Slitmasks from observer to telescope: astrometric slitmask manufacturing and control for Keck spectrographs

De A. Clarke^a, Steven L. Allen^a, Gregory D. Wirth^b, and Andrew C. Phillips^a

aUCO/Lick Observatory, 1156 High St, Santa Cruz, California, USA; bW. M. Keck Observatory, 65-1120 Mamalahoa Hwy, Kamuela, Hawai’i, USA

ABSTRACT This paper documents the astrometric slitmask design, submission, fabrication, control and configuration tools used for two large spectrographs at W. M. Keck Observatory on Mauna Kea, Hawai’i. For supplemental illustrations and documents, including an online version of the poster and interactive demos, we refer the reader to

http://spg.ucolick.org/Docs/SPIE/2004.

Keywords: slitmask, quality control, process control, configuration, astrometric, database

1. INTRODUCTION AND BACKGROUND DEIMOS (a multi-object spectrograph built at Lick Observatory and deployed at Keck Observatory^7) can use as many as 11 large astrometric slitmasks per night. After the masks are designed by observers they must be milled according to use-date priority by Observatory staff, then installed by summit crew as required for each observing night. For the first 18 months of operation, DEIMOS masks were manufactured at Lick Observatory; the long-term goal was to transfer primary responsibility for mask manufacturing to Keck Observatory, with Lick’s milling facility playing only an emergency backup role. This goal has now been realised.

A substantial software effort was invested in (a) decentralised access via a Web interface for mask design submission, validation, and monitoring of mask status;

(b) automatic quality checking of submitted mask designs, with notification of anomalies sent to system administrators and observers;

(c) semi-automated delivery of mask designs to the point of milling; (d) detection of manufacturing problems and alerts to system administrators;

(e) quality control and tracking of individual masks by means of unique barcodes, which also enable semiautomated instrument configuration and fully automated image windowing for alignment frames; (f) propagation of mask design data to the point of data taking, where design data are incorporated into FITS files along with captured images;

(g) adaptation of the entire scheme for use with an older spectrograph (LRIS) which had previously relied on manual procedures for data transport;

(h) export of the software and procedures to a remote site (Keck).

Enabling milling at two widely separated sites – each with its own firewall – posed further challenges of database synchronisation and inevitable conflicts between site security requirements and ease of collaboration. We describe the scope of the problem, and the software and procedural mechanisms required to solve it. We review our correct and incorrect assumptions along the way, and summarise the strengths and weaknesses of the deployed system.

This poster documents the completion of work in progress described in previous papers and posters.^{5, 6}

Further author information: (Send correspondence to D.A.C.) D.A.C.: E-mail: de@ucolick.org, Telephone: 1 831 459 2630 S.L.A.: E-mail: sla@ucolick.org, Telephone: 1 831 459 3046

2. SYSTEM DESCRIPTION 2.1. Mask Design To design an astrometric slitmask for either of our currently-supported spectrographs (LRIS and DEIMOS) the observer uses a tool which maps objects in the sky to slitlets of specific dimension to be cut into a metal sheet. For DEIMOS this tool is called DSIMULATOR; it presents the user with a GUI representing a field of view, and allows him/her to assign slitlets to celestial objects in this field. All the observer’s thinking and drawing are done in celestial coordinates. LRIS, an older instrument, has more than one mask design application (and more than one version of same in use).

DSIMULATOR’s output is a multi-HDU FITS file containing several FITS table extensions which comprise a relational dataset with internal integrity. Foreign keys are unique in local context, within one file. The slitlet vertices are listed twice: once in sky coordinates, which we call the mask design, and once in metal coordinates, which we call the mask blueprint. [Italics are used in this paper to mark the introduction of project- or sitespecific jargon.] Although it is theoretically possible for a file to contain multiple blueprints for one design – with widely separated use dates, for example – in practise there is a one/one correlation, and designs are resubmitted in their entirety for later dates.

As well as the sky and metal coordinates of the designed slitlets, the mask design file (hereafter MDF) contains the object catalog corresponding to the slits, the desired use date, and other metadata. The LRIS design tools produce a less sophisticated output: a plain text file listing the vertices of slitlets on the milled mask, with little metadata.

The design tools offer some local error checking – for gross violations of mask boundaries, colliding slitlets and the like. Once the observer has created the mask design files necessary for an observing run, the next step is to submit them to a central database of mask designs.

2.2. Mask Submission A certain number of days prior to the observing date (this period must be set by the institution doing the mask milling, based on their staffing and mill capacity), the observer must submit the mask designs into a milling queue so that they will be fabricated as slitmasks in time for the observing night. The observer accesses a Web-based mask facility consisting of an Apache HTTP server, CGI scripts, and a Sybase RDBMS, all physically located at Lick Observatory. Registration and a password are required in order to use this system.

The webserver offers access to the database of masks via many different server-side (CGI) pages. The user can submit masks, review the current mask milling queue, verify the submitted mask designs, etc. The instrument scientist or administrator can review the milling queue, check a list of masks submitted late, find out which masks have been most recently milled, etc. This Web facility is the most visible presentation of the mask management system; users expect it to be up around the clock, every day of the week (“24x7”).

The observer may submit one MDF or a tar (or compressed tar) file containing multiple MDFs. The receiving application unpacks the tar files as necessary and infers whether each MDF is an LRIS or DEIMOS mask design. LRIS’ simple plaintext design files are converted on the fly to a FITS MDF conforming to the DEIMOS standard.

The observer may now initiate two phases of mask design acceptance. First, the MDF(s) should be sanity checked. This means that an application reads the entire file and checks for internal (relational) integrity and missing data. If required data are missing, dates have unreasonable values, or relational integrity is broken, the sanity-checker will log errors which are shown to the user as a web page. These errors must be repaired before proceeding to the next phase.

The next phase is known locally as ingestion. The user, via the CGI mechanism, runs an application which reads the MDF and converts it to SQL commands, storing the user’s mask design in database tables. The relational schema is preserved almost intact. (New unique foreign keys must be generated and used; some literal (flattened) values are converted to foreign keys on the fly.) A successful result means that the MDF has been translated into a set of new records in database tables closely isomorphic with the FITS table extensions in the MDF. It is perhaps worth noting that the mapping from one schema to the other is itself present in the MDF, in the form of a FITS table extension: the MDF contains the instructions for unpacking itself into the live database schema. Designs and blueprints, for example, are stored in two separate tables; design slits and blueprint slits are stored in two more tables; and so on. It is worth noting here that each blueprint, after ingestion, acquires a ‘status’ attribute which marks its progress through the manufacturing process: 0 marks a newly submitted blueprint (or one for which a remill has been requested), 2 means it has been milled, 9 means that it has been “forgotten” (cancelled, culled from the archive), etc.

The mask design is now archived in the authoritative (master) database. The user may access additional web pages to view his/her mask design inventory, the raw data of their mask design, and on-demand plots of their mask designs. Designated super-users are offered more options, and access to all the mask data.

2.3. Mask Auditing Twice a day, a cron job performs a complete audit of the mask data in the mainland master database. It checks for data integrity, but also for such procedural issues as masks not yet milled when the observing date is imminent. If masks have duplicate names, it automatically renames them with similar but unique names. For each new mask (submitted since it last ran) the auditor makes an attempt to extract it as FITS and convert to a mill-code file (a trial run for mask milling, see below). If any slitlets are found to be erroneous or nonsensical during this conversion, they are marked in the database and will be visually flagged in any plot of that mask design. Copious email is sent during the auditor’s run. The instrument scientist, the mask system maintainers, and the observers are notified – with warnings, errors, and advisories – of any errors and inconsistencies it discovers. Some normal conditions are also broadcast via email, such as the advent of newly-submitted masks. This serves as confirmation for observers who wish to keep their Web interaction to a minimum.

The auditor is a noisy but useful feature whose purpose is to detect mask design errors before staff time is wasted by milling erroneous designs. It is worth ingesting the mask designs prior to this audit (rather than attempting to audit the MDF file at this level of operational detail), because the auditor can use the full power of SQL queries for its task. Detailed error conditions such as bad slitlets can easily be “remembered” by modifying the stored tables, and later reported to users in graphical or text form w/o having to repeat the audit process.

One quiet but essential task performed by the auditor is to ensure that every as-yet-unmilled mask blueprint is assigned a mill sequence code. This is a two-letter alphabetic code (AA-ZZ) whose repeat cycle is long enough that it should be unique over a reasonable mask-making time period (several months). The purpose of this code is to avoid potential confusion between similar masks. All slitmasks with approximately similar numbers of slitlets look alike to the miller and instrument technicians. Users often give masks similar names, either intentionally or by coincidence. The bar code labels do include a human-readable number; but the lettering is very small and 000099 may easily be mistaken for 000090 or 000098 by someone working in uneven lighting and at an hypoxia-inducing altitude. We felt that a simple 2-letter code with a predictable sequence, which due to its brevity could be engraved in a large easily-read size, would be a valuable human-friendly primary identification for mask handling.

In addition to the mill sequence code, each mask is engraved with a “mill mint mark” indicating the location at which it was milled. This information is engraved so as to be right-way-up for the orientation of the mask as handled by the miller. The mask name and observer name engravings are rotated 180 degrees so as to be “right way up” as seen by the technician inserting the mask into the cassette (see 2.5.1).

2.4. Mask Milling After a few days the ingested mask has been audited several times, nagging emails have been sent, and we hope the observer has corrected any problems by submitting a new version of the design and deleting the old one from the milling queue. Meanwhile, on a regular schedule, an employee at the observatory (Keck) is using another tool to mill masks from the queue.

This user (the miller) runs a specialised GUI application against a local copy of the master database. The GUI runs on a Linux PC in the vicinity of a CNC mill; a hand-held barcode scanner (bar gun) is attached to the PC. When the miller starts the GUI it displays a list of recent masks: those submitted for observing dates in the future or within the last 2 weeks. Those which have been milled are distinguished by colour from those

Figure 1. Mill Operator’s GUI

which have yet to be milled, and the list is sorted first by mill status and then by observing date so that the most urgently needed unmilled masks are always at the top (Fig. 1).

Unfortunately, the only way to transfer multiple mill control files to the model of CNC mill we are using is via floppy disk. The miller inserts a floppy disk in the PC’s drive, selects one or several masks from the list, and presses a button labelled “Make the Floppy.” This triggers more complex activity behind the GUI. The selected blueprints are extracted from the mask database as FITS files, in a format very similar to that of the original MDF. These are then converted to G-code (CNC mill code) files: plain text files containing mill commands. These are written to the floppy using DOS compatibility tools.

The formatted floppy containing mill code files is then hand-carried from the PC to the embedded mill control computer (a legacy MSDOS machine) by the miller. A local CRT interface at the mill shows the floppy contents and allows the miller to select files for milling. A suitable metal blank is precisely positioned and secured in the vacuum chuck, the correct mill bit is installed, and the milling of the selected blueprint begins. The mill can run semi-attended, so the miller may perform other tasks while the mask is milled.

When the mask is finished the miller cleans it (a fairly meticulous procedure is needed to keep slitlet edges as clean as possible) and checks it for errors. The last features milled are not slitlets, but standard features such as the engraved human-readable label, alignment marks for the bar code label, and all notches or cutouts required for handling or mounting in the instrument. Thus it is obvious if the mill bit broke during milling, or if any other failure prevented completion. Other problems such as defective slitlets (burring, overmilling due to imperfect vacuum chuck operation) are not so obvious and require close visual inspection.

When the mask has been cleaned, inspected, and found acceptable, it is carried back to the PC. A permanent barcode label is applied. The miller reads the human-readable engraved label from the mask (Fig. 2); this includes the mask name and observer name, but the easiest identifying mark is the 2-letter mill sequence code (which, as mentioned earlier, is engraved in a larger font than other labelling information). The miller selects

Figure 2. Human-Friendly Engraved Label (enlarged)

Figure 3. Automatic Barcode Scanning

this mask design from a menu in the GUI – the GUI responds by echoing this choice in a very large bold font, with the mill sequence code displayed in letters almost one inch high – and then scans the barcode. This action (menu selection plus scan) associates the unique barcode with the mask blueprint ID (unique key of the RDBMS’ blueprint table) and related information; records are stored and updated in another table (the milled mask table) in the local database to preserve this mapping of barcode to design.

The miller continues with this operation until all masks needed for an observing night are complete and stored in a location accessible to the instrument technicians.

2.5. Mask Use 2.5.1. Configuration

Before the observing date the observer sends a request to the Observatory detailing, for each night of the run, which slitmasks will be required. At Keck, this information is transferred into the detailed work schedule for the instrument, published and distributed via web pages. Requested masks are identified by name and barcode number. On the schedule, a list appears consisting of available mask slots and corresponding masks.

Slitmasks are stored inside the instrument in a cassette mechanism driven by a scissors jack. Above the slitmask cassette is the fixed mount of a barcode scanner which can “see” the barcode labels on the upper rear corner of a loaded mask when the mask occupies a fairly narrow range of positions in the cassette linear travel (Fig. 3).

Prior to the observing night (usually the morning or early afternoon of the same day) the instrument technician reviews the requested configuration for the night. The technician loads the masks into the instrument, then uses a local bar gun (on the platform) to scan a command barcode from a sheet attached to the instrument; this initiates automatic mask identification. Alternatively, this auto-identification can be triggered from the main instrument control GUI in the control room or more remotely, from any place where remote observing is possible. A configuration daemon drives the instrument to scan each slitmask barcode, and determines which masks are in which slots of the cassette.

Provided no errors are detected, the instrument control system is preconfigured with the detected slitmasks. Position/name maps are written to the database as for any stage with removable elements; additionally, the mask design information (complete with the milled mask table record which assigns the bar code) is extracted to FITS files and preserved in a directory accessible to the image capture software. For each mask another config file is generated which “remembers” the location of any alignment boxes in the design (see 2.5.2). One further config file “remembers” the bar code for each mask cassette position so that the user can retrieve them via KTL keywords^1 of the form MASKBAR1, MASKBAR2 etc. (and SLMSKBAR for the barcode of any currently inserted mask).^{3, 5}

After these files are written, further utilities are run to configure and restart the hardware control daemons, the GUI is restarted, and the instrument is ready for observing. The slitmask select menu in the GUI then contains the list of mask names currently loaded.

2.5.2. Observing

When an image is taken through a mask, a KTL/FITS keyword indicates which ordinal cassette position held that mask. The image capture software looks in the directory where the instrument configuration process should have left FITS mask design data corresponding to that cassette slot. This FITS chunk (a file very similar to the original MDF) is then appended to the saved image file. The complete DEIMOS image file for a mask exposure consists of the primary HDU, followed by the IMAGE extensions (one per CCD amplifier of the mosaic readout), followed by the set of table extensions fully describing the mask design. The MDF submitted by the user weeks or months earlier has now come full circle and, in a slightly different form, returns as an integral part of every image taken with that mask. The mask design information will be essential during later data reduction.

Mask design data are also used during the observing process. Most mask designs include alignment boxes – special square slitlets positioned under relatively bright stellar objects. Throughout the night, as each new field is acquired, the relevant mask is imaged so that telescope pointing and image rotation can be fine-tuned. This procedure is conveniently semi-automatic; the box positions are predictable from the mask design data in the captured image, so a fairly simple script can figure out the offsets needed to centre the alignment objects in their boxes.

During this process, precious observing time can be saved when image readout time is shortened by reading out only a rectangular subarea of the detector (windowing down); image areas outside the bounding rectangle of the outermost alignment boxes are irrelevant. The alignment box locations saved in config files earlier are now used to set the PANE (WINDOW) keyword automatically, to exclude the irrelevant area and speed up the exposure/readout cycle.

These windowed-down direct exposures are also taken during the afternoon using comparison lamps. The object is to compare the actual positions of the illuminated alignment boxes with the mask design data; if the boxes do not appear where they should, we know the mask has buckled during insertion or is otherwise defective.

DEIMOS user D. Magee has written an application that reads the output from DSIMULATOR and produces HTML for a finding chart based on the mask design. We are considering how to integrate this user-contributed tool into the observing tool kit, and whether it can be generalised to LRIS. This development further illustrates the utility of having the full mask design data and metadata available in a standard machine-readable format during (and after) observing.

2.5.3. Post-Observing

The attachment of full mask design data to images taken with slitmasks is a powerful feature, offering many potential benefits downstream. Each image file is self-documenting. Object identification can be automated (a sophisticated image viewer such as ds9^8 could be enhanced to label each spectrum or slit with the object name, for example). Automated image processing is facilitated when the pixel positions of image features are predictable from the mask design data. The images are archivally enriched, carrying with them the contact information for the designer and submitter as well as the star catalog from which targets were drawn. The hundreds of FITS header keywords normally captured with each readout, plus the mask design data, form a fairly complete picture of the instrument configuration and the observer’s intent.^6

Maintaining an online archive of slitmask designs enables us to re-mill standard (long-lived) alignment and engineering masks on demand, as they wear out. The Web interface makes it easy for the instrument scientist, observer, miller and mask system manager to verify the state of the milling queue, the timeliness of mask submissions, and the status of any given mask design.

3. IMPLEMENTATION 3.1. Overview The mask milling system was constructed using a set of fundamental tools with which we had long and successful experience: Linux, gcc, Tcl/Tk plus extensions, Sybase RDBMS, Apache HTTP server, CVS, OpenSSH, and Ploticus. We used server-side CGI written in Tcl (using Don Libes’ CGItcl package^{10} for convenience) for all the web forms and features. The miller’s GUI was written in Tcl/Tk and the various back-end applications were mostly written in Tcl; some were in C. The DSIMULATOR mask design application is in IRAF/SPP. Small cron scripts were written in Bourne shell, csh, and Tcl variously. One astronomer/programmer wrote DSIMULATOR and two staff programmers wrote and supported all the rest. The total timeline, from concept to deployment, was about 18 months; it was not a full-time project for anyone until the final six months.

The code evolved in four phases which in retrospect appear distinct. The core applications and simple web interface were written first, mostly as proof of concept. Then the miller’s GUI was added, and mask making commenced at Lick with the understanding that our machine shop staff were acting as test subjects in addition to milling masks. Several iterations later, we had a stable mask-making system within Lick, with the intention of exporting it “as is” to Keck as soon as the new instrument had settled down. During the first year of DEIMOS operation, masks were milled at Lick and shipped via an express delivery service to Hawai’i.

During this year, the Keck staff realised that it would simplify their summit operation if the new software could handle slitmask milling for the venerable LRIS as well as DEIMOS. Keck provided additional funding for an upgrade to generalise the DEIMOS mask making suite and Lick agreed to deliver a system that supported both instruments. This initiated a third phase of development. LRIS compatibility modifications were made and tested at Lick. Meanwhile, the future Keck mill PC was configured at Lick and swapped in for the production mill PC to verify its reliability.

When LRIS functionality was verified, the PC was shipped to Keck and installed. Its configuration was tested and more patches were applied remotely. Then delivery officially commenced: one Lick programmer flew to Hawai’i to provide live on-site startup support. Keck staff received training and documentation, and milling started at Keck.

The fourth phase of development occurred after delivery. The user population more than doubled as LRIS users signed up; the number of millers at Keck was more than triple the number who had used the system at Lick. The new millers, meeting the GUI for the first time and working at 14k ft, had many requests for look-n-feel and feature enhancements. DEIMOS users started submitting more elaborate and ambitious designs. The instrument scientists requested more and different reports and feedback. LRIS users submitted design files in formats other than those we expected. All of this prompted another active period of patching and enhancement which lasted about 6 months after deployment. During this period the activity level tapered off steadily, until patches and interventions were required on average once a month. We anticipate that this rate will tail off more steeply as more time passes. We now consider the system stable with occasional bug discoveries, rather than in a state of active feature creep.

3.2. Generalisation We had always had in mind to extend the application beyond the support of one instrument. When the Keck team added the requirement to support LRIS mask submission, therefore, it was no great shock. The application was already fully generalised at the database schema level (likewise the corresponding MDF). To handle the older instrument’s masks required a set of cosmetic and typographical patches to the web pages, some extra display items and an additional menu in the miller GUI, and a filter for converting the legacy format to our standard MDF. Our long-term intention was to provide an LSIMULATOR – a clone of the DSIMULATOR design tool – for LRIS users. However, the input file filter allowed us to accept the mask design files these observers were accustomed to producing with familiar tools, so little urgency was felt on either side about the provision of LSIMULATOR. To date, it remains the only uncompleted module of the project. The funds earmarked for its development were consumed in dealing with some unexpected issues in the main system (we’ll return to this topic in a moment).

Generalising the system was relatively cheap. Our experience in modifying it to support LRIS has made us confident that it could support any astrometric-slitmask instrument at the cost of one more input filter and a few cosmetic changes. The KIRMOS team, during their design review process, expressed a strong interest in having their mask design and fabrication effort integrated into the existing DEIMOS/LRIS system. We have some hope that eventually all astrometric slit mask fabrication at Keck will be handled by this system. However, the method of barcoding slitmasks might be different for different instruments.

KIRMOS, as the acronym implies, was an infrared spectrograph design in which the slit mask exchange mechanism would have to operate in a chilled dewar. In preliminary feasibility tests we found that the barcode labels we used for DEIMOS – though allegedly rated for orbital applications – would not stick to aluminium sheet at liquid nitrogen temperatures, if the sheet was even slightly flexed while cold. This, in addition to the probability of outgassing by the label adhesive in a vacuum, convinced us that for IR applications the best approach would be to mill the bar code through the mask material and see if this “cut-out” barcode could be read by a standard scanner. We found that it could, so long as the shiny mask surface was abraded or darkened to reduce its reflectivity.

Milling the bar code into the mask is desirable even in a room-temperature environment, if the packaging permits it. The weak point in mask identification is the moment when the mill operator picks a mask from a GUI menu and scans the label on (what we hope is) that same mask. Error is possible at this juncture, and we were obliged to put quite a bit of effort into features that detect probable error (and allow the miller to correct mistaken scans). Milling the unique slitmask ID directly into the metal would be more reliable, though perhaps no more efficient due to the extra surface preparation required.

3.3. Distributed Data The greatest difficulty we encountered in the course of deploying this complex system was the synchronisation of two Sybase servers: one on Mauna Kea in Hawai’i and one at Lick Observatory in California. Various security restrictions rendered it cumbersome to achieve direct access to the Hawai’i database from remote sites. Security measures at Lick are also stringent, so that direct database accesses from Hawai’i to Lick were not cost-effective either. Furthermore, this was not a simple case of a master database whose whole content is overwritten onto a satellite server on a fixed schedule. Since milling would take place in Hawai’i using applications running against the local (Mauna Kea summit) database, the satellite server was making authoritative modifications to the mask data which had to be fed back to the master server.

The architecture of authority, in other words, was messy. The master database was authoritative for over 90 percent of table content. Hawai’i was authoritative for one table (local instrument configuration). Both servers were peers with respect to one table (the milled masks table) and one field in another table. We did not have the budget to buy a turnkey distributed database system, so we had to come up with something that would work across the two sites’ security walls and provide intelligent selective synchronisation.

Our first attempt at this was tantalising but unsuccessful. We tried to write an application which would reconcile the database contents on a true peer/peer basis, with shared authority over all tables. The application almost worked, after significant effort, but was never reliable enough for production use. We fell back to a simpler file-based update scheme, which was not peer/peer but took advantage of the asymmetries noted above; unfortunately this also was unsatisfactory. The files were simple, the concept was simple, but the housekeeping needed to resolve race conditions and provide adequate logging was excessively complex. Shipping entire database contents to Hawai’i in flat file form also taxed our limited bandwidth. We reconsidered the problem.

What we had was actually quite similar to a diff/merge problem in code versioning; we had been using CVS for years for code management. Why not apply it here? Our third attempt made use of CVS and was, finally, successful. We decided to treat the relevant table contents as plain text files to be managed with CVS. CVS access (via ssh) was already implemented between the two sites for collaborative efforts, so little additional effort was required to set up site/site communications. We were already performing daily backups of all our database servers by extraction of table contents to plain text files and CVS commits. The only missing piece was automated updating of the master server based on a CVS diff of selected content extracts.

In the current scheme, server backups are combined with the mask milling update mechanism. Every 24 hours the master server dumps its entire contents as plain text and commits the resulting files to CVS. Every 24 hours, somewhat later, the satellite (summit) server uses cvs update to obtain the latest version of database content from the master. It then re-writes its own content by deleting all its tables and recreating them using the files it has updated via CVS – except for the one table it owns.

The mask milling activity updates are passed back to the master server via CVS, by a more complex method. The satellite server, on the hour, generates a CVS diff of the two relevant mask-related tables. From those diffs a small Tcl source file is generated which contains the SQL needed to update the master server in a very specific sense, i.e.: new records in the milled masks table, and changes to the mask status flag in the mask blueprint table. Any other diffs are ignored. The resulting Tcl file is committed to CVS.

On the half hour, the master database server checks out the Tcl source from CVS and reads it. Updates from the satellite server are reviewed for acceptability: to avoid race conditions or “fighting” over the mask status when remills are requested, the satellite server is only allowed to update the mask status upward, i.e. to report milling activity. Only a mask status elevation accompanied by a matching new milled mask record will be accepted by the master server as an update from the satellite. After this vetting, the surviving SQL commands are executed to update the master server. The contents of the two target tables are then extracted, post-update, and committed to CVS. The next time the satellite server checks for diffs, the relevant diffs due to mask milling activity will have been resolved and only new diffs will be noticed.

Under this system, milling can take place at both sites. The satellite server will send its milling events back to the master server hourly, and once a day the entire state of the master server will be imposed on the satellite server. The reader familiar with RDBMS applications may have noticed that we can only get away with this method if one of the following is true: (a) mask milling takes place only in one location, and thus new-mask information can only flow in one direction; (b) the milled mask id numbers are not generated by the SQL server on record insert, but are unique across both servers, i.e. externally dictated. In our case, (b) is true, as both sites share a supply of preprinted bar code labels guaranteed to be unique.

In practise, mask milling (which originally took place on the mainland while the mask submit/mill/track system was being developed) takes place exclusively at the Mauna Kea summit. However, if a mask production crisis forced us to keep both mills in operation for a few days, the automated update system should keep working without cumbersome manual interventions.

The alert reader will also have noticed that the daily database overwrite (colloquially known as the Stomp) must be timed so as not to occur when mask milling is taking place. The timing of this event turned out to be somewhat delicate, as there are observatory operations which require realtime access to the database (instrument configuration) and the Stomp renders the database unserviceable for as long as 5 minutes at a time. We eventually settled for 0600 local Hawai’i time as the best possible moment for the database to suffer momentary paralysis.

The reader may well wonder at our apparently pig-headed insistence on a home-grown solution to this well-known problem. Surely we were aware that recent releases of PostgreSQL offer some kind of database replication/synchronisation. Why did we insist on reinventing this wheel? If we had it all to do over again, with a longer lead time and the advantage of hindsight, we might have devoted some time to a serious consideration of PostgreSQL for this very reason.

Deciding to adopt PostgreSQL for the mask making application would, however, only have been the tip of an alarming iceberg. The mask schema is an integral part of the larger removable elements database used to describe and record both ESI and DEIMOS configurations. The same schema and similar tools are used on Mount Hamilton for our PFCAM instrument, with a summit (satellite) server functionally similar to the one in Hawai’i. The instrument configuration data are relationally linked to the main metadata schema used for keyword documentation and code generation for all instruments.

The Sybase server, in short, is the infrastructure for many essential coding and observing functions. If we abandoned Sybase for one portion of the schema (mask data), our applications would then have to use two different RDBMS API, or we would have to make a major institutional decision to switch from Sybase to PostgreSQL throughout. Besides the usual overhead of new server setup and testing, data porting and cutover, this would mean porting many tens of applications, quite a few of them critical: a daunting prospect! Moreover, we had found it easy to obtain acceptance at Keck for delivered systems incorporating a Sybase server, since Keck already had licenses for Sybase and experience with the product. They were also using MySQL in-house, and seemed to have settled on these two RDBMS as their local standard. It was by no means certain that they would be happy to adopt a third database server for mission-critical applications.

We have flirted more than once in the past, as a institution, with the notion of switching to an open-source RDBMS. Each time we have thought better of it. The impact of such a move, or the ugly bandaids needed to run applications against two different database engines, would certainly have been more costly and painful even than the (admittedly elaborate) mechanism we had to construct to handle the problem of the two mask milling locations. For this problem it appeared that there were no cheap and easy solutions.

3.4. Diplomacy The export of a custom fabrication/inventory system from one institution to another necessarily involves a fair amount of collaboration, compromise, and a conscious effort to adapt the delivered system to different work habits and institutional style at the receiving end. Standardisation (i.e. inclusion of LRIS masks) was one requirement for Keck’s staff to accept the new system. However, this call for LRIS inclusion involved yet another group of interested parties: the large LRIS user community of long standing.

We briefly considered the idea of requiring all LRIS users to use an LRIS flavour of DSIMULATOR (LSIM- ULATOR), thus standardising all aspects of the mask making process. However, the LRIS community had been accustomed for over a decade to using a tool (Autoslit) from the instrument design team at Caltech. They would already be required to change their traditional means of mask design submission (FTP) and inquiry/feedback (email) in favour of our web-based system. We felt it would greatly ease the transition if they could continue using a familiar mask design tool. Thus the ability to convert and ingest legacy LRIS design files became a higher priority than writing a new (and more featureful) LSIMULATOR tool for these users. We needed information about Autoslit and LRIS design files from the LRIS software team, so in the end three major institutions had to co-operate for the project to succeed.

We feel that it was worth any momentary delays or ephemeral frustrations to maintain this backward compatibility. Cutover (the month in which Keck announced officially that LRIS users must use the new web-based system to submit masks) was relatively painless due to the effort we had put into making legacy LRIS design files work (from the user’s point of view) almost exactly like new DEIMOS files. The new file format is undeniably “better” in that it contains richer information; but a forced switch to new design software would have produced distress and resistance among the users. It was well worth the effort to soften the transition and preserve good-will.

3.5. Miscalculations and Surprises As mentioned above, the underpinnings of this mask manufacturing system (the MDF format, the database schema, sanity checking, the basic web forms for mask submission and error checking) were fairly straightforward and quickly prototyped using familiar tools. This gave us the initial impression of an easy win. We seriously underestimated, however, the additional effort needed to create a production system for use by tens of astronomers, multiple instrument scientists, and millers of varying levels of experience.

One reason for our underestimation of the task was its qualitative departure from past experience. In the past our instrument support applications have been (a) targeted to one audience/user group, and (b) deployed on a single target (a control or data taking computer). The scope of their critical operation was limited to the observing run. Generally the prime user (observer) travelled to the environment (Keck) where the software was installed, or to a remote observing room under our control.

Thus the mask-making system was a departure in several senses. It has a wide variety of users who wished to see quite different “faces” of the software and the data. It resides simultaneously in two locations and must operate 24x7. It comprises both real-time asynchronous responsiveness (to users, the millers, etc) and a synchronous “basal metabolism” of cron jobs keeping the database servers consistent. It must interact with both day and night crew schedules at the summit. The observers access the system from their home institutions via a variety of web browsers, from all over the world and at any time. The milling activity takes place more or less continuously throughout the month, during daytime working hours; its peak criticality occurs just before observing runs, not during them. There is no reliable downtime for system upgrades. The application was more diffuse, porous, and unpredictable than previous instrument software efforts. It was also tied inseparably to a physical manufacturing process with long elapsed times (from 20 minutes for a simple mask, to as long as an hour or more for one with many hundreds of slitlets).

We did not fully understand how different this application was when we started work on it. We were well into the project and committed to a delivery date when the realisation finally dawned that we were writing “amazon.com for slitmasks.”

The user interfaces required more revision than anticipated, as use patterns were established and novice users discovered all our false assumptions. The web pages multiplied as users requested different views of the data – particularly the Keck instrument scientists who use them to monitor the mask-making process and the readiness of the instrument for the next observing run. Our tool kit was flexible and relatively efficient, so each individual feature request did not cost very much; but at times it seemed there would be no end to them.

Staff at Keck Observatory had different reactions to the millers’ GUI from those of the Lick Observatory staff on whom the original version had been tested. Several iterations were required before the mill operators became comfortable with the layout, colour scheme, error reporting and other look/feel aspects of their GUI. We thought we had engineered enough friendliness and fail-safes into the miller GUI for satisfactory operation at 14k ft, but more effort was needed.

We had several experiences with variations in user input that we had not imagined or anticipated. The older instrument (LRIS) had a large community of users who are using a number of different versions of its legacy mask design software, so version differences in their design files were briefly problematic. Users found many creative ways to submit incomplete or inconsistent design data, so that for a few weeks we were kept busy patching the sanity checker and auditor to respond to new “bad data” conditions.

When a group of DEIMOS users designed “fishing” masks with over 1000 slitlets each, we discovered a whole new set of requirements. For example, the millers needed to know the slitlet count in advance in order to estimate the time required to mill these “megamasks” and prioritise the day’s milling tasks to fit in the hours available.

Reassuringly, the incident rate for gotchas and surprises declined over time, until “mask panic” events have become rare and the system operates smoothly without expert intervention for lengthy periods (multiple months). Seldom-used features such as remilling of old mask designs are still being polished, but the system is generally stable.

3.6. Maintenance As mentioned earlier, this is a very “kinetic” software system with both synchronous (cron) and asynchronous (user inputs) events interacting in a continuous cycle of information from one format to another and between two geographically distant sites. There are enough “players,” timing issues, and data integrity rules that it is hard for anyone other than the authors to understand it. Even the authors will have forgotten some of the fine detail after a year or so of uneventful operation.

In any software system of this complexity, long term maintenance is a concern. Many small software mechanisms are involved – SSH keys, CVS transactions, cron jobs, ephemeral script files, advanced features some of which are seldom used – all on multiple hosts. Once the system is deployed and stable and the authors have moved on to other projects, there is a distinct danger that no one will remember how it all works; failure could be potentially catastrophic, by the standards of an observatory where wasting “sky time” on a scheduled instrument is the ultimate failure.

We therefore tried to document the system in several different ways. We used email to report error conditions at all levels; where we feared obscurity, the email alerts contain explicit instructions and reminders for resolving the problem. Logging is verbose for all applications and cron jobs, so that one can trace interactions down to the level of individual SQL commands. We also wrote online documentation in various forms, including flow charts, module inventories, source code, and narrative; an incomplete but interesting project was to make short Flash movies showing schematic or cartoon views of the mask milling process.

We are not convinced, despite these efforts, that the system is adequately documented. The most effective user interface for documenting a system of this complexity (aside from the authors’ phone numers) would probably be a zooming metaphor such as was pioneered in the innovative Pad++ ZUI.^9 We hope to achieve some of the same effect using our existing toolkit, by means of live digraphs displayed via web pages.

4. CONCLUSIONS This paper is a success story, in that we managed the rapid deployment of a fairly sophisticated e-commerce-like application, under challenging conditions, using a small development team. The resulting system is sufficiently generalised, we believe, to handle astrometric slit masks for foreseeable optical and IR spectrographs at Keck: the initial effort can benefit several instruments. We have taken advantage of a strong persistent core kit of open source tools^{2, 4}; this encourages not only literal code re-use, but the establishment of generational inheritance and evolutionary development within the institution’s “code gene pool,” with incremental levels of sophistication and generality in successive generations or mutations built on the core kit.

The worst failure of the project was our unsuccessful attempt to tackle the nasty problem of peer/peer database synchronisation. More time was wasted on various revisions of the synchronisation solution than on any other single element of the project; and in the end we were saved by idiosyncratic features of the project which made the synchronisation problem not truly peer/peer.

ACKNOWLEDGMENTS The authors wish to thank millers Jeff Lewis and Matt Thompson at Lick Observatory; Hector Rodriguez, Chris Hunt, Bill Mason and the rest of the day crew at Keck Observatory; Dr Patrick Shopbell and Dr Judith Cohen at Caltech; and to the first brave DEIMOS and LRIS observers to try out the new online mask-making system. Thanks also to the computing support staff at Keck and at Lick.

REFERENCES 1. W. F. Lupton and A.R. Conrad, “The Keck Task Library (KTL),” in Astronomical Data Analysis Software and Systems II, A.S.P. Conference Series Vol. 52, p. 315, ADASS 1993.

2. De Clarke and S. L. Allen, “Practical Applications of a Relational Database of FITS Keywords”, Astronomical Data Analysis Software and Systems XII ASP Conference Series Vol. 125, p. 241, ADASS 1997.

3. De Clarke, “Dashboard: a Knowledge-Based, Real-Time Control Panel,” in Proceedings of the Fifth Annual Tcl/Tk Workshop, p. 9, Usenix 1997.

4. S. L. Allen and D. A. Clarke , “Three Instruments in Four Years: The UCO/Lick Data-Driven Toolkit,” Astronomical Data Analysis Software and Systems XII ASP Conference Series Vol. 216, p. 339, ADASS 2000.

5. D. A. Clarke, S. L. Allen, A. C. Phillips, R. I. Kibrick, V. Wallace, and J. P. Lewis, “Managing DEIMOS removable elements and instrument configuration”, in Advanced Telescope and Instrumentation Control Software II Volume 4848, pp. 346-358, SPIE 2002.

6. S. L. Allen, De Clarke, and Bob Kibrick, “Representations of DEIMOS Data Structures in FITS,” in Astronomical Data Analysis Software and Systems XII ASP Conference Series Vol. 295, p. 295, ADASS 2003.

7. A. C. Phillips, S. Faber, R Kibrick and V. Wallace, “DEIMOS: A Powerful New Spectrograph at Keck II,” in Bulletin of the American Astronomical Society, Vol. 34, p. 1320, AAS 2002.

8. W. A. Joye and E. Mandel, “New Features of SAOImage DS9,” in Astronomical Data Analysis Software and Systems XII ASP Conference Series, Vol. 295, p. 489, ADASS 2003 9. The official Pad++ home page http://www.cs.umd.edu/hcil/pad++/ offers an overview plus several online papers.

10. The official CGItcl home page http://expect.nist.gov/cgi.tcl/ offers an overview, documents, and examples.