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Abstract—A smart surface is a distributed Micro-Electro-
Mechanical System (MEMS) designed for conveying micro-
scopic objects over a meso-scale distance, by the coordigdt
action of several microcells composed of microsensors, niac-
tuators and control units. We present a high-level descrigbn
of a smart surface with the System Modeling Language
(SysML). We show how various SysML views (requirement,
block, constraint and parametric diagrams) may accompany
the design of such a complex system with precise but simple
models. We also establish links between SysML and other
technologies and tools for complex system modeling.
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I. INTRODUCTION

Current miniaturization and integration trends of elec- Figure 1. Conveyance of micro objects
tronic devices require to assemble chips and other compo-
nents that become too small to be directly handled by hu-
mans. The future electronics assembly industry will have tdndeed not shared by the physicians, automaticians and com-
scale with the technology, using automated micromachineputer scientists collaborating in the project. Anticipatthis
combining manipulators and intelligent conveying systems difficulty we have contributed to this project by investigat
A smart surfacés a distributed Micro-Electro-Mechanical an adapted language.
System (MEMS) designed to convey microscopic objects A previous work [5] considered a smart surface as a set
over a meso-scale distance. The global conveyance effeof heterogenousSoC (System on Chip) systems. System
results from the coordinated action of microcells spatiall on Chip GoQ refers to integrating all components of an
organized in a 2D array. Each microcell is composed ofelectronic system into a single integrated electronicugirc
a microsensor, a microactuator and a control unit. Thdt may contain digital, analog, mixed-signal, and oftenioad
control units realize communications with their neightsour frequency functions all on one chip. A typical applicatien i
and computations to adjust the actuator local effects fronin the area of embedded systems. The interaction and inte-
the sensor measures. gration of hardware and software components are essential
Modeling such a complex system is a challenge addressqghrts of their design. A preliminary smart surface modeling
in [1], [2], [3] with the motivation of validating by simuladn  was realized in [5] with theJML4Socprofile.
the realization of a Distributed MEMS Air-flow Surface  The present work suggests to use the System Modeling
Micromanipulator (DMASM, see Figure 1). For technolog- Language $ysML) as a better solution for the multidis-
ical reasons, the corresponding realization was limited taiplinary modeling of relevant physics (electromechanics
the microactuator layer. Integrating the sensor and cbntraelectronics, ...) and control of distributed MEMSysMLis
layers was the goal of a multidisciplinary research projecta modeling language for systems engineering. This covers
named “Smart Surface”, initiated in 2007 and supported bycomplex systems which include a broad range of heteroge-
the French Research Agency (ANR). neous domains, in particular hardware and software. Severa
During this project many attempts have failed to extendsimilarities exist between the methods used in the area of
the existing models with the distributed control of the systems engineering and compl8»C design, such as the
microactuators. We claim that the failure is due in someneed for accurate requirements capture, system spedaficati
extend to the intrication of the model itself, but also toand simulation, system validation and verification. There
the modeling language, namely VDHL-AMS [4]. The usual are several work [6], [7], [5] in this area, usingML
practice of this extension of VHDL to mixed signals was as specification language and checking the properties of



reliability. been fully agreed and standardiz&}isMLhas meanwhile
This paper addresses the graphical description of a smagwolved over several major iterations, including two sep-
surface bySysML diagrams. These diagrams help under-arated proposals from different teams. As a consequence
standing the specification for stakeholders who are noof this long and often confusing evolution, there are many
familiar with the VHDL-AMS language, such as customers misconceptions associated wiBlysML such as its status as a
or certification authoritiesSysMLfacilitates also communi- profile, its autonomy as a language and how it can be applied
cation between project members. in a better way for systems engineeri®ysMLsignificantly
Section Il gives a brief description &ysML Section Il  extenddUML with system-related formal constructs, such as
informally presents the smart surface example. Section I\feal-world physical constraints, physical flows and cornec
presents its modeling by various diagrams, including thdions between physical components.
requirement diagram, two block diagrams and the parametric
diagram. Finally, we end up by a conclusion and some [1l. Smart SurfacéNFORMAL DESCRIPTION

perspectives of this work. A smart surfaceconsists of a rectangular grid of rectangu-

1. SysML lar cells. Each cell consists of a microactuator, a micresen

SysML has been proposed by the Object Manage—and a microcontroller. The purpose of a smart surface is

ment Group (OMG, http:/mwww.omg.org) together with to sort_ microscopic objects according to_ parameters such
the International Council on Systems Engineering (IN-aS their shape and/or colour. The following smart surface

COSE, http:/www.incose.org) and the AP233 consor-characteristics are extracted from a specification doctimen

tium (http://ap233.eurostep.com) with the aim to deﬁneconjointly written during the “Smart Surface” project.
a general purpose modeling language for systems en:

gineering. It is based on the actual standard for soft—A' The grid
ware engineering, the Unified Modeling LanguadéM(, « The grid is divided in 24 lines of 24 cells each, a cell
http://www.uml.org) version 2.0, with some extensionse(se having a size of about 2 mm.

figure 2), and it was developed as a response to the requeste There is no centralized control. Cells communicate step
for proposal (RFP) issued by the OMG in March 2003 by step through their direct neighbours.
(http://syseng.omg.org/UMlfor_SE _RFP.htm) and adopted

as a standard in May 2006 (http://www.omgsysml.org).B. Objects to sort

SysMLis a modeling language for representing systems , \We assume, at first, that a object should be found from
and product architectures, as well as their behavior and 3 small number of options (2, 3 or 4).

structure. It adapts to systems engineering standard mgdel  , Objects to convey are typically included in a square of
techniques from software development, and supports the |ess than 4um a side.
specification, design, analysis, verification and valolabf

a broad range of complex systems. C. Microactuator
« A microactuator can communicate with its 4 neighbours
State Machines via its cell controller,
Interactions « A microactuator acts on the objects through an air-flow
Use Cases (should not be specified at this level).

Requirements

D. Sorting

Parametrics
« In the first instance, at a given moment, at most one
Allocation object may be present on the smart surface,
« The sorting will be done according to the shape of the
object.

IV. MODELING A SMART SURFACE WITH SysML

Activities Blocks (Definition and internal)

The former informal specification is obviously incom-
plete. Even more detailed, it would remain imprecise, due
to the ambiguities of natural languages. We suggest to
replace it with SysML diagrams. Typical instances of the

(SysMl) is the first formal UML profile dedicated to most important diagrams for a smart surface modeling are
the specification of professional engineering systemsadt h presented one after the other. Physical concepts and laws ar
been developed during many years but has only recentliporrowed from [2].

Figure 2. Comparison of SysML 1.0 with UML 2.0
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Figure 3. Requirement diagram

A. Requirement diagram lationship between a requirement and any other model

The SysML requirement diagram allows several ways
to represent requirements relationships. The relatigsshi
derive satisfy verify, refing trace andhierarchyare briefly
explained below :

element. Its semantics has no real constraints and is not
well-defined as the other relationships.

« In large and complex systems, it is common to have a
hierarchy of requirements, and their organization into
various levels helps in dealing with system complexity.

The derive relationship relates a derived requirement SysMLallows splitting complex requirements into sim-

to its source requirement. In a requirement diagram,  pler ones, as a hierarchy of requirements related to each

the derive relationship is represented by the keyword other. The advantage is that the complexity of systems

“deriveReqt”. is treated from the early beginning of development, by

The satisfyrequirement describes how a model satisfies decomposing complex requirements.

one or more requirements. It represents a dependengy Figure 3, the requirementscalizeObject determineDi-

relationship between a requirement and a model elerectionanddetermineNewPositioare broken down from the
ment (from anotheSysML diagram) that fulfills that  yequiremenimoveObject

requirement. This relationship is represented by the

keyword “satisfy”. One example is to associate a re-B. Block Definition Diagram

quirement to a&SysMLblock diagram. SysML provides a structural element calledbdock A

The verify relationship defines how a test case canblock can represent any type of component of the system,
verify a requirement. This includes standard verificationphysical, logical, functional, or human. Blocks are desthr
methods for inspection, analysis, demonstration or testwithin a Block Definition Diagram(BDD) based on the
The keyword “verify” represents this relationship. UML Composite Structure Diagramwhich extends the
The refinerelationship describes how a model elementUML Class Diagram A BDD describes the structure of
(or set of elements) can be used to later refine ahe system. In particular, it can represent association and
requirement. For example, how a Use Case can repecomposition relationships.

resent a requirement in @ysMLrequirement diagram. Figure 4 shows an example ofBDD with four blocks. It
The relationship is represented in the diagram by thds the first level of modeling of the smart surface, the most
keyword “refine”. abstract. The block namefSmart Surface represents the

The trace relationship provides a general purpose re-system as a whole. It is decomposed into three sub blocks
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Figure 5. Block Definition Diagram, level 2

(Surface Interface and Object) and is linked to them by The two blocksSurface andCell represent physical com-

the following relationships : ponents and together constitute a physical model of thetsmar
« composition to theSurfaceand Interfaceblocks, surface. On the other hand the blockerface is a logical
« aggregation to th©bject block. model of the surface interactions with its environmentgeher

reduced to a microscopic object moving above the surface.
This concept of interface has been introduced in [2] to model
iEhe multiphysical exchanges (mechanical, electricaldityi
etc) between a MEMS and its environment.

Requirement traceability is made possible by the defini-
tion of a relationshipsatisfy between thdnterface block
and an element of the requirement diagram.

The block namedbject represents a microscopic object in
the Smart Surfaceenvironment. The block hamesurface
represents the distributed MEMS under design. The bloc
named Interface represents all the interactions between
Surface and Object.

At a second (more detailed) level of modeling (see
Figure 5), the blockSurface is linked by composition to
a new block namedCell. The composition relation with
the block Cell is labeled with the multiplicityl..x and
expresses that the surface is composed of many cells. The The Internal Block Diagram(IBD) allows the designer
block Cell is itself composed of three parts, namely ato refine the structural aspect of the model. TB® is the
microactuator, a microsensor and a microcontroller. Edch cequivalent inSysMLof the composite structure diagram in
them is represented by a block. UML. In the IBD, parts are basic elements assembled to

C. Internal Block Diagram
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Figure 4. Block Definition Diagram, level 1 . . . . B
the constraint as an arbitrarily complex logical expressio

a formal (e.g. using MathML (http://www.w3.org/Math) or
define how they collaborate to realize the block structuréOCL (http://www.omg.org/spec/OCL/2.0) or informal lan-
and/or behavior. In thdBD the designer can refine the guage. The last constraint block compartment enumerates
definition of the interactions between blocks by defining flowthe constraint parameters as attributes with their type.

ports along the following rules: Up to here, our smart surface modeling is generic. It does
« ports are parts available for connection outside of thehot yet describe the physical structure and behavior of a
owning block; particular realization. Constraint blocks are the key fas t
« ports are typed by interfaces or blocks which definephysical description.
what can be exchanged through them; As a first example, Figure 7 shows constraint blocks
« ports are connected using connectors which represespecifying the behavioral laws of a pneumatic microactuato
the use of an association in thgD. represented in Figure 1 and described in VHDL-AMS in [2].
Two types of ports are available BysML The constraint block nameglectrostatic force corresponds

. standard ports handling requests and invocations of° the use case when the microactuator is active and produces
services with other blocks (basically the same concep®’ & flow in one direction. Two other constraints not

as inUML 2.0): reproduced here correspond to the other two cases, when the
« flow ports which let blocks exchange flows of informa- microactuator is active in the reverse direction and when it
tion. is off.

Flow ports specify the interaction points among blocks and Constraint blocks define generic constraints that can be

parts supporting the integration of behavior and structure'eused in multiple contexts. Reusable constraint defimstio

For standard ports, an interface class is used to list th8© specifi_ed in block definition diagrams and_ can be
services offered by the block. For flow ports, a flow specifi-Packaged into general-purpose or domain-specific model
cation is created to list the type of data that can flow througHtiPraries. For instance thelocity constraint in Figure 7

the port. is a general-purpose definition that could be packaged and

Figure 6 shows how to represent the internal structure ofMPOrted in the present model.
the blockCell by anIBD. Along the functional virtual prototyping (FVP) method-
Figure 6 shows two flow ports: the flow poBirection ~ ©logy promoted in [1], the constraint blocks presented in
enable continuously passes the direction of the object.F'gure 7 take part to a low physical (_jescrlptlon level called
Through the flow portObject detection the microsensor the “component model”. But constraint blocks can also de-
sends to the microcontroller a signal to indicate the dietect SCribe the highest global behavioral description level\#PF

of an object. called the “behavioral model”. Figure 8 illustrates thistiwi
) three constraint blocks specifying the interations betwee
D. Constraint Blocks the MEMS array and an object above it. It is a simplified

A constraint blockencapsulates a physical property of theversion of the behavioral model described (mathematically
system or a constraint on it. Syntactically it is a block labe and in VHDL-AMS) in [1]. Since it considers the smart
with the keyword <<constraint>> and identified by a surface as a whole, this specification is clearly at the most
name. The next compartment in the constraint block defineglobal modeling level and is a possible realization of the



bdd [BElock] Smart Surface[

anstraints U

«constraints «constraints
Spring stiffness Vpullin
con e oom st nts =
[ DR25Ker = £ younghHw =3It SE Dws3) pulin=sort(E 05 3kegt27 Drepsioniveh) «constraints
Velocity
Forcmeters ke 2 porometers .
keq @ real pullin : real I
B_young © real ke« real W = dnict
I : real o0 creal
W real I - real e pormmees
h: real hireal e
k= epsion : real . Zlt - time
~ e
i -
«conzstraints — == - sconstraints
mass st T memo Resistance
o s ks = i oom st RS
m*vpritedot=te-fr ) Tt = keo * x
porTmeters - porTmeters
m: real fr : real
wprime ; real [ wconatraints keq : real
fe: real Electrostatic foree x - real
fr: real ~

onsrEns
fe = 0.5*epsilon*v*h*it* 20 g0-abs(x))**2

prrnmeters
fe oreal

It real

h: real

wi o real

g0 real

o real

Figure 7.

Constraint blocks of a pneumatic microactuator

gconstraints
Dynamic (3D)
eonsruints
fleformty = m*pos"

i 5tlenstshandoxptvalf* 24 +pos+-denstlength** 2 oxp(pos!) =2

parameters
fl: real
fc ; real
m: real
i real
pos | real
\
7 ~
/ L
"
«constraints
Levitation
oon st nts

poramelers
dens : constant
oxp : constant
voff : real
shand : real
length : real
pos resl
fl . real

«constraints
Conveyance

R HERS
fo = 0.5%dens*cxptwidththickness®(va-pos’*=2

porameters
dens . constant

cxp : constarnt

wvickh © real

[thickness : real

va | real

fc : real

Figure 8.

Interface block, as mentionned in the BDD title.
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The formulas in the stoaint

blocksHorizontal dy-



namic and Vertical dynamic are two instances of the
fundamental law of solid mechanics, respectively expiksse m
along an horizontal axis and the verticalaxis. The hor- por [Block]irface] [ rerece To e
izontal axis can be assumed to be theaxis, a simi- L shand

[Ir_:voff

(]

lar law not reproduced here also holds along thaxis.

fl and fc respectively are the levitation and conveyance
forces produced by the air-flowm is the object mass and
(posxposy,pos?) is its position in a 3D Cartesian coordinate length e Ll
system. Thelevitation and Conveyanceconstraint blocks Ll - m%
define approximative laws to compute the intensity of the widh s : Levitation 1|
levitation and conveyance forces, respectively. The cpede I
object is assumed to be parallelepipedic with a square side s
of length length and a thickness given by thhickness [}
guantity.densis the air densitycxp is the air pressureoff widh
(resp.va) is the air-flow velocity when the microactuator is . j ¢ Conveyane
off (resp. on). = -

Constraint blocks are linked by a dependency relationship = ITva ﬂ;
expressing that changes in one model element (the supplier)
impact another model element (the client). A dependency
relationship can also represent precedence. For example th ol il .
equation in the blockConveyancemust be solved before that ’ ﬁ:;if,-'f i fr
in the block Horizontal dynamic, hence the dependency 5 K @
relationship in Figure 8 between the two blocks. Q
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E. Parametric Diagram [‘]

A Parametric Diagram(PD) is associated to a block and
makes use of constraint blocks, defined in a Block Definition
Diagram, as constrain properties for its owning block. It is
a new diagram type specific ®ysML Syntactically aPD
is similar to anIBD, with the restriction that connectors Figure 9. Parametric diagram of the interface block
are either between two constraint parameters or between a
constraint parameter and a parameter of the owning block.

Figure 9 shows the PD of the blockiterface, with  sense that they can be refined into any physical model of
connectors between the four constraint blocks from Figure 8intelligent conveying surface. As an example of possible re
The parameters on the diagram edges are the corlotete ~ finement we have present&ysMLdiagrams corresponding
faceblock attributes. Except the gravitational constghe  to the distributed MEMS air-flow surface micromanipulator
interface attributes either come from the surfageff; va) or ~ from [1].
from the conveyed object (mass, shape characterized by  As SysMLis a language, not a methodology, it can be
length andthickness position defined byosx and pos?. smoothly integrated in any existing design methodology and

Figure 10 is the PD of thenicroActuator block. Among can thus significantly improve the development process of
others it shows how the mathematical formula which ex-an organization. There is no need to do radical changes in
presses the contact voltag®),(;—i,) is related to other the current methodology, which would involve too many
constraints and quantities. This constraint requires fipaii  risks. In additionSysMLis a UML-based language, which is
parameterslv is the length of vertical suspending beam, widely known and used, both in academia and industry. It
keq is the spring stiffnesspsilonis the dielectric constant can also facilitate communication between all profesd®na
of vacuum,h is the thickness of suspending beam, andinvolved in a system design.
g0 is the initial gap between electrodes. These values may System modeling and simulation traditionally have been
either come from the external environment or from results operformed using quite different tools, e.g., relativeljoin
other equations. Th¥pullin block also provides the output mal graphical diagrams for system description, and formal
parametewpullin. languages for simulation. The emergence SysML may
provide a way to create formal system models, and link
them directly to formal simulation languagesRgsettd8].

We have presented a hierarchical modeling of a smarThe potential for this approach is quite interesting, as it
surface withSysML The first two levels are generic in the would permit users to develop system models that could

V. CONCLUSION AND PERSPECTIVES
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Figure 10. Parametric diagram of the microactuator block

be automatically parsed into specific analysis models.
A perspective is to establish links betwe&ysML and

tools and technologies for modeling used to represent or
describe complex systems. In the field of complex systems,

engineers and researchers often UBOL-AMS We plan to
create the following links betweeBysMLand VHDL-AMS

o GeneratinggHDL-AMScode fromSysMLdiagrams

« ExtractingSysMLdiagrams fromVHDL-AMScode

« Extending the SysML metamodel withVHDL-AMS
characteristics.
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