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Abstract

This article contains a retrospective overview of con-
nected work performed for the European Space Agency
(ESA) over a span of 10 years. We have been creating and
rening an AI approach to problem solving and injected a
series of deployed planning and scheduling systems which
have innovated agency’s mission planning practice. Goal
of the paper is to identify general lessons learned and
guidelines for work practice of the future. Specically,
the work dwells on issue related to some key points that
have contributed to strengthen the effectiveness of our ap-
proach: the attention to domain modeling, the constraint-
based algorithm synthesis, and the development of an end-
to-end methodology to eld applications. Desirable fea-
tures of space applications useful for protable and suc-
cessful deployment on different ground segment opera-
tions are also discussed.

1 Introduction

Our research group has developed a continuous col-
laboration with the European Space Agency (ESA) over
a span of ten years. Topic of this collaboration has been
the injection of ideas from the AI planning and schedul-
ing research area to support operations of real missions.
As summarized in Figure 1 we have performed activities
in different directions:

– In “product driven” activities we have developed
solutions for specic mission problems. For ex-
ample in a fruitful collaboration with the Mission
Planning Team of the Mars-Express mission at
ESOC we have addressed specic problems con-
nected with data/command management from/to the
remote spacecraft. This effort resulted in two oper-
ational prototypes currently in daily use at mission
control center at ESA. In particular Mexar2 supports
the downlinking problem of the Mars-Expressmem-
ory [7], while Raxem [5] and its strengthened ver-
sion Raxem2 [3], resolve the complementary prob-
lem of the uplink of operational commands to the

probe. Such an approach inevitably entails a huge
implementation effort in terms of development: spec-
ication extraction, design, implementation, mainte-
nance.

Figure 1. A summary timeline showing the
work of Planning and Scheduling Team
for the European Space Agency

– In “process driven” activities we have attempted
at developing general purpose tools for facilitating
the design and synthesis of new products. In par-
ticular within a larger project that spanned from
2007 to 2009, called the Advanced Planning and
Scheduling Initiative (APSI) we have developed
the Timeline-base Representation Framework (Apsi-
Trf) [9]. APSI aim was to develop a general frame-
work to improve the cost-effectiveness and exibil-
ity of the mission planning systems (MPS) develop-
ment. The tool offers a Java plaform with primitives
to capture the specicity of an application domain
and a given problem, thus fostering rapid and fast
prototyping. An example of such support is repre-
sented by the MrSPOCK a operational product for
Mars-Express long term planning. A new example
of “process driven” approach is the GOAC project an
ongoing activity for designing future generation of
robotic controllers [20].

This paper aims at presenting a comprehensive picture on
these activities and an attempt at drawing general points
that emerge from the work. In revising our collabora-
tion with ESA we focus also on the open challenges and
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lessons learned. An inspiring paper has been [12] that
contains a similar effort at gathering a number of lessons
learned while deploying automated planning and schedul-
ing systems for space applications at the Jet Propulsion
Laboratory. Similarly to that work, we here report on our
experience and try to give an updated vision of the open
challenges and achievements of AI based solutions for
space contexts. One specic aim we have is to highlight
our steps toward the consolidation of a robust methodol-
ogy for fast development of ground segment mission plan-
ning support tools, showing the transition from a “product
driven” approach to a more general and structured way of
working, “process driven”, based on a general open frame-
work.

Plan of the paper. In the following Section 2 a brief in-
troduction of the single activities creates the context for
the critical discussion. The subsequent Section 3 presents
the lessons learned according to two main dimensions:
the rst dimension suggests somemore general challenges
and issues that are recurrent when designing applications
for space contexts; the second dimension addresses a more
pragmatic aspect which is related to the ideal character-
istics that a planning and scheduling application should
possess. Some conclusive remarks end the paper.

2 Deployed Work

Aim of this section is to provide the context for the de-
bate on the various challenges and lessons learned during
the development of planning and scheduling applications
within the ESA space environment. More in particular it
illustrates the sequence of systems developed for ESA by
the Planning and Scheduling Team at ISTC-CNR.

The opportunity for a fertile collaboration with ESA
has been given by the Mars-Express1 interplanetary mis-
sion, launched by ESA in June 2003 and prolonged until
31 December 2012. The Mars-Express probe has cre-
ated the opportunity for providing spectacular images of
Red Planet and other valuable data such as high-resolution
photo-geology, mineralogical mapping and mapping of
the atmospheric composition, study the subsurface struc-
ture, the global atmospheric circulation as well as the in-
teraction between the atmosphere and the subsurface, and
the atmosphere and the interplanetary medium.

The mission has been the rst of an ESA program
for using a rapid prototyping design and that implemented
concepts of re-using of modules between different mis-
sions to shorten both development time and costs. Given
the relatively short design time the actual operational
phase presented some problems that were seriously able

1http://www.esa.int/SPECIALS/Mars Express

to prevent a full exploitation of the mission activities. For
example the memory dump problem had been underesti-
mated before launch and actually impacted on the return
of scientic data. In this scenario, our work has been com-
missioned by ESA to solve different subproblems identi-
ed within the mission planning management. This effort
led to the development of several prototypes that quickly
were turned in operational modules given their effective-
ness. They are now operating in various parts of the mis-
sion planning cycle.

Indeed the success of the rst Mars-Express planning
products has opened the possibility within the Agency for
more general initiative dedicated to improve the synthesis
of more innovative products – hence the APSI project for
example.

2.1 Mexar and Mexar2
Mexar2 is an advanced software tool based on the

interactive problem solving architecture deployed to ESA-
ESOC during 2004 and which is operational on a daily
basis since beginning of 2005. Mexar2 is devoted to the
support of data dumping activities of Mars-Express, and
it is an operational version of a prototype named Mexar,
synthesized during a previous study, 2001 to mid 2002.

Figure 2. The Mars-Express memory
downlink and command uplink prob-
lems

TheMex-Mdp problem and its criticalities. TheMex-
Mdp problem is an important aspect within the overall pro-
cess needed to manage science data return (see Figure 2,
left part). The space-probe continuously produces a large
amount of data resulting from the activities of its pay-
loads and from on-board device monitoring and verica-
tion tasks. All these data are to be transferred to Earth dur-
ing bounded downlink sessions. On board data generally
require to be rst stored in an on board memory and then
transferred to Earth. The on-board memory is subdivided
into different banks, called packet stores, in which both
scientic (science from payloads) and spacecraft manage-
ment data (housekeeping) can be stored. Each packet store
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assigned to science data is managed cyclically, so in case
new data are produced before the previous are dumped to
Earth, older data are overwritten and the related observa-
tion experiments have to be re-scheduled.

The main problem to be solved consists in synthesizing
sequences of spacecraft operations (dump plans) that are
necessary to deliver the content of the on-board memory
during the available downlink windows.

The most important criticality of the problem was the un-
certainty in the data production. In particular, due to dif-
ferences in compression algorithms the amount of data
produced by some of the activities are not exactly pre-
dictable in advance creating once in a while the need to
quickly recompute the short term plan before the com-
mands uplink.

The previous management of the problem ended up
being very time consuming because mission planners
were essentially proceeding by “Trial and Error” on a tex-
tual plan. In addition, the activity of “manual” rene-
ment was possible having a reference period of one or two
days but was cognitively very difficult on a larger horizon.
Overall this planning process too often produced dump
plans not sufficiently reliable with respect to overwriting,
and also entailed a signicant amount of time spent on
repetitive and tedious low level tasks.

The Mexar and Mexar2 solution. Three years before
operations, authors have had the opportunity to study the
memory dumping problem of Mars-Express. This previ-
ous experience produced Mexar [8], a demonstrator able
to solve a core problem close to the current one and started
a trustful interactionwith the mission planners. The proto-
type was never tested on real data because not available at
that time, but different algorithms were developed based
on a CSP approach [29]. The daily dump plan synthesis at
ESA was so critic, and time consuming for humans, that
in June 2004 we received a detailed description of the real
data format and have been entrusted with the task of pos-
sibly improve the current work practice.

Since February 2005 an interactive AI tool, named
Mexar2 is entered in the daily loop of mission practice.
An AI based solver nds an initial solution and allows
users to inuence the solving process by manipulating
“modiers” (input parameters), and preserves users’ re-
sponsibility on the choices [7]. A main advancement for
the solver has been to solve multiple mission days prob-
lems while the interaction part offers to the mission plan-
ners a set of additional statistics and information on the
current solution and the possibility to obtain and com-
pare different solutions. Mexar2 has signicantly in-
creased the science data return and reduced the mission
planning team’s workload by half, compared to the previ-

ous method. Science data are generally available on Earth
as early as possible and overwrites of the science packet
stores are minimized. The tool has also contributed to re-
duce the mission costs thanks to a better managements of
the ground stations reservations [4].

2.2 Raxem and Raxem2
Raxem and Raxem2 are subsequent versions of a soft-

ware tool deployed to ESA-ESOC for the continuos sup-
port to commands uplink activities for Mars-Express de-
signed to help mission planners in managing the uplink of
tele-commands (see Figure 2, right part).

The Mex-Up problem and its criticalities. The Mars-
Express spacecraft is not able to plan and execute science
operations in a fully autonomous way, hence its plans ar-
rive from the ground on a continuous basis. A particular
on-board memory block, called Mission TimeLine (Mtl),
is replenished by uploading telecommands (TCs) from the
ground (see Figure 2, right part).

The spacecraft activities for each month are deter-
mined in accordance with the Medium Term Plan (MTP)
for the concerned period (typically 4 weeks). Based on
the given MTP various operations requests (OR) are gen-
erated. During the daily planning activity the operations
requests are converted into Mtl Detailed Agenda Files
(Mdaf) by the Mission Planning System: the Mdaf ex-
pands these operations into time-tagged tele-commands
which are transferred to the spacecraft. On-board the
spacecraft the TCs reside in the Mtl buffer ordered by
execution time. At the specied execution time, each TC
will be released and removed from the Mtl. Two con-
straints make this problem hard: the limited bandwidth
of the transmission channel and the nite capacity of the
on-board memory (Mtl) where the commands have to be
stored, waiting for the execution.

The Mex-Up problem consists in producing an uploading
plan for the set of Mdafs, considering the available up-
link windows, the status of the Mtl, and the priority of
eachMdaf.

Some critical aspects of the problem have revealed the ne-
cessity of an intelligent support for the uplink manage-
ment: (a) uplink is an incremental process so there is a
need to dynamically manage a current plan; (b) there is al-
ways need to insert additional command sets to upload for
some emergency or unforeseen events; nally (c) planning
uplink is a continuous task that, even being very important
for the mission, tends to become routine hence inevitably
prone to errors.

Raxem and Raxem2 solution. Both Raxem and Raxem2
use an AI constraint-based modeling and solving ap-
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proach to plan each command le for uplink, retaining a
backup window wherever possible, keeping the on-board
timeline as full as feasible, and ensuring the safety of the
spacecraft at all times. The solver employs a constructive
algorithm which provides a good trade-off between speed
and optimality of the solution [5, 3]. The user can provide
hints to the solver. Planning parameters can be altered for
individual Mdafs. The possibility of tuning the solution
is provided allowing to perform what-if analysis. A key
point of both Raxem and Raxem2 tools is to support the
continuity of work of mission planners. They are in con-
tinuous contact with payload PIs and may receive com-
mands to be uplinked distributed over time including the
possibility of having to accommodate new activities in a
short notice. As a consequence tools have been endowed
with an interaction layer that supports incremental plan
denition and management (see the specic discussion on
plan management in [5].

In addition, in Raxem2 a further module has been
added that better supports the complete and continuous
management of the uplink problem. Previous work prac-
tice in fact turned out to be highly fragmented: Raxem
was part of a loop which entailed the use of an external
semi-manual process in order to produce the Spacon In-
struction Form (Sif) needed to the operator to execute the
uplink plan and to maintain an updated detailed informa-
tion of the on-board memory dedicated to commands sta-
tus. This led to the need of having a tool to better embrace
the whole work cycle in a more organic and rational way.
The new Raxem2 generates Sifs and populates a database
which records the uplink history, maintaining also track
of users’ responsibilities and guaranteeing a continuous
complete control on the uplink steps.

Thanks to Raxem2, engineeringworkload has been re-
duced from ve hours to below one hour. The software
was up to expectations with respect to plan generation
handling of emergency solution feasibility. Plan manage-
ment has proved to be a very valuable feature to minimize
human errors during continuous operations.

2.3 The APSI project and the Apsi-Trf
Both the above described projects are examples of

great success in introducing AI techniques within ESA
mission planning contexts, and have shown clear advan-
tages in term of performances and users’ satisfaction.
However, it is worth highlighting how a great effort and
amount of time has been necessary to both understand the
problems, capturing all the specicities, and to create a
model of the relevant aspects of the domains and the prob-
lems themselves. The work done for Mexar2 has been in
some way useful for the Raxem2 tool, but in general the
development process has been time-consuming and ex-
tremely demanding. In addition bothMexar2 and Raxem2

were devoted to solve very specic and isolated problems,
while the space missions offer many opportunities for re-
lying on AI P&S to solve problems. This experience sug-
gested us to operate in a more systematic way trying to
identifying commonalities and similarities among the dif-
ferent domains and problems within the space contexts,
with the aim of developing a more general and exible
approach that can be applied to different cases. The gen-
eral pursued idea is the one of improving the “process” of
tool development taking advantage of the state of the art
planning and scheduling technology.

The opportunity to investigate in this direction has
been provided by the APSI (Advanced Planning and
Scheduling Initiative) project, an ESA initiative to de-
velop an open framework for the exible support of mis-
sion planning systems. The result of this project has
been a quite general software framework, named Apsi-Trf
(where Apsi-Trf stands for Timeline-based Representa-
tion Framework), which provides the basic elements for
modeling the relevant entities in the space contexts [9]. In
these contexts the relevant aspects are represented by the
ability to deal with time, resources, description of oper-
ational modes, and synchronizations among events. The
Apsi-Trf offers a structured library for managing effec-
tively and efficiently these elements and provides the ex-
ibilities to model different domains and problems. It is
centered on the concept of timelines which describe fea-
tures that evolve over time, a concept that is particularly
suitable and close to the way of working of humanmission
planners, thus offering also a goodmetaphor for managing
the interaction with the users.

The Apsi-Trf has been shown at work, for the mod-
eling and resolution of a problem identied within the
Mars-Express program. In particular the Apsi-Trf has
been used by our team to deploy an application, named
MrSPOCK, described below, that is devoted to the sup-
port of Mars-Express Long Term Plan synthesis.

2.4 MrSPOCK
MrSPOCK is an application developed to support the

collaborative problem solving process between the sci-
ence team and the operation team of the Mars-Express
mission.

The Mex-Ltp problem and its criticalities. The two
groups of human planners mentioned above iteratively re-
ne a plan containing all activities for the mission. The
process starts at the long term plan (LTP) level – three
months of planning horizon – and is gradually rened to
obtain fully instantiated activities at short term plan (STP)
level – one week of planning horizon. This process con-
tinuously leads to weekly STPs, which are then further
rened every two days to produce nal executable plans.
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Goal of MrSPOCK has been to develop a pre-planning
optimization tool for spacecraft operations planning and
specically we have focused on the generation of a pre-
optimized skeleton LTP which will then be subject to coop-
erative science team and/operation team renement (see
[6] for a more detailed description of the whole work).

A critical point in developing an application to produce
the Mars-Express skeleton LTP is the consideration to
be given to a great number of operational constraints that
cannot be removed after four years of daily mission opera-
tion practice. In order to capture the work practice we had
to cope with very specic constraints that are difficult for
the general purpose solving framework but more easily to
be taken into account in a domain specic solver.

The MrSPOCK solution. MrSPOCK, the “Mars-
Express Science Plan Opportunities Coordination Kit”, is
a new tool which combines diversied research aspects
from the planning and scheduling area. It has been de-
veloped on top of the Apsi-Trf. The leverage offered by
the software development platform has allowed us to de-
liver increasingly accurate and performant versions of the
complete system on May, August 2008 and January 2009.
During 2009 and 2010 the system has entered a long phase
of testing and comparison with current support tools. It
will be the main tool for Long Term Mission Planning for
Mars-Express starting January 2011.

An interesting aspect of the system is the hybrid
combination of a core constraint-based representation that
supports timeline-based planning and scheduling, with an
optimization algorithm that exploits such representation
and an interaction front end which has multiple features.

Apart the elded application it is worth highlighting
here the interesting leverage we obtained with respect to
our previous experience in ESA projects, e.g., [4], due to
the use of the Apsi-Trf. This general framework has al-
lowed us to capture an amount of constraints with a basic
domain description language. In our previous experience
described in the Mexar2 tool we have used a model-based
representation based on timelines and several principles
of mixed-initiative planning that are research products of
our area, the whole implementation was done on-purpose
for the application. In MrSPOCK the amount of the gen-
eral purpose modules used in the implemented system is
quite high with respect to our previous work. It is also
worth mentioning that the development of a solver en-
tirely based on domain independent solver would require
the customization of an amount of specic knowledge in
the domain description with a consequent production of a
rather cumbersome domain model. Our choice has been
to use Apsi-Trf for clean modeling purposes while rely-
ing on a specic module for driving an efficient problem

solving.

3 Lessons Learned

The presentation of lessons learned and challenges
we encountered during our work within space missions
focuses on two dimensions that have a different level of
granularity. In particular, there are some challenges and
critical issues that are general, recurring and common to
space domains, while others may be interpreted rather
as desired features and functionalities that the systems
should possess in order to effectively support the planning
and scheduling within real contexts. In this section the
two different perspectives are introduced.

3.1 General challenges
The general issues that must be taken into account

when developing applications within space context can be
grouped into three main topics: (a) themodeling approach
used to represent the domain of interest and addressed
problems, (b) the type of available algorithmic support,
(c) the overall development approachwhich ensures a sup-
port for the entire life cycle of the problem solving. In this
section, these three aspects are examined in light of our
experience within the work introduced before.

3.1.1 Modeling approach
In developing mission planning tools two issues that

have been proven being critical are domain-knowledge
capture and plan presentation and maintenance. The two
aspects are strictly connected: the closer is the modeling
paradigm (used to represent problems, goals and domain
theories) to the plan and solution representation the sim-
pler and cost-effective are the domain-knowledge acqui-
sition (on one side) and the plan maintenance and veri-
cation (on the other side). As far as domain-knowledge
representation is concerned, the closer to the practice of
the domain experts (human planners) are the modeling
primitives available in the planning system, the simpler
and safer (in the sense of correctness) will be the domain
knowledge acquisition from domain experts. As for the
plan and solution presentation, the closer to the existing
practice is the plan database representation, the easier and
more effective will be the interaction of the users with the
system. Allowing users to understand plans is a necessary
precondition to enable a productive interaction with the
system.

Hence the idea of using existing practice as a driving
factor for choosing the planning paradigm and the plan
database representation primitives. The “action based”
approach [17, 18], widely used in the planning research
community, models the planning problem in terms of the
actions that an agent can perform to modify the given
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world (represented as a collection of action schemata that
describe pre-conditions for action application and the ef-
fects of the actions on the world). The world is usually
described in terms of static properties that can be true or
false. It is not so straightforward to reconcile this ap-
proach with the current practice in mission planning. This
is because:

1. The world in described in terms of “events” that hap-
pens in time instead of in terms of static properties
that can be true or false

2. The working domain is constituted by physical and
natural systems interacting with each other instead
of being constituted by a single agent that interacts
with the world

3. These systems are described in terms of “states” they
can assume (and consequent constraints on them of-
ten are represented as Finite State Automata) instead
of in terms of “what they can do and when”

4. The interactions of these systems are described as
patterns of temporal synchronizations between the
states they can go through instead of in terms of ef-
fects that they produce in the surrounding world

5. The world presents non trivial limited availability of
some resources, and the interactions of the systems
must take into account the competition for limited
resources

6. The problems are described in terms of system’s de-
sired behaviors and resource optimization instead of
being formulated in terms of “which actions will
achieve a given status of the world’s static proper-
ties?”

These are just some examples of the distance between
the classical planning paradigms and the problem that the
planning technology is required to address to be deployed
in mission planning. In fact the action based paradigm
presents a number of downsides. Most of them stem in the
ground assumption according to which the executive agent
performs actions against a world of a-temporal properties.

An approach closer to sketched work practice is
the so-called “timeline-based planning and scheduling”
[27, 19, 9]. According to this approach the planning do-
main is described in terms of temporal evolutions, called
timelines, of sub-systems, and their interactions are mod-
eled as temporal synchronizations between their behav-
iors. This paradigm is able to capture plans and planning
problems in mission planning because:

1. The timeline is a primitive of representation natural
in mission planning (as well as interactions between

systems described in terms of temporal synchroniza-
tions among timelines)

2. Timed events and temporal reasoning are embedded
in this approach (since the world is described by sub-
systems temporal evolutions)

3. Scheduling and resource reasoning can be efficiently
applied to timeline-based domains ([9])

4. Uncontrollable temporal events (like ight dynamics,
visibility windows, exogenous events and so on) can
be naturally represented as timelines

5. The problems that can be addressed concern the
achievement of a desired behavior (for one or more
subsystems) compliant with the temporal synchro-
nizations and resource allocations that describes cor-
rect sub-systems interactions.

6. Planning problems, surrounding conditions and plan-
ning solutions are all represented by means of time-
lines. Hence human planners can easily understand
and interact with what they get from the system.

For these reasons a timeline-based approach simplies the
elicitation of the domain expert knowledge, the problem
formalization and the plan database knowledge represen-
tation.

3.1.2 Algorithm support
A central role in the end-to-end development ap-

proach for mission planning tools is played by core algo-
rithms. Mission planning problems can be often modeled
as integrated planning and scheduling problems. They in-
volves several complex constraints and many conicting
objectives that users want to accommodate. According to
our experience, a rigid algorithm that nds a specic so-
lution is seldom the successful choice. On the contrary,
a multi-objective formulation of the problem, connected
to a heuristic approach able to accommodate divergent
goals and integrating user’s knowledge, can be the win-
ning choice. The analysis that follows focusses on three
different issues for developing interactive mission plan-
ning tools: (1) efficient batch algorithms; (2) procedures
for supporting the user interaction process; (3) integrating
planning and execution.

In general, our approach for solving planning and
scheduling problems combines heuristic search and con-
straint reasoning. Specically, according to our experi-
ence, heuristic search in combination with constraint rea-
soning techniques, has emerged as a robust methodology
to quickly produce good-quality solutions for a variety
of mission planning problems. Despite the advantages
of nding optimal solutions to scheduling and planning
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problems, we preferred to use heuristic and incomplete
approaches over complete and systematic methods. This
is for several reasons. First, generally a complete method
cannot scale on large instances. Second, in some cases
reaching optimal solutions is meaningless, as in practice
we are often dealing with models that are simplications
of the working domain (e.g., this is the case of long-term
planning of satellite activities). Third, according to our ex-
perience, the use of heuristic strategies allows a smoother
integration of the mission planner choices in the search
process.

Batch algorithms for mission planning. As quickly
mentioned in the previous sections, mission planning is
a large process involving different stages and the interac-
tion among several teams (e.g., Science Working Teams,
Mission Analysis Team, Flight Dynamics and Flight Con-
trol Teams). In addition, we can identify at least three
phases for planning: long, medium and short term plan-
ning, which respectively have durations of several months,
one months (or less) and one week (or less). Along these
phases planning activities are incrementally rened from
an horizon of several months to one week or less. In fact,
as some activities cannot be predicted one week in ad-
vance (e.g., ight dynamic requests), a very short-term
plan can be generated each one or two days. The use
of batch algorithms is the rst step in developing a solu-
tion to a mission planning problem, such that, given a set
of input parameters, a solution is generated over a single
run of the algorithm. No user interaction is allowed dur-
ing the resolution process and there is the hypothesis that
no changes or additions to the problem constraints are al-
lowed at execution time. These last two important issues
(user interaction and execution) are considered in the next
two subsections.

Hence, the horizon of mission planning problems can
span from several months to one or two days. In the
rst case, the output of the planning process is generally
a skeleton plan (an abstract plan) used as a baseline for
future activities and for the coordination of the involved
working teams. This is the case of our APSI-based appli-
cation, MrSPOCK, [6], where the goal is the generation
of a pre-optimized skeleton plan containing three types
of activities corresponding to three different orbit phases
aroundMars: (1) time interval around the pericenter (the
closest orbital point to the planet); (2) time interval around
the apocenter (the farthest orbital point from the planet);
(3) time interval between the pericenter and apocenter
passages. The optimization problem is a multi-objective
one, where we accommodate three different objectives:
the number of opportunities for doing science (performed
around pericentre passages); the opportunities for down-
linking data to Earth (mainly performed in the rest of the

orbit, except in the case that maintenance operations are
performed around apocenter passages) and the uniform
distribution of uplink windows having a given minimal
duration (generally 4 hours). As mentioned we have pro-
posed a heuristic algorithm able to generate solutions over
an horizon of several months. Our procedure is based on
a genetic algorithm for multi-objective optimization, us-
ing a core constraint-based algorithm for generating (and
decode) each generated chromosome. This algorithm is
an effective way to generate a set of no-dominated solu-
tions – a solution S 1 dominates S 2 when each component
of the S 1 objective function is better than the correspond-
ing component in S 2 – close to the set of Pareto optimal
ones. It allows mission planners to choose among a set of
potential good solutions - each one represents a different
accommodation of the objectives - which are equivalent
from a point of view of the optimization model, but can
be very different from the point of view of an experienced
mission planner. Hence, solutions to long-term mission
planning problems are approximate solutions, character-
ized by the lack of many kinds of information.

On the contrary at short-term (or very short-term)
level the input planning problem contains information (in
some cases) for generating as output the full sequence of
commands for controlling a satellite. This is the case of
the memory dumping problem solved by Mexar2, for in-
stance. This problem contains many kinds of constraints,
which contrast each other. For this reason, also in this case
the problem is a multi-objective one, with four possible
components: the volume of data lost; the robustness [28]
of the solution; the weighted average delivery time of the
data (takes into account priorities); and the size of the out-
put commanding plans. A mission planner have to nd a
good compromise among these contrasting objectives and
in some critical situations the problem is oversubscribed.
Our heuristic algorithm is based on a core max-ow algo-
rithm allowing (the tool is still operative) the mission plan-
ners the control of the four components of the objective
function. Another heuristic algorithm has been proposed
in [34], where the authors dene an LP-based algorithm
for solving a simplied version of the memory dumping
problem. In particular, the authors make the hypothe-
sis that data acquisition of telemetry data in the on-board
memory can only happen during no-communication win-
dows. Hence, during no-communication windows data
volumes in the set of on-board packet-stores (there is an
independent packet store for each instrument) can only
increase. Whereas, data volumes can only decrease dur-
ing communication windows. As a consequence, for each
communication window, data downlink operations from
the set of packet stores can be executed in a single step
(no pre-emption is needed), with a consequent decrease
of the size (total number of downlink commands) of the
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generated downlink plans.

Integrating User Knowledge. Since the rst version of
the Mexar software [29, 8] we started a research activity
with the main goal of dening a decision support system
(DSS) for solving mission planning problems. The main
idea was to integrate human strategic capabilities and au-
tomatic problem solving algorithms to nd solutions ac-
commodating different and contrasting goals, under the
full control of the mission planners. In fact, despite the
use of complex models and powerful algorithms, it still
remains a gap between the user desiderata and the set of
found solutions. Integrating user knowledge in the search
process helps to ll this gap. Over the years we analyzed
and applied several techniques to include user’s choices,
both at strategic and detailed level, from a point of view of
the algorithms we can consider the following two modali-
ties of interaction.

What-if analysis can be an effective way to obtain
alternative solutions, which takes into account priorities,
preferences and user’s experience. Under this denition
there is the simple and powerful idea of comparing differ-
ent solutions operating modications at different level of
granularity: from the modication of the position of sin-
gle activity (e.g., change the scheduled time of a scientic
observation) to the use of different solving strategy for the
whole problem. The use of incremental algorithms can
improve the efficiency of this kind of analysis. For exam-
ple, if the modications are operated only on the temporal
constraint and the referencemodel is the Simple Temporal
Problem, then are available efficient algorithms for operat-
ing incrementalmodications [10, 30] on the reference so-
lution. In general, due to the complex constraints involved
in mission planning problems, even a small modication
can induce high computational efforts to regain a feasible
situation. Explanation-based reasoning can be used to de-
duce the culprit of a failure, as well a subset of constraints
justifying an action of the solver (e.g., a value removal or
a bound update). An example of this kind of application
is described in [35], in general explanation [21, 1, 22] is
a promising research area with increasing applications in
our future research work.

Human-Guided Search (HuGS) can be an alternative
and effective way for integrating user’s knowledge. The
basic idea [2] is to allow an user to guide the exploration
of the search space. This is a very promising direction
of our future research work. Within the literature we con-
sider a valid support the work [23], which present a survey
of techniques targeted to investigate interactive optimiza-
tion. Another work is [15], which presents a framework
for the visualization of optimization algorithms - in partic-
ular constraint-based local search (CBLS) algorithms - in
order to identify their bottlenecks or pathological behav-

iors, and suggest remedial techniques.

Planning and Execution. One of the challenges for
mission planning systems is the generation of plans ro-
bust to uncertainty and adaptable to change. In fact, in
many practical situations, the effective value of many vari-
ables of the plan are only known at execution time and
their values are not under the control of the mission plan-
ners. Hence, even if an initial reference plan can be cre-
ated via a batch algorithm, its adaptation, which takes into
account the real values of the plan variables, can be only
obtained via a dynamic planning approach, where a ref-
erence plan is continuously updated on the basis of the
performed observations on the real word. As suggested
in [12], a general dynamic planning approach applies in-
cremental planning techniques in conjunction with a hi-
erarchical approach. In the latter the long-term planning
horizon is planned only at a very abstract level, whereas
shorter and shorter planning horizons should be planned
in greater detail. The devised general framework in [12]
posts several algorithmic challenges and many of them
represents open research areas. One challenge, especially
at short-term level, is to guarantee that the generated plan
is controllable, that is there is a strategy for executing all
the the planned activities under the user’s control that sat-
ises all requirements, in all situations involving the un-
controlled events. In the case the source of uncertainty
are only the temporal constraints and the adopted model
is the Simple Temporal Problem an interesting property is
the so-called dynamic controllability [26, 25], where it is
assumed that each uncertain duration becomes known (is
observed) after it has nished, and the property requires
a successful strategy that depends only on the past out-
comes. About the verication of dynamic controllability
the work [11] proposes a model-checking verication tool
suitable for verifying exible temporal plans. Another
proposal, based on the idea of compiling alternatives in
the plan, is proposed is [14]. When resource constraints
are also involved in the plans, steps towards plan control-
lability are proposed in [33, 31].

3.1.3 The approach to application development
The development experience gained in these years

working for ESA has also brought a contribution in re-
lation to the synthesis of an approach to the process
of system development. In particular, two concepts
have emerged from the work of design and development:
(a) End-to-end development; (b) Product driven vs. pro-
cess driven approaches.

End-to-end development. According to our experience
the key for successful deployment of AI planning and
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scheduling technology is the ability to deliver an End-
to-End software system that minimizes the impact on the
users’ work habits while offering a real support to regular
difficult activities. As an example, a seamless connection
of the delivered software to the actual work environment
is an additional requirement that is always to be taken into
account. To foster a smooth deployment of our solutions
within the working environment we have developed an
approach during the years that is depicted in the simple
drawing of Figure 3. As shown in the gure, three main
blocks integrate their work: (a) a domain model able to
capture the segment of the real world relevant for the prob-
lem to be solved; (b) a solver which addresses the problem
and forces either search decisions or solution representa-
tion on the domain model; (c) a set of user-oriented inter-
action services that allow end-users to access the domain
representation, the solution representation and, usually, a
set of parameters associated with the problem solver.

Figure 3. Supporting the development of
an end-to-end approach to problem
solving

An effective domainmodel is the core of the problem solv-
ing approach based on AI techniques. The domain model
is used not only to dene the problem but also to create
a data-structure for representing a model of the solution
that is used before, during and after the problem solving
phase to create a “live” representation of the domain con-
tinuously available for different purposes. Implicit in the
drawing is the schema of problem solving as continuous
work on a current solution representation. The interac-
tion layer closes the loop with the end user and allows the
creation of “closed applications” that are usable in the op-
erative environment.

Product driven vs. process driven approaches. As al-
ready mentioned, early development efforts for the devel-
opment of space applications have been characterized by
a signicant work to understand, represent and model the
specicities of both domain and problems. This involved
an extremely long development time, also producing so-
lutions not particularly general and extensible. Starting

from there, and demonstrated the usefulness of the ap-
proach, the idea has been to move toward a different ap-
proach to development that is more general and able to
guarantee more exible and reusable solutions: promot-
ing the process of synthesizing planning systems. The aim
of the Apsi-Trf was to promote and enable this advance-
ment and indeed it allowed the fast realization of several
prototypes. During the project for example, three separate
groups of scientists have rather quickly developed specic
innovative applications: (1) rst the above described prob-
lem of the Long Term Planning in Mars-Express has been
addressed by our team producing MrSPOCK; (2) second
the problem of science planning in the INTEGRAL mis-
sion has been addressed and a solution proposed by other
colleagues [32] has been delivered to ESA that provides
a very effective metaheuristic for such a problem built on
top of the Apsi-Trf services; (3) the third case focused
on the support to Long Term Planning of XMM-Newton
[24]. These results demonstrated the effectiveness of the
software framework in speeding up the application devel-
opment. Furthermore we are currently working to insert
a planner developed in the APSI platform as a component
for deliberative decisions in the GOAC project [20].

3.2 Desired features for space applications
After having outlines some of the general and recur-

ring problems in the development of space applications,
in this section we describe some specic features that this
applications should possess and that have been a guaran-
tee for success in our particular experience. In particular
we refer to features for (a) elaborating with respect to the
denition of quality of solutions, (b) providing incremen-
tal support to the problem denition and solution synthe-
sis and (c) integrating services for interaction that have
proven to be particularly useful for inserting prototypes
within real contexts of use.

Solution Quality. The quality of a solution is one of the
most important aspect of a planning support system within
the space missions environment. The work described in
[12], identies several parameters that contribute to dene
the quality of a plan. In the case of MVP (Multimission
VICAR Planner - MVP) for example, which is an appli-
cation dedicated to image-processing, an important aspect
is the quality of the image output. In particular, a planner
should be able to represent and reason about the effects
that various transformations of the images may have on
the quality of the image itself. This is something related
to a specic aspect of the problem but there are other qual-
ities that can be considered as more general.

Efficiency and exibility are, for instance, two mea-
sures that also have a large impact on the success of the
mission. In particular, the rst dimension can positively
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affect the space agencies’ efficiency by reducing costs
thanks to an optimized use of the available resources. As
for the second aspect, generating robust solutions can help
handling any failures or unexpected events, as well as
supporting a possible rescheduling need due to emerging
problems. The quality of a plan is also connected to the
system’s ability to generate solutions that respect both the
soft and the hard constraints of the problem as well as
preferences of the mission planners.

Our experience is in line with the considerations. In
particular, in almost all of our applications, as already
mentioned, one thing in common is the need to consider
divergent objectives for which it is important to nd a
good compromise.

For this reason the quality of a solution has several
aspects that can be viewed as different components of a
multi-objective function to be optimized. In the Mexar2
example three main issues were identied to characterize
the quality of a solution:

– the main concern of mission planners is to avoid
as much as possible potential overwriting (i.e., data
loss). Therefore the volume of data lost can be con-
sidered as the driving quality measure for evaluating
solutions.

– A second important aspect that characterizes a dump
plan is represented by the plan size. Indeed, the time
needed to upload the dump commands to the space-
craft (during the subsequent phase called uplink), is
proportional to the size of the plan. For this reason a
short plan is to be preferred to a longer one.

This again can be seen as particularly related to the speci-
city of the problem.

– As additional quality measure we considered plan ro-
bustness, which is related to a solution that preserves
a specied amount of space for each packet store in
order to safeguard against overwriting.

In the case of Raxem and Raxem2 we have chosen a par-
ticular measure for assessing the quality of solutions. In
particular we dened the accuracy of a solution as an es-
timate of the degree of adherence of the solution to user’s
expectations, that is, howmuch the solution complies with
user’s desire of having all Mdafs planned with a certain
uplink and conrmation scheme combination.

As mentioned above MrSPOCK, denes a multi-
objective function whose components are mainly three:

Science: optimizing with respect to this metric entails
maximizing the activities of science compared with avail-
able opportunities; Downlink: by optimizing this compo-
nent of the objective function the downlink opportunities
are maximised; Uplink distribution: an important aspect

of the mission planner ’on even the possibility of having a
uniform distribution of opportunities to uplink, i.e., have
the opportunity to communicate with the satellite which
are numerous and evenly distributed.

Of course, these goals are conicting and inuence
one another. For example, both the activities of science,
and some maintenance tasks that must be done regularly
contrasts the goal of having numerous and uniformly dis-
tributed opportunities for the uplink.

MrSPOCK provides the user the possibility of tun-
ing the algorithm parameters so as to favor one or the
other component of the objective function. In this way
he/she can generate different solutions and select from
those available in a database, depending on the need of
the moment.

Overall this is a characteristic that we have tried to
implement on all of our applications. In fact, in almost all
delivered systems we have allowed the user to generate a
set of solutions to the problem that were based on different
aspects of solution quality, leaving to the human planner
the nal choice.

Incremental renement and interaction support.
Most of the problems within the space mission environ-
ment entails the needs to support incrementally either the
problem denition or the solution creation. Both these
aspects are related to the need capture the possible unex-
pected events or any deviation from the normal courses of
actions. For this reason the system should be able to sup-
port an incremental adjustment of the problem denition,
as well as to dynamically create new solutions able to deal
with the changes in environment.

The case of the Mex-Up problem, is for instance par-
ticularly related to this aspect, being inherently incremen-
tal. To manage this incrementally the interaction envi-
ronment provides a means to dene a new problem and
change it incrementally, allowing exibility in the prob-
lem specication as well as in its modication to absorb
contingencies and unexpected events.

We have realized that support incrementality has a
strong role in the success of deployed applications. This
feature enables users to perform strategic reasoning and
what-if scenarios projection. To effectively support in-
crementality a powerful interaction layer is necessary,
well connected with capabilities of the plan representation
module.

One last aspect that is worth mentioning is the users
attitude toward the continuous use of decision support
tools within space contexts. From one hand we found that
users want to be relieved by hard work, entrusting the au-
tomated algorithm to deal with technical details and diffi-
cult calculations. On the other hand, it is also clear that
users want solutions that incorporate their experiences,
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preferences and expectations, and above all they want a
complete control and supervision over the nal choice.
Somehow we ended up realizing examples of intelligent
systems augmented work environments where users can
have access to a number of collaborative systems that fa-
cilitate their regular activities.

4 Research Directions and Conclusions

In this paper we have tried to analyze our work for
ESA over ten years trying to underscore rationale for suc-
cess factors and get some hints for future developments.
We consider a signicant achievement having elded
three different end-to-end interactive problem solvers and
having established a collaboration with the ESOC Mars-
Express mission environment which is traditionally quite
conservative. Key factors for success have been: (a) the
choice of the timeline-based representation that turned out
as important for facilitating the elicitation of relevant fea-
tures and their constraints, (b) to enable hybrid approaches
to problem solving that has injected exibility also al-
lowing the customization of problem specic biases never
easily captured by general solvers, (c) the choice of in-
teractive solutions that preserve role and authority of the
human users, and, a more subtle point, (d) proposing ap-
proaches which were non disruptive with respect to previ-
ous or current mission practice. The last feature is often
difficult to describe and very often requires a lot of addi-
tional work to be defended, nevertheless plays a key role
in technology acceptance.

In the paper we have also introduced the distinction
between product vs. process driven approaches. For sure
the APSI project have paved the way in a direction which
is not only interesting bot somehow inevitable for the
Agency. In fact it may represent a way to cope with the
natural conservativeness of both its internal environment
and the set of industry usually working for it. Addition-
ally the fact that MrSPOCK, a product based on the Apsi-
Trf platform, arrived to be operational creates a success
story. Nevertheless it is worth saying that the Apsi-Trf
is a rst step toward the synthesis of software develop-
ment environments for planning and scheduling systems.
It contributes with a number of innovative ideas in an area
in which already the notable examples of Europa [16] and
ASPEN [13] exist. For example, it is worth noting, as de-
scribed in [9], that the current Apsi-Trf is the tool that bet-
ter allows to integrate constraint-based resource reasoning
in a timeline based development environment. Indeed, we
should say that the platform in its current shape is a signi-
cant steps that needs further investments before achieving
industrial strength. For sure we can say that it captures
several of the modeling features needed in space domains
and it is exible enough to serve different application do-

mains. Nevertheless to develop effective problem solvers,
in particular the hybrid ones that are very often needed
in space, the ability and know-how of a research group
is still difficult to be customized in an effective software
engineering tool of this type. Furthermore, the develop-
ment of a process driven approach to synthesize interac-
tion modules is again out of the current scope. In this
respect it is still in the ESA hands the possibility of sup-
porting the Apsi-Trf development through a number of
diversied supporting actions.
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