 to 2 y ears for the b est predictions. This is w ork

under dev elopmen t.

The 
exibilit y of the w eb, P erl, and IDL, and the easy access to MT A data allo ws for the timely creation and

presen tation of customized studies called for b y v arious teams based on curren t spacecraft needs or anomalies.

Man y of these in v estigations ha v e b ecome new monitoring and trending tasks with the addition of automated

scripts and cron jobs. A few examples of the t yp es of customized studies w e ha v e done are: trac king A CIS

corner pixel, rejected ev en ts, and bad pixel trends, timing, p osition, and v oltage requiremen ts for eac h HETG

and LETG insertion and retraction, and PCAD gyro drift rates. Since last rep orted, studies of the SIM t wist,

FID ligh t drift, and IR U bias ha v e b een added.

z
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Figure 2. Examples of trending plots from the A CIS subsystem. The IDL co de p ermits plots of MSID v ersus time (left)

or MSID v ersus another MSID (righ t). The top panel in eac h sho ws the 5-min ute a v eraged data, a linear �t line, and

a smo othed curv e. The top and b ottom blue lines are the en v elop es (see sect. 2.3). The b ottom panels sho w the slop es

b et w een adjacen t p oin ts on the smo othed curv e and a linear �t, that is the second deriv ativ e. The data p oin ts in the

righ t-hand plot are color-co ded b y date in the electronic v ersion. Blue p oin ts are the earliest, from 1999; red are the most

recen t, from 2006.

2.4. Sp ecial Rep orts

The MT A team presen ts b oth w eekly and mon thly rep orts. The w eekly rep orts fo cus on limit violations, ob-

serv ations completed, fo cal plane temp erature, and the general health and safet y of the v ehicle. The mon thly

rep ort is more in-depth, lo oking at mon thly and y ear-to-date or past y ear trends.

In addition w e ha v e recen tly started undertaking in-depth studies of some factors to b e presen ted in memo

format. Highligh ts of a recen t study on the HETG energy resolution are sho wn in App endix A and on the MT A

w ebsite.

3. LESSONS LEARNED

A common complication for man y groups is dealing with di�eren t t yp es of data, input formats, programming

languages, and output requiremen ts. Our basic priorit y is often to accomplish the easiest tasks �rst o v er the

most critical. This sc heme mak es sense at the b eginning of a mission when most of the laid out ob jectiv es ha v e

nearly the same criticalit y . Ev erything has to b e done as so on as p ossible. A t this stage in Chandra's life w e

ma y b e later than desired in shifting this paradigm to a v oid only w orking on pro jects that can b e done in da ys

and nev er getting to mon th-long e�orts. F ollo wing are our lessons learned for o v ercoming these problems.

W e striv e to reduce the h uman w orkload as m uc h as p ossible, redirecting the a v ailable resources to new

dev elopmen t. Automation is essen tial. W e rely hea vily on the UNIX time daemon (cron) to autonomously

run jobs at v arious times of the da y , up dating data �les and w eb pages and monitoring pro cessing status and

telemetry . MT A's cron tab consists of nearly 100 p erio dic tasks. Most of these jobs require some t yp e of w atc hdog.

Some just write out a log�le. Others activ ely alert an op erator if there is a failure. In the case of the real-time

system, the most sophisticated w atc hdogs failo v er to an indep enden t data 
o w on another computer. There are

sev eral indicators of failure to spark an alert. F or example, input data has not up dated for a certain amoun t of

time, or has up dated in one place but another. W e also c hec k that the correct output �les or plots are created

at the end of eac h cron instan tiation. There are sev eral jobs in whic h w e ha v e not b een able to eliminate man ual

steps. Extended sources m ust b e remo v ed from Science Instrumen t Bac kground analysis, Hot pixels, cosmic ra y

hits, and pileup m ust b y considered b y a h uman in total dose calculations, radiation in terruptions are en tered

b y hand, and the zero order lo cation is determined b y visual insp ection in gratings analysis.



A t SA O and the OCC, w e are blessed with dedicated 24-hour systems p ersonnel to service �leserv ers, w eb-

serv ers, prin ters, etc. Ho w ev er, there are sev eral bac kup tec hniques emplo y ed for data and pro cessing. All of

the real-time pages are mirrored on t w o indep enden t serv ers. The pages are created from separate data streams

pro cessed on t w o di�eren t mac hines. The soft w are features automatic failo v ers of the Snapshot including alerts.

By default, the bac kup Snapshot co de is resp onsible for issuing alerts. When data is seen 
o wing on the primary

serv er, con trol of alerts is transfered via semaphore to the primary side. A t one p oin t w e w en t so far as to set

up a Y aho o group as a platform to get messages and data out in an extreme crisis. This has nev er b een used

and quic kly w en t inactiv e. The biggest problem with the man y data streams and bac kup sc hemes is k eeping

do cumen tation up-to-date. In some cases only one p erson ma y ha v e the in timate kno wledge of the inner w orkings

with little curren t do cumen tation. The use of easily up dated w ebpages helps some. Keeping co des under v ersion

con trol pro vides built-in do cumen tation.

Most of the MT A scripts had b een main tained individually b y the co de's author. Ab out t w o y ears ago w e

determined to mo v e to w ard a v ersion con trol system to b etter trac k c hanges and allo w m ultiple or new emplo y ees

understand and mo dify the co de. F or this task, CVS

x

w as c hosen b ecause it is op en-source, in wide-spread

use and simple. Up to this p oin t, only its basic utilities, suc h as c hec k out, add, commit, and log ha v e b een

needed. W e use Mak e�les and the gmak e utilit y to install upgrades and to ensure that redundan t co des receiv e

the same up dates with appropriate mo di�cations to path names, IP addresses, etc. W e striv e to use en vironmen t

v ariables and soft links in place of hard-co ded paths and �lenames. This has b een the most time-consuming and

frustrating part of the con v ersion. Usually , our soft w are cycle b egins b y testing an idea as quic kly and simply

as p ossible and ev olving the program from there. There is no clear transition from one phase to the other and

dev elopmen t go es bac k and forth from testing to co ding. Therefore, it is imp erativ e to b egin the testing phase

in go o d programming st yle, with plen t y of commen ts included. Ha ving nev er w ork ed in this en vironmen t, the

transition has not b een easy for the team. While all new pro jects are created under this pro cedure, some legacy

co de remains un b ound. W e w ould recommend implemen ting these t yp es of professional programming tec hniques

as early as p ossible.

Unlik e the 
igh t soft w are teams and data pro cessing teams, MT A soft w are is not sub ject to an y review or

appro v al pro cess. This allo ws for faster, more 
exible dev elopmen t. Muc h of our w ork is exploratory without

de�ned metho ds from whic h to write formal sp eci�cations at the onset. W e also are allo w ed to mak e c hanges

on the 
y to suit temp orary or con tingency plans. This arrangemen t has generally b een agreeable, but some

de�ciencies are noted. W e ha v e not set up a go o d, robust o�-line testing en vironmen t. When co de c hanges are

made they are often installed directly as the liv e programs. This has esp ecially b een a problem for programs

that send e-mail and pager alerts and has resulted in sev eral false alerts.

4. FUTURE ENHANCEMENTS

The MT A e�ort has b een successful in setting up its primary functioning, creating extensiv e databases, and

expanding with the needs of the mission. Man y new tasks are under dev elopmen t.

Due to the complicated, dynamic thermal ev olution of the spacecraft w e seek b etter HRMA/OBA Thermal

visualization. Along these lines, w e need a b etter understanding of the on-b oard heater dut y cycles. There is one

kno wn inconsequen tial stuc k-on heater. Some others ha v e b een susp ected, but exonerated after a painstaking

e�ort.

W e already use the Fligh t Op erations T eam's Matlab to ols to calculate Earth angles and predicted EPHIN

temp eratures, but seek a more seamless and automated in tegration. The IF OT system is another asset to b e

in tegrated, esp ecially for the comparison and v eri�cation of exp ected v ersus actual 
igh t b eha viors. (See D.

Shropshire, this v olume, for a full discussion of the Matlab and IF OT to ols.)

A h uge adv ance will b e to expand and automate our extreme v alues database. This database holds the

maxim um and minim um violations throughout the mission. This task includes automating the generation of the

daily limit violation table that app ears in the w eekly rep ort. Lik ewise, w e ha v e an idea to detect bad telemetry

b y lo oking for short (1 or 2 sample) limit violations. A couple of corruptions ha v e passed the F OT and c hec ksum

v eri�cations during the mission.

x
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There are sev eral pro cessing metrics that could b ecome part of the MT A suite. There is a general sense

of the latency required to receiv e dump data, run the MT A pip es, and p opulate the databases, but no hard

statistics. The OPS team k eeps some of this data. W e can add run times for our scripts. W e curren tly measure

disk space once daily and send an e-mail to the MT A team if capacit y is 90% or higher. W e can impro v e the

trac king of disk space and CPU usage at v arious times of the da y and nigh t to predict short-term problems, to

more cost-e�cien tly an ticipate purc hases for upgrades and to guide future missions on needs. W e curren tly k eep

trac k of an y alerts generated b y sa ving the e-mails to a folder. It w ould b e b etter to log them automatically in

an unencum b ered and searc hable format.

The en tire Science Op erations T eam is a w are of the need for disaster preparedness. The critical MT A soft w are

is quite p ortable and can b e run remotely . W e will consider and drill for scenarios in whic h w e are forced to

quic kly c hange lo cations, op erate remotely , or sh utdo wn and \safe" the system temp orarily . This preparation

need not apply only to news breaking ev en ts. The leased Chandra Op erations Con trol Cen ter space has su�ered

o ccasional p o w er outages, mostly planned, due to ma jor construction on the building it is housed in. These are

largely a non-ev en t as all op erations mac hines are connected to a generator driv en unin terruptible p o w er supply .

5. CONCLUSIONS

Monitoring and T rends Analysis b y a Science Op erations T eam is a no v el approac h that has pro v en to b e

b ene�cial. The fo cus of the group on the en tire v ehicle allo ws an unique p ersp ectiv e on correlations b et w een

subsystems to ensure the highest qualit y science output p ossible. In fact, w e ha v e ev olv ed through the monitoring

and trending tasks and are no w concen trating on using the framew ork for detailed analysis while main taining

our core duties. W e hop e that our design tips and lessons learned are useful on other missions.

APPENDIX A. E/ � E ENER GY RESOLUTION TREND

W e collected E/�E data of sev eral emission lines from all grating observ ations. The lines used are 0.825 k eV,

1.022 k eV, and 1.472 k eV for A CIS-S HETG, 0.653 k eV, 0.825 k eV, 1.022 k eV, and 1.472 k eV for A CIS-S METG,

and 0.653 k eV, 0.825 k eV, and 1.022 k eV for HR C-S LETG.

Statistics are computed b y a w eigh ted linear least square �t, and a robust �t. T o remo v e the outliers, w e

�rst compute an mean and a standard deviation of E/�E v alues, selected data inside of t w o sigma deviation

from the mean. W e also dropp ed data DOM < 100, since the SIM is not at a �xed p osition y et. The Studen t's

t-probabilities are also computed on these limited data sets. Although some trends seem mildly signi�can t b y

the w eigh t least square �t, the results b y the robust �t or Studen t's t-probabilities tell us otherwise. Note, the

robust �t cannot utilize the errors in E/�E v alue, and also cannot giv e a formal error for slop es.

Figure 3 sho ws A CIS-S/HETG E/�E trends. The red lines are computed b y w eigh ted least square metho d,

and green lines are computed b y robust �ts as describ ed ab o v e. All data p oin ts including outliers are plotted,

ev en though they are not used to compute trending lines. Although some of the plots seem to ha v e m uc h less

scattering and smaller error bars, plotting ranges of E/�E are signi�can tly di�eren t from one plot to the other,

and scatter is not m uc h di�eren t.

W e examined whether OBA/HRMA temp erature shift a�ects E/�E of observ ations. The line used in this

memo is 1.022 k eV line, since all HETG, METG, and LETG observ ations ha v e the line. The temp erature data

are collected from MT A data seek er database, and the temp erature v alues used are those of the b eginning of the

observ ations. There are sev eral cases w e could not �nd a corresp onding temp erature data due to gaps in the

database. There are also the cases in whic h recorded temp eratures are constan t for the en tire range. In these

cases, w e did not plot the relationship (man y HRMA temp eratures fall in to this case).

Although there are a few cases whic h app ear to ha v e a w eak correlation b et w een the E/�E and the temp era-

ture (an example), in general, the OBA/HRMA temp eratures do not a�ect the E/�E v alues, ev en among those

close to the gratings (a statistical signi�can t lev el is 80% or ab o v e for a n ull h yp othesis).

Figure 4 sho ws A CIS/HETG observ ations and OBA temp erature relations on top. The b ottom plot are

those with HRMA temp erature. The �tted lines are computed b y robust linear regression metho d. Note that

the plotting ranges are v ery di�eren t from one plot to the other, and di�erences in the sizes of the error bars,

and the inclines of the slop es are mainly due to the di�erences in the plotting ranges.
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Figure 3. A CIS-S/HETG E/�E



Figure 4. A CIS-S/HETG E/�E v ersus OBA a v erage temp erature (top) and v ersus HRMA a v erage temp erature (b ot-

tom).


