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ABSTRACT 

Because of the expected increase in the number of 
missions to be supported by the Deep Space Network 
(DSN), NASA has moved away from the previous 
centralized DSN communications scheduling 
infrastructure in favor of a distributed infrastructure of 
workstations, local and wide area networks and Web-
based processing.  This architecture requires a user 

interface that allows scheduling representatives to be 
able to both unequivocally specify their requests, and to 
interactively collaborate with other users and the DSN 
Scheduling Engine (DSE) to integrate those requests 
into a master schedule with increasingly crowded 
bandwidths.  This paper describes the findings of a 

multi-year project investigating the use of intelligent 
software agents as that interface.  We restructured and 
extended our Distributed, Collaboration and Interaction 
(DCI) agent architecture, developed in previous NASA 
projects, to assist user scheduling representatives in 
preparing mission requests, processing them into the 
master schedule via the DSE, and supporting peer-to-
peer interaction with other users to resolve scheduling 
conflicts. 

 
1. MOTIVATION 

With the advent of the new exploration initiative, the 
number of customers and missions to be supported by 
the previous centralized scheduling infrastructure of the 

	  
Figure 1 Outline of the new space communications scheduling architecture.  Instead of having to help a central group of 
schedulers understand their requests and then check the resulting schedule, the user/missions will be able to directly 
change the requests in the schedule for their mission.  This will require providing the power of the scheduling software to the 
user/missions so that they can prepare requests that will be compatible with the rest of the master schedule.  This paper 
discusses how we integrated our Distributed Collaboration and Interaction (DCI) agents (shown in green) with this 
architecture.  The Schedule Coordinator Service was eventually replaced with a similar capability on the client (left) side 
(see Figure 3). 



 

Deep Space Network (DSN) will increase dramatically.  
As well, new antenna types to be developed in support 
of exploration will increase, thus increasing the 
complexity of constraints governing the use of space 
communications assets.  Finally, anticipated budget 
decreases will put added emphasis on efficiently 
managing the use of the space communications 
resources to support growing user needs.  So NASA is 
committed to a new architecture and approach to DSN 
scheduling, characterized by the removal of artificial 
boundaries – one schedule from the beginning of time, 
real time, to the end of time -- resolving conflicts at the 
lowest level, and an infrastructure of workstations, local 
and wide area networks and Web-based processing [1] 
 

Though an important hallmark of the future architecture 
will be advanced resource optimization software to 
manage the oversubscribed communications assets, 
equally important will be a radically new user interface 
paradigm to that software that must allow space 
communications missions to both unequivocally specify 
their requests and also iteratively get those requests 
integrated with those of other users in increasingly 
crowded bandwidths.  It is this last aspect of the 
interfaces – the ability to interactively collaborate with 
other users and the resource scheduling software – that 
will ensure a successful communications support 
architecture.  What makes the development of such an 
interface a significant challenge is that in the new 
regime, mission operations staff (hereafter called user 
scheduling representatives, or user reps) will be given 
direct control of the schedules of communications 
assets, allowing them to directly change request details 
(e.g., antenna resources and timeframes) while working 

with other user reps to resolve scheduling conflicts in a 
collegial environment. Such an interface must be able 
to: 1) assist user reps in generating clearly specified 
communications requests and tracking their status 
before, during and after each mission; 2) interface with 
resource scheduling software and private workspaces of 
schedules and asset configurations so the user reps may 
examine alternative requests in what-if scenarios; 3) 
take action on the part of the user rep for routine 
schedule management as allowed by mission 
preferences; and 4) intelligently support peer-to-peer 
interaction with other user reps to resolve scheduling 
conflicts. 
 
2. TECHNICAL APPROACH 

We believe such an interface cannot be developed easily 
with conventional means, but instead is best designed 
using intelligent agent technologies, resulting in an 
intelligent space communications scheduling agent for 
each user rep (see Figure 1).  Such an intelligent agency 
is the Distributed Collaboration and Interaction (DCI) 
system [2] developed by TRACLabs for other NASA 
projects, which employs liaison agents for each user, 
designed to interact with both other liaison agents as 
well as with intelligent software such as automated 
planners and schedulers. 
 
To meet the scheduling needs described above we 
tailored our DCI agency to 1) interface with existing 
space communications scheduling engines using a local 
working database of active schedule possibilities, 2) 
model user preferences for communications requests, 
conflict resolution and notification of schedule change, 
3) allow the user reps to vary the autonomy of the 
scheduling agent, and 4) to accommodate planful 
interactions for peer-to-peer resolution of schedule 
conflicts. 
 
2.1. The DCI System. 

For nearly three years we worked with the DSN user 
reps at the Jet Propulsion Laboratory (JPL) to 
understand the needs and processes involved in 
scheduling communications requests on behalf of the 
user.  This research resulted in the agent architecture 
with the five services shown in Figure 2.  The state 
management service (SMS) is the agent's memory 
system, maintaining knowledge of the user states (e.g., 
location, mission purview), the status of all relevant 
mission requests and a table of automated actions the 
DSN Scheduling Engine Service (DSES) can take on 
behalf of the user.  The location service (LS) maintains 
the online status of the user.  The User Interface Service 
(UIS) manages the presentation of all information to the 
user; its data is distinct from the form of visual display 
used.  The Notification Service (NS) connects the user 
to the outside world by managing incoming notices 

 
Figure 2 DCI Agent Architecture.  Each DCI Ariel 
(Attentive, Remote Interaction and Execution Liaison) 
Agent can be configured with a number of services tailored 
to the application users.  For the DCI scheduling agent we 
selected the five services shown above. The user accesses 
the agent via a web interface to the User Interface Service 
(UIS). 



 

based on user preferences concerning the type and 
content of the notice as well as how and when the user 
should be alerted to the new information. 
 
The DSES is a new capability developed for this 
application.  It's primary function is to carry out planful 
operations involving the DSN scheduling engine (DSE) 
on behalf of the user, such as adding and deleting 
schedule requests and running the DSE to obtain a 
conflict free schedule. 
 

2.2. Interfacing to S3 

For prototype development we used a virtual machine 
(VM) version of the Service Scheduling Software (S3) 
with a JMS Message Broker, the DSN Scheduling 
Engine, the S3 Web Server and the DSE Client that 
simulates our interface to commanding the DSE through 
the Web Server.  Figure 3 shows our overall design of 

integrating DCI with S3.   
 
Instead of a Schedule Coordinator Service operating on 
the S3 side of the DSN scheduling architecture (see 
Figure 1), we used an Event Detection Assistant (EDA) 
on the agent side that subscribes to schedule changes on 
behalf of the agents much as the user reps currently 
subscribe to schedule changes using the Web 
applications for S3.  When the EDA receives an S3 event 
it composes two possible DCI events: a schedule change 
event and a schedule problem event.  The agent DSESs 

will parse the former and display the changes related to 
their missions in the notification viewers.  Upon receipt 
of problem events, the DSESs will determine if their 
missions are affected, and if so, look at their mission 
request situations and take user-allowed actions to 
rectify the problems. 
 

 
Figure 3 Current S3 Design with DCI.  The general idea is that the agents operate on the client side of the S3 system.  The Event 
Detection Assistant can subscribe to and poll for the same events as a logged-in user rep.  The DSES for each agent can make 
workspace changes and run the DSN Scheduling Engine, via bridging software, that uses the same web protocols as a user rep 
using the S3 Web applications. 



 

As each agent comes on line, it requests an S3-bridge 
service from a bridge "factory".  DCI uses CORBA 
factories to generate just enough items to support the 
number of agents being used.  Each S3-bridge takes a 
strings of commands from the agent's DSES and sends 

them to S3 to be executed.  These commands include 
commands to the scheduling engine and queries to the 
various workspaces, including the master schedule.  
Thus, the bridge is the commanding channel for the 
DSES reactive planning system, which carries out 

actions in S3 on behalf of the user.  As each command is 
sent, the DSES waits for an indication that the command 
was successfully completed before querying for the 
results. 
 

2.3. The DCI Web Interface 

As shown in Figure 3, we have implemented an Apache 
web server to support web views of our agency, 
specifically the DCI User Interface, showing among 

 

 
Figure 4 DCI Web Interface.  An Apache Web Server provides an http interface to an agent's User Interface Service (UIS).  In 
the top picture, a toolbar shows a mission icon (Voyager1), a notice viewer icon and a logout icon.  Clicking on the notice 
viewer icon shows the received notices.  Clicking on a notice shows the notice body, such as these Voyager1 track changes.  
The bottom picture from the Spitzer mission shows that some messages contain hotlinks to the underlying schedule 
information. 



 

other things, the DCI notices (see Figure 4).  As shown 
some messages contain hotlinks to rendered schedules 
for both private and public workspaces. 
 

2.4. Support for Mission Resource Scheduling 
System (MRSS) Manager 

The user reps at JPL are coordinated as a group by the 
MRSS manager.  Through discussions with the JPL 
MRSS manager it became clear that this manager – also 
known as the scheduling process owner (SPO) – would 
need an agent of her own.  This agent would have all the 
services of the user rep agents, but its processing would 
be tailored more for oversight of the other agents rather 
than for conflict resolution and change proposals.  Our 
MRSS agent subscribes to policy and workspace 
sharing notices from all the other agents.  This was 
achieved by tailoring the MRSS notice specifications 
and by modifying some of the DSES processing for the 
SPO.  
 
To prevent unbridled contention for coveted 
communications assets, the SPO develops policies for 
setting priorities among the missions.  We developed a 
DCI policy server that allows the SPO to create and 
distribute priority policies to all agents that are then 
respected by the agents as they seek opportunities for 
their respective missions. 

2.5. Support For Change Proposals 

When conflicts cannot be resolved unilaterally, two or 
more missions must work together to find a resolution 
acceptable to all.  One of the missions proposes changes 

to the requirements of all the affected missions – a 
Change Proposal – for approval by all affected 
missions.  Missions that reject the original proposal 
must provide counter proposals.  The process continues 
until a proposal is accepted by all affected parties. In 
our demonstration we used DCI’s agent 
communications using the Agent Communications 
Language (ACL [3]) to allow agents to share private 
workspaces and propose solutions to schedule conflicts 
in preparation for developing Change Proposals. 
 
3. THE DEMONSTRATION SYSTEM 

Figure 5 shows the demonstration DCI architecture we 
used for showing the various DCI capabilities during the 
demonstration scenarios.   
 
3.1. Running the DCI System for DSN 

After the agency is launched the EDA registers with S3 
to subscribe to all changes in master schedule – for our 
scenario, this was week 37 of 2008.  Using a scenario 
control GUI we could make changes to the master 
schedule that would generate S3 schedule change 
notices.  The EDA receives those notices and does two 

 
Figure 5 The Demonstration DCI Agent System.  One ARIEL agent is assigned each user scheduling representative.  
The large green boxes are the agents whose composition was shown in Figure 2.  In our demonstration, we have 
agents for Voyager1, DAWN, Spitzer and the MRSS manager (not shown).  We also had a an agent "stub" for DSN 
operations in order to post schedule changes due to equipment servicing.  The agents receive S3 notices via the Event 
Detection Assistant (EDA), and command the DSE and query the results via the S3 bridges.  A policy server sends 
priority policies to all agents, and a demo timeserver allows for the quick advance of time during demonstrations. 



 

things: 1) prepares and sends a schedule change events 
over the agent event channel, and 2) converts the S3 
notices into track change events and schedule problem 
events, and sends them over the schedule change event 
channel.   Upon receipt of the schedule change event 
from EDA, each agent's notification service (NS), 
registered to the agent event channel, posts DCI 
schedule change notices to its notice viewer, via its user 
interface service (UIS).   
 
3.2. The DSE Service 

The DSES of each agent, registered with the schedule 
change event channel, parses the second set of EDA 
events to determine 1) what if any tracks belong to the 
missions supported by the agent's user rep, and 2) what 
if any user-approved actions should be taken to rectify 
schedule problems.  Track change notices are 
constructed by the DSES and sent to the NS.  To rectify 
mission conflicts, the DSES will command the S3 DSE 
via its S3-Bridge.  These actions consist primarily in 
downloading a portion of the master schedule into a 
private workspace, adding and/or deleting requests in 
that workspace, and then running the DSE with various 
scheduling strategies [4] on that workspace.  S3 will 
acknowledge the commands from the S3-Bridges, and 
will notify the S3-Bridges when command execution is 
complete.  When the S3-Bridge passes on the command 
completion information to the DSES, the DSES will 
query the affected workspaces (via the S3-Bridge) to 
determine the number of conflicts and/or violations that 
still remain.  DSES also prepares and sends notices to 
the NS concerning the progress of actions taken on 
behalf of the user.  Notices appear in the DCI Web GUI 
for each user rep (see Figure 4). 
 
4. DEMONSTRATION SCENARIO 

We used an over-arching scheduling scenario 
throughout our research, refining the details as we 
uncovered issues and requirements throughout the 
project.  At the outset, a negotiated problem-free 
schedule exists in a mid-term horizon, that is, more than 
eight weeks prior to the sequencing of commands to the 
Voyager1 spacecraft. 
 
The MRSS manager has set a priority policy concerning 
the use of 70-meter (70M) antennas, DSS-14 and DSS-
63.  For these assets, Spitzer has priority access, and 
then, given that Spitzer doesn't use the assets, both 
Voyager1 and Dawn have equal priority.  Priority 
agents must decide on the use of new assets within eight 
hours of availability.  This policy is distributed to all 
users via their DCI agents. 
 
Voyager1 has a previously prepared alternative 
communications request – a contingency – in case one 
of the 70M assets it has scheduled becomes unavailable.  
While DAWN is not currently using any 70M assets, it 

has a previously prepared opportunistic request for 70M 
assets should any become available. 
 
4.1. Day 254, Schedule Week 37, 8a.m. 

Changes in the master schedule from the night before 
show that new time on DSS-63 has become available.  
DAWN could use the assets with its contingency 
request, but honors Spitzer's priority.  Spitzer chooses to 
defer exploiting the asset until later in the day. 
 
Next the DSN maintenance group schedules 
maintenance for DSS-14 and DSS-63.   Both Voyager 
and Spitzer missions are affected since they both have 
scheduled time on DSS-14.  Voyager's DCI agent 
successfully replaces its original request with its 
contingency request, but Spitzer's agent can find no 
alternative request and informs its user of the 
unresolved conflict with the DSN maintenance group. 
 
The DCI agent for the MRSS SPO notes the conflicts 
and Voyager's resolution. 
 
4.2. Day 254, Schedule Week 37, 10a.m. 

The DSN maintenance group removes the maintenance 
requirement on DSS-14.  Now, besides DAWN's 
opportunistic 70M request, Voyager could attempt to 
restore its original request, but both missions must defer 
to Spitzer, which has priority.  Spitzer chooses to defer 
exploiting the asset until later in the day. 
 
4.3. Day 254, Schedule Week 37, 6 p.m. 

After eight hours with no indication of use of the new 
70M tracks, the Voyager1 and Dawn DCI agents query 
Spitzer's agent about its intent to use the new assets.  
The Spitzer DCI agent queries its user who instructs the 
agent to relinquish the assets.  The Spitzer DCI agent 
informs the other agents it will forego the use of the 
new assets. 
 
The Voyager1 DCI agent uses its DSE to successfully 
replace its fallback with its original request.  Likewise, 
the Dawn DCI agent uses its DSE to successfully 
replace an original request with its 70M opportunity 
request. 
 
Since both missions have equal priority, Voyager1 and 
Dawn DCI agents inform each other that they have 
given permission to view the other’s local workspace.  
The MRSS agent monitors the new requests for priority 
assets. 
 
Based on the new workspace permissions, Voyager and 
DAWN each prepare change proposal workspaces.  
Voyager applies DAWN’s opportunistic request to 
Voyager's new workspace and DAWN applies 
Voyager's original request to DAWN's new workspace.  



 

These two workspaces, along with their conflicts, will 
serve as starting points for Change Proposal 
negotiations. 
 
5. FINDINGS 

Our experiences developing these prototypical agent 
capabilities while working with the JPL DSN user reps 
have borne out the opportunity and the usefulness of 
software agents to support the scheduling of DSN  
communications.  These are summarized in this section. 
 
5.1. Opportunities for Intelligent Agents 

The several ways we originally hypothesized that 
intelligent agents could be useful in support of the DSN 
user scheduling representatives have been shown to be 
valid now at the end of the project. Agents can actively 
monitor 24/7 for mission specific changes in schedules 
then detect and notify user reps of mission specific 
schedule events – asset changes, request conflicts and 
unexpected opportunities – in time to take useful action.  
Agents can run the scheduling engine in the background 
on the user’s behalf by applying standard repair 
strategies for schedule problems and by applying 
contingency requests and adding new requests to take 
advantage of opportunities.  And they can aid in the 
Change Proposal process by alerting users of asset 
changes and approaching deadlines, generating 
schedules automatically from proposed changes that are 
compliant with asset use policies, and sharing schedules 
to start the Change Proposal process. 
 
5.2. Demonstrated Agent Capabilities 

Through the demonstrations carried out in the selected 
scenario, we were able to realize agent capabilities that 
have the potential to magnify the talents of the user 
scheduling reps as well as provide for effective 
coordination among users during periods of conflict and 
change.  The DCI agent notification service (NS) 
maintained a user-specific notification model that 
included specifications of the types and content of the 
messages to be received and how they were to be 
displayed.  Such notices included asset changes, track 
changes, schedule changes and events from other DCI 
agents.   
 
Besides recording the changes in the online status of a 
user rep, the SMS’s main task was to maintain an 
abstract record of the missions’ requests and their status.  
The request information included the activities 
supported by the requirements in the request, the 
preferred assets and pointers to other requests that could 
serve as contingencies or opportunistic replacements for 
the request. 
 
The DSES was a key agent service in support of user 
scheduling reps. The DSES monitors the schedule 

change and schedule problem events from the EDA, 
extracting from them information specific to the 
supported missions.  The DSES composes track change 
notices for both types of events, and determines if there 
are opportunities in the new schedule situation for 
obtaining better antenna coverage for its missions.   
With schedule problem events, the DSES determines if 
any of its missions are involved in the schedule 
conflicts, and if so, determines if the schedule situation 
allows for the application of contingency requests.  
Contingencies are mission-specific requests whose 
requirements are often less restrictive than the mission’s 
published minimums. 
 
Given the opportunity to obtain better coverage or a 
situation that warrants using a contingency, the DSES 
can, with user approval, take action on the part of the 
user by sending command scripts to the DSE.  These 
commands include pulling a copy of a part of the master 
schedule into a local workspace for processing, adding 
and deleting requests, and running the DSE using 
various strategies to obtain a conflict free schedule.   In 
our demonstration, one agent’s DSES replaces a request 
with conflicts with a contingency and thus unilaterally 
resolves the schedule conflicts.  Later another agent’s 
DSES applies a contingent request to obtain coverage 
by a larger antenna.  All of DSES’s activities respect the 
current MRSS active policies. 
 
A DCI capability we expanded in this application was 
the exchange of information among the agents in 
support of coordinating Change Proposals.  When 
conflicts cannot be resolved unilaterally, two or more 
missions must work together to find a resolution 
acceptable to all.  One of the missions proposes changes 
to the requirements of the affected missions for approval 
by all affected missions.  In our demonstration we used 
DCI’s agent communications and Agent 
Communications Language (ACL [3]) to allow agents 
to share private workspaces and proposed solutions to 
schedule conflicts in preparation for developing Change 
Proposals. 
 
Lastly, we developed a DCI policy server that allows 
the SPO to create and distribute priority policies to all 
agents that are then respected by the agents as they seek 
opportunities for their respective missions.   
 
5.3 Potential Benefits of Agents 
 
In order to better characterize the usefulness of an agent 
approach to DSN scheduling, we identified the 
following potential benefits: 
 

• Improve schedule timeliness by responding to 
changes as soon as possible, 

• Reduce human effort by automating some 
scheduling tasks, 



 

• Reduce human error potential by tracking 
changes affecting the mission and reminding 
the mission of its deadlines, 

• Improve situation awareness of how well a 
mission’s requests have been met, 

• Promote team coordination, especially during 
change proposal negotiation, and 

• Improve schedule quality for a mission by 
detecting mission-specific impacts of change 
and attempting to correct these impacts at 
every opportunity. 

 
Next we estimated which of these benefits might accrue 
from each agent function identified by this study. These 
estimates were informed by our prototyping experience 
with software agents for S3 scheduling during this 
project (we demonstrated 9 of the 15 agent functions 
identified for use in S3 scheduling situations).  Figure 6 
summarizes these expected benefits. 
 

From Figure 6 we conclude that most agent functions 
have potential to improve schedule timeliness and 
quality, and to reduce human effort in producing 
schedules. Other potential benefits of these agent 
functions include reduced human error, improved 
situation awareness, and better team coordination. 
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Agent Function Demonstrated
Improve 

timeliness

Reduce 

human effort

Reduce error 

potential

Improve 

situation 

awareness

Promote 

Team 

coordination

Improve 

Schedule 

Quality

Automatic sequence S3 strategies X X X

Score schedules for missions X X

Mission specific services (cluster schedules) X X

Mission specific notice filtering X X X

Check track status X X X

Reschedule with fallback for non-impact change X X X X

Reschedule with fallback for high-impact change X X X X

Negotiate among agents for change proposal lead X X X

Collaborate with agents for joint change proposal X X X X X

Manage multiple concurrent proposals X X X X X

Build new change proposal when user rejects old X X X

Track change proposal status X X X

Manage deadlines X X X X

Use new asset as possible and permitted X X X X X

Manage compliance with priority policies X X X X X  
Figure 6 Expected Benefits for Each Agent Function 


