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1.  INTRODUCTION 

1.1. PURPOSE 
This document will elaborate the technical requirements for the Autonomy Framework (OG2) as a 
whole and from each individual layer following the same approach used in WP1100. 

1.2. SCOPE 
This document is the main outcome of the WP 1200 of the ERGO activity “System Requirements”.  

1.3. CONTENTS 
This document is structured as follows: 
 Section 1. Introduction: this section; presents the purpose, scope and structure of the 

document. 
 Section 2. Reference and Applicable Documents: lists other documents that complement or are 

needed to understand this document. 
 Section 3. Definitions and Acronyms: defines terms and acronyms used in the document. 
 Section 4. Objectives and Constraints: This section covers the objectives and constraints of the 

proposed ERGO system and it has been derived from the ERGO proposal. 
 Section 5. User Requirements: This section describes the end-to-end product definition and 

lists the User Requirements (derived from the ERGO proposal). This section has been compiled 
by GMV and reviewed by all ERGO partners. 

 Section 6.  Reference scenarios. This section has been elaborated by GMV-UK (Planetary surface 
exploration) and GMV (In-orbit servicing) with contributions from all partners. 

 Section 7. Verification of System requirements. This section has been elaborated by GMV. 
 Section 8. System requirements. This section follows the next breakdown where it has been 

indicated each partner leading specific subsections (with reviews and contributions from all 
other partners): 

- Subsection 8.1. High-level architecture requirements: GMV. 
- Subsection 8.2.1. Controller Requirements: GMV 
- Subsection 8.2.2.1. Deliberative layer requirements: GMV-UK 
- Subsection 8.2.2.2. Heuristic search requirements: Univ. Basel. 
- Subsection 8.2.2.3. Plan Repair and Replanning requirements: KCL. 
- Subsection 8.2.2.4. Plan validation requirements: KCL. 
- Subsection 8.2.3. Executive Layer Requirements: GMV. 
- Subsection 8.2.4. Rover Guidance: ADS. 
- Subsection 8.2.5. Opportunistic Science: SciSys. 
- Subsection 8.2.6. Arm motion planning: GMV. 
- Subsection 8.2.7. Functional layer Requirements: Ellidiss. 
- Subsection 8.2.8. Formal verification Requirements: UGA 
- Subsection 8.3. System interface requirements: GMV. 
- Subsection 8.4. Quality requirements: GMV. 
- Subsection 8.5. Design and implementation requirements: GMV. 
- Subsection 8.6. Software maintenance requirements: GMV. 
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2.  REFERENCE AND APPLICABLE DOCUMENTS 

2.1. APPLICABLE DOCUMENTS 
The following is the set of documents that are applicable: 

Table 2-1: Applicable documents. 
Ref. Title Date 

[AD.1] European Robotics Forum, “The PERASPERA Roadmap” March 11th, 2015 

[AD.2]  “Master Plan of SRC activities”, PRSPOG1-R-ESA-T3 1-TN-D3.4. PERASPERA 
Consortium 

2015 

[AD.3] PERASPERA consortium, “Compendium of SRC activities (for call 1)”, version 
1.8, PRSPOG1-R-ESA-T3 1-TN-D3.1. PERASPERA Consortium. 

2015 

[AD.4] Guidelines for strategic research cluster on space robotics technologies 
horizon 2020 space call 2016 

October 30th, 2015 

[AD.5] ERGO (European Robotic Goal-Oriented Autonomous Controller) HORIZON 
2020 COMPET-04-2016 Proposal: PART B, issue 1.2 

Sept. 19th, 2016 

 

2.2. REFERENCE DOCUMENTS 
The following is the set of documents referenced: 

Table 2-2: Reference documents. 
Ref. Title 

[RD.1] A. Ceballos, S. Bensalem, A. Cesta, L. de Silva, S. Fratini, F. Ingrand, J. Ocón, A. Orlandini, F. Py, 
K.Rajan, R. Rasconi, and M. vanWinnendael. “A GoalOriented Autonomous Controller for space 
exploration”, ASTRA 2011. 

[RD.2] PERIGEO- NAV: “Síntesis de resultados y hoja de ruta en autonomía a bordo”. 

[RD.3] C. McGann, F. Py, K. Rajan et al. “T-REX, a model-based architecture for AUV Control”. 
International Conference on Automated Planning and Scheduling. 2007 

[RD.4] Caroline Smith, Tim Haltigin and the iMARS Phase II Working Group. International Mars 
Architecture for the Return of Samples (iMARS) Phase II: Findings and Recommendations. 2016 

[RD.5] Mars 2020 Rover. Depot Caching Strategy: 
http://mars.jpl.nasa.gov/mars2020/mission/timeline/surface-operations/ 

[RD.6] TASTE Framework. Web site: http://taste.tuxfamily.org/  
[RD.7] BIP Framework. Web site: http://www-verimag.imag.fr/Rigorous-Design-of-Component-

Based.html?lang=en  
[RD.8] PDDL. Wiki web site: https://en.wikipedia.org/wiki/Planning_Domain_Definition_Language 
[RD.9] OPTIC Planner. Web stite: https://nms.kcl.ac.uk/planning/software/optic.html 
[RD.10] VAL Plan Validator. Web site: https://nms.kcl.ac.uk/planning/software/val.html 
[RD.11] OG1-ESROCOS H2020 Project. Web site: http://www.h2020-esrocos.eu  
[RD.12] SARGON ESA Project. Web site: http://www.sargon-project.eu  
[RD.13] Richard E. Fikes, Nils J. Nilsson, “STRIPS: A New Approach to the Application of .Theorem Proving 

to Problem Solving”. Stanford Research Institute, Menlo Park, California. 2nd IJCAI, Imperial 
College, London, England, September, 1-3, 1971. 
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3.  DEFINITIONS AND ACRONYMS 

3.1. DEFINITIONS 
Concepts and terms used in this document and needing a definition are included in the following 
table: 

Table 3-1: Definitions. 

Concept / Term Definition 

Planning 

Planning is the reasoning side of acting that aims to organize actions according to their 
expected outcomes in order to achieve some given goal. Automated Planning is the area 
of Artificial Intelligence (AI) that studies this process. 
One informal division in the field of automated planning can be done between classical-
based and timelines-based planning, even though there are other approaches. Classical 
planning focus to a great extent on performance and is based on broadly accepted 
standards such as PDDL. On the other hand, timeline-based planners are more 
expressive, especially in terms of temporal representation, but they don’t share any 
common standard as they use to be proprietary products. 

Goal 

A goal specifies an action or state desired to be achieved by the target agent in the future. 
The planner’s task is to find a valid sequence of actions/states (the plan) that achieves 
those goals from a given initial state. There are four main properties that characterize 
goals:  
- Formal representation: Both classical and timelines-based planning use predicate 

logic to represent goals.  
- Temporal scope: In classical planning, goals must be satisfied at the end of the plan. 

On the other hand, goals in timeline planning can be defined to be achieved at any 
time within the temporal scope of the problem.  

- Hierarchy: In those systems modelled hierarchically, goals are classified as complex 
(high-level) and primitive (low-level). Complex goals must be decomposed (at 
planning or execution time) before they can be executed.  

- Hard/Soft: Hard goals must be achieved in the plan, while soft goals represent 
preferences that might be disregarded in the plan. 

Domain 

Formal description of the system to be controlled from the planning point of view. It 
consists of a set of components and a set of relevant physical constraints that influence 
the possible temporal evolution of such components (e.g., possible state transitions over 
time of the component, coordination constraints among different components, maximal 
capacity of resources, etc). A component can be non-controllable in case it presents a 
predefined temporal behaviour (for example the visibility of an observation target is given 
as a predefined data from Flight Dynamics). Such components act as constraining factors 
for controllable components which the planner is able to influence. It is an input to the 
deliberative layer. 

Problem 

Formal description of a planning task for a given domain. It defines the initial state of the 
world (indicating the current state for each component of the domain), a list of goals 
(defined as states expected to be achieved by some of the components in the future) and 
a metric used to determine the plan quality. It is an input to the deliberative layer. 

Planning 
Component 

A system is traditionally organized in subsystems (e.g. rover locomotion, image 
acquisition, pan and tilt unit motion). Each subsystem is represented as a component 
from the planning perspective. There are two types of planning components: 
- State Variable: Represented as a state-machine containing states and transitions. 
- Resource: Represented as a list of parameters indicating the 

maximum/minimumcapacity of the resource and the current amount available. There 
are two kind of resources. Reusable are those which are borrowed but cannot be 
produced, such as a communication window. Consumable are those that are 
produced/consumed such as energy. 

Reactor 

Separate part of the control architecture in charge of a control loop as defined in 
GOAC[RD.1], PERIGEO[RD.2] and T-REX[RD.3]. Each control loop is embodied in a 
reactor that encapsulates all details of how to accomplish its control objectives. 
Deliberative reactors embed planning capabilities while reactive reactors are purely 
reactive. 

Path A path designates a composition or sequence of coordinates from the current point to a 
final point. 

Trajectory A trajectory designates a composition or sequence of motion primitives along the path. 
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Concept / Term Definition 

Motion primitives Motion primitives are defined via a defined sequence of control inputs which results in 
well-characterized motion. 

Guidance 

Process of guiding the rover through a terrain, this includes creation of a navigation map 
from Digital Elevation Map (DEM), planning a path on this map, estimating the required 
resources to achieve this path and reacting to the environment (hazards) while executing 
the path. 

Digital Elevation 
Map (DEM) 

2.5D representation of a terrain’s surface in Cartesian coordinates, also known as height-
map. DEM is a grid map: a collection of squared cells organized into a grid structure with 
associated height (i.e. elevation). While man-man objects (e.g. lander platform) are 
included in this map, the rover itself shall be excluded (e.g. wheels, solar panels, which 
could be visible in raw sensor data). 
Note: this map contains solely height information, other type of information are excluded.

Uncertainty Map Map associated to a DEM, describing the height uncertainty associated to each cell of the 
DEM. Note: this map does not contain the height information, as that is contained in the 
DEM. 

Soil Type Map Map associated to a DEM, describing the type of soil associated to each cell of the DEM. 
Note: this map does not contain the height information, as that is contained in the DEM.

Traversability Map 2D map identifying which area of the terrain is traversable by a specific locomotion 
system, including level of difficulty to traverse. This includes information regarding to the 
locomotion traverse capability: cost function (e.g. ability to climb rocks and drive up 
slopes). 
Note: this excludes any other factors related to navigating through a terrain, e.g. this 
excludes energy. 

Navigation Map 2D map onto which the rover path can be planned. This is generally a traversability map 
and any additional information regarding other aspects that can be taken into account to 
plan the path, like areas of scientific interest or shadows impacting illumination of the 
solar panels. 

Local, Regional or 
Global Map 

Refer to the geographical extent and spatial resolution of the map: 
‐ Local map is high resolution with small geographical extent. 
‐ Regional map is medium resolution with medium geographical extent. 

Global map is low resolution with large geographical extent. 

Rover Map Map produced with information gathered by sensors on the rover itself at the last sensing 
capture. 

Fused Rover Map Map produced with information gathered by sensors on the rover itself at the last and 
previous sensing captures. 

Orbital 3D-Model 3D generated model acquired from orbital sensors (e.g. from stereo-images, TOF/Lidar 
or radar). 

Orbital Map Map generated from orbital sensing data. Note: this terminology can be used in 
combination with other definitions, e.g. “orbital navigation map”. 

Fused Total Map Map produced with information from any sensing sources at any capturing time, e.g. 
rover, orbital, other mobile or static devices on the surface. 

3.1.1. PLANETARY SURFACE EXPLORATION SPECIFIC DEFINITIONS 
This section covers the definitions related specifically to the Planetary Surface Exploration scenario. 

Table 3-2: Planetary Surface Exploration Definitions. 

Concept / Term Definition 

Motion Primitives Rover manoeuvres. E.g. Ackerman, point-turn, crab. 

Planned Rover 
Path 

A planned rover path designates a desired/planned rover route from the current point to 
a planned final point (A->B). 

Executed Rover 
Path 

An executed rover path designates an effective/actual route taken during rover driving 
execution. This is the result of a rover traverse, from the current point to the effective final 
point (A-> B’). 

Planned Rover 
Trajectory 

A planned rover trajectory designates a planned list of manoeuvres or motion primitives 
along the planned path. 
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Concept / Term Definition 

Commanded 
Rover Trajectory 

A commanded rover trajectory designates the commanded list of rover manoeuvres or 
motion primitives along the executed rover path. This is the result of the commanding of 
the rover during a traverse. 

Executed 
Rover Trajectory 

An executed rover trajectory designates the effective/actual rover manoeuvres or motion 
primitives achieved along the executed rover path. This is the result of a rover traverse. 

Above definitions are considered of interest for the PERASPERA programme. It is of common 
understanding that specific implementations within the ERGO Rover guidance or arm motion 
planning might use a combination of previous concepts (e.g. including the motion primitives within 
the path-planning algorithm). 

3.2. ACRONYMS 
Acronyms used in this document and needing a definition are included in the following table: 

Table 3-3: Acronyms 

Acronym Definition 

AOCS Attitude and Orbit Control System 

APSI Advanced Planning and Scheduling Initiative 

BIP Behaviours, Interactions and Priorities 

CDR Critical Design Review 

CFI Customer Furnished Item 

COM Centre of Masses 

DDL Domain Description Language 

ECSS European Cooperation for Space Standardization 

FDIR Fault, Diagnosis, Isolation and Recovery 

FOV Field-of-view 

GOAC Goal Oriented Autonomous Controller 

GODA Goal Orientated Data Analysis 

GOTCHA GOAC TRL Increase Convenience Enhancements Hardening and Application Extension 

KOM Kick-off Meeting 

LIDAR Light Detection and Ranging 

MDA Model-driven Architecture 

MER Mars Exploration Rovers 

MIPS Millions of instructions per second 

MMPOS Mars Mission On-board Planner and Scheduler 

MSR Mars Sample and Return 

OBC On-board Computer 

OBCP On-board Control Procedure 

PDDL Planning Domain Definition Language 

PSM Platform Specific Model 

PUS Packet Utilization Standards 

RAMS Reliability, Availability, Maintainability and Safety 

RCOS Robot Control Operating System 

RTEMS Real Time Executive for Multiprocessor System 

RTOS Real Time Operating System 

ROS Robot Operating System 

SARGON Space Automation & Robotics General Controller 

SCR Sampling Catching Rover 

S/C Spacecraft 
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Acronym Definition 

SFR Sampling Fetching Rover 

TASTE The Assert Set of Tools for Engineering 

T-REX Teleo-Reactive Executive 

TRF Timeline-based Representation Framework 

UML Unified Modelling Language 

URDF Unified Robot Description Format 

V&V Validation & Verification 

WBS Work Breakdown Structure 

WPD Work Package Description 
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4.  OBJECTIVES AND CONSTRAINTS 
Hereafter they are presented the ERGO main objectives, in line with the PERASPERA SRC goals,: 

Obj 1. Goal-based commanding. ERGO shall be able to be commanded via high-level objectives 
that will be decomposed by the system into low-level commands (to be managed by the RCOS 
output of PERASPERA OG1). 

Obj 2. Planning capabilities. Given a number of high-level goals or a pre-determined plan, ERGO 
shall be able to (dynamically) generate plans considering temporal, space (e.g. locations, 
environment) and resource (e.g. power, RAM memory, CPU computation capabilities, etc.) 
constraints. 

Obj 3. Dynamic re-planning. ERGO shall detect, as soon as possible, whether the revealed 
conditions do not allow the consecution of a given goal, discarding it and updating the plan 
accordingly. 

Obj 4. Scheduling and overseeing capabilities. ERGO shall be able to schedule the low level 
commands and monitor the observations, handling reactive and deliberative capabilities in a 
harmonic fashion.  

Obj 5. Adjustable/selectable ECSS level of autonomy (E1 to E4). Even if the major objective 
of ERGO is to allow goal oriented commanding and planning/scheduling, the system shall be 
designed to adapt the level of autonomy, from tele-operation to full autonomy, according to the 
mission requirements and or event occurrence. The applied level of autonomy will be selectable by 
ground operator, not by ERGO itself. 

Obj 6. Flexibility with respect to application domains. As already addressed ERGO shall be 
suitable both for orbital and surface exploration.  

Obj 7. Applicability to terrestrial applications. ERGO shall be suitable for terrestrial application 
were high level of autonomy are required, e.g. dangerous and harsh environments.  

Obj 8. Suitable for flight. ERGO shall be designed and implemented using programming 
languages suitable for on-board flight software solution and future space robotics missions. The 
algorithms will be designed and selected taking into account flight software technical constraints 
(e.g. processor requirements, memory allocation, etc.) that would allow the system to be 
migrated/codeable/suitable for an operation flight SW. 

Stemming from the stated objectives, an autonomous software framework imposes on the 
mission/system a number of high-level constraints and essential needs that could be outlined as 
below: 

Crt 9. Use of on-board Resources: ERGO shall allow making an efficient use of all on-board 
resources to allow fulfilling high-level goals/missions objectives. This shall be done with respect to 
all on-board processing capabilities (on flight computers with limited resources (i.e. memory and 
processor speed)) but also in relation with the scenario environment (i.e. interaction rover wheels 
with planetary soil), so to guarantee responsiveness to the overall system while respecting mission 
objectives. 

Crt 10. FDIR capabilities: ERGO shall allow for a robust and reliable on-board fault management 
with reconfiguration/recovery capabilities. 

Crt 11. Integration with the on-board path-planners (i.e. rover and robotic arm motion). 
ERGO shall have GNC capabilities suitable to fulfil defined mission objectives. 

Crt 12. Opportunistic science. ERGO shall allow obtaining data from an external system (OG3) 
to generate new goals and plans according to this information and dynamically ingest them to the 
mission planner. 

Crt 13. Multi-robot collaboration. ERGO shall be conceived taking into account that it might be 
required in the future to use it in a collaborative scenario involving multiple robots and humans. 

Crt 14. OG’s Interfacing. ERGO shall guarantee easy integration with all the other OGs such as 
the Data Fusion system (OG3), Sensor suite (OG4), End-effector interface (OG5) and mainly with 
the RCOS (OG1). 

Crt 15. Easy internal view and debugging of the planning decisions.  It shall be possible to 
determine both on-line and off-line the reasons for a given behaviour. 
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5.  USER REQUIREMENTS 

5.1. END-TO-END PRODUCT DEFINITION AND DELIVERABLE TREE 
This section covers the End-to-End product definition of the ERGO system and its major 
components. The resulting ERGO system must be robust in highly uncertain environments which 
are dynamic, partially observable and unstructured. It must provide high-performance to 
accommodate to the typical scarce computational resources on-board spacecraft. Finally, it must 
be highly expressive in order to allow experts to accurately model the systems, mission 
requirements and knowledge. The ERGO system is based on a three-layer architectural approach: 

- Deliberative layer: It embeds the decisional capacities of planning, replanning and decision-
making. It contains dedicaded heuristic search techniques and it is able to provide validated 
plans.  

- Executive layer: It provides the interfaces into the deliberative and the functional layer. It 
comprises a set of coordinated concurrent control loops. Each control loop is embodied in a 
reactor that encapsulates all details of how to accomplish its control objectives.  Reactors are 
differentiated based on whether they need to deliberate in abstraction (at the highest level, the 
so called deliberative reactors allowing a tight integration with the deliberative layer) or be 
responsive to the inputs from the lower levels closer to the hardware (hence, they provide 
purely reactive capabilities). 

- Functional layer: It is responsible for controlling the robot’s on&board capabilities. It is aliged 
with the OG1-ESROCOS development and includes a formal verification approach for the design 
of functional models. 

The ERGO system deliberative and executive layers are common to both orbital and planetary tracks 
(robots and associated functionality to be provided by OG6). It also includes the following specific 
functionalities: 

- Rover guidance (applicable only to the planetary track). 

- Robotic arm motion planning. 

- Opportunistic science engine named as Goal-Orientated Data Analysis (GODA) component. 

5.2. ARCHITECTURE, FUNCTIONAL, INTERFACE AND 
IMPLEMENTATION REQUIREMENTS 

Next table lists the User Requirements from the general, functional, interface and implementation 
perspectives extracted from the proposal [AD.5] and completed and aligned with the ERGO 
objectives and constraints and the PERASPERA Roadmap and Compendium Guidelines 
[AD.1][AD.2][AD.3][AD.4]. 

Table 5-1: User Requirements. 

Req Requirement description Obj/Crt. 

 General Requirements  

UR-01 The ERGO system shall be based on a three layer architecture. 1,2,3,4 

UR-02 The ERGO system shall be able to provide autonomous decision-making 
capabilities.  

2, 3, 7 

UR-03 The ERGO system shall be able to support ECSS autonomy levels.  5 

UR-04 The ERGO system shall be robust, i.e. adaptively cope with uncertainties 
related to the partially unknown operative environment and safely react to 
anomalies, perform in the face of failing components (failures) and failing 
execution of planned activities. 

1,6,7 

UR-05 The ERGO system shall be effective in terms of performance, timely reaction 
and suitability of algorithms for compatibility with limited on-board computational 
power and memory. 

8 
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Req Requirement description Obj/Crt. 

 General Requirements  

UR-06 The ERGO system shall enable planetary rover guidance.  11 

UR-07 The ERGO system shall enable robotic arm motion planning.  11 

UR-08 The ERGO system shall enable opportunistic science.  12 

 Functional Requirements – Deliberative Layer  

UR-09 The decision layer shall provide goal-commanding,  1 

UR-10 The decision layer shall be able to decompose high level commands into low-
level subtasks 

2 

UR-11 The decision layer shall be able to adapt and change the plan in real-time 
whenever it is needed. 

3 

UR-12 The decision layer shall be domain-independent being able to express the 
domain and problem information in a highly expressive formal language. 

6 

UR-13 The decision layer shall be able to model the state of the system and associated 
resources.  

9, 15 

UR-14 The decision layer shall be able to provide validated plans.  8 

 Functional Requirements – Executive Layer  

UR-15 

 

The executive layer shall be able to decompose and schedule generated plans 
from the deliberative layer. 

4 

 

UR-16 

The executive layer shall be able to execute decomposed commands interfacing 
with the functional layer. 

4 

UR-17 The executive layer shall be able to monitor the state of the system.  8, 10 

UR-18 The executive layer shall be able to react against failure conditions. 4, 10 

UR-19 The executive layer shall be able to shutdown certain subsystems. 5, 8, 10 

 Functional Requirements – Functional Layer  

UR-20 The functional layer shall implement robot subsystems (to be determined 
through collaboration with OG6). 

7, 8 

UR-21 The functional layer shall be designed using formal verification techniques. 8, 10 

UR-22 The functional layer shall include FDIR capabilities. 10 

 Interface Requirements  

UR-23 The ERGO system shall provide TM/TC to be commanded, configured and 
monitored. 

6, 7, 13 

UR-24 The ERGO system shall be aligned with the environmental 3D model defined 
by OG3 - Common Data Fusion Framework (CDFF).  

14 

 Implementation Requirements  

UR-25 The ERGO system shall be maintainable.  8 

UR-26 The ERGO functional layer shall be aligned with the RCOS developed by OG1-
ESROCOS. 

14 

UR-27 The ERGO system shall be validated over two reference scenarios (planetary and 
orbital). 

8 
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6.  REFERENCE SCENARIOS 

6.1. PLANETARY SURFACE EXPLORATION SCENARIO 

6.1.1. SCOPE 
The reference mission for the planetary track is inspired on the Mars Sample Return (MSR) 
mission (see [RD.4],[RD.5]) that covers the concepts and requirements of the Martian Long Range 
Autonomous Scientist presented in [AD.3]. 

This scenario aims at demonstrating the following ERGO capabilities: 
 ECSS E4 autonomy level for long traverses with opportunistic science: The main feature to be 

demonstrated is the capability of performing long traverses with opportunistic goal injection in 
full autonomy. 

 Colaboration between deliberative subsystems: The path planner, arm motion planner and 
scientific target detector could be invoked under demand by the mission planner to provide 
information required for the elaboration of the plan. The scenario shall be configured in way 
such that this collaboration is required during the execution of the mission. 

 Robustness under uncertainty: The scenario shall exhibit all typical sources of uncertainty as 
follow: 1) Presence of obstacles and goals not observable at the initial position; 2) Partial 
knowledge of the initial goals (e.g. unknown attitude of the lander); 3) Different surfaces (sand, 
rock) with different inclinations; 4) Presence of failures triggered by exogenous events (sand 
traps, target not reachable, etc.) and internal (resource overconsumption, violation of time 
limits, hardware failure, etc.). 

 Re-planning: Shall be tested at different levels of stress, triggered by any of the uncertainties 
presented in the previous point.  

 Safety: The system must demonstrate that it is capable of keeping the rover in safe conditions 
in the presence of failures. 

6.1.2. SCENARIO DESCRIPTION 
In the 2+1 architectural option described in [RD.4], which seems at present the more realistic, MSR 
mission is divided in two legs involving two different rovers: Mars2020 and the Sample Fetching 
Rover (SFR). In the first leg, to be performed by NASA in 2020, a rover will be in charge of 
gathering samples of scientific interest at different sites which will be left in the surface. 

ERGO focuses on the second leg. The SFR must perform a long range traverse, in the range of 
fifteen kilometres in some 110 sols [RD.5], from the landing site to the location where Mars2020 
rover has placed the samples. The SFR must then identify them and perform a short-range, high 
precision approach from several meters to a distance where the SFR robotic arm can reach the 
samples, could by the operations to retrieve the canisters and blanks. During the traverse back, 
the rover could perform opportunistic science under request from the ground segment and 
communications with satellite relays.  



 

  Code: ERGO_D1.2

Date: 28/02/2017

Version: 1.1

Page: 16 of 43

 

ERGO  © ERGO Consortium2017, all 
rights reserved 

System Requirements 

 

 

 
Figure 6-1: Mars2020 rover mission (Depot Caching Strategy) 

This SFR scenario can be used to define the inputs, operations and expected outputs during the 
field tests of ERGO. The foreseen (multi-)sol operations of the SFR mission are based on the 
following cycle: 
 Ground control defines the mission as a mixed-detail-level plan, in which some activities (e.g. 

those in the rover FOV) might be highly detailed, while other activities (e.g. those beyond FOV) 
could be given as high level goals that will need to be refined prior to execution. 

 At the beginning of the (multi-)sol, the plan is uploaded, indicating the absolute time at which 
its execution should start. 

 The SFR proceeds to execute the plan at due time, traveling autonomously for a long distance 
in a Martian representative environment, including obstacles such as non-traversable rocks that 
need to be avoided, loose sand, etc. 

 ERGO will have to deal with unexpected events by means of the FDIR and re-planning 
capabilities.  These events could come from three different sources: 1) New inputs from ground 
segment; 2) Failures during execution; 3) Opportunistic science. 

 The SFR will dump information to an orbiter taking into consideration pre-defined time windows. 
 At the end of the sol, the rover will always hibernate, even in multi-sol missions. 
As a result of the execution, the following outputs will be expected: 
 Datalogs: Containing the different plans updated with the information associated to their 

execution, including: opportunistic goals detected; paths computed; failures; problems 
generated for re-planning; sensor readings; etc. 

 Imagery: Images taken from the different on-board cameras. 
 Videos: Videos taken from external cameras around the field test. 

6.1.3. SCENARIO ELEMENTS 
This scenario is proposed to be adapted for field trials in both an indoor and outdoor facility (to be 
discussed with OG6) requiring several items such: 
 SFR rover: The actual robot in which ERGO is tested. It shall include a set of perception means, 

including panoramic stereo cameras and navigation cameras and actuators, including the 
locomotion system, mast and optionally a robotic arm. 

 Canisters containing soil samples: Can be represented as QR labels. The robotic arm activities 
should be then simulated. 
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 Lander (optional): Only in case the second part of the mission is also demonstrated. This part 
includes the return of the SFR to the lander and the delivery of the samples to the MAV. 

 Ground truth: At least during indoor tests, it should be possible to stablish by direct observation 
the position of the rover. 

 Rocks of different sizes: Rocs will be used both as scientific targets of interest and obstacles. 
 Traps: Either sand traps or duricrust surfaces 
 Virtual environment tailoring: As a key aspect to guarantee the success of the field trials, the 

3D simulator is expected to be used for early V&V of ERGO. 
 Global data layers (including imagery) of the field. 
 
The evaluation of the scenario has been conceived at different levels of complexity to allow early 
verification and validation of the ERGO system and guarantee a smooth evolution. The 3D 
environment will be used to test specific functionalities and early system testing. A short range test 
including an early version of  ESROCOS is proposed for an initial integration of the whole system in 
a simplified scenario. These two phases are meant to minimize the risks of the final integration of 
ERGO for the final scenario described above. 

6.1.4. AUTONOMY CHARACTERIZATION 
The following table analyses the relation between the characteristics of the scenario and the use of 
autonomy. 

Table 6-1: Rationale for the use of autonomy within the MSR Scenario. 

Characteristic MSR Scenario 

Comms – Delays Yes. Round-trip communications with Mars can take from 8 to 40 
minutes. 

Comms - Windows Yes. Direct-to-Earth communications limited by Earth visibility and 
availability of slots in the Deep Space Network. 
Communications with orbiters limited by visibility. 

Env – Dynamic Yes. The environment presents continuous changes (light) and 
spontaneous (temperature, visibility, etc.) 

Env – Unstructured Yes. The surface of Mars is not structured, which means that at 
present cannot be modelled accurately. For example, the distribution 
of rocks, location, their size, subsurface composition, etc. is mostly 
unknown, specialy in the areas beyond the field of view of the rover.

Env – Non deterministic Yes. The scenario behaves in a stochastic manner that complicates 
the construction of accurate models. For example, it is very 
complicated to predict the properties of the surface (traction, 
sinkage, etc.) 

Rover – Resource const. Yes. In the generation of plans, resources such as battery, memory, 
etc. shall be taken into account. 

Rover – Time const. Yes. Activities are not considered instantaneous, therefore time shall 
be considered to generate appropriate plans. 

Mission – Reconfiguration No. The space asssets involved in the MSR scenario are not spected 
to be reconfigurable. 

Mission – Fast response 
to unexpected envents 

Yes. Passive events such as opportunistic science or dynamic such 
as a sand storm could benefit from an on-board fast response. 
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6.2.  IN-ORBIT SERVICING SCENARIO 

6.2.1. SCOPE 
The reference mission for the orbital track is the On-Orbit Servicing mission, where a damaged 
spacecraft can have one of its modules replaced autonomously by a servicer spacecraft. The 
objective of this orbital scenario is the evaluation of the autonomy performance of the controller in 
a “robot agent” type scenario (see Figure 6-2). It implies that the architecture and test environment 
must allow: 
 Demonstrating reactivity to scenario modifications caused by two different sources: 1) Failures 

such as pieces or tools not present in the expected place or found in a different attitude, 
obstacles in the visual field, changes in the illumination constraints, failure in grasping pieces 
etc...); 2) Deviations with respect to the nominal mission, such as reconfiguration of the 
spacecraft due to mission constraints 

 Re-planning based on updated information from the environment. For that purpose, feedback 
information needs to be obtained by passive visual means (camera) and active visual means 
(Time-Off-Flight camera, LIDAR) and force/torque feedback from the robot end-effecter closing 
control loops at different levels.  

 Generation of high level information with re-plan decisions and lower level schedules for 
downlink to ground with supervision when possible. 

Figure 6-2: The iBOSS concept (credits FZI). 

 

 

 

6.2.2. SCENARIO DESCRIPTION 
Within this IOS scenario we propose a reconfiguration operation composed by the following steps: 

- The chaser S/C initiates operations in station keeping mode. It performs/emulates a 3D 
scanning of the target S/C in order to have an initial DEM or 3D model of the environment. 

- The chaser S/C is instructed to perform several reconfiguration operations: 

o Two modular cubes of the target S/C should be returned to the chaser S/C. 

o Two modular cubes of the chaser S/C should be transferred to the target S/C. 

- The Mission planner finds an initial plan solution and starts its execution. 

- The robotic arm starts the transferring of the modular cubes. Several incidents occur during 
this transfer process and the ERGO system must stop operations and perform replanning of the 
activities. The foreseen incidents could cover the following anomalies: 

o Chaser modular cube damaged: During the execution of the plan, the verification of the 
status of one of the modules aboard the chaser fails (e.g. the module was damaged by 
a space debris), and in consequence cannot be used. The execution is stoped and a 
new plan is generated,  involving the following activities:  

1) Assess the status of the damaged module and chaser via internal TM and GODA; 
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2) Change the localization of the damaged module to prevent potential damage of 
nearby modules and to make room for the modules of the seviced S/C;  

3) Selection of a third alternative module. 

o Failure in the grasping: During execution, an error derived from the grasping activities 
is detected (e.g. directly raised by the funcitonal layer or by means of time limit 
violation). The execution is stoped and the system is put in safe mode. A new plan is 
generated, involving the following activities:  

1) Assess the status of the module via internal TM and GODA to estimate the best 
grasping point;  

2) Re order the the sequence of graspings, taking first the second module, facilitating 
the grasping of the first module from a different angle;  

3) New arm maneouvres.Slight modifications in relative attitude between S/C: 

o Deviations in the relative attitude prevent the achievement of some arm activities. In 
consequence, the execution is stoped and the system is put in safe mode. A new plan 
is generated involving the following activities:  

1) Estimate the new relative position between S/C;  

2) New arm manoeuvres taking into account the new conditions. 

o Low-Battery: During the transfer process of modular cubes it is identified a low-battery 
situation on the chaser S/C. The execution is stoped and the system is put in safe mode. 
After that, a new plan is generated involving the following activities: 

1) Attitude and solar array pointing manoeuvres to charge the batteries;  

2) New arm manoeuvres taking into consideration the new conditions (e.g. minimizing 
power consumption rather than plan timespan). 

All the previously described activities require the participation of different ERGO subsystems:  

1) Execution to execute the nominal plan;  

2) FDIR to detect, identify and recover from errors during the planning or execution phases;  

3) GODA to identify the status of the first modular cube;  

4) Arm motion planner to re-estimate time and energy budget for the new activities;  

5) Functional layer modules such as the chaser satellite AOCS (to be emulated);  

6) Mission planner to perform replanning. 

6.2.3. SCENARIO ELEMENTS 
This complex scenario is proposed to be adapted to the demonstration needed on an orbital facility 
(to be discussed with OG6) requiring several items such: 

- (Flight) Robotic arm mounted on the top of a ground laboratory robotic arm (emulating ingravity 
conditions) simulating the chaser spacecraft. The emulation of the ingravity conditions could 
consider that the chaser S/C is in station keeping mode separated by 1m (within the reach of 
the robotic arm) of the target S/C with some perturbations affecting its COM (e.g. ±5cm of 
drinf in the position and ±2deg in one or two axis). 

Additionally it could be considered that on the base of the robotic arm there is a flat mounting 
panel simulating the front side of the chaser S/C and hosting one or two modular cubes (e.g. 
15x15x15cm) emulating the reconfigurable spacecraft modules. These cubes should have a 
circular magnet ring to be pick-up by the tip of the robotic arm (holding another electro-magnet 
ring) emulating a typical space grasping operation (e.g. similar to the grasping operations 
performed with the OG5 end-effector). Failures on grasping activities could be simulated by 
removing occasionally some of the magnets. 

- Satellite mockup mounted on the top of a second ground laboratory robotic arm (considered to 
be fixed in a set of predefined positions/orientations; the emulation of its ingravity conditions 
would be performed directly by combining the motions of borth the two ground laboratory 



 

  Code: ERGO_D1.2

Date: 28/02/2017

Version: 1.1

Page: 20 of 43

 

ERGO  © ERGO Consortium2017, all 
rights reserved 

System Requirements 

 

robotic arms). Additionally it might be needed a solar array or similar element obstructing the 
nominal path of the robotic arm. 

This satellite mockup should have one or two cubes similar to previous ones emulating the 
reconfigurable pieces of the spacecraft. 

- Set of perception means (monocular cameras and/or stereo-cameras and/or TOF/Lidar sensor) 
and emulated grasping means (e.g. electro-magnet to grasp the modular satellite box). 

As this scenario considers reconfiguration operations of the target S/C with distances between 
both S/C within the range of 1m (e.g. between 0.5m and 1.5m) LIDAR sensors are preliminary 
discarded as they are not suitable for this range of operations. Instead they are proposed to 
use perception maps obtained from TOF or stereo-cameras. This mapping capability could be 
emulated by dynamic 3D modelling (generated from initial static real 3D model and later post-
processing).  

- Assuming that there is a rigid link between both S/C (e.g. by means of a second (flight) robotic 
arm) it could be considered as well that there is no need to have an on-line 3D model of the 
target S/C and it is enough to perform visual servoing by including a monocular camera at the 
wrist of the robotic arm. This visual servoing could be performed against a set of visual markers 
placed at the four corners of the spacecraft cubes. 

- Emulation of space illumination conditions through a lamp-based Sun emulator system (in case 
that stereo-cameras are used as perception means). It is also proposed to install a lamp at the 
wrist of the robotic arm to be independent of changes in the illumination conditions. 

- On-board computer hosting a Linux x86 64-bit operating system. This OBC should host the 
ERGO sw modules and control the robotic arm, electro-magnet and additional perception 
means. 

6.2.4. AUTONOMY CHARACTERIZATION 
Next table analyses the relation between the characteristics of this IOS scenario and the suitability 
of the use of autonomy. 

Table 6-2: Rationale for the use of autonomy within the In-Orbit Scenario. 

Characteristic IOS Scenario 

Comms – Delays Maybe. Depending on the orbit considered for the serviced satellite. 
In the case of LEO, telecommanding or semi-autonomous operations 
are possible in terms of communications. 

Comms - Windows Maybe. Similar considerations as the previous point. 

Env – Dynamic Yes. The environment presents continuous changes (light) and 
spontaneous (small perturbances in the relative attitude between S/C 
during the docked phase, etc.) 

Env – Unstructured No. Modelling of the space environment can be reproduced with high 
accuracy. 

Env – Non deterministic No. The environment behaves in a highly deterministic manner. 

Satellite – Resource 
const. 

Yes. In the generation of plans, resources such as battery, memory, 
etc. shall be taken into account. 

Satellite – Time const. Yes. Activities are not instantaneous, therefore time shall be 
considered to generate appropriate plans. 

Mission – 
Reconfiguration 

Yes. The serviced and servicing satellites are subtle to reconfiguration, 
which might be demanded by the nominal mission or due to 
unexpected events. 

Mission – Fast response 
to unexpected envents 

Yes. Changes in the level of resources (battery) and 
malfunctioning/under-performance of some subsystems (data buses, 
docking bay, etc.) might require a quick response to fix the problem. 
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7.  VERIFICATION OF SYSTEM REQUIREMENTS 
The requirements in this document answer the User Requirements from section 5. The requirements 
are structured following the frame already outlined in the proposal (between brackets a section 
code is defined): 
 High-level architecture requirements (HLA) 
 Detailed architecture requirements: 

- Controller Requirements (CON) 
- Deliberative reactors requirements (DLY) 
- Executive reactors requirements (ELY) 
- Functional layer requirements (FLY) 

 System interface requirements (INT) 
 Quality requirements (QLY) 
 Design and Implementation requirements and constraints (DIC) 
 Software maintenance requirements (SMA) 

The requirements are structured as follows: 
 ID (identifier): uniquely identifies the requirement. It is composed in the following 

manner: ‘ERGO’-‘<section_code>-‘<incremental_number>’ 
 Title: briefly names the requirement.  
 Requirement: the statement that describes the requirement in an unambiguous way. 
 Rationale: the justification for the requirement. 
 Source: the user requirement stemming the requirement. 
 Verification method: how the requirement will be verified. 

The following abbreviations are used to refer to the different verification methods: 
 Test (T): It is an empirical verification method which shows that, under certain 

conditions, the specific inputs generate the expected results. This activity requires a set-
up and a procedure representative of the function under test. The study cases will mainly 
rely on this method. 

 Analysis (A): It consists of theoretical or empirical evaluation using techniques such as 
systematic, statistical and qualitative design analysis, modelling and computational 
simulation. It is used when the test facility does not allow a realistic or adequate test, or 
where the set-up would result in excessive duration and/or cost, computer simulations 
may be applied. 

 Review (R): It consists of reviewing documentation and design diagrams that 
unambiguously show that the requirement is met. 

 Inspection (I): It consists of visual determination of a characteristic of the system, 
typically used for physical characteristics or for source code standards. 
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8.  SYSTEM REQUIREMENTS 

8.1. HIGH-LEVEL ARCHITECTURE REQUIREMENTS 
Table 8-1: High-level architecture Requirements. 

Requirement 
ID 

Title Requirement Rationale Source Verif.  

Method

ERGO-HLA-0010 Hybrid, three-
layer architecture 

The system architecture shall follow a hybrid three-layer 
approach differentiating between deliberative, 
executive and functional layers with declared interfaces 
between them. 

Three layer architectures are ideal for systems that should 
display slow deliberation and quick reaction behaviours. 

UR-01 R 

ERGO-HLA-0020 ECSS levels of 
autonomy 

The system shall enable ECSS E1 to E4 level of 
autonomy.

Different missions and different phases of a given mission 
might present different autonomy requirements.

UR-03 T 

ERGO-HLA-0030 Selectable  level of 
autonomy 

The system shall be capable of modifying on demand 
the level of autonomy. 

Different missions or phases of a mission might need 
different levels of autonomy. This capability can be 
dynamically selected by the on-ground operator trough 
dedicated TC. 

UR-03 T 

ERGO-HLA-0040 Adaptative level of 
autonomy 

The system shall be capable of modifying dynamically 
the level of autonomy  by an internal event. 

Hazardous events can lead to the need to lower the level of 
autonomy in order to reach a safe status, disabling the 
higher levels of autonomy (E4, E3).

UR-03 T 

ERGO-HLA-0050 Interleaving 
planning and 
execution  

The system shall be able to interleave the deliberation 
process while executing a plan. 

Planning and re-planning might be time consuming. Halting 
the execution of a plan every time a deliverative activity is 
required might result in additional failures requiring 
additional deliberative steps, hence creating a chain 
reaction. To prevent it, the system shall be capable of 
identifying the valid part of the current plan and continue 
its execution while planning/re-planning.

UR-02 T 

ERGO-HLA-0060 Hardware 
abstraction 

The system architecture shall be domain-independent. 
Details about the specific platform shall be implemented 
in the functional layer. 

In order to become a reference robotic controller, ERGO 
must be easily adaptable for different missions. This is 
achieved by isolating the domain-dependent information in 
the input files, defined with high-level languages such as 
PDDL.

UR-12 R 

ERGO-HLA-0070 Logging / 
telemetry 
generation 

The system layer shall gather the information produced. Understanding the behaviour of complex systems in non-
nominal situations is crucial to guarantee robustness. The 

UR-05 T 
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generation of logging data allows human operators to 
evaluate the outcome off-line.

ERGO-HLA-0080 Collaborative 
scenarios 

The architecture shall be able to handle scenarios 
involving several collaborative robots. 

Future missions might require the collaboration between 
robots without human intervention. 

UR-02 R 

ERGO-HLA-0090 Robust under 
uncertainty 

The system shall be capable of continuing operations in 
environments presenting uncertainty. 

The foreseen scenarios present different sources of 
uncertainty, naimly: 1) Dynamic: The current status of the 
environment and the goals can change expontaneously due 
to exogenous or endogenous events; 2) Partially 
observable: The environment cannot be modelled with high 
accuracy as it cannot be completely observed; 3) Non 
deterministic: Even for the same initial state and inputs, 
the final state might be different.

UR-04 T 

ERGO-HLA-0100 FDIR The system shall guarantee the robot safety by means 
of the detection, isolation and recovery from failures in 
an autonomous way.  

Failures can have an internal (robot) or external 
(environment) origin. They can have implications at 
deliberative or reactive level, both required to be properly 
addressed. ERGO is responsible for the management of the 
failures and to guarantee the safety of the robot. 

UR-21 T 

ERGO-HLA-0110 Deterministic 
behaviour 

The system shall always react in the same, predictable, 
manner given identical stimuli.

Determinism is very important to test the system and to 
guarantee the correctness of the plans generated.

UR-14 R, T 

ERGO-HLA-0120 Sense/ Plan / Act 
approach 

The system shall follow a  “Sense/Plan Repair/Act” 
cycle. 

This “sense/plan/act” cycle will integrate observations and 
goals, repair the plan if needed, and decide to execute 
actions. 

UR-02 R 

ERGO-HLA-0121 OBCP Interpreter The system shall accept and interpret OBCP procedures 
(written in a procedural language such as micropython 
or similar). 

The exact usage of the OBCP interpreter (as an 
architectural decision) will be defined in the next phase of 
'Preliminary Design and Modelling’. 

UR-03 T 
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8.2. DETAILED ARCHITECTURE REQUIREMENTS 

8.2.1. CONTROLLER REQUIREMENTS 
Table 8-2: Controller Requirements. 

Requirement ID Title Requirement Rationale Source 

 

Verif.  

Method 

ERGO-CON-0130 Coordinated 
execution of control 
loops via a controller 

A separate controller shall coordinate the interaction 
between different functional control loops (reactors) 
via a common interface. 

The mission of the controller is to guarantee the 
harmonic execution of different control loops. 

UR-02 T 

ERGO-CON-0140 Number of reactors This architecture shall provide means to add 
reactors to the architecture without modifying the 
controller.

The architecture is open for adding more deliberative 
and reactive reactors. 

UR-01 R 

ERGO-CON-0150 Reactor latency Each reactor shall have its own latency. The shorter the latency, the more reactive. The 
latency of a reactor defines the minimum  time 
required for posting a goal.

UR-05 R 

ERGO-CON-0160 Reactor’s deliberation 
horizon (deliberation 
lookahead) 

Each reactor shall have its own deliberation horizon 
(deliberation lookahead). 

The deliberation horizon splits the planning problem 
in the temporal scope, therefore distributing the 
planning effort in time.

UR-05 R 

ERGO-CON-0170 Reactor’s internal 
timelines 

Each reactor shall have a set of internal timelines. Each timeline is owned by exactly one reactor. Any 
reactor may request a new goal, or replan such 
requests in the event of a change of plan; but only 
the reactor that is the owner of the timeline can 
receive a goal to  be posted on this timeline. 

UR-02 R 

ERGO-CON-0180 Reactor’s external 
timelines 

Each reactor shall have associated to it a set of 
external timelines. 

Reactor use external timelines to observe values 
and/or express goals that need to be fulfilled by the 
reactor that is the owner of the timeline.

UR-02 R 

ERGO-CON-0190 Hierarchical 
architecture 

The deliberative/executive layer shall be composed 
by a set of hierarchized reactors. 

A hierarchy of reactors allows coping with different 
horizons of planning (i.e. tactical/strategic) and 
multi-robot planning capabilities (e.g. system of 
systems approach).

UR-02 R 

ERGO-CON-0200 Partitioned scope of 
deliberation through 
reactors 

The scope of deliberation shall be functionally and 
temporally partitioned and controlled by a different 
reactor. 

This capability assures the following properties: a) 
Scalability : the number of sub-domains, 
consequently the number of reactors, can be adapted 
to the complexity of the problem and b) Flexibility: 

UR-02 R 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
the temporal scope of the deliberation can be adapted 
to the abstraction level of each sub-domain. 

ERGO-CON-0210 Communication 
between reactors – 
goals 

The reactors shall be capable to generate plans as 
new (sub-) goals to be assigned to reactors 
depending on it.

It allows to support a hierarchy of reactors ensuring 
well-defined interface between reactors for goal 
dispatching. 

UR-02 T 

ERGO-CON-0220 Communication 
between reactors – 
observations 

The observations gather from the functional layer 
through the executive shall be communicated to 
other upper reactors.

Well defined interface between reactors for 
observation synchronization. 

UR-02 T 

ERGO-CON-0230 Common clock All reactors (deliberative and reactive) shall share a 
common clock. 

The controller should ensure a common and 
consistent perception of the external environment 
together with a coherency of the corresponding 
actuations. 

UR-02 R 

ERGO-CON-0240 Complete state of the 
controller 

The state of the controller shall be complete, i.e. all 
state variables shall have a grounded value on the 
execution frontier.

All reactors must have a synchronized view of the 
world at the execution frontier. 

UR-02 R 

 

8.2.2. DELIBERATIVE LAYER REQUIREMENTS 

8.2.2.1. DELIBERATIVE LAYER REQUIREMENTS 
Table 8-3: Deliberative layer Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-DLY-0250 Planning and Re-
planning 

The deliberative layer shall be composed by a set 
of deliberative reactors able to perform planning, 
based exclusively on a set of facts and goals, and 
re-planning, based on new facts or goals and an 
already existing plan. 

Planning and re-planning follow different purposes. The 
second should be typically preferred in conventional 
space missions, as better plans could be generated on-
ground thanks to human expertise and computing 
resources. However, in some circumstances in which 
planning on-ground is not possible or optimal (e.g. 
unknown initial status), planning is the best alternative. 
Either way, the uncertainty inherent to the environment 
might cause the failure of the plan during execution. Re-

UR-02 

UR-09 

UR-11 

T 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
planning allows adapting the plan to the unexpected 
events in an efficient manner. 

ERGO-DLY-0260 Low memory and CPU 
consumption 

All deliberative reactors shall be designed taking 
into consideration typical space-qualified 
computer specifications. 

Planning is a CPU/Memory intensive task. The on-board 
planner should trade plan quality in order to produce 
solutions at a reasonable time with typical space OBC’s 
(estimated RAM 256 MB, Leon3/4 300-400 MIPS for a 
SFR-like rover). Especially important in this regard are 
the search space data structures, search algorithms and 
heuristics. 

UR-05 R 

ERGO-DLY-0270 Modularity All deliberative reactors shall be constructed in a 
modular way.

Modularity will facilitate the adaptation of the mission 
planner to the specific needs of different missions.

UR-24 R 

ERGO-DLY-0280 Compatible with pre-
existing ESA solutions 

The inputs and outputs received/produced by all 
deliberative reactors shall be compatible with the 
ESA APSI framework and the DDL language. 

The deliberaty layer must be designed taking into 
consideration the whole cycle of missions operations. In 
this regard, the on-ground mission planner (e.g. APSI) 
will produce outputs in the form of models, behaviours 
and plans that need to be interpreted by the on-board 
counterpart.  

UR-22 R 

ERGO-DLY-0290 Well-defined plan 
output language 

The format of the generated plan shall be based 
on a well-defined language. 

Automated planning has focused so far on the definition 
of standard input languages, leaving outputs in the 
background. To facilitate reusability, the deliberative 
layer proposes to formally define a language to express 
flexible plans. It should be expressive enough to 
represent any plan and/or action for all the autonomy 
levels, including time/event tagged actions. It shall be 
also compatible with the APSI flexible timelines format.

UR-10 R 

ERGO-DLY-0300 Flexible temporal 
representation of 
activities. 

All deliberative reactors shall be able to generate 
flexible-timeline plans, characterized by the 
definition of temporal intervals for the start and 
duration of each activity. 

In non-deterministic environments, predicting the exact 
duration of an activity is virtually impossible. Flexible 
plans help to prevent continuous failures during 
execution, thus making the system more robust. 

UR-02 

UR-05 

UR-13

T 

ERGO-DLY-0310 Support of PDDL 3 All deliberative reactors shall be able to read and 
reason domains and models written in PDDL 
version 3. 

PDDL v3 provide a number of features present in space-
oriented planners such as APSI. The key functionalities 
to be supported are: 1) Numerical fluents: Allow the 
representation of elements such as non-binary 
resources; 2) Plan-metrics: Allow a quantitative 
evaluation of plans; 3) Durative actions: Actions and 
their relations are not instantaneous; 4) Intermediate-

UR-09 

UR-11 

UR-13 

R 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
goals: Unlike traditional PDDL problems, the goal does 
not represent a final state to be reached, but rather 
certain states the system must reach between the time 
origin and the horizon; 5) Preferences: Or soft-
constraints used to specify goals or constraints nice to 
achieve, but not mandatory;

ERGO-DLY-0320 Support to 
hierarchical modelling 
and planning 

All deliberative reactors shall be able to handle 
domains and behaviours defined in a hierarchical 
manner. 

Hierarchical modelling helps to construct more rational 
domains and behaviours. At the same time, plan 
refinement improves the planner performance as it can 
insert sub-plans just by adding predefined behaviours to 
the current solution. 

UR-10 

UR-12 

R 

ERGO-DLY-0330 Sufficient planning All deliberative reactors shall be able to handle 
partially decomposed plans, to be further refined 
during re-planning.  

In some circumstances it is not possible to fully specify 
a plan due to lack of evidences to take an informed 
decision. In thus cases, some activities might be 
partially decomposed in the original plan and further 
refined by means of re-planning once the robot has 
gathered enough information. 

UR-02 

UR-10 

T 

ERGO-DLY-0340 Resource 
management 

All deliberative reactors shall be able to reason 
about reusable (e.g. memory) and consumable 
(e.g. battery) resources.   

The ability of a robot to achieve certain tasks is limited, 
among others, by the available resources. It is critical 
for any on-board controller to consider the resource 
consumption during plan generation and their actual 
levels during execution.

UR-05 T 

ERGO-DLY-0350 Dynamic ingestion of 
goals 

All deliberative reactors shall be able to handle 
the dynamic ingestion of new goals and generate 
accordingly a new plan.  

The opportunistic science engine might be able to detect 
new scientific targets of interest and decide its inclusion 
as new goals to be reached by the system.

UR-08 T 

ERGO-DLY-0360 Plan Monitoring All deliberative reactors shall be able to monitor 
the state of the plan execution.  

Errors might happen during execution time. The decision 
layer shall be endowed with a monitor system in charge 
of comparing the results of the execution with respect to 
the original plan and detect deviations.

UR-02 

UR-13 

T 

ERGO-DLY-0361 Logical modelling The planning component shall provide a logical 
model associating identifiers to those objects of 
the scenario relevant for the mission.  

Objects that are present in the current 3D model of the 
environment and can be referenced by the planner and 
that other components understand these references 
correctly. For instance, if the action "pick-up(object0)" 
is part of the plan, the planner and the rest of the system 
have to agree on which object "object0

UR-02 

UR-13 

T 
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8.2.2.2. HEURISTIC SEARCH REQUIREMENTS 
Table 8-4: Heuristic search Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method 

ERGO-HEU-0370 Resource bounded 
planning  

The heuristic search component shall not 
exceed pre-assigned time/memory resources 
when generating/refining a plan.

On-board computation and other resources are limited; 
plan generation should be able to undertake ‘best effort’ 
planning, given these limits. 

UR-05 T 

ERGO-HEU-0380 Input compatibility The input (problem definition) shall be 
compatible with the deliberative layer. 

The research background to the planning component of the 
work is based on PDDL. A lower-level format (byte-code 
rather than plain-text) is better suited for on-board use. 
Internally, this will map to the same data structures as for 
conventional PDDL inputs.

UR-12 A 

ERGO-HEU-0390 Domain independence The planner shall be domain independent, 
with generic techniques able to work in a 
range of target domains.

ERGO shall be suitable for orbital and surface exploration; 
and in future, terrestrial applications.  Domain-
independence ensures this flexibility.

UR-12 R 

ERGO-HEU-0400 STRIPS-like planning The input (problem definition) shall be a 
planning task where action preconditions and 
the goal are conjunctions of state variables 
and action effects are conjunctions of atomic 
effects. 

Many successful planning techniques have been developed 
in the context of STRIPS planning [RD.13] and cannot 
always be generalized to representations that, for instance, 
additionally allow conditional effects. 

UR-09 

UR-13 

R 

ERGO-HEU-0410 Flexible temporal 
actions 

Actions should be modelled with a given 
constant lower and upper duration bound. 

Conventionally, a plan is a list of actions with fixed 
timestamps and durations. Flexible plans avoid replanning, 
and are to be supported by the deliberative layer.

UR-13 R 

ERGO-HEU-0420 Semantics of 
temporal actions 

The precondition of an action shall hold at the 
start and throughout its execution, and its 
effects shall be guaranteed to hold only at the 
end of its execution .

Without constraints on the temporal aspect of actions, the 
theoretical complexity of the problem is raised by one 
exponential class (e.g., EXPSPACE  instead of PSPACE). 

UR-13 R 

ERGO-HEU-0430 Resources Reusable and consumable resources shall be 
the only numerical variables in the planning 
problem, and they shall not occur in 
preconditions and be part of additive effects 
only. 

General numerical planning is undecidable, so we have to 
constrain their use. We achieve this by restricting to 
resources that are integers with a given, limited domain 
and (implicit) preconditions on all actions that the amount 
of each resource remains within its bounds. Furthermore, 
resource levels are only altered by adding or subtracting 
from it. 

UR-13 R 
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Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-HEU-0440 Metrics The planner shall take as input a quality 
metric, which is restricted to be a linear 
combination of resources and plan makespan.

A quality metric allows the planner to distinguish between 
better and worse solutions. To allow for the computation of 
high-quality plans on limited (system) resources, we 
restrict to metrics that are a linear combination of 
resources and the makespan of the plan. 

UR-05 

UR-13 

T 

ERGO-HEU-0450 Allow on-ground 
precomputation 

Heuristics to be used may be preprocessed or 
even  precomputed on-ground, reducing on-
board the computing resources required for 
their evaluation. 

Balancing the computation time between on-ground 
preprocessing to come up with informative and compact 
heuristics and quick on-board heuristic evaluation might be 
one possibility that allows the system to cope with the 
restricted on-board system resources.

UR-05 T 

ERGO-HEU-0460 Common interface All heuristics shall be based on the same 
interface.

To interchange heuristics easily, all use a common 
interface. 

UR-05 R 

 

8.2.2.3. PLAN REPAIR AND REPLANNING REQUIREMENTS 
Table 8-5: Plan replanning and repair Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-REP-0470 Incremental planning The planner shall be able to take as input a 
plan, and adapt it. 

A limited planning horizon, and serendipitous science 
events, will incrementally update the planning task.  The 
planner should be able to take a plan and (attempt to) 
modify it, as planning requirements change. 

UR-02 

UR-11 

T 

ERGO-REP-0480 Flexible plans The planner shall produce as output a flexible 
plan, labelled with the temporal constraints on 
actions. 

Conventionally, a plan is a list of actions with fixed 
timestamps and durations.  Flexible plans avoid 
replanning, and are to be supported by the deliberative 
layer. 

UR-02 

UR-15 

T 

ERGO-REP-0490 Resource bounded 
planning  

The plan repair and replanning process shall 
not exceed pre-assigned time/memory 
resources when generating/refining a plan.

On-board computation and other resources is limited; plan 
generation should be able to undertake ‘best effort’ 
planning, given these limits. 

UR-02 

UR-11 

T 

ERGO-REP-0500 Input compatibility The input (problem definition) shall be 
compatible with the deliberative layer. 

The research background to the planning component of the 
work is based on PDDL. A lower-level format (byte-code 
rather than plain-text) is better suited for on-board use. 

UR-09 T 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
Internally, this will map to the same data structures as for 
conventional PDDL inputs. 

ERGO-REP-0510 Metrics and 
preferences 

The planner shall take as input a quality 
metric, and which goals are preferential but 
not essential.

A quality metric allows the planner to distinguish between 
better and worse solutions. 

UR-13 T 

ERGO-REP-0520 Domain independence The planner shall be domain independent, 
with generic techniques able to work in a 
range of target domains.

ERGO shall be suitable for orbital and surface exploration; 
and in future, terrestrial applications.  Domain-
independence ensures this flexibility.

UR-12 T 

ERGO-REP-0530 Temporal constraints The planner shall be able to respect temporal 
constraints on actions. 

Existing ASPI domains and problems allow temporal 
constraints to be expressed on the time intervals between 
actions and facts.  The planner will support these, as 
expressed in the input language.

UR-11 T 

 

8.2.2.4. PLAN VALIDATION REQUIREMENTS 
Table 8-6: Plan Validation Requirements. 

Requirement ID Title Requirement Rationale Source 

 

Verif.  

Method 

ERGO-VAL-0540 Plan validation 
against a model 

The validator shall be able to validate a plan 
against a given model. 

Plan execution leads to updates being made to the planning 
problem, to reflect the reality of the world. Plans need to be 
validated to determine whether they are still usable. 

UR-14 T 

ERGO-VAL-0550 Input compatibility The input to the validator shall be compatible 
with the output from the planner.

The plans produced by the planner need to be able to be 
validated.

UR-14 T 

ERGO-VAL-0560 Output compatibility The output of plan validation shall be 
compatible with components requiring 
diagnostics.

The plan validation must produce a diagnostic of why the plan 
is invalid.  This may be required by other components, e.g. the 
planner. 

UR-14 T 

ERGO-VAL-0570 Robustness Plan validation shall be able to account for a 
robustness measure. 

Validating whilst accounting for plan robustness (a margin of 
error on execution outcomes) helps to militate against 
execution failiure. 

UR-14 

UR-05 

 

T 
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8.2.3. EXECUTIVE LAYER REQUIREMENTS 
Table 8-7: Executive layer Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-ELY-0580 Executive reactors The executive layer shall be composed by 
reactive reactors tighly connected to the 
deliberative reactors. 

The ERGO system encapsulates the long-standing notion of a 
sense-plan-act cyle implemented through different control loops 
(deliberative and reactive reactors).

UR-15 T 

ERGO-ELY-0590 Compatible plan 
representation with 
the planner 

The executive reactors shall be capable of 
interpreting and executing the plan 
representation provided by the decision 
layer.

The executive layer must be capable of reading the plan for 
execution. It implies conversion between action-based (PDDL) and 
timeline-based planning methodologies. 

UR-15 T 

ERGO-ELY-0600 Time/Event-driven 
plan execution 

The executive reactors shall be capable to 
execute plans based on actions triggered by 
time or events. 

Depending on the ECss level of autonomy, plans are driven by time 
(E4) or events (E3). The executive be able to  must execute actions 
not only at a certain time but also triggered by events in order to 
provide reactive capabilities to the system.

UR-16 T 

ERGO-ELY-0610 Domain-
independent 

The executive shall be domain-
independent. 

The executive shall not contain any domain-specific code, that is, 
should not depend on the details of the functional layer. To be able 
to dispatch commands to the appropriate subsystems, the 
executive will access a table containing a mapping from each 
command to its subsystem.

UR-12 T 

ERGO-ELY-0620 Consistent state The state shall be consistent, meaning that 
all executive reactors shall have identical 
views of the state variables up to the 
execution frontier.

All reactors must have identical view of the world at the execution 
frontier. 

UR-17 R 

ERGO-ELY-0630 Failure recovery The executive reactors shall be capable to 
react adequately to failure conditions. 

The system shall be able to react adequately to environmental 
conditions as perceived by the platform. 

UR-18 T 

ERGO-ELY-0640 Rule matching  The executive reactors shall have the 
capability to include behaviours and their 
associated conditions.

Triggering conditions must comply with a set of pre-defined rules 
(e.g. space OBCP’s). 

UR-18 T 

ERGO-ELY-0680 Execution control The reactors shall be able to be commanded 
at any time to start/stop execution. 

To guarantee the safety of the robot (e.g. in case of failure) and 
the appropriate functionality of the different subsystems (e.g. in 
case a new plan is produced), the executive shall be able to be 
commanded to start and stop execution at any moment. 

UR-19  
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8.2.4. ROVER GUIDANCE 
Table 8-8: Rover Guidance Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-GUI-0650 Rover Safety The Rover Guidance shall ensure the rover to 
be commanded to drive solely in safe areas of 
the terrain. 

Needed to keep the rover safe at all time. A safe area is 
defined as geographical zone where the rover hardware 
cannot be damaged by the environment conditions and 
where the rover will not get physically trapped in sand or 
rocks. 

UR-06 T 

ERGO-GUI-0660 Navigation map The Rover Guidance shall create a navigation 
map which defines which areas of the terrain 
are traversable by the rover. 

To be used to plan a path, here traversability map is not 
mentioned, as it is down to the design implementation 
choices which intermediate by-products are required. 

UR-06 T 

ERGO-GUI-0670 Navigation map cost The traversable areas of the navigation map 
shall include cost data usable to inform of the 
most desirable area to be traversed. 

The cost could include information about difficulty to 
traverse for the locomotion system, but it could also 
include information related to e.g. scientific interest, 
shadows, power consumption, etc. For this reason, this 
requirement is kept realtively generic with terminology 
“most desirable”. 

UR-06 T 

ERGO-GUI-0680 Long-distance path 
planning 

The Rover Guidance shall plan a long-distance 
path from the current rover location to the long 
distance  target location, this in order to enable 
efficient and feasible long distance route 
selection.

A long-distance path is the furthest plannable path which 
uses all relevant available information to reach a faraway 
target. 

 

UR-06 T 

ERGO-GUI-0690 Short-distance path 
and trajectory 
planning drivability 

The Rover Guidance shall plan a short distance 
path with associated desired manoeuvres 
(trajectories) that is drivable by the locomotion 
system.  

A short-distance path is defined as the path planned in 
the near vicinity of the current rover location. The length 
of a short-distance path shall be theoretically, as a 
minimum, executable until the next path planning session 
occurs. This is the planned path that will be executed, as 
such needs to be drivable, traversable and safe.  Drivable 
is defined as geometrically compatible with the target 
locomotion system manoeuvre capability.

UR-06 T 

ERGO-GUI-0700 Short-distance path 
planning safety 

The Rover Guidance shall plan a short distance 
path through only the locations and directions 
considered to be traversable and safe in the 
Navigation Map, with associated safe corridor 
around the path. 

See ERGO-GUI-690 for definition of a short-distance path. 
See ERGO-GUI-650 for definition of a safe area. 

Contributes to keep the rover safe at all time while driving 
by planning a safe path with associated defined margins 
around it. 

UR-06 T 
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Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-GUI-0710 Rover Control The Rover Guidance shall control the rover by 
issuing manoeuvre commands towards the 
locomotion system, limited to Ackerman and 
Point Turn motion primitive.

Issuing manoeuvre commands to the locomotion system 
enables the Rover Guidance to effectively drive the rover. 

UR-06 T 

ERGO-GUI-0720 Trajectory Control While driving the rover, the Rover Guidance 
shall adapt the rover commands and 
manoeuvres (trajectories) taking into account 
the rover estimated pose in order to follow the 
planned path, compensating for perturbations 
as needed.

Needed to keep the rover close to the planned path. This 
is the closed-loop trajectory control requirement enabling 
to effectively drive the rover from point A to point 
B.Example of control architectures can include pre-
defined sequences of individual motion primitive as well 
as rejection of perturbation.

UR-06 T 

ERGO-GUI-0721 Safety check while 
driving 

While driving, the Rover Guidance shall check 
that the rover stays within the planned path’s 
safe corridor limits. If limits are reached, it 
shall take action to keep the rover safe. 

Examples of possible actions to keep the rover safe are 
e.g. stopping, slowing down, replanning, GNC 
reconfiguration. 

UR-06 T 

ERGO-GUI-0730 Hazard avoidance The Rover Guidance shall be able to identify 
and react to new hazards appearing across the 
planned short-distance path.

To enable the navigation map to not be fully robust and 
provide flexibility to the design. 

UR-06 T 

ERGO-GUI-0740 Resources Estimation The Rover Guidance shall estimate the required 
resources to execute the path. 

Needed by the mission planner. UR-06 

UR-13 

T 

ERGO-GUI-0750 Rover type and 
mechanical 
configuration 

The Rover Guidance shall be designed as 
agnostic as possible to the rover type and 
mechanical configuration. For functions highly 
dependent on it, the rover type and mechanical 
configuration designed for shall be the most 
likely to be used for a Mars Sample Return 
mission. 

The most likely to be used for a Mars Sample Return 
mission is either a NASA-like rover mechanical 
configuration (Opportunity) or ExoMars-like rover 
mechanical configuration. 

UR-06 

UR-13 

R 
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8.2.5. OPPORTUNISTIC SCIENCE 
Table 8-9: Opportunistic Science Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-SCI-0760 Simple Imaging 
requirements 

The GODA component shall use monocular 
grayscale images as the baseline input type. 

This is the “lowest common denominator” of image 
products, and a common sensor to rovers and spacecraft 
alike. Support for simple input data ensures an applicability 
to a wide range of scenarios.

UR-08 T 

ERGO-SCI-0770 Invocation 
Method/Operations 
modes 

The GODA component shall be invoked as a 
stateless asynchronous function. 

It may be that GODA is run on every nav image as the 
platform moves, or it may be explicitly invoked as the 
result of timeline action. The function is called with the 
input image and the returned value includes the GODA 
output.

UR-08 T 

ERGO-SCI-0780 GODA Output The output shall be the location of any 
phenomena of interest in the image frame, 
and an associated high level goal. 

For example, an output may be that there is an interesting 
phenomena at pixel X,Y and the goal is to acquire a futher 
image. 

UR-08 T 

ERGO-SCI-0790 Metric output The output shall have some metric or ranking 
associated with it, to allow an ordering over 
detected phenomena. 

The GODA should provide a means for a planning process 
acting on the output to reason over relative importance of 
detections. For example, it may be very important to react 
to the detection of a change in expected target satellite 
configuration that could result in plan failure, whereas a 
potentially interesting rock for further imaging could be low 
priority.

UR-08 T 

ERGO-SCI-0800 Library 
Implementation 

The GODA shall be implemented as a library 
component to be integrated into the larger 
system.

This will ease integration and testing, as the functionality 
can easily be tested in a stand-alone fashion against pre-
exisitng datasets.

UR-08 R 

ERGO-SCI-0810 Types of Data The GODA shall be able to be configured for 
typical images acquired within ERGO in-orbit  
and planetary exploration surface scenarios. 

The opportunistic science engine must deal either with 
satellites models and Moon/Mars-like landscapes (OG6 
Earth Analogue). 

UR-08 I 

ERGO-SCI-0820 Parameterised/trained It shall be possible to paramaterise or train the 
GODA component to work for different 
expected deployment domains.

The opportunistic science engine must be trained for both 
ERGO in-orbit  and planetary exploration surface scenarios. 

UR-08 I 
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8.2.6. ARM MOTION PLANNING 
Table 8-10: Arm Motion Planning Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-ARM-0830 Environment 
awareness 

The robotic arm motion shall be able to use a 3D 
model of the environment in order to avoid 
obstacles. 

The motion plan shall be adjusted according to the 
obstacles found in the environment. The 3D model 
should be generated according to the OG6 in-orbit 
scenario. 

UR-07 R 

ERGO-ARM-0840 Robot safety The robotic arm motion shall be planned taking 
into account uncertainty of the sensors and 
control. 

Arm movement must not endanger the robot. UR-07 T 

ERGO-ARM-0850 Motion plan 
parametrization 

The motion planner shall output trajectory and 
associated estimated time and power 
consumption.

The decision layer requires to know in a priori manner 
an estimation of the difficulty of the motion between 
two different points.

UR-07 R 

ERGO-ARM-0860 Robot model The robot model including the arm kinematic 
chain used for the motion planning shall be 
defined using a formal description. 

Robot modelling is performed typically using URDF 
notation (TBC if OG1-ESROCOS robot modelling could 
be used instead). 

UR-07 R 

ERGO-ARM-0870 Kinodynamic planning The motion planner shall take into account the 
dynamics of the full robot when necessary.  

Kinodynamic planning refers to problems for which 
velocity, acceleration, and force/torque bounds must 
be satisfied, together with kinematic constraints such 
as avoiding obstacles.

UR-07 

UR-27 

R 

ERGO-ARM-0880 Modularity The implementation of the arm motion planning 
software architecture shall be modular: arm 
motion planning algorithm should be 
independent of inverse-kinematics solver and  
collision checker. 

A modularity strategy could allow the replacement of 
direct/inverse kinematic modules depending on the 
specific robotic arm unit. 

UR-07 

UR-24 

I 

ERGO-ARM-0890 Teleoperation Motion planning module shall provide the 
inverse kinematics solution for teleoperation. 

ECSS E1 level of autonomy requires teleoperation 
capabilities in order to control in the XYZ Cartesian 
space the tip of the roboti arm(space robotic arm in 
LEO orbits can be teleoperated from ground). 

UR-07 T 

ERGO-ARM-0900 Domain independent The motion planning shall be common to the two 
ERGO validation scenarios (in-orbit and 
planetary surface exploration).  

A single software module should be able to be 
configured for the two different ERGO scenarios.  

UR-07 

UR-19 

T 
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8.2.7. FUNCTIONAL LAYER REQUIREMENTS 
Table 8-11: Functional layer Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-FLY-0910 ESROCOS 
Alignment 

The functional layer shall be aligned with the 
SARGON[RD.13] and OG1-ESROCOS   [RD.11] 
frameworks. 

Space robotics development is currently focused in 
stringent frameworks ensuring RAMS capabilities such 
as the outcome of the SARGON and ESROCOS activity. 

UR-25 R 

ERGO-FLY-0920 Wrapping of 
components 

The functional components shall be embedded as 
TASTE [RD.6] functions. 

The wrapping of external libraries containing the 
component behaviour is specific foreseen for subsystems 
such as the GODA component or the robotic arm library. 

UR-25 R 

ERGO-FLY-0930 Modular 
development 

The functional layer shall be developed in a modular 
way with different modules that group particular 
functional areas of the underlying system. 

This shall allow individual design, implementation and 
testing of each module, e.g. locomotion, 
communications, vision, etc. 

UR-19 R 

ERGO-FLY-0940 Model-driven The functional layer shall follow the model-driven 
philosophy using automatic generation of skeletons 
in C/C++ languages. 

AADL is being used within TASTE to model the functional 
and physical architecture. The C/C++ languages are 
mandatory to ensure seamless transition from Linux to 
RTEMS operating systems. 

UR-19 T 

ERGO-FLY-0950 Robot modelling The functional layer shall be able to be modelled 
using the ESROCOS provided means. 

Robot modelling is an enhancement of the TASTE 
framework developed during the ESROCOS activity. 

UR-19 

UR-25

R 

ERGO-FLY-0960 Robotics life-
cycle of 
components 

The functional components shall model their 
functionality using state-machines. 

Behavioural modelling can be done within TASTE using 
SDL as language and OpenGeode as tool. The state-
machine philosophy is inspired by the Rock framework.

UR-19 T 

ERGO-FLY-0970 Laboratory 
quality level 

The functional layer shall be designed for laboratory 
quality level (Linux system).

The ERGO system is foreseen to be validated at the 
ESROCOS-defined laboratory quality level.

UR-25 R 

ERGO-FLY-0980 RTEMS 
compatibility 

The functional layer shall be designed ensuring its 
compatibility with RTEMS. 

Portability from Linux (laboratory quality level) to RTEMS 
(space quality level) is ensured by modelling of the 
functional layer under the TASTE framework.

UR-19 R 

ERGO-FLY-0990 Functional level 
commanding 

The functional layer shall allow direct commanding 
of the functional modules (bypassing the 
Planning/execution layer). 

This will allow commanding the system at a very low level 
when needed even if in most situations the functional 
layer is controlled and commanded by the 
planning/execution layer. 

UR-03 

UR-19 

T 
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8.2.8. FORMAL VERIFICATION REQUIREMENTS 
Table 8-12: Formal verification Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-BIP-1000 Modeling 
framework 

The ERGO system shall include a modeling and 
formal verification framework aligned with 
TASTE allowing to enhance the formal 
verification of the functional layer. 

The development of the robotics functional layer requires an 
ad-hoc design methodology in order to ensure its robustness 
without increasing efforts in the testing phase. 

UR-20 R 

ERGO-BIP-1010 Heterogeneous 
Component-
Based Modeling 

The modeling framework shall allow for the 
rigorous modeling of mixed sw/hw systems, at 
different levels of abstraction, using potentially 
heterogeneous components, with rigorous 
semantics. 

Component-based modeling is mandatory for dealing with the 
inherent complexity of robotic system designs.  Component-
based models will enforce a neat separation between 
functional (behavioural) units and their coordination 
(interaction, communication).  Moreover, verification and 
validation techniques will heavily benefit for exploiting the 
structure of the model in particular (eg. compositional 
verification techniques).

UR-20 R 

ERGO-BIP-1020 Correct-by-
construction 

The modelling framework shall allow a 
methodology to ensure correctness-by-
construction gradually throughout the design 
process. 

Correct-by-construction approaches are at the root of any 
mature engineering discipline. They are scalable and do not 
suffer limitations of qualitative verification. Testing may be still 
necessary, but its role validate the correctness-by-
construction process rather than to find bugs. 

UR-20 T 

ERGO-BIP-1030 Real-Time 
Constraints 

The modeling framework shall allow for the 
expression of timing constraints. 

Timing constraints are mandatory to represent information 
about the system execution (e.g., tasks activation times, 
execution times, deadlines, etc)  as well as about the external 
environment (external events, etc).  Such constraints are the 
basis for the faithful evaluation of extra-functional 
requirements (end-to-end execution times, response times, 
etc).

UR-20 R 

ERGO-BIP-1040 Stochastic 
Aspects 

The modeling framework shall allow for the 
expression of stochastic behavior. 

The construction of faithful system models may require 
stochastic aspects to abstract from uncertain or unknown or 
extremely complex phenomena.  Typically, fault models might 
need specific probability laws to express conditions for fault 
occurrences over time and their potential dependencies.  Such 

UR-20 R 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
information is exploited by statistical analysis and simulation 
tools (like statistical model checking) 

ERGO-BIP-1050 Open Models The modeling framework shall allow to design 
models that interact with external components 
and/or react to external stimuli. 

The use of open models will allow to construct accurate 
executable system models.  This will let for instance a 
validation model to be used jointly with a platform simulator 
and/or a specific planner etc.  This will increase the potential 
usability of all online verification techniques.

UR-20 R 

ERGO-BIP-1060 Invariant 
Generation 

The formal verification framework shall allow the 
generation of invariants 

Invariant generation is one of the principle pillar of verification. 
Indeed, every safety property can be reduced to invariance 
property and to prove progress properties one needs to 
establish invariance properties. Having a method for 
generating invariants is especially crucial for infinite and large 
finite state systems which escape algorithmic methods.

UR-20 A 

ERGO-BIP-1070 Offline  
Verification for 
Qualitative 
Properties 

The formal verification framework shall allow 
methods and tools to verify derived models 
against functional properties. 

Qualitative verification is necessary to verify that mission 
critical or safety critical software do not go wrong before 
running them. It involves three different tasks: (1) 
requirements specification, (2) building executable system 
models, and (3) developing scalable algorithms both for 
checking requirements and for providing diagnostics when 
requirements are not met. 

UR-20 A 

ERGO-BIP-1080 Offline  
Verification for 
Quantitative 
Properties 

The formal verification framework shall provide 
means and tools for the analysis of quantitative 
properties based on statistical methods such as 
statistical model-checking. 

Quantitative analysis complements qualitative analysis by 
addressing non-functional properties. They can be used to 
evaluate system performance in complex, non-predictable 
environments. 

UR-20 A 

ERGO-BIP-1090 Executability of 
models 

The formal verification framework shall provide 
means and tools for execution of system models 
both in simulated time and in real-time. By 
execution of models we mean both interpreting 
their formal operational semantics and, when 
applicable, triggering associated application 
code. 

Execution of models can be used for generating realistic 
simulation traces, and for integrating models of systems or 
sub-systems in real-life experiments. 

UR-20 T 

ERGO-BIP-1100 FDIR 
Capabilities 

The modeling and verification framework shall 
allow to derive models for fault detection, 
isolation and recovery (FDIR) from (i) nominal 
models of systems obtained from TASTE 

The obtained models can be used for analysis purposes using 
offline verification techniques, and/or for the generation of the 
code implementing FDIR functionalities relying on a runtime 
execution engine for the monitoring of faulty behaviour and 
the enforcement of isolation and recovery policies. 

UR-21 T 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
specifications, (ii) fault-tree models and (iii) 
recovery actions models. 

 

8.3. SYSTEM INTERFACE REQUIREMENTS 
Table 8-13: System interface Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-INT-1110 Plan output The mission planner shall generate plans with a 
standardized output to be received by the 
executive layer. 

Current selected planner is OPTIC [RD.9] but other 
planners could be acceptable in the future as long as 
their outputs are converted to the accepted timeline-
based approach of the executive layer. 

UR-10 

UR-15 

 

R 

ERGO-INT-1120 Use of 
information from 
external 
functions. 

The decision layer shall offer a common interface 
to facilitate the asynchronous interaction of  
deliberative subsystems between them and with 
external functions. 

Different missions will certainly require different 
functionalities, especially during the (re-)planning 
phase. The definition of an interface will facilitate the 
connection of those external functions. For example, 
the mission planner could benefit from information 
coming from the path planner related to energy 
consumption and time required for a traverse activity.

UR-02 

UR-06 

UR-07 

UR-08 

T 

ERGO-INT-1130 Combined Rover 
and Robotic Arm 
Approach to 
Target 

The rover and robotic arm placements shall be 
combined in order to enable a rover positioning 
with respect to the target which places the target 
inside the robotic arm operative workspace in a 
manner that optimizes a given metric (e.g. 
minimise time or resources). 

To exploit all available degrees of freedom efficiently for 
overall optimal robotic arm operations. 

UR-05 

UR-06 

UR-07 

 

ERGO-INT-1140 Compatible plan 
representation 
with the planner 

The executive reactors shall be capable of 
interpreting the plan representation provided by 
the planner. 

The executive layer must be capable of reading the plan 
for execution and also of updating it. It implies 
conversion between action-based and timeline-based 
planning methodologies.

UR-15 T 

ERGO-INT-1150 Ingestion of 
plans and 
commands 

The executive layer shall accept plans and 
commands from the ground segment or decision 
layer covering ECSS E1 to E4 autonomy levels. 

ECSS E1 to E4 autonomy levels implies different 
contents of the TC’s generated by the On-Ground 

UR-03 R 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
segment: Goals in E4, OBCP’s in E3, time-tagged 
commands in E2 and commands in E1. 

ERGO-INT-1160 ESROCOS 
Compliancy 

The executive layer shall interface to the 
functional layer by means of TASTE functions. 

The TASTE framework allows to define 
provided/required interface functions to connect 
components.  

UR-25 R 

 
 

8.4. QUALITY REQUIREMENTS 
Table 8-14: Quality Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method

ERGO-QLY-1170 Coding rules All new software developments performed 
during the ERGO activity shall be implemented 
following an ad-hoc defined set of C++ coding 
rules.

The ERGO consortium will define for PDR a set of 
C++ coding rules to prepare the code for future 
upgrades to qualificable flight code.  

UR-05 R 

 

8.5. DESIGN AND IMPLEMENTATION REQUIREMENTS 
Table 8-15: Design and Implementation Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method
ERGO-DIC-1180 Open products The following software components shall be 

used to build up the ERGO architecture: OPTIC 
for planning, DDL.4 and PDDL3 [RD.8] as 
domain description languages, VAL [RD.13] as 
plan validator, T-REX  for the hybrid controller, 
TASTE [RD.6] for the functional layer and BIP

The ERGO approach is to base all required software 
developments in open-source tools. 

UR-25 R 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
[RD.7] for the formal verification of the 
functional layer. 

ERGO-DIC-1190 Operating 
System 

The selected operating system shall be based in 
Linux. 

Software components must be modular and 
encapsulated in order to ease its portability to other 
operating systems.

UR-25 I 

ERGO-DIC-1200 Programming 
languages 

The ERGO code will be developed using C and/or 
C++ and/or micropython languages. 

ERGO components must be developed in C/C++ in 
order to satisfy the restrictions inherent to on-board 
software. In addition, micropython can be eventually 
used for the definion of OBCPs and/or testing scripts. 

UR-05 
UR-25 

I 

ERGO-DIC-1210 Iterative 
development 

The ERGO system shall be developed in an 
iterative way, from early prototypes to fully 
implemented modules. 

This shall allow early verification, assembling and 
testing of incomplete versions of functional layer. 

UR-24 T 

ERGO-DIC-1220 Use of OG6  
rover 

An existing planetary rover from OG6 shall be 
used to validate the ERGO system within the 
planetary exploration scenario. 

The possibilities are DFKI Artemis and DFKI 
SherpaTT, as long as the platform is able to emulate 
the target rover type and mechanical configuration 
behaviour and interfaces as per ERGO-GUI-0750. 

UR-27 I 

ERGO-DIC-1230 Use of OG6 in-
orbit  facility 

The GMV platform-art facility shall be used to 
validate the ERGO system within the in-orbit 
servicing scenario. 

An orbital facility like the GMV platform-art is needed 
to validate the ERGO system. The ERGO system could 
interface with existing platform-art software 
functionalities. 

UR-27 I 

 

8.6. SOFTWARE MAINTENANCE REQUIREMENTS 
Table 8-16: Software Maintenance Requirements. 

Requirement ID Title Requirement Rationale Source Verif.  

Method
ERGO-SMA-1240 Modularity The ERGO software architecture shall be 

designed following a modular approach. 
Maintenance of software products is enhanced 
whenever a modular approach is followed. 

UR-24 R 

ERGO-SMA-1250 Upgradability The design of ERGO shall allow for future 
software upgrades. 

The design must take into account general good 
practices of software engineering, so that future 

UR-24 R 
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Requirement ID Title Requirement Rationale Source Verif.  

Method
modifications of the software can be reasonably 
done.  

ERGO-SMA-1260 Logging The design of the ERGO shall include items 
supporting the diagnosis of software anomalies, 
such as log files. 

This kind of elements enables or enhances the 
observability of the system. Anomaly correction is a 
typical activity in the maintenance of an operational 
system. This capability will be based on the OG1 
ESROCOS logging feature.  

UR-04 T 

ERGO-SMA-1270 Configuration 
management 

The configuration management shall include 
information about the versions of the different 
software components. 

Software configuration control is essential during the 
development phase to ensure that source code 
changes are properly tracked. 

UR-24 R 
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