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Abstract—Most heterogeneous modeling environments the vocabulary used in the Ptolemy Il projedi,[
allow only one model of computation at each hierarchical g domain is an implementation of a model of
transformations that occur at the boundary of two models behavior of the components of a model. In the

of computation depend on the modeling tool and (2) the followi f “d in” t “model
hierarchical structure of the model is perturbed by layers ollowing, we often use “domain” to mean “mode

introduced to allow changes of model of computation. of computation”.

We introduce “heterogeneous interface components” to ~ Heterogeneous modeling is simply modeling us-
allow flat heterogeneous modeling. Such components haveing several models of computation or domains.
inputs and outputs that obey different models of compu- Sjnce most systems are heterogeneous in nature,
tation. We present an execution model that aIIows_ the use heterogeneous modeling provides more natural and
of these components with any model of computation. more complete modelsi]. For instance, being able
to use both state machines and synchronous data-
flow components allows to describe explicitly the

The modeling and design of complex systent®ntrol in the model of a digital signal processing
calls naturally for the use of several models afystem. If we were limited to the synchronous data
computation. For instance, an airborne imaging syew domain, control and data processing would
tem contains mechanical and optical componentsve to be coded together and the model would be
cryogenics for IR captors, signal processing algéess expressive and more difficult to maintai. [
rithms and feedback mechanisms. Some of theseMany modeling and design environments support
components may be implemented either in hardwéteterogeneous modeling, but they generally focus
or in software. Each of these components requireas a small set of models of computation: continuous
specific know-how and tools linked to specific modand discrete signals for electrical engineering or
els of computation. Even simple systems have state machines and differential equations for hybrid
least two parts: a control part — which decidesystems. Since they use few domains, such environ-
what to do and when — and a data processimgents can define the union of the domains that they
part. Moreover, it is often necessary to introducgupport, and so allow components to obey several
a third model corresponding to the environment @fiodels of computation. In such environments, a
the system. digital to analog signal converter can be modeled

We consider component based modeling, a tecs a single component with inputs that obey a
nique where the model of a system is built bgontinuous signal model of computation and outputs
assembling components that interact according tttat obey a discrete signal model of computation.
models of computationsg], [3]. A model of com- However, environments that support a large or ex-
putation is the set of laws or axioms that rule theensible number of domains cannot build this union,
interaction of the components. Concurrent seques® they require that each component obeys only one
tial processes, state machines, synchronous datedel of computation. Since components that are
flow, discrete events and Kahn process networks a@nnected obey the same model of computation,
examples of models of computation. According tdomain changes can only occur at the boundary of
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a component: the model of computation used insideThe third issue hides the transformations that
the component may not be the same as the one usedur at the boundary of two domains inside the
outside. This leads to hierarchical heterogeneoftesige of the components”. These transformations
modeling P]. depend on the modeling tool and are therefore not
explicitly stated in the model of a system. Two
approaches may be used to solve this problem:

. allow the designer to edit the edge of the
components to specify how data is transformed
when it goes through it;

move these transformations from the edge to
the core of the components.

However, moving the transformations to the core
the component makes the internal specification
the component depend on the domain in which

[I. HIERARCHICAL HETEROGENEQUS
MODELING

Hierarchy is an efficient way of managing com-
plexity by hiding internal details that are not perti-
nent at a given level of modeling. When you look |
inside a component, you may either see a low level
description of the behavior of the component —
when the component is atomic or primitive, or you
may see a model of this component in the sanc?%
modeling environment — when the component & ) : . .
composite. In both cases, since the internal structf& used, What_ 'mpairs modularity and reusabilty.
of the component is hidden to the external model of | "€S€ three issues disappear when we allow sev-
computation, it may use a different domain. It is sti ral models Qf computations to coexist at the“same
necessary to define how the internal and the exter el of the hierarchy O.f a”model, what we call *Flat
domains interact and how data is transformed whBfterogeneous modeling”.
crossing a domain boundary, but hierarchy makes m
heterogeneous modeling easier.

The main drawbacks of this approach are: The real issue is not hierarChy in itself but the

. the hierarchy of the model is coupled to thimpact of the coupling between domain changes and

changes of model of computation and may nojerarchy on the design and maintainability of ap-
reflect the effective structure of the system; plications. Therefore, “flat heterogeneous modeling”

. components that have inputs or outputs thdP€S not mean “heterogeneous modeling without
obey different models of computation canndiierarchy”, it means that the hierarchy is used to
be used: reflect the structure of the model without being

. what happens when data crosses the boundRRfturbed by artifacts introduced by changes of
between two domains depends on the modelifiPde! of computation. _ _ _
environment. With flat heterogeneous modeling, a given level in

The first issue may obscure the natural structulilt]-}e h|erarghy of the mode| may contal_n components
of a model with artificial layers introduced to aIIOV\}hat use (_jnffg_rent models of computation. There are
changes of model of computation. two possibilities for that:

The second issue forbids the use of componentsl) components obey only one model of compu-
that have terminals which obey different models  tation, but we can make connections between
of computation. For instance, an analog to digital  terminals across domains;
converter could be modeled in a continuous time 2) only terminals that belong to the same domain
domain, the digital outputs being considered as con- ~ ¢an be connected, but a component may obey
tinuous signals with sharp changes. If such a model  several models of computation.
is close to the reality, it is not at the right abstraction We don’t use the first possibility because the
level when you want to consider the outputs ahange in semantics between domains occurs along
discrete sequences of values. On the contrary, the connections between terminals, and connections
analog to digital converter could be modeled usingaaie generally not considered as active entities in
discrete domain where the continuous inputs woutdodeling environments. The second possibility pre-
be considered as sequences of discrete sampsesyes the semantics of data along connection be-
turning the device into a re-sampler or a no-op. tween terminals and has the advantage of supporting

. FLAT HETEROGENEOUSMODELING



components that have terminals that obey differemmounts to building an internal representation of the
models of computation. The change of semantisemantics of the inputs according to their respective
between domains occurs inside those componentsdels of computation, and translating this internal
as part of their behavior and is therefore an expligépresentation into outputs.
part of the model of the system. We call such Heterogeneous interface components allow ex-
components “heterogeneous interface componenpditit specification of how data from one domain
(HIC). As shown by the analog to digital converteis interpreted, and of how this interpretation is used
example, HICs appear naturally in models, howevey produce data for another domain. They are not
they raise the issue of making them obey sevetahited to interfacing two domains only: a HIC may
models of computation in a consistent way. use as many domains as needed.

We consider HICs in the context of generic het-
erogeneous modeling. When the available modéls Example
of computation are known and in limited number, We consider the simple example of a signal
it is more efficient to use their union to suppontectifier to illustrate the difference between flat and
HICs. The problem that we address is the use bierarchical heterogeneous models. The system, as
heterogeneous interface components with any nusirown on the left side of figurg, receives an input
ber of models of computation that are not known isignal as a sequence of data samples. A multiplier
advance. A typical model of a given system may natultiplies each sample either by 1 or by -1 and
use more than two or three domains, and that is wigggles between the two behaviors according to
special purpose flat heterogeneous modeling toelents produced by a sign-change detector.
are useful and efficient. However, when modeling
a complete system within its environment at a Flat model Hierarchical model
high level, the number of models of computatiofy, of samples < flow of samples

involved increases. Even if each system does noL t
detector

use more than three or four models, the number of

29 5 8
possible combinations of a small number of models detector § g z £
of computation chosen among all possible models S ® =3
of computation is too large to use the “union of
mOdelsn approaCh ::ﬁscreteevents \

IV. HETEROGENEOUS NTERFACE COMPONENTS T T
A HIC has terminals that obey different models

of computation (MoC), therefore its behavior can Fig. 1

be decomposed into as many sub-behaviors as there EXAMPLE SYSTEM

are MoCs, and these sub-behaviors are coupled: the

behavior of the HIC according to one MoC can

influence its behavior according to another model The detector has an input that receives a flow of

of computation. data samples and an output that produces a discrete
Each sub-behavior of an heterogeneous int&vent each time the input changes its sign. The

face component is a bridge between a model wiultiplier has an input and an output that convey

computation and the global behavior of the HIGlows of data samples and an input that receives

When a HIC interprets an input, it translates thdiscrete events. This example is therefore a flat

meaning of this input in the associated MoC into dmeterogeneous model of the system and contains two

internal meaning for the HIC. When a HIC produceseterogeneous interface components.

output, it translates the information gathered from The right part of figurel shows a hierarchical

its inputs into the semantics of this output accordingodel of the same system. The top level uses flows

to the associated MoC. Therefore, specifying the data samples, and the behavior of the detector

behavior of an heterogeneous interface componéntmodeled using discrete events. When the flow



of samples enters the detector, it is converted wathout considering the context in which they will
a sequence of valued events. When an eventbis used.
produced at the output, its value is used to build For each domain used by a HIC, we build a
a data sample in the outer domain. This is only aomponent that represents the HIC in this domain.
example of what may happen at the boundary We call this component the “projection” of the HIC
a component, and the important point is that thesato the domain. From the point of view of the
transformations depend on the modeling tool ambmain, this component is a regular component,
are not specified in the model of the system. with terminals that obey the semantics of domain,
Since the data flow model of computation iithe other terminals being masked during the process
which the detector is used requires that a sampleadfthe projection. However, the projection of a HIC
data be produced on the output each time a sampléig domain can communicate with other projections
consumed on the input, the discrete event behavidfithe same HIC in other domains. The projection of
of the detector must respect this condition. So evére heterogeneous interface components onto their
if the input signal does not change its sign and r®mains, the communication between the projec-
event has to be produced, the detector must proddiesms of a HIC, and the scheduling of the homo-
something on its output to obey the semantics of tikeneous subsystems are managed by the “Hetero-
outer domain. Here, we have put a sampler whiggeneous” domain which implements an execution
uses the value of the last emitted event to produswdel for HICs.
an output each time an input sample is consumed.
We have to put this sampler in the internal model of
the detector because of the semantics of the external'he first step in the execution of a flat heteroge-
model of computation, so the implementation of theeous model is to project the HICs onto each of
detector depends on the context in which it is usethe domains that they use, the behavior of each
what impairs modularity and reuse. projection being computed by the corresponding
domain. The projected components must behave
exactly as the other regular components that belong
to the target domain, so the terminals of the HIC
Regarding practical aspects, we must descritiat obey other models of computation are hidden
how the heterogeneous behavior of a HIC is spesring the projection.
ified, and how it is interpreted to compute the .
behavior of the model of a system. Since we dorft Clustering of the homogeneous components
plan to develop a full featured modeling platform, Once every HIC has been projected onto each of
our main goal is to be able to use heterogeneoi® domains it uses, the resulting components are
interface components with existing models of conlustered into homogeneous subsystems that contain
putations. However, these models of computati@mly regular components belonging to one domain.
don't support HICs, or if they do, not in such &he behavior of each subsystem can therefore be
generic way. computed by applying the rules of a regular do-
Our approach is to transform the original flatnain. Our Heterogeneous domain must schedule
heterogeneous model by adding one level to iise subsystems in order to compute the behavior
hierarchy and to build homogeneous subsystemsoatthe whole system from the behavior of the
the next level. The top layer is managed by a ndwomogeneous subsystems.
“Heterogeneous” model of computation that sched-This is illustrated for a very simple system on
ules the homogeneous subsystems and delegatedithee 2. The system contains a componehtvhich
computation of their behaviors to their respectieas one output that obeys the model of computation
domains. This execution model uses hierarchy BY, another componenB3 which has one input
simulation time to insulate models of computationshat obeys the model of computatid@n,, and these
but this has no impact on the structure of the modedbmponents are interconnected through an hetero-
of the system and allows components to be designgeheous interface componef. Since H uses

V. EXECUTION MODEL

B. Supporting flat heterogeneous models



the communication occurs inside the HIC. However,
= b E this communication channel must be taken into

account for scheduling the homogeneous subsys-
tems. We call such a communication channel a
“virtual heterogeneous channel”, and the commu-

Original
flat system
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I3 A g I nication over such a channel obeys the rules of the
°5 N y heterogeneous domain.
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Another kind of virtual communication channel is
Fig. 2 necessary to handle the case where two components
TRANSFORMATIONS OF A FLAT HETEROGENEOUS MODEL that obey the same model of computation and are
connected, cannot be put into the same subsystem.
The example on figur& shows a system with two
_ _ .. HICs (the projections of the HICs are represented
two models of computations, it has two projectiongy their intersection with the dashed frame of the
notedHp, and Hp,. Hp, has only an input because psystems). Althoughl, and A; obey the same
the projection ontaD, hides the output off since qqe| of computation, they cannot be put into the

it obeys another model of computation. Similarlsme subsystem because that would lead to a system
Hp, has only an output bepause the projection onfQ no possible schedule. If we puts in €,
D, hides the input off/ which obeysD;. Q, depends orf), because it containsl; which

The components are grouped into homogeneo&@pends om, through H, and, depends orf2,
subsystems that can be scheduled by the heteroggz,,se it containd, which depends orl, through
neous domain. In our example, we have one subsyjsl-. However, whend, and A; are in different sub-
tem for each domain used, and the connections fr@%tems, we cannot connect them as they are in the
(), to H and from [ to §), code the dependency Ofj5¢ system. We call such a communication channel a
the behavior offfp, on the behavior offp,. Inside  «iry a1 homogeneous channel”. These channels are
{1, andQ, the scheduling of the components is dong, sjemented using a source relay component which

according to the local domain, but the scheduling,,smits data to a matching target component.
of 2; and(), is done by the heterogeneous domain

Final system
as executed

according to the topology of the system. |

B. Virtual communication channels Ay ;Hliﬂ—ﬂ Ay D—D;Hzi @ | Az |
Usually, communication between components og-___| C 77777 ] R S ) . 7777777777 |

curs along communication channels that appear a$§; Qy Q3

connections between components. In the clustered
system that results from the transformation of a flat
heterogeneous system, the communication channels
between the projections of a HIC onto different do-
mains cannot have a matching connection becaus®©n the example of figurel the data which is

Fig. 4
RELAY COMPONENTS



available on the input of , is also available on theallow unconnected systems, so we must make the
output of R, and the scheduler of the heterogenowssibsystem connected without changing its behavior.
domain will ensure thaf); is computed beforé;
so that7), can transmit the value t&, before the Dy 1H, b 1B
output of R, is used. i |

C. Building subsystems 2 40
The algorithm used to build the homogeneous Djl\—”b D

subsystems examines each component in an order d ]
which is compatible with the topological sort of
the system. For each componeft it looks for a h

1

subsystem that uses the same model of computation Hy,
as the component. If such a systémexists and
there is no path between any component (of — I

. . A Ho,i— D
and A that goes through a HICA is put into (2, i~ dH,, Hs, .
0

H; rtTTTo

else a new subsystem is created to hdstand
relay components are created if there is a virtua
homogeneous channel between a componer in

and A. Fig. 6
VIRTUAL PORTS
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.. For this, we add fake terminals to the projections
h H of the HICs when necessary, and we connect them
By b m D 1D, to make the subsystem connected. Such connecti_ons
R0, L Q4 between fake ports have no effect on the behavior
”””””””””””” of the system. They are only “syntactic sugar” for

Fig. 5 domains that do not support unconnected systems.
AN OPTIMAL PARTITION OF A SYSTEM The connection between fake ports appears as a

dashed line on the figure.

These conditions ensure that there won't be afyy Scheduling
cross-dependencies between subsystems, so that Tthe scheduling of the subsystems must respect
will be possible to find a schedule. However, thethe dependencies induced by the virtual channels.
may lead to the creation of more subsystems thelewever, virtual homogeneous channels are cre-
necessary. Figurd shows an optimal partition of aated only when there exists a path between two
system that cannot be reached by our algorithm: wemponents that goes through a HIC. Therefore,
do not allow to putd andC in the same subsystenthe dependency induced by a virtual homogeneous
although they both obey, because there is a patichannel is also induced by a chain of virtual hetero-

from A to C that goes through a HIC. geneous channels, and it is sufficient to take only
virtual heterogeneous channels into consideration
D. Fake ports when scheduling the subsystems.

A connected system may be divided into subsys-Since our heterogeneous execution model is
tems that are not connected. For instance, the systgemeric and works with any model of computation,
shown on figures is divided into three subsystemswe do not consider the semantics of the models
and the second subsystem is not connected becaafseomputation of the subsystems when scheduling.
the connections froml to H; and H, are lost when The only assumption we make is that a connection
they are projected onf2,. This should not be afrom an output to an input makes the consumer
problem, but some models of computation do ndepend on the producer. The scheduling algorithm



is therefore simple since any ordering of the subsythat use the same model of computation be projected
tems that is compatible with the pre-order induceddto different subsystems.
by the topology of the connections between com- Therefore, the only solution to specify the be-
ponents is a suitable schedule. havior of a HIC is to specify how its state is
A consequence of this algorithm is that thergpdated for each possible set of known inputs, and
cannot be loops in the graph of the system. This specify how to compute its outputs from the
is the price to pay for the support of any model dinown inputs and the current state. This makes
computation. The scheduling of a system that coprogramming HICs less simple than programming
tains loops depends on the semantics of the moderefular components because the code must check
computation. A way to break dependency loops is which inputs are known before processing them.
insert a delay in the loop. However the semantics of VIl. CONCLUSION
a delay is itself very dependent on the semantics of '
the model of computation. Therefore, if we consider Flat heterogeneous modeling allows more natural
the subsystems and their models of computatiftPdeling of heterogeneous interface components
as black boxes, we cannot allow dependency loopRd gives more control on the semantics of the
between subsystems. However, if a loop is locHteractions between models of computation to the
to a subsystem and if the corresponding model @¢signer. We have presented an execution model
computation supports loops, the loop is acceptéipt allows the use of flat heterogeneous models
and its semantics will be given by the domain dﬂlth implementations of models of Computation that

the subsystem. were not designed for this. The separation between
the changes of domain and the hierarchical structure
V1. | MPLEMENTATION IN PTOLEMY I of the model, as well as the specification — in

the model of the system — of what happens at

Our flat heterogeneous execution model is implgye poundary between domains contributes to the

mented in the Ptolemy Il framework which supportyoqularity and maintainability of the models.
numerous models of computation. The graphical

user interface does not support flat heterogeneous REEERENCES
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