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Satellite simulators can be reused within a mission for different purposes and also reused
among missions since there are generally several common points between one satellite to
another. Consequently, the reusability is a fundamental requirement to be taken into
account in the design of a satellite smulator project. The adoption of specific standards for
satellite ssmulators can strongly enforces reutilization. The CBERS 3& 4 satellite smulator,
being developed at INPE, adopts object orientation, design patterns and the concept of
software components in order to achieve a reasonable level of reusability. However no
special standard is adopted. The Simulation Model Portability 2 (SMP2) standard
established by European Space Agency (ESA) is being considered for future adoption. This
paper presents a cost analysis to adapt the existing infrastructure of the CBERS3& 4
satellite simulator to the SMP2 standard. The aim of this analysis is to show the
practicability degree of translating the already existing ar chitecture to another that, besides
keeping the simulator in an operational scenario, could also open the possibility to improve it
by adding new components with higher fidelity, turning it into an analytical simulator and
taking advantages of using the SMP2 as basis. The development effort of component
modifications and ease to integrate new softwar e applications wer e taken into account in the
costs calculation. The paper discusses the process to modify the simulator from one
architecture to another; it discusses the drawbacks, the progress and results of the cost
analysis performed in thelast months.

|. Introduction

Sstellite simulators are very important tools asytlalow to foresee and analyze abnormal behavior to
alidate operational procedures, validate the lgatelontrol center software and training sateltfgerators.
Thus, letting those decisions be taken eitheredltat satellite control or satellite operationarpling.

INPE (National Institute for Space Research) hasnbdeveloping operational simulators since 199hese
simulators were intended to prepare operatorsteliismcontrol center to monitor and control skites.

Concerning the architecture of these simulatorbag been improved through the years, where tbedite was
strongly based on structured analysis. The latestleing developed, the SIMC3 (Satellite Simul&orCBERS
3), comprises object oriented programming, desigttepns and software reuse techniques. This aothite also
allowed the SIMC3 simulator to be extended to &ieerthat could also be used for mission analysis.

Two products have been planned to be delivered B8WC3 project. The first one is a tool for operattraining. It
allows configuring simulation sessions includingitine and contingency situations that the operatadd face
within their activities of monitoring and commangdia satellite.

The second one is a tool for mission analysis Withtpermit to study the impact of operations ofittiee nominal
range, to evaluate tendencies in satellite behaldang a long time. As an example, this tool wailow engineers
to foresee the batteries behavior when a higheraddnof energy is required due to an unplanned igctiv
Moreover, the feasibility of including a new groustation for data reception.

Despite the flexibility of SIMC3 architecture, somestrictions were encountered to customize thailsitor for
reuse in several missions with its multiple saksdli These restrictions are mainly attached tosiheulation
infrastructure that has imposed a strong coupligigvben models and the control module. Besides siratjlation
services are limited, considering, for example gtirpresentation and process scheduling.

The SMP2 (Simulation Model Portability, version &pndard presents characteristics that could maeirttiose
deficient points of the existing architecture. édmmunication structure, interface standardizatiod component
based support could help in breaking the existiegetidency in SIMC3, making it easier to reuse shisulator
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among several satellites and missions as welhigigense, the reuse improves productivity and amedind long-
term reliability.

This paper presents an initial study of applying 8MP2 standard in the existing SIMC3 architecttaking into

account difficulties and extra work that could e@ssary for this adaptation.

The paper is organized as follows, section Il dbssrthe satellite simulator SIMC3; section Ill suarizes the
main characteristics of the SMP2, section IV disesdimitations of SIMC3 concerning future reused e@ompares
the SIMC3 solution with the ESA SMP2 proposal. 8ecV concludes the article.

Il. Satellite smulator SIMC3

The CBERS 3&4 satellite simulator is being devetbpe INPE since 2007. The architecture of thisliate
simulator comprises three main modules: Graphica@rtnterface (GUI), Models and Controller. Thesiga of
this simulator is based on object-orientation, wafe components and design-patterns concepts. A rag
possible, software reuse is applied. The existidgiGS® Support component, which is a library of classes
developed for the satellite monitoring and consgstem, is used here, in order to reduce cost iamg of the
development effort.

Figure 1 shows these main modules.

In this architecture, each satellite subsysten
translated into a model. The execution of & Gul
models is controlled by the Controller modul
The Controller is responsible of creating ar
controlling the simulation environment, allowing
its starting, stopping, pausing and resumit
simulation runs. The Controller encapsulates t GUlControllerint
following set of services inherited from SATC!
Support library: logger, timer and events. Tt
SIMC3 simulator has two types of event
systems events (error, warning, exception, e
and model events. The former is used by logg
service whereas the later is used to update
GUI as soon as a model updates its parame
values.

The scheduler service was implemented Controllerint
SIMC3 using the time service provided by th
SATCS library. The interface class between Gl
and the Controller (GUlControllerint) wayp — — — — — — — — — L — —
designed to provide access from the graphia Models !
interface to the simulation control and make the: PSS Thermal OBDH I
modules as independent as possible. [ —————————— J
Concerning the design of the Models modul Figurel. SIMC3 main architecture.

firstly each model represents the behavior of ec

satellite subsystem, secondly, an abstract clasiefines the common models functionality, and thirdach
particular characteristic of a subsystem behaadnéluded in a class representing one model. imvlay, each
model derives from the base class and extra fumaliites are added to the specific class accortlirte needs for
reproduce the satellite subsystem behavior it sitesl|

Also, there is an interface class between the @©tetrand the Models (Controllerint) to provide commnication.
Before starting the simulation, the Controller msest the session configuration parameters witlr thitial values.
During the simulation, these values can be chadgadmically by an intervention of the simulatiomdactor.

The communication among models is provided viaakiloard mechanism implemented by the Controllae T
CSIMADbstractParam class makes use of a class fl@fifCS Support library which supports a metadata @ssing
for TM and TC parameters handling. This class pfesj among others, methods for setting/gettingnpeters
values. Then, a model can change the value ofaaer directly in the blackboard and another madébe able
to read that value through the services of thissclahree types of parameters are specializedliteafgrameters,
simulation parameters and telemetry parameters. dllows run-time parameter alterations occur ffedént ways
according to the parameter type.

Controller
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Figure 2 shows the classe
implementing the blackboard
mechanism.

A particular concept added tc
this simulator is the fail

handling, whose purposeisto] T Blackboard 00000
allow introducing unexpected|
and undesirable behavior ir|
the satellite simulation. Thesg,
misbehaviors can bei
introduced along with the|
simulation  session,  in|

predefined times ori i i
dynamically on simulation l

conductor's  request. Thisi /G % VJ\

facilty helps to train ! CSIMPARAMSAT CSIMPARAMSIM CSIMTM
operators to facing and reac!
under an unexpected event |
in disagreement with what|
was expected; for instance|
when a key is not closed afte
a telecommand be sent t
satellite or a payload is turnec.

on after a telecommand is sent to turn it off.

Based on these characteristics a version of SIM@8Iator can be easily fitted for operators tragnpurpose. For
mission analysis purposes, it is required thatrtioglels have high fidelity concerning orbit propagat thermal,
OBDH, Power supply, TM/TC, etc.

CSIMController

- m_mapPar ParMap

+ CreateParam() : bool

CSIMAbstractParam

CSIMAbstractParam(string)
~C5iMAbztractPasm()

GetParamValueMum() : double
GetParamValueStr{) : string
SetFailaiue(GSIMAbstractFai™, double) : bool
SetParamVaiueNumfdouble) - bool

A

GetParam\alueMum() : double
GetParamValueStr{) : string
SetParam\alueMum(double) : bool
SetParam\alueStristring) : bool

+ GetParamUnit() : string

+ GetParamVslueMum() : double

+ SetParamValueMum(double) : bool
+ SetParamValueStr(string) : bool

+ GetParamValueMum() : double

+ GetParam\ValueStr() : string

+ SetParamValueMum(double) : bool
+ SetParamValueStr(string) : bool

+ ok o+t

Figure2. SIMC3 blackboard mechanism.

I1l. A standard for satellite ssimulation

The Simulation Model Portability 2 (SMP2) is a stard proposed by ESAn 2005. The aim of this standard is
to promote portability of models to be used in savsimulation environments, different operatiosgktems,
consequently promoting a higher reuse of moddise. SMP2 strategy of defining a standard of intex$amakes all
satellite models, simulation services and simutagavironment be developed according to this stahdanforcing
portability, reuse and interchangeability. Thabwa# different versions of the same model to be deethe same
simulation set, without compatibility problems, lagg as all of them were developed under the sartesface
structure. Moreover, each version of the same moakelbe turned into an independent component cadiiieing
used in others simulation environments.

In a high level view, the SMP2 has three absti@gHs:

= the physical level (the modeled engineering system)
= the simulation modeled system, and
= the software system which implements the simulatiaael.

The first level deals with the actual system bemagleled.

The second layer representRlatform Independent Model, whose purpose is to specify the models that vell b
simulated, but without any concern about how thdylve developed and executed. In this phase, gemneodels
already existing may be used as basis for genatiaizinto specific models.

The third layer deals witRlatform Specific Model, that is, the object code of the models to be @beskin one
specific computer architecture.

The SMP2 interacts directly with second and thagkl, but, because it uses engineering data a$ iaga the
first layer is affectedThis view allows creating flexible simulation erirments, based on models previously
developed for engineering and applicable to proaga®duct life cycle.

The architecture of SMP2 covers two types of congpts1 the simulation model instances, which cooedp
to the specific behavior, and the simulation envinent which provides services.

Figure 3 illustrates the SMP2 architecture.

3
American Institute of Aeronautics and Astronautics



Downloaded by INST NAC PESQUISAS ESPACIASI on March 27, 2015 | http://arc.aiaa.org | DOI: 10.2514/6.2010-2267

Four mandatory services should k& e
provided by simulation environment: Time '_'lj
Keeper, Event Manager, Logger an| _ Mo%l! H sl 2 F_’ sl

Scheduler.

The Time Keeper service provides fou
kinds of time: a relative simulation time, i
relative mission time, an absolute epoch tin
and the computer clock time. Simulation Environment

The Event Manager service provide Simulation Services

mechanism for global asynchronous events

be broadcasted. Logger H Scheduler H Time Keeper HEvent Manager
The Logger service allows recording a

messages generated either by models or Native Simulation Environment

services.
The Scheduler service calls registere Figure 3. SMP2 architecture.

entry points based on cyclic or timed even..
and works together with Time Keeper service.

The communication is established via interfacesnio ways: model to simulation environment and madel
model.

IV. Comparingthe SIMC3 architecture and the SMP2 standard

This section discusses the study performed in dalerake use of the best solutions proposed in Ssi&fdard
to the SIMC3 simulator without losing both the partar characteristics and all the good implemersteldtions in
the SIMC3..

The SIMC3 architecture provides a feasible solytimrt with some limitations for reuse and softwexpansion
purposes. The most limited point is related to cemitation between models and communication betviken
Models and the Controller modules. These commupitstare tight coupled, presenting some restristidn
modifications are required. Whenever a model neéedsad/write data from/to another model, the reachal the
writer should access the blackboard area suppdgetthe Controller. This solution implies, for exaepthat all
models know about other models internal paraméteazcess their values. The SMP2 inter-model coniration
could be the solution to eliminate the SIMC3 blaudanl mechanism.

The expectation is that from the analysis perforimedur study, it will be possible to figure how oueffort

would be necessary to make the SIMC3 comply widgn 8MP2 standard, which are the parts of the SIMC3

requiring more modifications, etc...

Several analysis and comparisons were performedsevhesults are presented as follows. A first coispa
took into account the services provided by bothitecture and the number of classes involved. Tost of
software modification based on statistics methods @&lso performed. At the end a discussion aboitivae
component advantages is presented.

A. Comparing SIMC3 simulator and SM P2 standard services
Both SIMC3 and SMP2 provide services to support @géxecution. In this aspect, the purpose is tdyvié
there is any mandatory service which is requiretbbg architecture and not provided by the othehlda
shows the SIMC3 simulator services whereas Talpiee&ents the SMP2 mandatory services.

Tablel. SIMC3 services.

Service Description
Scheduler | Controls the execution of scheduled dicgvents
Time Controls the simulation time and provides supp Scheduler service
Log Stores the simulation event messages in arlustatabase
Events Notify graphical user interface about maneints triggered during the simulation
Fail Schedule and change parameters values tiglgeted during the simulation sessipn
4
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Table2. SMP2 mandatory services.

Service Description

Scheduler Provides entry points calls based oadior cyclic events

Time Provides four different kinds of time to thienulation: absolute time, relative simulation time
relative mission time and Zulu time (computer clpock

Log Stores event messages (error, warning, evehindomrmation)

Events Provides mechanisms for global asynchroauests management

Practically all services currently implemented dMGS3 are specified in SMP2. However, SIMC3 does not
implement all the service resources that SMP2 recenals like simulation control time or mission cohtime.
And even when implemented, some resources areasy eustomizable.

The scheduler service of the SIMC3 has a diffegtnicture when compared to SMP2 IScheduler inteffac
since its purpose was to schedule the executidailsf that is, to change the values of parametetsrepresent the
fail, at specific times. This service is not used Scheduling models. Models communicate with ezbler through
the blackboard mechanism. For each simulation siépmodels execute their inner code and write/mbad from/to
the parameters created at blackboard, accorditigeioneeds.

The event manager service has the most different structure in both architext. The SIMC3 events service
operates through a message system mechanismWiiinstows message, later Qt signal/slot). Nowaddys, évent
message implementation is used to update the galplser interface as soon as a parameter valtkeaisged by
any model so it can be visualized by a simulationductor. It is not used for models communicatiahghe
moment in order to avoid a processing overheadh®mther hand, SMP2 defines a provider-consunahitacture
where the consumer of and event must register deraio be notified as soon as this event happems.SIMP2
solution for event management is more complex thahdesigned for SIMC3.

Thefail service of the SIMC3 is mostly to be used for operatoaging. It consists of introducing, at predefined
times, unexpected behaviors in order to train dpesaeaction. The simulation should therefore mstthe instant
the anomaly triggers, which model it affects and/thang it will take. Once the concept of faildgectly related to
the affected models, it should be verified wheiheemains a service or could be integrated tontloelels and then
to have communication with the simulation contrélen necessary.

It is important to notice that SMP2 includes theility to create user defined services. Then, MEB fail concept
remains a service, it could be added to a SMP4cseimplementation.

Even though SIMC3 implementation is a little simm@@d the comparison was superficially in termseanfices
contents this first comparison showed that there is a higfilarity in both set of services.

B. Comparing number of service classes

Another way to assess the effort to adapt SIMCSMP2 is to count the number of service classes froth
architectures. This can give us an idea whetheetbeuld be an increment or a decrement in the eumbclasses.
Although it could not be conclusive about the amafmwork involved in a likely adaptation to be dgrit could
anticipate numbers to help taking future decisions.

Table 3 shows the minimum number of service class&MC3 and SMP2 that is involved in this compari.
This number includes the SMP2 interface classeshiservices shown in Table2 but, does not tateeaacount
the classes of the SIMC3 that manage fails.

Table3. Summary of service classes.
Total of Classes
SIMC3 18

SMP2 22

It was considered only one implementation-classefach service interface defined in SMP2. HoweJesre
should be an increase since it is not possible®in advance any eventual modification or speei#bn required
during the implementation, either for needs orclmmvenience.

Considering that SIMC3 has a total number of 78g#g, it is estimated 25% of the total classé® teewritten
in order to have service classes adapted to SMRB. Aumber includes classes form models, blackbaaudl
services, but does not include classes from graphier interface (GUI).

Next, it is shown a numerical analysis using avgafé size calculation technique to precise the obstuch
modification.
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C. Cost to adapt the event service from SIMC3 to SM P2

To evaluate the cost of applying the
SMP2 standard to SIMC3 tlewvents service

it was chosen as a case study. This serv Event Type
presents the major differences in the soluti
implemented in the SIMC3 when comparin Event Data

to that proposed by the standard. The SM
structures the events services throughout fi

interfaces: IEventSource, IEventSink

IEventProvider, IEventConsumer an Provider Consumer
IEventManager. An event source (provide —O mEEm -»—

can be connected by a consumer (if it hol Event Trigger Event Handler
an event sink of the same type). Whenever Event Source Event Sink

event is triggered at the provider, a for Event type for Event type

consumers are invoked.

Figure 4. SMP2 Event-based design.
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Figure 4 shows the structure of evel..
service in SMP2.

In SIMC3 the event solution operates with messdg@ang one abstract class(CSIMAbstractEvent) ave sl
derived from this base class, overriding the Notifgthod, which triggers the specific message amdefore the
event attached to it, as shown in Figure 5.

As previously stated, the event service in SIMC8ded only to update the user interface. As socemasvent
occurs, the message is sent, the GUI is notifiedugptdates the information, like eclipse, visibilagd others, in the
screen. Event messages are not used for models waigation since
it is done via the blackboard mechanism.

The metric of size, taking into account the phyls8eOC (Source
Lines of Code) was used to evaluate the cost toifsntlie SIMC3
event service. The technique applied is detaitethé Handbook for |

_________________________

CDislog

Events

sizes could use analytical and statistical step) having SLOC as

CSIMEv entVisibility

basis. The first method requires a similar softwaleveloped [~ mmmes:ves

CSIMEv entEclipse

+ MNotify(string&) : void

previously, in order to have an analogy based esgiim. The second! \g / i
method involves developing estimates based on ejygment and i i
statistical calculation. ! CSIMABstactEy ent !

The event service adaptation study showed that SMP2 | L CSmAbrectEvantd !
IEventSink interface is very close to CSIMAbstraeht, since their | g ) vold !

functionality relies on the Notify function. Thenis an indication that rigyre 5. /M C3 Events design.
the comparison between them could be done bastteaimilarity.

Table 4 shows the comparison using the first nittifdhe technique pointed out before (similarity).

The mean value on the following tables is calculadecording to Program Evaluation and Review Teagimi
(PERT) as follows:

Mean= (Least+4 * Likely + Most)/6 1)
Table4. Similarity based Estimation.
Segment Analogy Size Estimate 1
Least | Likely| Most Basis of estimate
New IEventNotify 306 250 306 500 | IEventSink similar and same size as
CSIMAbstractEvent

The likely value (306) is the value of SLOC foumd3IMAbstractEvent and all of its derived classes.

For comparing the others SMP2 interfaces, a tota#lw class design and code has to be considemtt si
SIMC3 has no class with similar functionalitiesbt® compared with SMP2. So, the second method titatly) is
more indicated to make this estimate. Table 5 shbevsiumbers found.
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Table5. Statistic based Estimation.

Estimate 2
IEventSource IEventProvider IEventConsumer |Eveamiber
Least possible size (a) 50 50 50 150
Likely size (b) 60 60 60 200
Most possible size (c) 100 100 100 300
Statistical (S = (a + 4b + ¢)/8) 65 65 65 208

Table 6 summarizes the mean size estimates, dgietptal size estimated.
Table6. Total size estimate.

Segment Mean size
Estimate 1 (IEventSink) 329
Estimate 2 (IEventSource, IEventProvider, IEvent&ioner, IEventManager) 403
Total size 732

The total size estimate indicates that it coulchbeessary, at least, two times more of SLOC thamgtrantity
already existing in SIMC3 events to implement MR interfaces for events service.

Concerning the number of classes, th@imum number expected to implement the SMP2 event ites
would be half of the existing in SIMC3 event class€his higher number in SIMC3 is because it isessary to
create a new class derived from the abstract elass to treat every new event.

D. Models Adaptation

Concerning the models adaptation from SIMC3 to SiRdard, little work is required..

In fact, if all services of the SIMC3 were transhtto a SMP2 framework, as well as the control o a
ISimulation interface implementation, the modelanddoe the last items to be converted.

As the models represent a well defined behavioa shtellite subsystem, their internal content cawdt be
affected by the interface requirements. The magot pf the work would be to make the existing medmimpatible
with SMP2 in order to perform the steps requiredstetting up the simulation. In this setup phagerttodels have
to be configured and may perform some other tasks#ead to services and other models like, publisids and
operations or make some custom initialization.

Again, the hardest part goes to the models intenconication solution, allowing all models and seegdo
communicate themselves.

Even if it is considered that all models of the €I81would remain in one class per model, it woukktane
extra class for every model to integrate the existinodel and the SMP2 interfaces. This extra ctamdd
encapsulate all the work needed to provide the tiomalities described above, so the models wouldabke
correctly inside an SMP2 simulation environmenth@ps some specific details of a model could reqgairy extra
moadification in any model.

E. Component-based technology ver sus models

One of the advantages of adapting SIMC3 proje&M#2 is the use of component-based technology,cstgrp
by the standard, to promote model reuse.

The interface standardization offered by componeafitavs them to be reused in several versions efsgime
software or that several versions of the compoheintg developed. These different versions of tmeesaomponent
can be changed during development or execution mogect, without causing any problem since theteiface
(input/output) is the same.

As SIMC3 for mission analysis is being developedduygling models one-by-one gradually towards a high
fidelity simulator. The adaptation of the modeltima software component may offer an easier wagterchange
them among several versions of the same modelhitnway, there could be several orbit propagatosivas
thermal model with higher or lower complexity (dedang on the simulation purpose), a power supplgahovith
different configurations of solar panel or batterietc.

This approach could allow that simulators for didiet stages or desired functionalities (trainingoalysis) be
customized more easily, as well as different camigjons of the simulator to different satellites.
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V. Conclusion

The proposed architecture for SIMC3 satellite Satad has proved to be a good solution for a deelitat
satellite, when it comes to an operational scendt®obreakdown into three modules separating usterface,
simulation domain and models allowed a more colatotd management of the software development.

Moreover, this architecture breakdown made it fiedio improve the simulator by extending its fuocality
to become a simulator for mission analysis. Thisidtelp satellite experts to explore the use t#lkge resources,
in order to reach the limits of their charactecistiThe key for this major step is the possibitifyswitching low
fidelity models for higher fidelity ones.

Although the architecture has several positive attaristics, there are some limitations that cdaddnoticed
after de development of the first version. The m@iawbacks are the inter-model communication ardtigpht
coupling among models, simulation environment amikation services.

In order to mitigate these limitations, the SMPanslard was taken into consideration. Since itsqgrep are on
the same direction as SIMC3 requirements, an aisagsverify the possibility of using the standaodether with
SIMC3 has started.

Although the simulation services in both architeetuare quite similar, the SIMC3 service implemgoitais not
as complete as SMP2 proposes. Events service sheuddmost entirely developed. Concerning the nmdéke
main problem is to develop an inter-model commuiocato eliminate the blackboard mechanism existimg
SIMC3.

Then, future studies should include an analysithefsimulation environment including models comngation,
addressing a simulation framework to support modebspite de documentation made available by ESdutab
SMP2, it is not completely clear the amount of wodcessary to implement SMP2 communication stractur

As far as this comparison could show, an adaptatidghe SIMC3 to the SMP2 standard should stantnlaking
the service environment available to the simulagonironment. Then, the services whose contents@rehow
similar to log, time and scheduler should be adhpEents should be the next one, as it would reqeompletely
redesign SIMC3 event service to comply with SMPi2e Tommunication should come in the sequence. fadlyf,
the existing models should be adapted to SMP2 rsadtrface.
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