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            Modular Generation and Simulation of Mechatronic Systems Oliver Oberschelp, Alfonso Gambuzza Mechatronics Laboratory Paderborn (MLaP), University of Paderborn Paderborn, 33098 Germany and Sven Burmester, Holger Giese Software Engineering Group, University of Paderborn Paderborn, 33098 Germany ABSTRACT Simulation of complex mechatronic systems often requires de- composition of the model to be simulated. A decomposition aptly performed yields submodels that correspond to the tech- nical structure of the modelled system. Thus a composition of models by means of existing components is made possible. Yet, coupling of the submodels affects the inner sequence of evalu- ation. This may result in deadlocks. We present an approach for the appropriate partitioning of the model code that allows keeping the inner evaluation flexible so that a deadlock-free cou- pling can be obtained. Submodels generated according to this approach have defined interfaces; therefore it is not necessary to consider the entire inner code for the sequence of evaluation to be known. Keywords: Simulation, Mechatronics, Model Architecture, Code Generation 1. INTRODUCTION The design of complex mechatronic systems has become so in- tricate that it can only be done by means of computer-aided mod- elling [1]. The models comprise modules and hierarchies that are derived from the physical-topological structure of the system. For subsequent symbolic and numerical processing the models are transformed into a shape fit for processing, their modular- hierarchical structure having to be observed [2]. A holistic, consistent, and structured concept for the design of mechatronic systems requires an exact preservation of the sys- tem structure from the model to the hard- and software on the processing level. If the design methodology is consistent, it al- lows a flexible adaption of the model to various scenarios, e.g., to a parallelized off-line simulation or distributed hardware-in-the- loop simulation (HILS), i.e., the direct allocation of information- processing components to physical aggregates used in mechani- cal engineering [3]. In the following, we will present in detail our concept for the modular generation of simulateable models of mechatronic This work was developed in the course of the Special Research Initia- tive 614 - Self-optimizing Concepts and Structures in Mechanical Engi- neering - University of Paderborn, and was published on its behalf and funded by the Deutsche Forschungsgemeinschaft. Supported by the International Graduate School of Dynamic Intelli- gent Systems, University of Paderborn. systems on the basis of the inherent modular-hierarchical block structure of the technical system. We will also show our con- cept for the partitioning of modular model code. To exemplify this application, we employ the complex model of a testbed for a modern railway vehicle with an active suspension. The paper is structured as follows: Section 2 presents the structuring of model code according to the technical structure. In Section 3 we describe different basic approaches to the de- composition of monolithic model code into modular one. We show our new approach for a modularized model code in Section 4. In Section 5 we depict the simulation environment, Section 6 concludes the paper. 2. STRUCTURING APPROACHES In this section we discuss structuring approaches which can be regarded as basics for the decomposition of system models. Modular-Hierarchical Structures Modularization and hierarchical structuring are important aids for the solution of the complexity problem in technical systems. Modularizing the function yields function groups. In mechanical engineering this approach is realized as an aggregation. It allows aggregates to be designed, developed, tested, and manufactured independently of the entire system. Thus the overall functional problem is reduced to isolated sub-problems. Only in this way can products be developed and manufactured by different work- ing teams and different suppliers. According to this approach an entire system should be built up by hierarchically coupled software modules. In this scenario each module is generated independently and could in principle be executed on its own processor. But for this purpose we have to sever the dependencies between the modules. Dependencies are the couplings between the modules; the couplings in turn influence the internal evaluation order of each module. So we have to answer the question if it is possible to find a partitioning of the evaluation code and interface definition for modules such that the internal evaluation order of the modules can be adapted to any possible external coupling. Block Diagrams Hierarchical block diagrams are the usual method to describe technical systems. They are used in different domains, e.g., in mechanical and electrical engineering, informatics or systems 
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Modular Generation and Simulation of Mechatronic SystemsOliver Oberschelp, Alfonso Gambuzza
 Mechatronics Laboratory Paderborn (MLaP), University of PaderbornPaderborn, 33098 Germany
 and
 Sven Burmester, Holger GieseSoftware Engineering Group, University of Paderborn
 Paderborn, 33098 Germany
 ABSTRACT
 Simulation of complex mechatronic systems often requires de-composition of the model to be simulated. A decompositionaptly performed yields submodels that correspond to the tech-nical structure of the modelled system. Thus a composition ofmodels by means of existing components is made possible. Yet,coupling of the submodels affects the inner sequence of evalu-ation. This may result in deadlocks. We present an approachfor the appropriate partitioning of the model code that allowskeeping the inner evaluation flexible so that a deadlock-free cou-pling can be obtained. Submodels generated according to thisapproach have defined interfaces; therefore it is not necessary toconsider the entire inner code for the sequence of evaluation tobe known.
 Keywords: Simulation, Mechatronics, Model Architecture,Code Generation
 1. INTRODUCTION
 The design of complex mechatronic systems has become so in-tricate that it can only be done by means of computer-aided mod-elling [1]. The models comprise modules and hierarchies that arederived from the physical-topological structure of the system.For subsequent symbolic and numerical processing the modelsare transformed into a shape fit for processing, their modular-hierarchical structure having to be observed [2].
 A holistic, consistent, and structured concept for the design ofmechatronic systems requires an exact preservation of the sys-tem structure from the model to the hard- and software on theprocessing level. If the design methodology is consistent, it al-lows a flexible adaption of the model to various scenarios, e.g., toa parallelized off-line simulation or distributed hardware-in-the-loop simulation (HILS), i.e., the direct allocation of information-processing components to physical aggregates used in mechani-cal engineering [3].
 In the following, we will present in detail our concept forthe modular generation of simulateable models of mechatronic
 This work was developed in the course of the Special Research Initia-tive 614 - Self-optimizing Concepts and Structures in Mechanical Engi-neering - University of Paderborn, and was published on its behalf andfunded by the Deutsche Forschungsgemeinschaft.
 Supported by the International Graduate School of Dynamic Intelli-gent Systems, University of Paderborn.
 systems on the basis of the inherent modular-hierarchical blockstructure of the technical system. We will also show our con-cept for the partitioning of modular model code. To exemplifythis application, we employ the complex model of a testbed fora modern railway vehicle with an active suspension.
 The paper is structured as follows: Section 2 presents thestructuring of model code according to the technical structure.In Section 3 we describe different basic approaches to the de-composition of monolithic model code into modular one. Weshow our new approach for a modularized model code in Section4. In Section 5 we depict the simulation environment, Section 6concludes the paper.
 2. STRUCTURING APPROACHES
 In this section we discuss structuring approaches which can beregarded as basics for the decomposition of system models.
 Modular-Hierarchical Structures
 Modularization and hierarchical structuring are important aidsfor the solution of the complexity problem in technical systems.Modularizing the function yields function groups. In mechanicalengineering this approach is realized as an aggregation. It allowsaggregates to be designed, developed, tested, and manufacturedindependently of the entire system. Thus the overall functionalproblem is reduced to isolated sub-problems. Only in this waycan products be developed and manufactured by different work-ing teams and different suppliers.
 According to this approach an entire system should be builtup by hierarchically coupled software modules. In this scenarioeach module is generated independently and could in principlebe executed on its own processor. But for this purpose we haveto sever the dependencies between the modules. Dependenciesare the couplings between the modules; the couplings in turninfluence the internal evaluation order of each module. So wehave to answer the question if it is possible to find a partitioningof the evaluation code and interface definition for modules suchthat the internal evaluation order of the modules can be adaptedto any possible external coupling.
 Block Diagrams
 Hierarchical block diagrams are the usual method to describetechnical systems. They are used in different domains, e.g., inmechanical and electrical engineering, informatics or systems
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engineering. This common notation has its origin in controlengineering. The blocks describe the behaviour of the system.They are structured by hierarchies describing the coupling be-tween blocks and between hierarchies (Fig. 1). The behaviouris specified by mathematic equations or by means of a symbolicphysical notation. Yet, the mathematical representation must bederived from the symbolic notation in order to make simulationpossible:
 only function /mathematics /behavior
 only couplings
 HE
 BB HE
 BBBB BBHE
 BB BB
 HE
 BB
 HE
 BB HE
 BBBB
 BB BB
 HE
 BB
 HE - hierachical element
 BB - basic block
 basic block basic block
 basic block
 basic block
 basic block
 hierarchyhierarchy
 hierarchy
 basic block basic block
 hierarchy
 basic block basic block
 hierarchy
 Fig. 1. Hierarchical block diagrams
 The constraint saying that hierarchical elements must com-prise only couplings can be used directly for a modularisation.Here, submodels are extracted and replaced by representativesthat realize the coupling between the submodels:
 basic block basic block
 basic block
 basic block
 basic block
 hierarchyhierarchy
 hierarchy
 representative
 submodel A
 submodel B
 basic block basic block
 hierarchy
 Fig. 2. Decomposition of block diagrams
 Fig. 2 displays the decomposition approach mentioned abovewhich enables us to assume that mechatronic systems consist ofbasic blocks (BB) and hierarchical blocks (HB) only.
 3. MODULARISATION OF MODEL CODE
 In this section we give an overview of common decompositionmethods.
 Execution Order of the Distributed System Model
 For a correct execution of the simulation the overall evaluationorder has to be taken into account in order to prevent a dead-lock during computation of a simulation step that may block the
 entire simulation [4]. The connectibility of subsystems has a di-rect impact on the method of the so-called model integration,i.e., embedding of subsystems into the simulation platform. Inthe process one has to distinguish between different kinds of in-tegration: In a black-box integration, communication can dis-regard the inner structure of the subsystem (Fig. 3) while ina white-box integration the communication routines are imple-mented purposefully into the evaluation functions of the subsys-tems. White-box integration solves the problems concerning theentire evaluation order but does not match our task to generatethe modules independently (Fig. 6).
 Black-Box Integration
 In a black-box integration, only the input/output interfaces of thesubmodels are considered. Their inner structure remains hidden.Therefore communication occurs only vectorially at certain, pre-cisely defined moments in the program run [4]:
 Subsystem
 Calculator
 send
 receive
 Subsystem
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 receive
 Blackbox
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 -
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 Fig. 3. Black-box integration
 In order to reduce dependencies, the equations are sorted ac-cording to the categories non-direct link, direct link, and stateequations (Fig. 3). These categories serve to classify the in-put/output variables [5]:• Non-direct links: All output variables that do not depend di-rectly on input values are non-direct links and can thus be com-puted directly:
 yN
 (t) = f(x, p, t
 )(1)
 • Direct links: This category comprises all input variables thathave an immediate effect on at least one output variable:
 yD
 (t) = f(x, u, p, t
 )(2)
 • State variables: Input variables that apply only to state equa-tions fall into this category:
 x = f(x, u, p, t
 )(3)
 with x the state vector,y the output vector,u the input vector,p the parameter vector andt the time.
 However, in principle, the problem of a communication dead-lock cannot be fully solved just by introducing the ND-, D-, andS-blocks. A deadlock may occur between two subsystems if thecouplings between their direct-link blocks make up a loop. The
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Subsystem 1
 Subsystem 2 Seq
 uen
 ce
 y (t)=F( , ,t)1 x p
 Send
 y (t)=K( ,u ,t)4 4xReceive
 Send
 y (t)=G( ,u t)2 2,xSend
 Receive
 Receive
 ND
 D
 S
 D
 x (t)=H( ,u ,t)1 3x.
 Fig. 4. Black-box integration with ND-D-S decomposition
 model cannot be evaluated any more because the subsystems re-quired to compute the data are waiting for the data of the othersubsystems. This graph of waiting dependencies results in a in aloop and thus the subsystems block each other forever (Fig. 5).
 Y (t) = F(t)1
 Subsystem 1
 Subsystem 2
 Se
 qu
 en
 ce
 y (t)=F( ,t)1 x
 Send
 y (t)=K( ,u ,t)4 4x
 Receive
 Send
 y (t)=G( ,u t)2 2,xSend
 Receive
 ND
 D
 D
 ND = Non-Direct link
 D = Direct link
 Direct link - backcoupling=
 Deadlock{
 y (t)=H( ,u ,t)3 3x
 Fig. 5. Deadlock within the ND-D-S decomposition
 The deadlock can be dissolved in several ways: one can em-ploy iteration [6]; yet, this does not seem appropriate for real-time processing. A feasible solution is the use of filters [7];however, they alter the model and thus the system behaviour.In most cases, this will be unacceptable [8].
 White-Box Integration
 Another solution is to use white-box communication. To thisend, communications are required within the D code. A modularcode generation is particularly difficult here since the sequenceof the evaluation can be computed only for the entire system.This must be considered in the draft of the structure of the mod-ular code:
 Subsystem
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 Fig. 6. White-box integration
 The proposed approach outlined in the following will combinethe advantages of both the white-box and the black-box approachand is thus named grey-box integration (originally coined in [9]for the dynamic computation of the evaluation order at runtime).
 4. MODULAR CODE GENERATION
 This section presents the main interest of the paper. We willpresent a new decomposition procedure, called grey-box decom-position, and illustrate its useability by an example.
 The actual example is an active vehicle suspension sys-tem with its controller which stems from the RailCab researchproject. The project was initiated and has been worked uponby several departments of the University of Paderborn and theHeinz Nixdorf Institute. In the project, a modular rail systemwill be developed; it is to combine modern chassis technologywith the advantages of the Transrapid and the use of existing railtracks [10]:
 A B
 C
 prop.- valves
 A / D
 controller
 D / A
 sensors
 hydr. pump
 car body
 hydr. actuators
 air springs
 to theactuators
 z
 y
 a
 controller model(CAMeL-View)
 Fig. 7. Suspension module with controller
 Fig. 7 shows a schema of the physical model of the active ve-hicle suspension system and the body controller. The suspensionsystem of railway vehicles is based on air springs which can bedamped actively by a displacement of their bases.
 The control concept is based on a multi-level cascade controlthat results in hierarchically coupled controllers. For our pur-pose it is not necessary to go into the details of this control. Thesequence of evaluation of the equations of the controller systemchanges with the respective state of the coupling. In order notto have to renew every component according to the chosen se-quence of evaluation, a new procedure will be proposed.
 With a grey-box method one tries to combine the advantages
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of the white box with those of the black box. Determinationof the sequence of evaluation here is done in two stages. Thefirst stage defines the local sequence of evaluation of each ba-sic block independently of an external coupling. For a hierarchyblock, the coupling information on its children and the resultingreduced evaluation graph will be saved. This implies an inde-pendent code generation for every block; thus a model can begenerated from independent modules. At the second stage theexternal coupling information yielded by the hierarchy blocks istaken into account for determining the entire sequence of eval-uation and making up the evaluation graph. This presupposes awell-defined module interface. The information required for thisstep were obtained in the preceding stage so that this procedurecan be completed during initialisation of the application.
 When proceeding in this way we are able to hide the internalcode of a module. This is especially important if one wants toforward code whose content is to be kept secret.
 Let us now consider the first stage in more detail.The grey-box method solves the problem of the direct-link
 feedback coupling by further decomposing the equations in thedirect-link block into independent partial blocks. Appurtenanceof equations to a partial block is defined by their dependence onone or several input and output variables, with an input resp. anoutput variable being allocated definitely to just one partial blockin the direct-link block.
 The evaluation graph of a module corresponds to a forest con-sisting of different trees that cannot be decomposed further (Fig.8).
 Fig. 8. Evaluation graph of a basic block
 In the case of an external coupling these subgraphs will pos-sibly have to be sorted in order to comply with the sequence ofevaluation. For an outward representation of the module it issufficient to indicate the reduced graph, the interfaces, and thepartitioned blocks. If the partitioned blocks are generated, e.g.,as executable functions or objects, it will be possible to gener-ate the entire module and/or compile it (Fig. 9). Thus it will bepossible to generate modules and couple them subsequently asflexibly as by means of the white-box integration:
 This procedure has the drawback of an overhead produced bythe executable partitioned blocks. Also we will have to derivethe sequence of evaluation of the entire model after the couplingand to control the evaluation at run-time.
 Fig. 9. Evaluation graph of a hierarchy
 Partitioning Algorithm for Blocks
 In order to derive the sequence of evaluation we regard, thedirect-link blocks. They are used to derive the so-calledacyclicexpression graph. A single block is characterized by inputand output variables and a set of expressions with a left-hand-side variable and a right-hand-side expression with referencesto other variables. It can be represented by a corresponding di-rected acyclic expression graph when restricting the consideredset of expressions to those where each variable occurs only onceat the left-hand-side of an assignment expression. Each left-hand-side variable is represented by a node and all occurrencesof variables in the right-hand-side as edge from the node of thereferenced variable to that of the defined variable. Following thisoutline, we can derive an acyclic expression graphG = (N, E)
 with node setN and edge setE ⊆ N × N . Where for eachn ∈ N and the related expressionv := . . . v′ . . . holds that foreach variablev′ the expression refers at in the right-hand-sidean edge(n′, n) ∈ E exists withn′ the node related to variablev′. When the graphG = (N, E) is embedded into a hierar-chical element (cf. Fig. 2) the embedding graphG = (N, E)
 is calledcontext GraphG′ = (N ′, E′). For an acyclic graphG = (N, E) we have the following additionally defined terms:• dout(n) := |{n′ ∈ N |(n, n′) ∈ E}| the out-degree of noden,• din(n) := |{n′ ∈ N |(n′, n) ∈ E}| the in-degree of noden,• Nout ⊆ N the subset of output nodes with∀n ∈ Nout holdsdout(n) = 0,• Nin ⊆ N the subset of input nodes with∀n ∈ Nout holdsdin(n) = 0.The partitioning problem for a given acyclic expression graphG = (N, E) with node setN and edge setE ⊆ N × N ofa block is how to determine a minimum number of partitionsN1, . . . , Nn ⊆ N such that:1. N = N1 ∪ · · · ∪Nn and∀i 6= j Ni ∩Nj = ∅,2. the derived graphGp = (Np, Ep) with Np =
 {N1, . . . , Nn} andEp = {(Ni, Nj)|i 6= j ∧ i, j = 1, . . . , n ∧∃n′ ∈ Ni ∧ n′′ ∈ Nj : (n′, n′′) ∈ E} is acyclic, and3. for any context graphG′ = (N ′, E′) with (N ∩ N ′) ⊆(Nin ∪ Nout) andG′′ = (N ′′, E′′) with N ′′ = N ∪ N ′ andE′′ = E ∪ E′ an acyclic graph holds that the related derivedgraph for the partitioning build byN1, . . . , Nn and each node ofN ′ −N is also an acyclic graph.In condition 1 we ensure that the partition setsNi cover the fullnode set. The fact that the partitioning preserves the acyclic na-
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ture is then enforced by condition 2. Finally, condition 3 infor-mally states that the chosen partitioning, when embedded into anarbitrary context, only results in a cycle if the original graph alsoresulted in a cycle.
 For a given acyclic graphG = (N, E) with node setN andedge setE ⊆ N × N , we can compute the required maximumpartitioning of such a graph in two stages. Firstly, we computethe setD of all inputs that the node depends on in a forward topo-logical traversal of the graph. Then we minimize this labellingto a labellingL by a backward traversal. The final partitioning isthen defined to assign two nodesn andn′ to the same partition(NL[n]) iff L[n] = L[n′].
 For E∗ the transitive closure ofE,1 we can define theD(n) := {n′ ∈ Nin|(n′, n) ∈ E∗} which to each node assignsall input nodes it depends on. The mapping finally computedL,however, cannot that easily be defined in such an abstract man-ner. The resulting algorithm is presented in Fig. 10.
 The algorithm requires roughlyO(|N |+ |E|) steps when ig-noring the overhead for storing and manipulating theD andL,2
 because at each stage each node is visited via each incomingedge exactly once.
 We thus have the following three cases to handle the blockpartitioning and execution order:
 • Local Partitioning and Local Execution Order: For a non-hierarchical grey-box component we can compute a minimumpartitioning by means of the algorithm outlined. Condition 3then ensures that for any possible context, a correct evaluationorder of the blocks can always be found if it can be found in thewhite-box scenario.The subgraphs of the acyclic expression graph related to eachblock are also acyclic and correspond to a partial order of theexpression evaluations. The partial order can be refined into atotal order which can then be employed to sequentially evaluatethe expressions within the code for those blocks.• Hierarchical Partitioning and Local Execution Order: Theblock-partitioning algorithm outlined can be employed to derivealso the required partitioning information in a hierarchical man-ner. The dependency graph which results from our embeddingthe block graphs of all embedded components instead of theirexpression graph is sufficient to derive again a minimum set ofhierarchical blocks. In contrast to the non-hierarchical blocks,these blocks consist of the blocks of the embedded componentsand the coupling.If no block partitioning can be found, a logical flaw in the com-ponent structure exists which would also prevent code genera-tion in the white-box scenario.If a block partitioning has been found, we also know that theoriginal dependency graph is acyclic. The subgraphs of the de-pendency graph which is assigned to each block will thus alwaysbe acyclic, too, and can be used to derive the required internalorder of the subordinated blocks, couplings, or expression eval-uations.
 1E∗ :=⋃∞
 i=0 Ei with E0 = {(n, n)|n ∈ N} and Ei+1 :=
 {(n, n′)|∃n′′ ∈ N : (n, n′′) ∈ Ei ∧ (n′′, n′) ∈ E}2Using, for example, a bit-vector of size|Nin|.
 block partitioning((N,E)) begin
 c : N → IN ; // visited predecessors
 D : N → ℘(Nin); // input dependencies
 L : N → ℘(Nin); // related input nodes
 // phase 1:
 // forward traversal to compute D
 // D[n] all input nodes n depends on
 // c[n] visited predecessor nodes
 F := Nin;
 forall n ∈ F do D[n] := { n }; done
 forall n ∈ N do c[n] := 0; done
 while ( F 6= ∅ ) do
 forall n ∈ F do
 forall n′ ∈ N with (n, n′) ∈ E do
 c[n′] := c[n′] + 1;
 if c[n′] == din(n′) then
 D[n′] :=⋃
 (n′′,n′)∈ E D[n′′];
 F := F ∪ {n′};
 fi
 done
 F := F − {n};
 done
 done
 // phase 2:
 // backward traversal to compute L
 // L[n] set of related input nodes
 // c[n] visited successor nodes
 F := Nout;
 forall n ∈ F do L[n] := D[n]; done
 forall n ∈ N do c[n] := 0; done
 while ( F 6= ∅ ) do
 forall n ∈ F do
 forall n′ ∈ N with (n′, n) ∈ E do
 c[n′] := c[n′] + 1;
 if c[n′] == dout(n′) then
 L[n′] :=⋂
 (n′,n′′)∈ E L[n′′];
 F := F ∪ {n′};
 fi
 done
 F := F − {n};
 done
 done
 // n and n′ are in the same partitioning
 // iff L[n] = L[n′]
 return (L);
 end
 Fig. 10. Block partitioning algorithm
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• Global Execution Order: When the top hierarchical level hasbeen reached, the only remaining inputs and outputs are sensorsresp. actuators. We can therefore be sure that the resulting par-titioning graphs are acyclic and we can derive the main routinefollowing the code generation scheme outlined for the hierarchi-cal case.
 To summarize, we can derive the code for each component ina modular manner by• deriving the blocks, their code, and a block-dependency graphfor all non-hierarchical components,• deriving the blocks, their code, and a block-dependency graphfor all hierarchical components considering only the internalcoupling and the block-dependency graphs of all embeddedcomponents, and• deriving the main routine code for the top-level component.
 5. SIMULATION ENVIRONMENT
 We model the technical system and continuous controllers bymeans of ordinary differential equations (ODE). A Computer-Aided Engineering (CAE) tool automatically derives differentialequations for the mechatronic part which is described by multi-body system models [11]. For this purpose, nonlinear differen-tial vector state equations are used as follows :
 x = f(x, u, p, t
 )y = g
 (x, u, p, t
 ) (4)
 with x the state vector,y the output vector,u the input vec-tor, p the parameter vector andt the time. We use ODE solverswhich are a part of the CAE environment for the computation ofthe model. This allows us to use the same model in offline as inonline simulation (Hardware-in-the-loop).
 6. CONCLUSION
 Our grey-box approach results in modular code generationfor the components such that the code generation for non-hierarchical components can be done entirely independently ofthat for hierarchical components. The code generation dependson the interfaces of the embedded components which includetheir block-dependency graphs. The approach includes the ad-vantage of the white-box scenario that can be generated for anymodel without algebraic loop while avoiding the disadvantage ofthe white-box method that lies in the fact that the code genera-tion is not modular and thus produces a bottleneck which bringsabout long turn-around times when simulating large mechatronicsystems.
 In the future, it is planed to develop methods for reconfigura-tion at run-time in order to make use of the full potential of thegrey-box approach presented.
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