Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.

DSS-26

0123021023:00

00:006/19

01:00

02:00

03:00 usage

CptyUnit

Bucket #1

Bucket #2

Bucket #3Figure 3: Capacity Timeline Resource Representation5. INFERENCE ENGINEThe current version of DANS employs apriority-based inference strategy to satisfy theproject requests. Future versions willincorporate other strategies to make thereasoning process more robust.The major bottleneck of the DSN domain is theantenna resources. This is due to the fact thatthere are limited numbers of antennas available,and they can only commit to one activity at anygiven time. On the other hand, there are manyidentical subsystem resources that supportunexpected events. Subsequently, thescheduling of the subsystems is still importantbut less critical. Using a top-down approach,the inference engine can focus on conflictresolution of critical resources first. Then, itcan reason at the next level of abstraction toresolve less-critical resource conflicts. ThePriority-Based strategy exploits thisrepresentation to reason at both the antenna andthe subsystem levels.The DANS scheduling process involveshypotheses generation, conflict identification,and conflict resolution. The process ofscheduling a single activity consists of threemajor steps. First, the system generates anexhaustive list of solutions for each activityrequest at the antenna level. Second, thissolutions list is then applied to the subsystemlevel to pick the best solution. Finally, theactivity is placed onto the schedule. If theactivity addition causes another activitydeletion, the deleted activity(ies) will berescheduled immediately. For groundsubsystem maintenance activities which do notrequire antenna resources, the schedulingprocess will skip the first step(antennascheduling) and start from the secondstep(subsystem scheduling). The antennainferencing and subsystem inferencingflowcharts are shown in Figures 4 and 5.At the DSN antenna inferencing level, thesystem first selects an activity request (ACT)and extracts from the request the temporalwindow for the request (the time during whichthe project has requested a track). Thiswindow is then matched up with overlappingorbit views for the spacecraft, where an orbitview is a time period during which a specificantenna can physically view the spacecraft. Theresult is a list of one or more valid intervalswithin the window. For each possible interval,the system tries to schedule the ACT into it.When conflict arises between the ACT and thecurrent schedule, the system first tries to shiftthe ACT within the interval. If this action doesnot resolve the conflict and the conflictingactivities have lower priority, the systemidentifies the conflicted activity(ies) fordeletion.While DANS is searching for possible ways tosatisfy a request, it is tracking the cost of eachsolution. The cost of a solution reflects thenumber of tracks which the new trackdisplaces. Because scheduling further detailsof a track (more of the required subsystems)can only introduce more conflicts as a trackbecomes more completely scheduled its costcan stay the same or increase but neverdecrease. DANS seeks to minimize the displaced tracksbecause the displaced tracks at best will bemoved and at worst will not be accommodated

Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.in the final schedule. Either of these outcomesis bad, it is extremely disruptive to the projectsadjust their operations in response to a movedtrack. Indeed, it is even worse if a track that aproject was counting on is suddenly deleted.Thus, minimizing movements and deletions oftracks is key.At the DSN subsystem inferencing level,DANS first identifies all the subsystems whichare required to support the ACT. Then DANSselects the first available antenna solution, andtries to schedule the ACT to each of thesubsystems at the specified time slot.If conflict exists, it will try to resolve it asdescribed above. When a solution exists, thesystem calculates the completed solution costfor both the antenna(s) and subsystems, andcompares them to the previous completedsolution costs and next antenna solution. If thecurrent solution cost is less than or equal to theother solution costs, the system will commit tothis solution, and will schedule the ACT to thisspecified time slot. Otherwise, this solutionwill be saved for future reference.After the system evaluates all the antennasolutions at the subsystem level, it will pick thebest solution (i.e. the lowest cost solution toschedule the activity request). If this actionrequires deletion of other lower prioritizedactivities, these deleted activities will besubmitted back to the schedule as a requestimmediately.DANS uses an equation to calculate eachsolution�s cost. The equation is as follows: NAD * activity prioritySolution Cost = ---------------------------- NAD - (NAD -1) * 0.1where NAD = number of deletions required toschedule the current activity.The cost is based on the activity priority. Whenthere is no deletion required for scheduling theACT, the cost is zero. When one deletion isrequired, the cost is equal to the activitypriority. When there is more than one deletionrequired in order to schedule the ACT, the costincreases with the number of deletions.6. PRIORITY-BASED RESCHEDULING:AN EXAMPLEConsider the following example of the DANSscheduling algorithm. Initially, the DSS-14antenna and its subsystems have committedtheir resources to two activities between6:00am and 10:15am. Activity P0 has a validwindow from 7:45am to 12:45pm, andoccupies the 7:45am to 8:45am time slot.Activity P1 has a valid window from 9:15am to12:45pm, and occupies the 9:15am to 10:15amtime slot. Both P0 and P1 are DSN groundactivities with priorities equal to 4. Activity P6is a Galileo activity which requests a two hourduration between 5:45am and 10:15am on theDSS-14 resources. P6 has a priority value of 3,which is higher than the priority of both P0 andP1. Subsequently, P6 can bump these twoactivities from the timelines when conflictarises. This information is shown in Table 1.The DANS objective is to commit DSS-14 andsubsystem resources to P6 activity and tomaintain the conflict-free schedule withminimum disruption to the existing schedule.See Figure 6 for the scheduling sequences forthis example.

Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.For Each Requested Activity(ACT)Filter Valid Window With Orbit ViewsSelect Next Interval in Valid WindowTemporarily Schedule ACT for Antenna

Conflict?

Higher P r i o r i t y ?

Identify Conflicting A c t i v i t ySave Solutions

Intervals in Valid Window?

Done

Prioritize Antenna Solutions (AS)

NoYesYesNoNoYesProvide AS for Subsystem Inferencing

Figure 4: Priority-Based Antenna Inferencing Flowchart

Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.For Each Antenna Solutions (AS)Select Next SSTemporarily Schedule ACT for SS

Conflict?

Higher P r i o r i t y ?

Identify Conflicting A c t i v i t ySave SS Solutions

Empty SS List?

Done

Prioritize SS Solutions

YesNoYesNoNoYesSelect Next AS

AS Avail?

Collect Subsystems (SS) List

Schedule ACT to Best SS Solution

Lowest Cost?

YesNo

NoYesFigure 5: Priority-Based Subsystem Inferencing Flowchart

Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.For the Galileo P6 request, DANS firstidentifies all orbit views which are subsets ofthe P6 valid window. This enables DANS tofilter out the invalid gaps and limits the searchspace. For this example, there is only one orbitview existing from 6:00am to 10:00am. Thenthe system turns its attention to the criticalantenna resource to generate hypotheses. Ittraverses within the valid orbit view durationon the DSS-14 antenna timeline to identify timeslots which can satisfy the 2 hour durationconstraint. There are two valid time slots: TimeSlot 1 from 6:00am to 8:45am; and Time Slot 2from 7:45am to 10:00am. DANS schedules P6to both Time Slot 1 and Time Slot 2 to createtwo hypotheses. When P6 is place at Time Slot1 for hypothesis 1 (HY1), it causes conflictwith P0. Since P6 has higher priority than bothP0 and P1, placement of P6 within thisduration will delete activity P0 and the antennasolution cost becomes 4. When P6 is placed atTime Slot 2 for hypothesis 2 (HY2), it causesdeletion of both P0 and P1, and the antennasolution cost is 4.21053. The system then sortall the hypotheses based on the antennasolution cost in ascending order. The resultguides the inference process at the subsystemlevel without the necessity of performing anexhaustive search.The system then continues the conflictidentification at the subsystem level for bothhypotheses. Activity P6 requires sevensubsystem resources to accomplish the task.They are the LMC, SLE, TGC-A, MDA,NAR, RCV, and S-TWM. DANS identifiesresource conflicts with P0 for the LMC, MDA,RCV subsystems for both hypotheses. Thecombined solution cost for the HY1 becomes8.28571. This combined cost is then comparedto the HY2 antenna cost, which is 4.21053. Ifthe combined cost would have been less thanthe antenna cost value, the system would stophere and select the current hypothesis as thebest solution. Since this is not the case, thesystem continues on the next hypothesis andcalculates the combined cost for HY2 as8.53485.ActivityProjectPriorityOrbit ViewRequestDurationValidWindowAssignmentP 0 DSN4N/A607:45-12:457:45-8:45P 1 DSN4N/A609:15-12:459:15-10:15P 6 GLLO36:00-10:001205:45-10:15Table 1: Example Activities DescriptionBased on the result, DANS selects the firsthypothesis as the solution since it has thelowest combined cost. It schedules P6 to the6:00am to 8:00am duration and deletes P0 fromthe resource timelines. The system applies thesame process to reschedule P0 activity. Itidentifies 3 time slots to generate hypotheses asshown in Figure 6. The system identifies thefirst time slot to schedule P0 between 8:00amand 9:15am with zero cost. It stops here havingcompleted its task successfully to place theGalileo activity on the timeline without deletingany existing activities from the schedule.7. RESCHEDULING CONTEXTRescheduling DSN tracks is often necessarydue to: equipment outages, last minute trackrequests, last minute changes to scheduledtracks, and atmospheric conditions impact ontracking capabilities. Rescheduling

Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.

6:007:008:009:0010:00

P1P0P6d.Request Window

Orbit View

P0P1P6P66:007:008:009:0010:00

P1P0DSS-14 &SS Resources e.6:007:008:009:0010:00

P1DSS-14 &SS Resources

Temporal conflict b.c.DSS-14 &SS Resources

DSS-14 &SS Resources a.Time Slot 1

Time Slot 2

P0Figure 6: Priority-Based Scheduling Example; a) initial condition; b) valid time slots; c)hypothesis 1 causes P0 conflicts; d) hypothesis 2 causes P0 & P1 conflicts; e) final schedule afterplacing P6 at 6:00am and rescheduling P0 to 8:00am.can occur in two ways: (1) it can be initiatedtop-down due to a change to a previouslyscheduled track or addition of another request;and (2) it can occur bottom-up in thatequipment outages can occur or tracks can failnecessitating rescheduling. In the event of anew or modified request, DANS uses localizedsearch to consider alternative methods forsatisfying the new request (as previouslydescribed). This search uses as its boundingfunction a disruption cost measure whichaccounts for the overhead involved in movingalready scheduled tracks and also a satisfactionmeasure accounting for what level of requestshave been satisfied. Because we use branchand bound techniques DANS can guarantee thatit will provide a reschedule optimal with respectto the combined disruption and satisfaction costfunction.In the event of a change in equipmentavailability, we are currently examining twosolution methods. In both methods DANS firstupdates all resource timelines to reflect the newresource level. Then, depending on the size ofthe change there are two options. First, if thechange is localized DANS can perform branch

Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.and bound search (using the previouslydescribed cost function) to re-evaluate requestsin light of the new equipment situation.However, if the change is too large in scopeexhaustive search is intractable. For example,if an antenna unexpectedly goes down for aseveral day period the cascading effect ontracks can be quite great and thus rule outexhaustive search techniques. In these casesDANS can instead first performs prioritizedpre-emption to remove low-priority tracks toremove conflicts (by removing the lowestpriority tracks participating in each conflict) andthen re-evaluate project requests. Thisapproach requires far less search but canproduce suboptimal results (with respect to thetwin goals of minimizing disruption andmaximizing request satisfaction).8. DANS LEO-T DEMONSTRATIONThe DANS rescheduling system is currentlybeing considered for two DSN schedulingapplications: JPL Deep Space Network wideNetwork Preparation and Planning (NPP)datasets and also scheduling a simulatednetwork of automated terminals designed toservice low earth orbiting antennas (LEO-T).In this section we describe the demonstration ofDANS on the simulated network of LEO-Tantennas.As part of an investigation into alternative low-cost means of providing communicationsservices, JPL has been investigating thefeasibility of fielding a network of small (3-meter) highly automated antenna stations.These stations would use a residentworkstation to operate the antenna and becapable of unattended normal operations [9].However, such a network of LEO-T stationswould need to be scheduled automatically inorder to fully automate communicationsservices to low earth orbiting spacecraft. Sucha scheduler would accept as inputs a set ofrequests for tracks from the projects supportedby the LEO-T network and allocate coverageslots to be provided by the LEO-T stations.In a demonstration of the DANS schedulingsystem we have scheduled a simulated LEO-Tnetwork, allocating tracks in response to realprojects currently being supported by theregular DSN 26 Meter subnetwork.In this demonstration, we simulated five LEO-T sites, using actual candidate sights in order toforce realistic satellite to ground stationgeometries.StationLocationLatitudeLongitudeJPLPasadena,CA34.204819118.173223FAIRFairbanks, AK64.978001147.499239GUAMGuam,US Prot.13.589282144.868408SPITSpitsbergen,Norway8010KOURKourou,Africa5.252180-52.805959We then used five existing supported low-earthorbiting projects as the simulated project usersof the LEO-T network: sampex-1, solar-a, strv-1a, strv-1b, and topex-1. Using existingorbiting projects allows us easy access orbitalpattern and request data. For each of these projects, we then generatedrequests that each project be covered to themaximal extent possible (i.e. each projectrequested continuous coverage from allpossible stations). This was implemented bysubmitting a tracking request for each possiblespacecraft to ground station view. In somecases where view periods were quite long(e.g., for the STRV-1a and STRV-1b projects)we artificially segmented the each view periodinto 3 equal time tracking requests in order toallow the LEO-T stations greater flexibility incovering spacecraft.In the LEO-T demonstration, DANS used avery simple incremental schedule constructionalgorithm which is shown below.for each project p in Pfor request r in pattempt to place rif r causes a conflictthen remove the lowest prioritytrack participating in the conflict

Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.As the algorithm shows, DANS simplyschedules the requests by considering eachrequest and strongly preferring the highestpriority requests. Note that this simplescheduling algorithm does not reflect thatprojects do not really need all of the possibletracks and that a projects priority is generally afunction of the number of tracks that it hasreceived so far. Using this simple algorithm,the DANS scheduler was able to solve theproblems very quickly, the total problemincludes consideration of hundreds trackingactivities and 5 resources (the LEO-T stationsthemselves). DANS was able to generate theschedule in tens of CPU seconds running on aSparcstation 20 with 64MB RAM.Current efforts (see the discussion sectionbelow) involve extending the DANS system tomore accurately represent tracking requests toreflect the true number of tracks needed andhow priority depends on how globally thetracks have been allocated to a project.9. DISCUSSIONS AND CONCLUSIONSThis paper has described the Demand-basedAutomated Network Scheduling System(DANS), an automated scheduling systembeing developed at the Jet PropulsionLaboratory (JPL) to schedule DSN resources.DANS uses localized search and priority-basedpre-emption to perform priority-basedrescheduling in response to changing networkdemand. In this techniques, DANS firstconsiders the antenna allocation process, asantennas are the central focus of resourcecontention. After establishing a range ofantenna options, DANS then considersallocation of the 5-13 subsystems per track (outof the tens of shared subsystems at eachantenna complex) used by each track. DANSuses localized priority-driven, best first searchto efficiently consider the large set of possiblesubsystems schedules.REFERENCES[1] M. Deale, M. Yvanovich, D. Schnitzius, D. Kautz,M. Carpenter, M. Zweben, G. Davis, and B. Daun,�The Space Shuttle Ground Processing System,� inIntelligent Scheduling, Morgan Kaufman, SanFrancisco, 1994.[2] Deep Space Network, Jet Propulsion LaboratoryPublication 400-517, April 1994.[3] T. Estlin, X. Wang, A. Govindjee, and S. Chien,�DPLAN Deep Space Network Antenna OperationsPlanner Programmers Guide Version 1.0,� JPLTechnical Document D-13377, Jet PropulsionLaboratory, California Institute of Technology,February 1996.[3] G. Fox and C. Borden, �Low Earth Orbiter ResourceAllocation and Cpacity Planning for the Deep SpaceNetwork Using LEO4CAST,� Telecommunications andData Acquisition 42-118, pp. 169-178, August 1994.[4] R. W. Hill, Jr., S. A. Chien, K. V. Fayyad, C.Smyth, T. Santos, and R. Bevan, �Sequence of EventsDriven Automation of the Deep Space Network,�Telecommunications and Data Acquisition 42-124,October-December 1995.[5] M. Johnston & S. Minton, �Analyzing a HeuristicStrategy for Constraint Satisfaction and Scheduling,� inIntelligent Scheduling, Morgan Kaufman, SanFrancisco, 1994.[6] E. Kan, J. Rosas, and Q. Vu, �Operations MissionPlanner - 26M Users Guide Modified 1.0�, JPLTechnical Document D-10092, April 1996.[7] S. J. Loyola, �PC4CAST - A Tool for Deep SpaceNetowrk Load Forecasting and Capacity Planning,�Telecommunications and Data Acquisition, 42-114, pp.170-194, August 1993.Weinstein, S. C. Whitney, D. Zoch, M. Tong,"Developing a Scheduling System in Ada-Problems andLessons Learned." Fourth Annual NASA Ada User’sSymposium Proceedings. Hampton,VA:NASA/Langley Research Center, 1992.Wilkinson, G. R. Monetleone, S. Weinstein, M.Mohler, D. Zoch, and M. Tong, "AchievingReutilization of Scheduling Software throughAbstraction and Generalization." Computing inAerospace 10 Proceedings. Washington, DC:American Institute of Aeronautics & Astronautics,1995.[8] M. Zweben, B. Daun, E. Davis, & M. Deale,Scheduling and Rescheduling with Iterative Repair, in

Appears in Proceedings of the 1997 IEEE Aerospace Conference, Aspen, CO, February 1997.Intelligent Scheduling, Morgan Kaufman, SanFrancisco, 1994.[9] N. Golshan, W. Rafferty, C. Ruggier, M. Wilhelm,B. Haggerty, M. Stockett, J. Cucchisi, and D.McWatters, Low Earth Orbiter DemonstrationTerminal, Telecommunications and Data Acquisition42-125, March 1996.Steve Chien is Technical Group Supervisorof the Artificial Intelligence Group of the JetPropulsion Laboratory,California Institute ofTechnology where heleads efforts in researchand development ofautomated planning andscheduling systems. Heis also an adjunctassistant professor in theDepartment of ComputerScience atthe University of SouthernCalifornia. He holds a B.S., M.S., and Ph.D.in Computer Science from the University ofIllinois. His research interests arein the areasof: planning and scheduling, operationsresearch, and machine learning.Ray Lam is a member of the technical staff ofthe Artificial Intelligence Group of the JetPropulsion Laboratory,California Institute ofTechnology where heparticipates on theresearch and developent ofautomated schedulingsystems. He holds aB . S . degree in ElectricalEngineering fromUniversity of California, Los Angeles; and aM.S. degree in Computer Engineering fromUniversity of Southern California. His researchinterests arein the areas of: scheduling,operations research, and neural networks.Quoc Vu is a member of the technical staff ofthe Automation and Scheduling TechnologyGroup of the JetPropulsion Laboratory,California Institute ofTechnology where heparticipates on theresearch and developmentof automated schedulingsystems. He holds aB . S . degree in ComputerScience from California PolytechnicUniversity, San Luis Obispo; and aM.S.degree in Computer Science from Asuza PacificUniversity, California. His research interestsarein the areas of: planning and scheduling,operations research, and graphical userinterface.