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ABSTRACT Keywords

Mechatronic systems are embedded software systems with hardReal-time systems, dynamic resource allocation, resource aware-
real-time requirements. Predictability is of paramount importance ness

for these systems. Thus, their design has to take the worst-case

into account and the maximal required resources are usually al-

located upfront by each process. This is safe, but usually results1. INTRODUCTION

in a rather poor resource utilization. If in contrast resource-aware \jechatronic systems [2] are technical systems, combining tech-
agents, which are aple to allocate and free resources in a Contm"nologies applied in mechanical and electrical engineering as well
lable safe manner, instead of thumb processes are present, then gs in computer science. Their behavior is actively controlled with
resource manager will coqrdlnate their safe dynamic resource al- o help of computer technology. As failures of these technical
location at run time. But given such a resource manager, how cangystems usually have severe consequences, safety and predictabil-
we transform thumb processes into smart resource-aware agentsfy is of paramount importance. Therefore, mechatronic systems
Star_tlng with mechatronic components that describe their reco_nflg- have to be designed taking the worst-case resource requirements
uration by means of statecharts, we present how to automatically iiq account.

synthesize the additional information and code, which enables a  The standard approach to achieve safe and predictable behavior
process to become a resource-aware agent. for multiple processes on a real-time operating system is to allo-
cate the maximal required resources upfront. While this approach
ensures that the real-time operating system guarantees the timely

Categones and SUbJeCt DeSCI’IptOI’S execution of the process, this resource allocation scheme usually

D.2.2 [Software Engineering: Design Tools and Techniques—  results in a rather poor resource utilization.

Modules and interfaces, State diagrgrhg.8 [Control Methods]: We exploit the fact that the different processes in a system usu-
[Control theory]; C.3 Bpecial-Purpose And Application-Based ally do not require their maximal resources all the time. btatic
System$: Real-time and embedded systems; D.A3bérating scenario additional information about the resource requirements of
System$: Allocation/deallocation strategies processes are exploited to synthesize static schedules. The addi-

tional information might, for example, include time-dependent re-
source requirements in form of timed automata (cf. [11]) or a de-
General Terms scription how a scheduler influences the switching between alter-
Algorithms, Design, Management native resource states (cf. [5]).
We even go one step further and considetyaamicscenario,
where resource-aware agents guarantee a predictable resource allo-
cation behavior. Then a resource manager coordinates at run time

*This work was developed in the course of the Special Researchth.e_ as_sign_ment_of_ the availabl_e resources such that the resource
Initiative 614 - Self-optimizing Concepts and Structures in Me- utlllza_\tlon is optimized. Following th|§ idea, approaches fqr soft
chanical Engineering - University of Paderborn, and was published real-time systems [3], global scheduling, and load balancing for
on its behalf and funded by the Deutsche Forschungsgemeinschaft CORBA systems [9, 10], and the adaptive resource management
(ARM) middleware [7] for hard real-time systems have been pro-
posed. In this paper we use the Flexible Resource Management
(FRM) framework [1] which is part of the the real-time operat-
Permission to make digital or hard copies of all or part of this work for iNg system libraryDistributed Real-time Extensible Application
personal or classroom use is granted without fee provided that copies areM anagemen®ystem (DREAMS) [6].
not made or distributed for profit or commercial advantage and that copies  As outlined, appropriate proposals for resource managers, which
bear this notice and the full citation on the first page. To copy otherwise, to handle resource-aware agents, exist, but the development of the
republish, to post on servers or to redistribute to lists, requires prior specific also required resource-aware agents results in additional costs that

permission and/or a fee. td | tod d ref ¢ Theref "
EMSOFT'04,September 27-29, 2004, Pisa, Italy. most developers today would refuse to pay. Therefore, we presen

Copyright 2004 ACM 1-58113-860-1/04/000855.00. in this paper an approach that permitsatctomatically synthesize

fSupported by the International Graduate School of Dynamic In-
telligent Systems. University of Paderborn



the profiles and possible profile transitions from hybrid statecharts and the absolute acceleratigp,, of the coach body. The,.s
describing the behavior of self-optimizing mechatronic agents. trajectory is given for each single track section and is communi-
We first present an application example and its normal design cated by a track section’s registry to the shuttle. In case the ref-
without dynamic resource allocation extensions in Section 2. Then erence trajectory is not available, the less comfortable controller
the employed profile framework is sketched in Section 3. In Section absolute, which requires only the,;, sighal has to be used. In
4, the design from Section 2 is extended towards dynamic resourcecase the sensor that provides thes signal fails, therobust con-
allocation and our synthesis algorithm to automatically derive pro- troller which provides the fewest comfort, but guarantees stability
files from the design model is presented. Section 5 then describeseven when only standard inputs are available, has to be applied.
the required extensions of the design process for resource-aware

mechatronic agents and Section 6 draws a conclusion. Z 1Paending curves
Cref “reference”

2. APPLICATION EXAMPLE Illml_\ﬂ

Our application example is taken from the RailCab projedh = 2 Xp o

this project a modular rail system is developed, consisting of au- oner | /

tonomous shuttles, which apply the linear drive technology used in —

the Transrapitibut use existing rail tracks. failure| pody control

‘ Figure 2: Fading between different control modes
prop.- valves

For switching between two controllers one must distinguish be-
tween two different casesatomic switchingandcross fading® If
the operating points of the controllers are not identical, then it will
be necessary to cross-fade between the two controllers. This is
to the specified by a fading functioffis..:+cx (t) and the fading-duration.
actuators This handling is required when switching between téierence
and theabsolute controller.

When the target controller is designed to guarantee stability even
in case of atomic switching (e.g. thebust controller can do this),
the change can take place between two computation steps. Then it
just has to initialize its internal state vector on the basis of the old
controller’s state.

Implementing a cross-fading requires both, the original and the
resulting controller, to operate in parallel and to cross-fade their
output using an additional fading block. Therefore, usually the re-
sources for both controllers and the fading block are required. For
atomic switching only the resources for the target controller and
both state vectors are required.

Figure 1: Scheme of the suspension/tilt module

:Monitor @
In this paper we focus on the shuttle’s active suspension system.| —
The suspension/tilt module, depicted in Figure 1, is based on three RN
vertical hydraulic cylinders, which control the coach body to pro- :Sensor @ /  Monitor— ",
vide the passengers a high comfort and to guarantee safety and sta- » Registration |

v Pattern 7
/~ < - <

bility when controlling the shuttle’s coach body. In order to achieve
this goal multiple feedback controllers are applicable with different

capabilities in matters of safety and comfort. B @

2.1 Modeling ‘Registry

The design process of mechatronic systems today is based on hight
level design tools like MATLAB/SIMULINK or CAMeL-VIEW* Role Role
that support the modeling, analysis, and synthesis of the feedback @
controllers. In our controlling componeimdy control (BC) we ap-
ply three feedback controllers (see Figureréfgrence, absolute,
androbust, providing different levels of comfort and requiring dif-
ferent inputs.

The most sophisticated controllesference uses a given trajec- Figure 3: Structure of the overall system
tory zr.y = f(x) that describes the ideal motion of the coach body

Monitor Registry

storage : Storage

Lywww-nbp.upb.de/en To describe the structure of the system and the discrete parts of

2 .

3www.transrap|d.de/en ) _ 5The structure and type of cross-fading depends on the controller
www.mathworks.com/products/familgverview.html types and could lead to complex structures. In our example we use
4ixtronics.de/English/CAMeLView.htm only output fading.




its behavior, we use our UML CASE tool Fujabahis CASE tool derived from the switching conditions of the agent’s profiles. A
provides an interface to the CAE tool CAMeL. The integration of weight is assigned to the edges, which indicates how long the re-
the two tools leads to our hybrid extensions of UML component configuration of the agent’s profiles will take. Each node is clas-
diagrams and UML statecharts [8, 4]. sified to be in one of the two stateguaranteed allocation state
Figure 3 depicts the structure of the overall system, consisting if all resource requirements of all agents could be granted at once,
of the registry and the agentisonitor component, which embeds a  or over-allocation statéf it could happen, that more recourses are

sensor, astorage, and theBody Control (BC). Thesensor delivers required than are available in the system.
the Z,ps Signal, in thestorage the reference curve is stored and the The basic idea of the FRM is to allow the system to be in an over-
BC component is responsible for the chassis control. allocation state configuration, only when the FRM guarantees that

The monitor’s task is to coordinate tB€ component dependent  a guaranteed allocation state configuration can be reached in time.
on the available signals from the sensor and storage. The behav-Here, "in time” means that a new resource requirement that leads
ior of the monitor is specified by the statechart from Figure 4. Its to a conflict must have a greater maximal assignment delay than
upper orthogonal state consists of 4 states, representing which ofthe switching time to a guaranteed allocation state configuration.
the 2 signals are available or not. The lower orthogonal state de- This is required to guarantee a roll-back — a reconfiguration to a
scribes the communication with the registry. Thick transitions are guaranteed allocation state — under hard real-time constraints.
time consuming and are associated with a minimal and a maximal Of course finding an optimal configuration is an NP-complete
duration intervak. problem. Elsewhere the search for a better configuration is done in

In order to coordinate the monitor and the body control, we em- the idle time of the agents only under soft real-time constraints. So
bed configurations of the subordinated components into the stat-the worst-case — if no better solution is found — is as bad as if the
echart that describes the monitor’s behavior. There each discreteFRM is not used. For flexibility the optimization algorithm in the
state of the monitor is associated with a configuration of the embed- FRM framework is exchangeable, so heuristics can be used.
ded components, that specifies which components and connections The FRM framework extends the ideas of the ARM middle-
are required and in which discrete state the embedded componentsvare [7]. While the latter assumes a system-wide defined constant
have to reside. Therefore, a transition from stall@vailable to switching time, FRM supports transition specific WCET times and
AbsAvailable implies a state change B from modeReference to additionally supports temporapyer-allocationof the resources.
Absolute. The design and our concept for hybrid statecharts and . .
hybrid components is described in detail in [8, 4]. 33 A Slmple proflle example

Profile

3. PROFILE FRAMEWORK A [ Profile Memory WCET
Part of our Flexible Resource Manager (FRM) is the Profile Frame- name | ¢ | inkp | Delay | Enter| Leave
work. We only give a brief overview about the concepts within this Pa,,1 | 0.6|128-256| 1us | 1us | 2us
section. A formal description can be found in [1]. s Pai,2 | 1.0| 256-768| 1us | 3us | 4dus

With this framework the developer defines a set of profiles per as | pay1 | 1.0] 256-512| 6us | 5us | 7us
agent. Profiles describe different service levels of the agent, with
different quality and different resource requirements. The resource 5,us
manager then tries to find an approprisgource assignmeat run
time, which optimizes the system behavior and resource utilization.
3.1 Profile definition DL

A single profile contains the following information:
Resource requirements:The maximumandminimum resource
usageper resource of the agent when the profile is active. . _ ) . -
Maximal assignment delay:All resource allocations of an agent ~ Figure 6: A simple example for profiles and their reachability
require an announcement to the FRM. The maximal delay is the 9raPh
worst-case time, after the announcement, the assignment of there- ) ] ]
quested resource can be delayed through the FRM. Figure 6 shows a simple profile example with two agents and
Switching conditions: The information between which profiles ~ the corresponding profile reachability graph. The first agent
can be switched and the worst-case execution times (WCET) of thehas two profilespa, 1 and pq, 2, the second agent. has only
enter and leave functions of the profiles. one profilepa,,1. From this follows that the corresponding pro-
Profile quality: With this value the profiles of an agent can be file reachability graph consists of two nodes: one for configura-
ordered according to their quality. So the FRM knows which pro- 0N ¢1 = (pay,1; paz,1) and one forez = (pay .2, paz,1). When
file to prefer when trying to increase the system quality through We assume that our system has 1024kb memory for the application

selecting a profile for activation. agents, the configuration belongs to the set of guaranteed allo-
_ _ cation states and the configurationto the set of over allocation
3.2 Internal representation and algorithm states. We also assume that agentallows to activate the pro-

The FRM schedules the resource demands of multiple agents.flle pa,,2 When it is in profilepa, 1 and vice versa. So, the wo

Each agent is equipped with a set of possible profiles and transi- nodes of the profile reachability graph are _connect_ed w?th two di-
tions between them. For internal management the FRM builds a rected edges, one from to ¢, with the weight (switch time) 5
profile reachability graphwhere the nodes represent a configura- (2#S+3:5) and one frone; to ¢, with weight 5 (4:5+1us). o
tion of profiles that maps each agent to one of its profiles. The di- L€t us start with this scenario. We assume that our system is in

rected edges represent possible transitions between configurationdh€ configuratior, and both agents have each 256kb memory allo-
cated. In this case, the agents use only up to 512kb memory of the

Swww.fujaba.de system memory. Our FRM checks whether agentan switch to




when(nextSegment) When(nextSegmeng)
data(Vector zRef)? / data(Vector zRef)? /
V ‘ V4‘7db I
AllAvailable AbsAvailable
‘ :BC[Reference] @ :Sensor[On] ‘ ‘ :BC[Absolute] @ :Sensor[On] ‘
7N when(next
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oData? / dg —* do —*,

N
storage:Storage

sensor.failure
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.\
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Figure 4: Behavior of the monitor component with modular reconfiguration of the subcomponents

when(nextSegment) When(nextSegmenr))
data(Vector zRef)? / data(Vector zRef)? /
i ‘ V Mem: 850 kb I
T kdb T
AllAvailable 10 =0.9 AbsAvailable Q0 =0.4
[ [
Mem: 500 kb Mem: 300 kb
:BC[Reference] #}é :Sensor[On] ‘ :BC[Absolute] @ :Sensor[On] ‘
N when(next
egment)
A oData? / dg —* d, —*
storage:Storage (r, e) Mem: 850 kb
! sensor.failure
d, — (r, e)
sensor.failure . Mem: 205 kb gansor.ok
(r, e) Mem: 750 ki Mem: 550 ki
Mem: 205 kb sensor.ok I
) | data(Vector zRef)? |
RefAvailable 0 =0.1 ( )( T ZOO)k NoneAvailable 10 =0.1
o ____ (r - o ___
Mem: 200 kb Mem: 200 kb
noData?
:BC[Robust] ‘ ‘ :Sensor[Off] ‘ Mem: 200 KR, ) ‘ :BC[Robust] ‘ ‘ :Sensor[Off] ‘
i |
when(nextSegment)
data(Vector zRef)?

Figure 5: Monitor behavior with annotated resource requirements, quality and transition types



profile p., 2, which would bring the system in the over allocation initiates a profile-switch, the monitor needs to reside in a state
statece. This can be granted, because when agentvould allo- whose resource requirements are still fulfilled by the new profile.
cate more memory, the assignment has to be fulfilleddsn @hus, To achieve this, the FRM is allowed to enforce transitions. There-
the FRM has enough time to reconfigure the system in the guaran-fore, in addition to the markblockable/requireda transition is
teed allocation state , by forcing agenty; to go back from profile marked agnforceablde) . Such a transition fires either —as usual
Pay,2 In profile pa, .1, which takes only Bs. The FRM grants the  transitions— when it is triggered by an event and a true guard,
transition into the over allocation statg and caches away backto  when it is triggered by the operating system. The transitfans

the guaranteed allocation state. This can help to optimize the sys-AllAvailable are enforceable, because all input signals that are re-
tem quality, whileas uses less memory (in its average case only quired in the target states are availablelavailable, too. In con-
256kb), tasky; is allowed to use up to 768kb memory by entering trast to that switchingo AllAvailable may only occur, when the ac-

an over allocation configuration. When ageatwants to enter its cording inputs are available and not due to resource requirements.
worst-case scenario, then agenthas to switch back to its lower  Note, that the distinction betwediockable/requiredas well as

profile. the markenforceabléas to be taken into account when formal ver-
ification of the system is considered.
4. DESIGN AGENTS WITH PROFILES 42 Profile Synthesis

We extgnd in this section the de§|gn approach of [8, 4] presented These resource requirements, the state’s profile qualities, and the
in Section 2.1 to support the design of resource-aware agents. The

del i ; d with additi | tic inf tion 1o deri outlined classification of the transitions as required, blockable, or
modet 1S equipped with additional sSemantic information o derve o ¢ caple are further used to automatically derive profiles for an
the profiles automatically.

agent.
; The idea is simply to relate each profile with a subset of the dis-

4.1 Extended MOde“ng crete states of the statechart. Each profile blocks transitions, which
A h ) result in entering a state that requires more resources than guar-
for the design of resource-aware agents by using the profile frame- 5teed for that profile. Required transitions cannot be blocked and,
work. As mechatronic agents are usually safety-critical systems, harefore, a profile has to be closed with respect to all states that are
the design has to ensure safety even for the dynamic resource alloygachaple via required transitions. The framework can additionally
cation. B _ switch between profiles by enforcing specific transitions. In order

For each specific control state of a hybrid statechart we deter- 1, ensure that the framework does not disable the reactive behavior,
mine the required resources by simply accumulating its own re- p enforcing a series of transitions and, therefore, interrupting the
source requirements as well as the state specific resource requireegylar communication or synchronization processimimal inter

ments of all sub-components of the current cpnfiguration. As the anforceable time (MIEThas to be specified, which ensures that at
employed approach already supports automatic code generation thg, 45t the specified amount of time passes between two consecutive
model contains the required knowledge about the resource require-gntorcements.

ments. The memory requirements are visualized in Figure 5 below | ot 7 — (N,T) denote the related graph with nod&srep-
the state nameslf a transition leads to the exchange of controllers, resenting the states of the statechart ahd- N x N its tran-

Fhey require resources as well (conf. Section 2). In case of fad- gjtions. We additionally distinguish the subget, T, and T, of
ing, the required amount is the sum of the source and the targetiequired, blockable, and enforcable transitions With= 7, U T,

states plus additional resources for the fading itself (B@rekb ). andT, N T, = 0. Any subgraph(N’,T") with N’ C N and
Atomic transitions just require the resources of the target state plus/ - 7~ N x N’ could be a possiblé profile. -

some for the state vector (hebekb). As the transitions between The quality of each state € N is denoted by, : N — IR and
NoneAvailable and RefAvailable do not lead to reconfiguration, ¢4, 5 group of statesV’ C N we useq(N’) := max{q(n)|n €

they require just as much memory as the source and the target stateﬁf/}. The quality of a profile is given by the maximum of all con-
(200 kb ). Besides some relevant attributes, which can be derived 15ined state’s qualitiesy((N, T)) = q(V)).

automatically from the standard design model, some more specific 1o required amount for alh resources of each state and tran-

semantic information has to be added. sition is accordingly assigned by the function (N UT) — IR™.

At first, we have to assign a quality to each state of the state- £, 4 subgrapliN’, T') we use the element-wise cost maxima as
chart in order to support rating of a profile’s quality. Itis visualized ,qtg (N, T") == max({(r1,...,m7m)|Vi € [1 : m] 3z €
in a state’s upper right corner. The statgmeAvailable and Ref- N'UT :17(2) = (@1, Tiy ooy ) A i = 13}) 8
Available both have the lowest quality because they apply the same

controller. 4.2.1 Optimal Permanent Profiles

In g:ﬁt?r t,O iezvi ﬂi]t? ﬁrﬂzlestagjtoﬁat'ﬁagy’ ; trall(nsdltlgn olt)talrns The profile framework usually expects that an agent is able to
capabiiities: ansttio 9 € required, blocked due 1o re- stay within the assigned profile permanently. For such permanent

SOX;CZ C?(;ﬁgi'ﬁ;i’lgrn%?n rté)iifz)ri]tf(t)rra?ne:i t'i[grrgltefélst‘?arrz?r?girsce(asﬁsable profiles of an agent, we require that the related subgraph is closed
P P P with respect to required transitions.

for the safety of the system, these transitions are marke@-as

quired(r) (e.g. thesensor failure-transitions in Figure 5). Transi- DEFINITION 1. A profile (N’, T") is permaneniff forall re-

tions, which can be safely blocked to restrict the former allocation qyired edgegn, n’) € T, N N’ x N holdsn’ € N'.

of resources, are namdaockable As all transitions that are not

required are blockable we only mark the required ones. The transi- We further denote with(N’, T")] the largest subgraph ¢iN', ")

tions toAllAvailable are blockable, because they are just increasing which is closed with respect to required transitions. It can be com-

the comfort and are not required to guarantee safety. puted as the largest fix-point of the functiGhon profiles defined
When the operating system demands resources and, therefore

In the following we present the provided semi-automatic support

&\We have for any, s € IR™ r < siff forall ¢ € [1 : m] holds
"Note that we omitted the lower orthogonal state in this figure r; < s; andr < siff r < sanditexistg € [1: m] with r; < s;.




asC((N',T")) := (N",T") with N = {n € N'|V(n,n’) €
T.:n' € N'}andT” =T’ n (N” x N"). The set of permanent
profiles is further closed under union and intersection.

The number of profiles can be exponential in the number of states
(which might itself be rather large). Thus, we are not interested in
computing all possible profiles but only "optimal” ones.

Informally, a profile is optimal when no other profile contains it
which offers a higher or equal quality for the same or less costs.
We formalize optimality in the following definition:

DEFINITION 2. A permanent profilé N’, T") is optimaliff no
other permanent profiléN", T"") exists with:

(]\]/7 T/) C (]\[//7 T//) (1)
r(N',T")) > r((N",T")) 2
a(N',T")) < q((N",T")) ®)

The conditions 1, 2, and 3 describe resp. that no larger profile with

DEFINITION 3. A profile (N',T") is reachablefrom a profile
(N, T")iffforall n € N” — N’ exists(n,n’) € T. withn’ € N'.
We write(N”, T") —. (N',T").
For the relation between optimal profiles and reachability, we can
prove the following Lemma 2, which ensures that each time a non
optimal profile is reachable although the larger optimal profile is

reachable. Thus, we can restrict our attention to optional profiles
when reachability is considered.

LEMMA 2. For profiles (N', T"), (N”,T"), and (N, T"")
with (N7, T") € (N”, T") holds

(N”/,T///) e (N/7T/) = (N///7T///) e (NH7T”)

ProOOF. Follows directly from Definition 3, asv’’ — N’ D
N/N _ N//. D

4.2.2 Temporary Profiles

equal or less costs exists which has the same or higher quality. As An optimal profile may not be reachable from another one due

the quality is implied by set containment, we can simply skip con-
dition 3. Also condition 2 can be made more strict, as a larger set

to the fact that not enough enforcable transitiongirexist. Then
we addtemporaryprofiles to our profile graph to improve the con-

of nodes and transition can by definition only be as cheap as thenectivity using a series of steps and accept non optimal profiles

contained one but not cheaper. Thus, we have:
(N, 7)< (N, T") (4)
r((N',T")) r((N",T")). (5)
If such a profile(N”, T") exists, we further say thatN", T")
dominateg N, T"). The full graph(V, T') is by definition an op-
timal one as condition 4 cannot be fulfilled by any other profile. To
compute optimal profiles efficiently, we use the following idea.

C

LEMMA 1. For a given optimal profild N, T") with costsk =
r((N’,T")), we can construct an optimal profi{&V,., T, ) for any
k' < k with maximalr (N, Ty )) < k' as follows:

e N"=N'—{ne N'|r(n) >k},
o T =T —{teT|r(t) >k}, and
[ ] (Nk/ka’) [(N”,T”)].

PROOF Assuming it exists a profileN""’, T""") which fulfills
conditions 4 and 5 w.r.t. the profilgV,, T/ ) constructed as out-
lined above, we havé” = r((N", 7)) and (N, T"") D
(Nyr, Tyr). It must hold(N"', T"") C (N',T’), because other-
wise(N"', T"")J(N', T") dominateg N’, T’) and, thus(N"’, T")
would not be optimal.

It must thus exist an elemente (N’ UT") — (Np U Tir),
otherwise the assumed profile would not domin@-, 7}). For
x € (N'UT")— (N"UT") we can conclude that(z) > &’ and,
thus,»((N",T"")) > k' which contradicts our assumption. For
x € (N"UT") — (N UTy) we can conclude thatN""', 7"")
is not permanent which also contradicts our assumption. Thus,
finally no such profild N/, T""") which dominate$ Ny, Ty/) can
exist and thus the profileV,, T}/) is an optimal one.

Asno(N",T") D (Nwr, Tyr) can existk” = r((Ny, Tir))
is always maximal with respect to the upper boiénd [

Therefore, we compute the optimal profile for a givére IR™ by
simply starting with the full graph and applying the outlined steps.

Besides optimality of permanent profiles, the controlled transi-
tion between two profiles is required to allow the framework to
enforce a switch between these two profiles.

Using the set of enforcable transitidfis, we can formally define
whether the framework can enforce the transition form one profile
to another.

temporarily. It is to be noted, that such a sequence of enforced
transitions has to respect the MIET to ensure that the agent is still
able to do its regular work.

For a temporary profile we thus only require that a related core
profile exists which ensures that for any application of an composed
edge fromI’™ZT the profile is not left.

DEFINITION 4. For a profile (N’, T") and itscore (N", T")
must hold that forall edgeér,n’) € TM'FT 0 N” x N holds
n' € N'.

To compute the largest cof&v”’, T"') of (N’,T") with respect to
TMIET e can computdv” = {n € N'|V(n,n') € TMET .
n’ € N'}andT” =T N (N” x N"). We write[(N', T")|MIET
to denote this maximal core.

Analogously, we can compute the largest profilé’, T") for
a given core(N"”,T") with respect taI T as N’ = {n ¢
N|V(n,n') € TMPT . p e N”"}andT' = TN (N’ x N'). We
write (N, T")[MTFT to denote this maximal profile for a given
core.

The problem to realize a transition between two optimal profiles
relates to the problem of finding a series of temporary profaes (
tractor) with respect tdl'. the controlled transitions.

DEFINITION 5. A series of profilef(N;, T;)|i € IN} is an
attractorfor the profile (N, T"") with respect to the controller
transitions setZ. and the uncontrolled transition s@t* =7 jff
forall n € N1 and(n,n') € TMTET exists(n',n”) € T. with
= N; and(No,To) = (NN,T”).

We have to construct an attractor for the target prafil’, 7'")
such that a path backwards to our start profi, 7") exists.

We compute theattractor starting with the target profile. By
looking for additional states of the current profile where any pos-
sible uncontrolled step can be continued in such a manner that the
current profile is reached, we compute the next profile. If the ex-
tension leads to a profile which includes the source profile we are
done. Otherwise no indirect connection can be established.

For TMIET the set of uncontrolled steps which are the possible
series of steps which can occur within the time bound MIET and
T. the controlled transitions, we can thus computeattieactor of
(N",T") as follows:

1. Initially setNo = N andTp, = T".



2. ComputeN;,; = N;U{n € N— N;|3(n,n') € T. An' € then the delay is the time that the agent can wait before the tran-
N;}andTy,; =T N (N{; x Niyq)from (N;, T). sition execution has to start. Note, that this time can be increased

when a shorter period is assigned to the agent.
3. Compute the coréN/, |, T/\1) = [(Njx1, T 41)]MET of P 9 9

(Nit1,T{+1) and determine the next profilgVi1, Ti+1) 4.3 Application
by Nit1 = Nify UN; andTiiy = TN (Nita X Niga). We apply the presented algorithm to our extended models in or-
der to derive the profiles. In our example we obtain three different
((Nis1,Tis1) 2 (N, T")) or the expansion has terminated profiles (cf. Figure 7);0_3 c_onsisting _o_f the stateBefAvailabIe and
((Nis1, Tig1) = (N3, T)). NoneAv.enIabIe, p2 conS|st|ng of addltlonaII)AbsAva||§bIe and P
consisting of all states. Figure 8 shows each profile’s capabilities:
By construction we always havgV;+1,Ti+1) 2 (N;, T3). The The profile’s qualityg is the maximum of its node’s qualities. The
profiles of the attractof (N;,T;)|: € IN} are, thus, monotonous  lower and upper bounds for the resource requirements are depen-
increasing but not necessarily strict monotonous increasing. For dent on the memory requirements of the profile’s states and tran-
each step € [2 : p| we further write(N;, T}) —re (Ni—1,Ti—1) sitions. The acceptable delay is derived from the deadline interval
as it holds: and must be less than the maximal allowed duration of the transi-
tion. The WCETSs for entering and leaving the profiles are constants
that are derived automatically from the model.

4. Repeat with step 2 until the start proffl&’, ") is included

(Ni, T;) = BTN, T)[MPT =0 (Ni—1, Tiza).
If no (N;,T;) 2 (N',T’) has been found, there is in fact no

possible sequence of temporary profiles leading f(aw, 7") to Profile| | Memory WCET
(N”,T"). Otherwise, if we have found a profileV,, 7,,) which name inkb | Delay | Enter| Leave
containg N', T"), we can construct such a sequence using the com- p1 0.9 | 200-850| 10us | 5us | Tus
puted profiles of the attractor in opposite ordering P2 0.4 | 200-550| 12us | 3us | 4us
(N, T') D (Np, Ty) —re -+ —re (Noy To) = (N, "), ps | 0.1]200-200] 10us | Ius | 25
Using the above outlined procedure we can construct the con- Figure 8: Capabilities of the derived profiles
nections in the profile graph as follows. We add a direct edge, if
for two optimal profiles of the graptiV’, T”) and(N"', T") holds The profile-graph, which indicates the worst-case duration of

(N',T") —. (N",T"). Otherwise, the above outlined procedure switching between the single, derived profiles, is visualized in Fig-
is used to derive additional required temporary profiles. Finally, if ure 9: As leavingp, has a WCET oftus and enteringo; has a

all possible profiles connections have been established, we can fur-WCET of5.s, a switch frompz to p; has a WCET oftus+5us =

ther optimize the graph by keeping between two optimal profiles 9us.

only the shortest using the Floyd-Warshall all shortest path algo-

rithm.

4.2.3 Compute Profile Graph e @

For a resource function: (N UT) — IR™, no unique order-
ing of the elements with respect to resource requirements is possi-
ble and, thus, we have a partially ordered set of profiles, which in
the worst-case contains exponentially many optimal profiles. Thus, 8115 TS
we propose to partition the: dimensional space using a proper s ops
set K of upper resource limits which is derived as follows: (1)
determine for each dimension the minima and maximan{ =
min({r;(z)|x € N UT}) andmax; = max({r;(z)|lz € N U
T1)), (2) determine a number of steps> 1 for each dimension, @
and (3) chosé asK; x « -+ x Ky, with K; = {c|3j € [0: s4] :
¢ = min; +(max; —min;)/s * j}. Figure 9: The derived profile graph
As every use of the algorithm, which is sketched in Lemma
1, will cost at mos{N| + |T'| steps, computing all optimal pro-
files is then inO(|K| = (|N| + |T'|)). The computation of the
maximal | K | prof(iles| Wi'[(l"l a‘t mclst(||)[)(|)2 direct transitions is in 5. EXTENDED DESIGN PROCESS
O(|K > (|N|+|T))). For the indirect connections via temporary There have been numerous different approaches to the system-
profiles we requir€ (| N |+ |T'|)? for computing the attractors and,  atic development of mechatronic systems but no comprehensive
thus, the algorithm to compute them isG{| K| * (|N| + |T|)?). methodology became established. Therefore, the new VDI Guide-
Optimizing the profile graph using the Floyd-Warshall all shortest line 2206, "Design Methodology for mechatronic systems”, was
path algorithm for| K| profiles (nodes) is irO(|K|®). Thus, we released by the VDI [13]. One well-known approach is depicted in
have an overall algorithmic effort, which is iR(|K|* * (|N| + Figure 10. It consists of the three phasgstem desigrdomain-
IT)? + | K|?). specific desighand system integration The result of the design
The maximal required duration (WCET) of the transitions be- phase is the principle solution of the system and describes the used
tween the different profiles is derived from the transition’s deadline components and their interactions. This principle solution marks
information of the hybrid statechart. the start of the domain-specific design phase. After the domain-
If the transition itself does not require more resources than the specific phase, all partial solutions from the different domains are
source state, the transition deadline determines the allocation delayavailable. This initializes the last phase, the integration phase. Here
If the transition itself requires more resources than the source state all partial solutions will be put together, tested, and compared with



P1 when(nextSegment) when(nextSegment)
Jata(Vector zRen? TErEtreTtorzRen?
‘ Vk Mem: 850 [P i
T dy .
AllAvailable 3 Q0 =0.9 AbsAvailable 3 0=0.4
Mem: 500 kb 777 Mem: 300 kb "7
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Figure 7: Result of the synthesis algorithm

the requirements. If all requirements are fulfilled, then the mecha- ment process for mechatronic systems enriched by 4 new steps that
tronic system is complete. If not, corrections have to be made and are identified while using our modeling approach.
the process starts again (new iteration).
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Figure 11: Extended Design process of feedback controller de-

Figure 10: Design process of the VDI-Guideline 2206
velopment

In our example the principle solution specifies which actuators,
sensors, hydraulic pumps, springs etc. have to be used. Further
it denotes that a feedback controller (software ag@rta¥ to be
used. It does not specify the behavior of the feedback controller.
This will be done within the domain specific-design.

The development process of automatic control systems, which is
part of the domain-specific phase, is described in [12]. Unfortu-
nately, the development of more than one feedback controller for
the same function within a mechatronic system is not designated
within this process. Further, this process acts on the assumption
that only one feedback controller will be executed on hardware ex-
clusively.

Situation Analysis. In this step all imaginable situations of the
system are analyzed. It will be identified, whether multiple and
how many different feedback controllers for the same system are
applicable.

Hybrid Design. In this step the switching strategy between dif-
ferent feedback controllers will be specified. Therefore, the system
constraints will be identified, which indicate the switch between the
feedback controllers. Further, the time frame (start and duration) of
a switch between the feedback controllers will be specified. Finally,
the quality values for the different feedback controllers are speci-
fied. The notation, which is used within this step, are the hybrid

To overcome this problem the amount of micro-controllers must St%eecrl‘srﬁéz?tsafcﬁizi{é?]e%':i]sssetgt'02 tcifies on which hard-
be reduced and the execution of the feedback controllers on the re- ploy P : Step sp .
maining micro-controllers has to be administered. This is a new ware (mlcr.o-cor.nr.oller, etc.) thq ditferent .ag.ents. will be executed.
approach to develop mechatronic systems and has to be considered Synthesis.This is an automatic step. Within this step the source-

s . . : code will be generated. Here the profile synthesis algorithm (cf.
within the design process. Figure 11 shows the classical develOlo'Section 4.2) |gs carried out. The rel?quired c){)mputer regsources(are

Severy software, including feedback controller, will be called determined and the profile partitions are generated with a represen-
agents tative increment (cf. Section 4.2.3).




6. CONCLUSION [6] C. Ditze. DREAMS — Concepts of a Distributed Real-Time
The outlined approach enables to develop resource-aware agents ~ Management System. Froc. of the 1995 IFIP/IFAC

for self-optimizing mechatronic agents at low costs. As sketched Workshop on Real-Time Programming (WRTE995.

in the last section, the additional required steps can be seamlessly ~ (Another copy with quite identical contents appeared in

integrated into the standard process for the design of mechatronic ~journalControl Engineering Practicevol. 4 No. 10, 1996.).

systems. The presented results can also be employed for other em-[7] K. Ecker, D. Juedes, L. Welch, D. Chelberg, C. Bruggeman,

bedded system classes, if alternative operation modes with distinct F. Drews, D. Fleeman, and D. Parrott. An Optimization

resource requirements are present that can but must not be used. ~ Framework for Dynamic, Distributed Real-Time Systems.

Otherwise the correct operation of the agents would not tolerate to International Parallel and Distributed Processing
temporarily block alternative behavior by the resource manager. Symposium (IPDPS03pril 2003.
Current work deals with the tool integration of our approach. [8] H. Giese, S. Burmester, W. Sifer, and O. Oberschelp.

When having the tool support, we will use it to simulate the exam- Modular Design and Verification of Component-Based

ple and validate our concepts. Further we will apply our approach Mechatronic Systems with Online-ReconfigurationPhoc.

to larger examples. of 12th ACM SIGSOFT Foundations of Software Engineering
2004 (FSE 2004), Newport Beach, U¥CM, November
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