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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 refining an AI approach to prob-
lem solving and have infused a series of deployed plan-
ning and scheduling systems which have innovated the
agency’s mission planning practice. The goal of this
paper is to identify strong features of this experience,
comment on general lessons learned and offer guide-
lines for work practice of the future. Specifically, the
work considers some key points that have contributed
to strengthening the effectiveness of our approach
for the development of an end-to-end methodology to
field applications: the attention to domain modeling,
the constraint-based algorithm synthesis and the rele-
vance of user interaction services.
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1. Introduction

Our research group has developed a continuous collab-
oration with the European Space Agency (ESA) over a
span of ten years. The 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 Fig. 1, we have performed activities of
different kinds; in particular, it illustrates the sequence of
systems developed for ESA:

– In “product driven” activities we have developed
solutions for specific mission problems. For ex-
ample, in a fruitful collaboration with the Mis-
sion Planning Team of the Mars-Express mission
at the European Space Operations Centre (ESOC),
we have addressed specific problems connected with
data/command management for the remote space-
craft. This effort resulted in two operational proto-
types currently in daily use at ESA-ESOC. In par-
ticular, Mexar2 supports the data downlink problem

Fig. 1. A summary timeline showing the work for ESA.

of the Mars-Express memory [1], while Raxem [2]
and its strengthened version Raxem2 [3], resolve the
complementary problem of the uplink of operational
commands to the probe. Such an approach inevitably
entails a huge implementation effort in terms of de-
velopment: specification extraction, design, coding,
maintenance.

– In “process driven” activities we have attempted to
develop general purpose tools for facilitating the de-
sign and synthesis of new products. The general pur-
sued idea is the one of improving the “process” of
tool development, taking advantage of the state of
the art planning and scheduling technology.

In particular, within a larger project that spanned
from 2007 to 2009, called the Advanced Planning
and Scheduling Initiative (Apsi), we have devel-
oped the Timeline-based Representation Framework
(Apsi-Trf) [4]. The aim of Apsi is to develop a gen-
eral framework to improve the cost-effectiveness and
flexibility of the Mission Planning Systems (MPS)
development. The tool offers a Java platform with
primitives to capture the specifications of an appli-
cation domain and a given problem, thus fostering
rapid and fast prototyping. An example of such
support is represented by MrSPOCK [5], an oper-
ational product for Mars-Express Long-Term Plan-
ning (LTP). A new example of a “process driven”
approach is the GOAC project, an ongoing activ-
ity for designing a future generation of robotic con-
trollers [6].
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This paper aims at presenting a comprehensive picture
of these activities and an attempt at drawing general points
that emerge from the work done. In revising our collab-
oration with ESA, we focus also on the lessons learned
and the open challenges. An inspiring paper [7] makes a
similar effort to gather a number of lessons learned while
deploying automated planning and scheduling systems for
space applications at the Jet Propulsion Laboratory. Sim-
ilar 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 specific aim we have is to highlight our steps to-
ward the consolidation of a robust methodology for fast
development of ground segment mission planning sup-
port tools. In particular, we describe the transition from a
“product driven” approach to a way of working based on
a general open framework, which is “process driven” and
hopefully more general and structured.

The paper is organized as follows: Section 2 proposes
a brief introduction of all the deployed software (both
specific products and enabling software platforms) and
creates the context for the critical discussion. Section 3
presents the main lessons learned and suggests some gen-
eral challenges and issues that are recurrent when design-
ing applications for space contexts. Some conclusive re-
marks end the paper.

2. Deployed Work

An opportunity for a fertile collaboration with ESA was
given by the Mars-Express probe launched by ESA in
June 2003 and prolonged until December 2012. Mars-
Express created the opportunity for providing spectacular
images of the Red Planet and other valuable data such as
high-resolution photo-geology, mineralogical mapping,
mapping of the atmospheric composition, study of the
subsurface structure, the global atmospheric circulation,
as well as the interaction between the atmosphere and the
subsurface and between the atmosphere and the interplan-
etary medium.

The mission is the first ESA program that uses a rapid
prototyping design and implements concepts of re-using
modules between different missions to shorten both devel-
opment time and costs. Given the relatively short design
time, the actual operational phase presented some prob-
lems that were seriously able to prevent a full exploitation
of the mission activities. For example, the on-board mem-
ory downlink problem was underestimated before launch
and actually impacted the scientific data return. In this
scenario our work was commissioned by ESA to solve
different subproblems identified within the mission plan-
ning management. This effort led to the development of
several prototypes that quickly were turned in operational
modules given their effectiveness. They are now operat-
ing in various parts of the mission planning cycle.

Fig. 2. The Mars-Expressmemory downlink and command
uplink problems.

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

teractive problem solving architecture deployed to ESA-
ESOC during 2004 and which has been operational on
a daily basis since beginning of 2005. Mexar2 is de-
voted to the support of data dumping activities for Mars-
Express, and it is an operational version of a prototype
named Mexar, synthesized during a previous study, 2001
to mid 2002. Both of the tools solve the Mars-Express
Memory Downlink Problem (Mex-Mdp).

2.1.1. The Memory Downlink Problem

The Mex-Mdp problem focuses on an important aspect
within the overall process needed to manage science data
return (see Fig. 2, left part). The space-probe continu-
ously produces a large amount of data resulting from the
activities of its payloads and from on-board device mon-
itoring and verification tasks. All of this data is to be
transferred to Earth during bounded downlink sessions.
On-board data generally requires to be first stored in on-
board memory and then transferred to Earth. The on-
board memory is subdivided into different banks, called
packet stores, in which both scientific (science from pay-
loads) and spacecraft management data (housekeeping)
can be stored. Each packet store assigned to science data
is managed cyclically, so in the case that new data is pro-
duced before the previous is dumped to Earth, older data
is overwritten.

The main problem to be solved consists of 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
uncertainty in the data production. In particular, due
to differences in compression algorithms, the amount of
data produced by some of the activities is not exactly
predictable in advance, creating an occasional need to
quickly recompute the short-term plan before uplinking
the commands. The previous management of the prob-
lem ended up being very time consuming because mission
planners were essentially proceeding by “trial and error”
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on a textual plan. In addition, the activity of “manual” re-
finement was possible for 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 significant amount of time spent on
repetitive and tedious low level tasks.

2.1.2. The Mexar and Mexar2 Solution
Three years before operations, we had the opportunity

to study the memory downlink problem of Mars-Express.
This previous experience produced Mexar [8], a software
demonstrator able to solve a core problem close to the
current one and started a trustful interaction with the mis-
sion planners. The prototype was never tested on real data
because it was not available at that time, but different al-
gorithms were developed based on a CSP approach [9].
In June 2004 when the mission was operational, the daily
dump plan synthesis at ESA was so critical, and time con-
suming for humans, that we received a detailed descrip-
tion of the real data format and have been entrusted with
the task of possibly improving the work practice at that
time.

Since February 2005 an interactive AI tool, named
Mexar2, is entered in the daily loop of mission practice.
An AI based solver finds an initial solution and allows
users to influence the solving process by manipulating
“modifiers” (input parameters), and preserves users’ re-
sponsibility on the choices [1]. In addition, the tool offers
to the mission planners a set of additional statistics and
information on the current solution and the possibility to
obtain and compare different solutions. Mexar2 has sig-
nificantly increased the science data return and reduced
the mission planning team’s workload by half, compared
to the previous method. The tool has also contributed re-
ducing the mission costs thanks to better management of
the ground stations’ reservations [10].

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

ware tool deployed to ESA-ESOC designed to help mis-
sion planners in managing the uplink of tele-commands
for the Mars-Express (see Fig. 2, right part).

2.2.1. The Memory Uplink Problem
The Mars-Express spacecraft is not able to plan and

execute science operations in a fully autonomous way;
hence, its plans arrive from the ground on a continuous
basis. A particular on-board memory block, called Mis-
sion TimeLine (Mtl), is replenished by uploading tele-
commands (TCs) from the ground (see Fig. 2, right part).

The spacecraft activities for each month are determined
in accordance with the Medium-Term Plan (MTP) for the
concerned period (typically four weeks). Based on the
given MTP, various Operations Requests (OR) are gen-
erated. During the daily planning activity, the ORs are
converted into Mtl Detailed Agenda Files (Mdaf) by the

Mission Planning System; the Mdaf is an expansion of
these ORs 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 specified execution time, each TC will be released
and removed from the Mtl. Two constraints make this
problem hard: the limited bandwidth of the transmission
channel and the finite capacity of the on-board memory
(Mtl), where the commands have to be stored, waiting
for the execution.

The memory uplink problem (Mex-Up) consists in produc-
ing an uplink plan for the set of Mdafs, considering the
available uplink windows, the status of the Mtl, and the
priority of each Mdaf. For each Mdaf the plan should re-
tain a backup window whenever possible.

Some critical aspects of the problem revealed the neces-
sity of intelligent support for the uplink management:
(a) uplink is an incremental process, so there is a need
to dynamically manage a current plan; (b) there is always
a need to insert additional command sets to upload for
some emergency or unforeseen events; finally (c) uplink
planning is a continuous task that, even being very impor-
tant for the mission, tends to become routine and, hence,
inevitably prone to errors.

2.2.2. Raxem and Raxem2 Solution
Both Raxem and Raxem2 use an AI constraint-based

modeling and solving approach to plan each command
file for uplink, retaining a backup window wherever pos-
sible, 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 solu-
tion [2, 3]. The user can provide hints to the solver. Plan-
ning parameters can be altered for individual Mdafs. The
possibility of tuning the solution is provided allowing to
perform what-if analysis. A key point in Raxem, inherited
by Raxem2, is to support the continuity of work of mission
planners. They are in continuous contact with payload PIs
(Principal Investigators) and may receive commands to be
uplinked distributed over time including the possibility of
having to accommodate new activities on a short notice.
As a consequence the tool have been endowed with an
interaction layer that supports incremental plan definition
and management (see the specific discussion on plan man-
agement in [2]).

Key addition in Raxem2 have been both significant ad-
vancements to the user interaction functionalities and new
functionalities to automatically generate instructions to
the Spacecraft Controller (SPACON), in charge of the up-
link, hence arriving to cover the whole mission uplink
functional cycle (see [11] for a detailed report). Thanks
to Raxem2, the engineering workload has been reduced
from five hours to below one hour. The software was up to
expectations with respect to dynamically generating con-
sistent plans for uplink. Plan management has proved to
be a very valuable feature to minimize human errors dur-
ing continuous operations.
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2.3. The Apsi Project and the Apsi-Trf

Both the projects described above are examples of great
success in introducing AI techniques within ESA mis-
sion planning context, and have shown clear advantages
in term of performance and users’ satisfaction. However,
it is worth highlighting how a great effort and amount of
time was necessary to both understand the domains and
the problems, capturing all the specificity, and to create a
model for these domains. The work done for Mexar2 has
been, in some way, useful for the Raxem2 tool, but in gen-
eral the development process has been time-consuming
and extremely demanding. In addition, both Mexar2 and
Raxem2 were devoted to solve very specific and isolated
problems, while space missions offer many opportunities
for relying on AI planning and scheduling to solve prob-
lems. This experience suggested to us to operate in a
more systematic way trying to identifying commonalities
and similarities among the different domains and prob-
lems within the space context with the aim of developing
a more general and flexible approach that can be applied
to different cases.

The general pursued idea is the one of improving the
process of tool development, taking advantage of 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 develop an open
framework for the flexible support of mission planning
systems. The result of this project is a quite general soft-
ware framework, named Apsi-Trf (where Trf stands for
Timeline-based Representation Framework), which pro-
vides the basic elements for modeling the relevant entities
in the space context [4]. In these contexts the relevant
aspects are represented by the ability to deal with time,
resources, description of operational modes, and synchro-
nizations among events. The Apsi-Trf offers a structured
library for managing effectively and efficiently these ele-
ments and provides the flexibility to model different do-
mains and problems. It is centered on the concept of
timelines, which describe features that evolve over time, a
concept that is particularly suitable and close to the way
of working of human mission planners, thus offering also
a good metaphor for managing the interaction with the
users.

The Apsi-Trf has been shown at work, and during
the Apsi project three separate groups of scientists have
rather quickly developed specific innovative applications:
(1) first, the problem of Long Term Planning for Mars-
Express has been addressed by our team producing Mr-
SPOCK (described in the next section); (2) second, the
problem of science planning in the INTEGRAL mission
has been addressed, and a solution proposed by other col-
leagues [12] has been delivered to ESA that provides a
very effective meta-heuristic the problem built on top of
the Apsi-Trf services; (3) the third case focused on the
support to Long Term Planning of XMM-Newton [13].
These results demonstrated the effectiveness of the soft-
ware framework in speeding up the application develop-

ment. Furthermore, we are currently working to infuse
a planner developed in the Apsi platform as a component
for deliberative decisions in the GOAC project [6].

2.4. MrSPOCK
The “Mars-Express Science Plan Opportunities Coor-

dination Kit,” or MrSPOCK, is an application developed
to support the collaborative problem solving process be-
tween the Science Team and the Operation Team of the
Mars-Express mission. The tool has been developed on
top of the Apsi-Trf and combines diversified research as-
pects from the planning and scheduling area. The lever-
age offered by the software development platform has al-
lowed us to deliver increasingly accurate and performant
versions of the complete system on May, August 2008 and
January 2009. During 2009 and 2010 the system has en-
tered a long phase of testing and comparison with current
support tools. It is the main tool for Long-Term Planning
(LTP) for Mars-Express starting January 2011.

2.4.1. The Mex-Ltp Problem
The two groups of human planners mentioned above it-

eratively refine a plan containing all activities for the mis-
sion. The process starts at the Long-Term Plan (LTP) level
– three months of planning horizon – and is gradually re-
fined to obtain fully instantiated activities at the Short-
Term Plan (STP) level – one week of planning horizon.
This process continuously leads to weekly STPs, which
are then further refined every two days to produce final
executable plans.

The goal of MrSPOCK has been the generation of a pre-
optimized skeleton LTP, which will then be subject to co-
operative science team and / operation team refinement
(see [5] for more details).

A critical issue in developing the application to produce
the Mars-Express skeleton LTP is represented by the fact
that the mission was already running for four year. As a
consequence there existed a daily practice, consolidated
over time, to be taken into account. Such a practice gen-
erated a number of quite specific operational constraints
that could not be removed but rather managed by the new
tool. Such constraints are difficult to capture for a gen-
eral purpose solving framework while they are more eas-
ily handled in a domain specific solver.

2.4.2. The MrSPOCK Solution
An interesting aspect of MrSPOCK is its hybrid combi-

nation of a core constraint-based representation that sup-
ports timeline-based planning and scheduling with an op-
timization genetic algorithm that exploits such represen-
tation and an interaction front-end which has multiple fea-
tures. Apart from the developed prototype, it is worth
highlighting here the interesting leverage we obtained
with respect to our previous experience in ESA projects
due to the use of the Apsi-Trf. This general framework
has allowed us to capture an amount of constraints with

1152 Journal of Advanced Computational Intelligence Vol.15 No.8, 2011
and Intelligent Informatics



Deploying Interactive Mission Planning Tools

a basic domain description language that once parsed by
the Apsi-Trf creates a basic representation layer. This
contrasts with our previous experience in developing the
Mexar2 tool, where a paper and pencil model-based for-
malization uses timelines to capture problem features but
the whole implementation was then done from scratch
for the whole application. In MrSPOCK the amount of
general purpose modules used in the implemented sys-
tem is quite high with respect to our previous work. It
is also worth mentioning that the development of an ap-
plication entirely based on a domain independent solver
would require the customization of a large amount of spe-
cific knowledge in the domain description with a conse-
quent production of a rather cumbersome domain model.
Our choice has been to use Apsi-Trf for clean modeling
purpose while relying on a specific module for driving ef-
ficient problem solving (see [5] for a complete descrip-
tion).

3. Lessons Learned and Challenges

The development experience gained in these years
working for ESA has mainly brought a contribution in re-
lation to the synthesis of an approach to the process of sys-
tem development. In particular, the concepts of an End-
to-End approach have emerged from the work of design
and development. According to our experience the key
for successful deployment of AI planning and scheduling
technology is the ability to deliver an End-to-End soft-
ware system that minimizes the impact on the users’ work
habits while offering a real support to regular difficult ac-
tivities. 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 Fig. 3. The figure shows three main blocks
that integrate their work: (a) a domain model able to cap-
ture the segment of the real world relevant for the problem
to be solved; (b) a problem solver which guide the search
process and forces decisions on the domain representation
to synthesize a solution to the current problem; (c) a set of
user-oriented interaction services that allows end-users to
access the domain representation, the solution representa-
tion and, usually, a set of parameters associated with the
problem solver.

In the following sections, aspects connected to these
three blocks are examined in light of the experience
gained during our work.

3.1. Modeling Approach
An effective domain model is the core element of a

problem solving approach based on AI techniques. In
the following two sections, we highlight two complemen-
tary issues about the modeling of planning domains: the
adopted planning paradigm (how planning problems are
represented) and the criteria to compare and rank differ-
ent solutions of a planning problem (how to represent the
quality of a solution).

Fig. 3. Supporting the development of an End-to-End ap-
proach to problem solving.

3.1.1. The Planning Paradigm
The basic idea for choosing the planning paradigm was

to follow the hints from the existing practice in mission
planning domains as a main driving factor. There are a
number of features that are usual trademark of such do-
mains:

1. The world of interest is described in terms of
“events” that happen 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
causal patterns of temporal synchronizations be-
tween the states they can go through instead of in
terms of effects 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.”

The most studied paradigm within the AI planning
research community, the so-called “action based” ap-
proach [14, 15], usually matches badly with such typical
needs of a mission planning domain. It rather presents
a number of downsides. The modeling perspective as-
sumes that an executive agent performs actions (repre-
sented as a collection of action schemata that describes
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pre-conditions for action application and the effects of
the actions on the world) against a world of atemporal
properties. The world is usually described in terms of
static properties that can be true or false. Furthermore,
the paradigm considers a single agent that acts on the
world rather than a set of interacting systems. In addi-
tion, the world (different space scenarios) usually presents
need to describe non trivial limited availability of some
resources, and the interactions of the systems must take
into account the competition for limited resources. Such
features are not naturally represented in “action based”
languages [16].

On the contrary, the approach usually referred to as
“timeline-based planning” [4, 17, 18] is more suited for
the task. 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 domains because:

1. Planning problems, surrounding conditions and solu-
tions are all represented by means of timelines. The
timeline is a native representation primitive in mis-
sion planning domains, hence human planners can
easily understand and interact with it.

2. Scheduling and resource reasoning can be efficiently
applied to timeline-based domains (see [4] for an ex-
ample).

3. Externally defined temporal events (like flight dy-
namics, visibility windows, exogenous events and so
on) can be naturally represented as timelines.

4. The planning problems that can be addressed con-
cern the achievement of a desired behavior (for one
or more subsystems) compliant with the temporal
synchronizations and resource allocations that de-
scribes correct sub-systems interactions.

In this perspective a timeline-based approach simplifies
the elicitation of the domain expert knowledge, the prob-
lem formalization and the plan knowledge representation
in general. A comprehensive comparison between action-
based and timeline-based approach to planning is outside
the scope of this paper. We here wanted to enumerate
some of the main factors that are the milestones for the
prevalent use of timeline based approaches into space ap-
plications. This modeling approach, just with attention
to different aspects, is the same followed by Europa [19],
Aspen [20], and Apsi-Trf [4].

3.1.2. Solution Quality
The quality of a solution is one of the most important

aspects of a planning support system within the space mis-
sion environment. The work from JPL, described in [7],
identifies several parameters that contribute to define the
quality of a plan. Efficiency and flexibility are, for in-
stance, two measures that also have a large impact on the

success of the mission. In particular, the first dimension
can positively affect the space agencies’ efficiency by re-
ducing costs thanks to an optimized use of the available
resources. As for the second aspect, generating robust so-
lutions can help handle any failures or unexpected events,
as well as support a possible rescheduling need due to
emerging problems. The quality of a plan is also con-
nected to the system’s ability to generate solutions that
respect both the soft and the hard constraints of the prob-
lem as well as the preferences of the mission planners.

Our experience is in line with the above considerations.
In particular, in almost all of our applications a common
requirement is the need to consider divergent objectives
for which it is important to find a good compromise – this
is the case of the Mexar2 and MrSPOCK systems. 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.

As an example, MrSPOCK defines a multi-objective
function whose components are mainly three; Science:
optimizing with respect to this metric entails maximizing
the activities of science compared with available oppor-
tunities; Downlink: by optimizing this component of the
objective function the downlink opportunities are maxi-
mized and possibly more data is downloaded; Uplink dis-
tribution: a final important aspect consists in maximizing
the opportunity to communicate with the satellite via a
uniform distribution of opportunities to uplink, i.e., have
opportunities to communicate with the satellite which are
numerous and evenly distributed, so as to avoid long win-
dows of non-communication with the satellite. Of course,
these goals are conflicting and influence one another. For
example, both the activities of science, and some mainte-
nance tasks that must be done regularly contrast with the
goal of having numerous and uniformly distributed oppor-
tunities for the uplink.

MrSPOCK provides the user the possibility of tuning
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 needs of the mo-
ment. Overall this is a characteristic that we have tried to
implement in/for all of our applications. In fact, in almost
all delivered systems, we have allowed the user to gener-
ate a set of solutions to the problem that were based on
different aspects of solution quality, leaving to the human
planner the final choice.

3.2. Support for Solving Algorithms
A central role in the End-to-End development approach

for mission planning tools is played by core algorithms.
Mission planning problems can be often modeled as inte-
grated planning and scheduling problems. They involve
several complex constraints and many conflicting objec-
tives that users want to accommodate. According to our
experience, a rigid algorithm that finds a specific solu-
tion is seldom the successful choice. On the contrary, a
multi-objective formulation of the problem, connected to
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a heuristic approach able to accommodate divergent goals
and integrating the user’s knowledge, can be the winning
choice. The analysis that follows focuses on two different
issues for developing interactive mission planning tools:
(1) efficient basic solving algorithms; (2) integrating plan-
ning and execution. In Section 3.3 we also describe some
challenges and lessons learned about algorithms for the
user interaction process.

3.2.1. Solving Algorithms for Mission Planning
In general, our approach for solving planning and

scheduling problems combines heuristic search and con-
straint reasoning. Specifically, according to our experi-
ence, this combination of techniques has emerged as a ro-
bust methodology to quickly produce good-quality solu-
tions for a variety of mission planning problems. Despite
the advantages of finding optimal solutions to schedul-
ing and planning 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. Sec-
ond, in some cases reaching optimal solutions is meaning-
less, as in practice we are often dealing with models that
are simplifications of the working domain (e.g., this is the
case of long-term planning of satellite activities). Third,
according to our experience, the use of heuristic strate-
gies allows a smoother integration of the mission planner
choices in the search process.

As quickly mentioned in the previous sections, mis-
sion planning is a large process involving different stages
and interaction among several teams (e.g., Science Work-
ing Teams, Mission Analysis Team, Flight Dynamics and
Flight Control Teams). In addition, we can identify at
least three phases for planning: long, medium and short-
term planning, which respectively have durations of sev-
eral months, one months (or less) and one week (or less).
Along these phases planning activities are incrementally
refined from an horizon of several months to one week or
less. In fact, as some activities cannot be predicted one
week in advance (e.g., flight dynamic requests), a very
short-term plan can be generated each one or two days.
The use of an effective one-shot solving algorithm is the
first step in developing a solution to a mission planning
problem, such that, given a set of input parameters, a so-
lution is generated over a single run of the algorithm. No
user interaction is allowed during the resolution process
and there is the hypothesis that no changes or additions
to the problem constraints are allowed at execution time.
These last two important issues (execution and user inter-
action) are considered in what follows.

3.2.2. Mission Planning and Execution
One of the challenges for mission planning systems is

the generation of plans that are both robust to uncertainty
and adaptable to change. In fact, in many practical situa-
tions, the effective value of many variables of the plan are
only known at execution time, and their values are not un-
der the control of the mission planners. Hence, even if an

initial reference plan can be created 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 reference plan is continually
updated on the basis of the performed observations on the
real world. As suggested in [7], a general dynamic plan-
ning approach applies incremental planning techniques in
conjunction with a hierarchical approach. In the latter,
the long-term planning horizon is planned only at a very
abstract level, whereas shorter and shorter planning hori-
zons should be planned in greater detail. The devised gen-
eral framework in [7] posts several algorithmic challenges
and many of them represent open research areas. One
challenge, especially at the short-term level, is to guaran-
tee that the generated plan is controllable, that is there is
a strategy for executing all of the planned activities un-
der the user’s control that satisfies all requirements, in all
situations involving the uncontrolled events. In the case
that the source of uncertainty is only the temporal con-
straints, and the adopted model is the Simple Temporal
Problem, an interesting property is the so-called dynamic
controllability [21, 22], where it is assumed that each un-
certain duration becomes known (is observed) after it has
finished, and the property requires a successful strategy
that depends only on the past outcomes. About the verifi-
cation of dynamic controllability the work [23] proposes
a model-checking verification tool suitable for verifying
flexible temporal plans. Other proposals pursue the repre-
sentation of conditional/contingent temporal networks or,
in general, plans that contains alternatives [24, 25]. When
resource constraints are also involved in the plans, steps
towards plan controllability are proposed in [26, 27]. In-
deed it is worth saying that often to obtain robust solutions
with respect to execution it is also the important ability to
adapt the one-shot basic solution you designed for a spe-
cific problem (see for an example the approach to robus-
tify solutions used in Mexar2 as described in [28]).

3.3. User Interaction Support
Since the first version of the Mexar software [8, 29], we

pursued the goal of defining interactive decision support
systems for solving mission planning problems. The main
idea was to integrate human strategic capabilities and au-
tomatic problem solving algorithms to find solutions ac-
commodating different and contrasting goals under the
control of the mission planners. In fact, despite the use
of expressive models and powerful algorithms, there still
remains a gap between the user desiderata and the set of
found solutions. Integrating user knowledge in the search
process helps to fill this gap. Over the years we analyzed
and applied several techniques to include user’s choices,
both at the strategic and detailed level. Among the impor-
tant aspects we can highlight the following ones.

Scenario anticipation This concept is also known as
What-if Analysis and is based on the idea of obtaining
alternative solutions corresponding to different foreseen
scenarios and taking into account priorities, preferences
and user’s experience. More specifically, the idea is to
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compare different solutions generated by operating dif-
ferent types of modifications: from the modification of
the position of a single activity (e.g., change the sched-
uled time of a scientific observation) to a radical change
of the solution by using for instance a different solving
strategy. The use of incremental algorithms can improve
the efficiency of this kind of analysis. For example, if
the modifications are operated only on the temporal con-
straint and the reference model is the Simple Temporal
Problem, then there are available efficient algorithms for
operating incremental modifications [30, 31] on the refer-
ence solution. It is worth saying that due to the complex
constraints involved in mission planning problems, even a
small modification can induce high computational efforts
to regain a feasible situation.

Role of explanation Explanation-based reasoning can
be used to deduce the culprit of a failure, as well a sub-
set 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 [32], where a simple
algorithm to compute “user oriented explanation” is pre-
sented which employs a filtering step to reduce the con-
straints involved in a temporal conflict. The remaining
constraints are then “interpreted semantically” in order
to enable the user to understand the reason for the con-
flict and possibly resolve it by relaxing some constraints.
In [33] a similar attempt to extract meaningful informa-
tion from constraint-inconsistency detection is presented
in the context of planning for space. Specifically, all
temporal constraints in the plan are analyzed, and the
possible temporal inconsistencies (no-goods) are detected
and categorized. Overall the problem of generating auto-
matic explanation is an open challenge as well as an in-
teresting research issue [34, 35] the result of which could
be profitably applied to support the incremental building
of an executable solution, by for instance suggesting to
the users possible resolution options or tradeoffs among
which to choose.

Continuity of use One last aspect that is worth men-
tioning is the user’s attitude toward the continuous use of
decision support tools within space contexts. On one hand
we found that users want to be relieved of their hard work,
entrusting the automated algorithm to deal with technical
details and difficult calculations. On the other hand, it is
also clear that users want solutions that incorporate their
experiences, preferences and expectations, and above all
they want complete control and supervision over the fi-
nal choice. Somehow we ended up realizing examples of
intelligent systems augmenting work environments where
users can have access to a number of collaborative sys-
tems that facilitate their regular activities.

Observing back in time the various deployed systems we
can see how different issues have been addressed in dif-
ferent systems. In the Mexar demonstrator the interac-
tion support has been very important to develop user trust
toward the AI based solution. As explained in [29], this
system was endowed with a quite advanced graphical rep-

resentation that allowed the users to start understanding
that we were solving their specific problems. Additional
services allowed us to explain the model-based approach
showing how it was possible to dynamically modify the
problem at hand from the graphical interface instead of
rewriting application code. In Mexar2 [1] the key is-
sue was to preserve previous work practice. To this pur-
pose a number of functionalities have been implemented
to preserve both the data cycle from the ongoing mission
and the user responsibility over final decisions and inte-
grate his/her strategic guidance into the problem solving.
In Raxem the issue of continuous plan management has
been dominant over other services [2]. Supporting the
incremental nature of the problem was the key for suc-
cess. To this purpose, the design and implementation of
the interaction functionalities represented the majority of
the work, being the problem solving task relatively sim-
ple. In MrSPOCK [5] the more relevant problem was to
foster the collaboration among different groups of people
(science and operations). In this respect the pre-optimized
skeleton plans generated by our system was a useful start-
ing point for the negotiation among the two groups. It
is worth highlighting the difficulty in putting together the
different needs for the interaction services coming form
different applicative scenarios. To this purpose the type of
interaction support provided by the Apsi-Trf is still lim-
ited thus entailing that the majority of the work still needs
to be done around the specificity of each problem. This
obviously identifies an open issue that could be a direc-
tion for future research.

4. Final Remarks and Conclusions

In this paper we have tried to analyze our work for ESA
over ten years trying to underscore rationale for success
factors and get some hints for future developments. We
consider it a significant achievement having fielded three
different End-to-End interactive problem solvers and hav-
ing 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
features and their constraints, (b) to enable hybrid ap-
proaches to problem solving that has injected flexibility,
also allowing the customization of problem specific biases
never easily captured by general solvers, (c) the choice
of interactive tools that preserve the role and authority of
human users, and, a more subtle point, (d) proposing ap-
proaches which were non-disruptive with respect to previ-
ous or current mission practice. This last feature is often
difficult to describe and very often requires a lot of addi-
tional work to be defended but nevertheless plays a key
role in technology acceptance.

In the paper we have also introduced the distinction be-
tween product vs. process driven approaches. For sure
the Apsi project has paved the way in a direction which is
not only interesting but somehow inevitable for the ESA.
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In fact, it may represent a way to cope with the natural
conservativeness of an environment which is doing mis-
sion operation. Additionally, the fact that MrSPOCK, a
product based on the Apsi-Trf platform, arrived to be op-
erational creates a success story on top of which to build
future developments. Nevertheless it is worth saying that
the Apsi-Trf is a first step toward the synthesis of software
development environments for planning and scheduling
systems. It contributes with a number of ideas in an area
in which already the notable examples of Europa [19] and
Aspen [20] exist. It is worth noting that the current Apsi-
Trf allows us to integrate constraint-based resource rea-
soning in a timeline-based development environment in a
quite effective way [4]. We should say that the platform
in its current shape is a significant step that needs further
investment before achieving industrial strength. For sure
we can say that it captures several of the modeling fea-
tures needed in space domains, and it is flexible enough
to serve different application domains. 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 cus-
tomized in a software engineering tool of this type.
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