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Outline 

¢  Simulation and design of a Cyber-Physical System: 
Co-Simulation. 

¢  FMI, a standard for the exchange of models and Co-
simulation of CPSs. 
l  Lacks, formalization and extensions. 

¢  A Master Algorithm for Discrete Event and Continuous 
time dynamics. 

¢  FIDE – An FMI Integrated Design Environment. 
l  Designed to test our proposed extension to the standard. 
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Simulation of Cyber-Physical Systems 

¢  Cyber-physical systems (CPS) 
l  Cyber: computer-based systems, Discrete Events (DE) Model 

of Computation (MoC) 
l  Physical: the model of the environment, Continuous Time 

system (CT) MoC 
¢  Heterogeneous modeling 

l  The design involves a wide breath of components and 
different area of expertise 

l  Automata, state machines, transition systems, dataflow, 
discrete event systems, timed automata, ODEs, DAEs, PDEs, 
hybrid automata, ...  

l  Different modeling paradigms, languages and tools for 
different components 
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Simulation of Cyber-Physical Systems 

Low-level controllers 
Simulink Physical dynamics 

Modelica Supervisory  
controllers 
Rhapsody/ 

SysML 

Cyber-Physical Systems: Cyber (digital, computer-based) + Physical 

Typically heterogeneous modeling: state machines, discrete-event systems, differential equations, … 

Slide courtesy of Stavros Tripakis 

How these tool 
interact? 
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Co-Simulation 

¢  Co-Simulation permits simulating individual 
components using different simulation tools 
simultaneously and collaboratively. 

¢  Co-simulation does not require agreement between 
tools on the semantics of models. 

¢  Requirements for Co-Simulation. 
l  Semantics: a model of computation to orchestrate the 

exchange of data and the advancement of time. 
l  Software engineering: a standard interface for the 

components. 
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Functional Mock-up Interface (FMI) 

!! A tool independent standard for interoperable models 
"! Model exchange: Model descriptions (FMUs) from one 

tool are interpreted and executed in another. 
"! Co-simulation: Models created in one tool (FMUs) are 

executed within another tool. 

 

Engine 
with ECU 

Gearbox 
with ECU 

Thermal 
systems 

Automated 
cargo door 

Chassis components, 
roadway, ECU (e.g. ESP) 

etc. 

functional mockup interface for model exchange and tool coupling 

courtesy Daimler 
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FMI 2.0 Co-Simulation 

Tool 

 

FMU 

 

 

Model 

Solver 

Tool 

 

FMU 

 

 

Model 

Solver 

Tool 

 

FMU 

 

 

Model 

Solver 

 

Master 
 

…
 

…
 

Library (DLL) 

Library (DLL) 

Library (DLL) 

Executable 

FMI Standard 
interface 

!! Requires agreement on 
the semantics of the 
interface. 

!! FMU is a self-contained 
object: model + simulation 
engine provided by the 
design environment. 

!! The FMUs are 
orchestrated by a MA that 
deterministically 
exchange data and 
advance the simulation 
time. 
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Limitations in FMI 2.0 Co-Simulation 

¢  Super-dense time? NO! 
¢  t ∈ R 
¢  FMI uses double as data type for Real Numbers 

l  Timing precision is dependent on the magnitude of time, 
and operations on time incur complex quantization 
effects. 

39:4 D. Broman et al.

tion, instead of precision (this is actually the opposite to what I argued for originally).
These wikipedia links are similar to NIST reports and ISO standards on the subject.
In particular, I think we should say “the resolution of a second”. This means that if we
measure times 0.001s, 0.002s, and 0.003s, the resolution is 103 (thousands) of a second.
This also means that a higher resolutions gives a more fine grained modeling of the
representation of time.

Properties 2 and 3 are not satisfied by floating-point numbers due to rounding errors.
For instance, consider the following C code that adds double-precision floating-point
numbers.

double r = 0 . 8 ;
double k = 0 . 7 ;
k = k + 0 . 1 ;
pr in t f (”% f ,%f ,%d\n” , r , k , r==k ) ;

The output of this program is 0.800000,0.800000,0. Both r and k appear to have value
0.800000, but due to rounding errors, the test for equality r==k evaluates to false, which
is represented as a 0 value integer in C. As a consequence, floating-point numbers
should not be used as the primary representation for time. Unfortunately, in FMI 2.0,
it is exactly the representation that is used.

The first property implies that the precision of the representation of time should be
a global property of a model, not a property of individual components in the model.
FIXME: The MA does not respect this property quite the way it is stated here, so
we need to argue why this constraint can be relaxed. In FMI 2.0, there is no defined
precision.

2.2. Superdense Time
A model of time that is particularly useful for hybrid cosimulation is superdense
time [Manna and Pnueli 1993; Maler et al. 1992; Lee and Zheng 2005; Cataldo et al.
2006]. Superdense time is supported by FMI-ME, but not by FMI-CS. Fundamentally,
superdense time allows two distinct events to occur in the same signal without time
elapsing between them.

A superdense time value can be represented as a pair (t, n), called a time stamp,
where t is the model time and n is a microstep (also called an index). The model
time represents the time at which some event occurs, and the microstep represents the
sequencing of events that occur at the same model time. Two time stamps (t, n1) and
(t, n2) can be interpreted as being simultaneous (in a weak sense) even if n1 6= n2. A
stronger notion of simultaneity would require the time stamps to be equal (both in
model time and microstep).

Superdense time is ordered lexicographically (like a dictionary), which means that
(t1, n1) < (t2, n2) if either t1 < t2, or t1 = t2 and n1 < n2. Thus, an event is considered
to occur before another if its model time is less or, if the model times are the same, if
its microstep is lower. Time stamps are a particular realization of tags in the tagged-
signal model of [Lee and Sangiovanni-Vincentelli 1998].

Computers cannot perfectly represent real numbers, so a time stamp of form (t, n) 2
R ⇥ N is not realizable. Many software systems approximate a time t using a double-
precision floating point number. But as we noted above, this is not a good choice. We
examine alternatives below.

The microstep, in theory, has no bound. Computers can represent unbounded inte-
gers (assuming that memory is unbounded), but the implementation cost of doing so
may be high, and the benefit may not justify the cost. The microstep, therefore, should
either be represented using a bounded integer (such as a 32-bit integer), or not repre-
sented at all. With some care in simulator design, it may be possible to never construct

ACM Transactions on Embedded Computing Systems, Vol. 9, No. 4, Article 39, Publication date: March 2010.
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Limitations in FMI 2.0 Co-Simulation 

¢  FMI defines five platform dependent data types for I/O 
and state variables: 
l  fmi2Real, fmi2Integer, fmi2Boolean, fmi2String, 

fmi2Char, fmi2Byte 
¢  These are continuous time variables. 
¢  FMI lacks a notion of “absent” value, something that is 

essential for discrete-event and synchronous-reactive 
systems. 
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Limitations in FMI 2.0 Co-Simulation 

¢  How to advance time in FMI? 
¢  In Ptolemy II: fireAt()… it is pro-active! An actor 

asks to a director to be executed. 
¢  In FMI: doStep()… the MA propose an advancement 

of time. 
¢  An FMU can rejected or partially accept a step size! 
¢  Roll-back? 
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Limitations in FMI 2.0 Co-Simulation 

¢  What MoC for the Master Algorithm? 
l  Not specified. 

¢  Discrete Events? 
l  No “absent”, no super-dense time 

¢  Synchronous Reactive? 
l  No “absent”, no super-dense time and no notion of 

“unknown”. 
¢  Only sampled-data systems are well supported: 

l  The step size can be fixed! 



Fabio Cremona, UC Berkeley Ptolemy Miniconference, October 16, 2015 

Some extensions to FMI 2.0 Co-simulation 
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Super-dense time 

¢  FMU contract for DE semantics. 

The XML file in an FMU can (optionally) express the de-
pendencies between input and output variables of an FMU.
We model the set of all such input/output (I/O) depen-
dencies of a given FMU instance c as a binary relation
D

c

✓ U

c

⇥Y

c

. Therefore, (u, y) 2 D

c

means that output y of
c is directly dependent on input u of c. Directly dependent
means that at a given instant in time, the value of u needs
to be known to enable computation of y.

It is convenient at this point to also formalize the connec-
tions between FMU instances in a model. We do this using
a port mapping function P : U ! Y , where U and Y are
the sets of all input and output variables of all instances,
respectively. P is a total function that maps every input
variable to a unique output variable. This means that we
assume that the model is closed; that is, every input is con-
nected to some output. Note that two or more inputs may
be connected to the same output. However an input is not
allowed to be connected to more than one output. This is
achieved by definition, since P is a function.

We now explain the functions in Figure 6. Function init
c

corresponds to fmiInitializeSlave. It initializes FMU in-
stance c with given start time t, corresponding to the ar-
gument tStart of fmiInitializeSlave.5 The function re-
turns the initial state of the FMU instance.

Function set
c

corresponds to fmiSetXXX. Note that
FMI has not one, but several such functions, including
fmiSetReal, fmiSetInteger, and so on. Since we are ignor-
ing data types, we formalize these using a single function
that, for given FMU instance c, given current state s 2 S

c

,
input variable u 2 U

c

, and value v 2 V, returns the new
state of c obtained by setting u to v and keeping the rest of
the state unchanged. Similarly, get

c

(s, y) returns the value
of output variable y of FMU instance c at state s. Function
get

c

corresponds to fmiGetXXX.
Note that both set

c

and get
c

are by definition free of ob-
servable side-e↵ects. This means that, since set

c

and get
c

are (total) mathematical functions, given the same input
arguments, they always return the same result.6 This for-
malization does not imply that an FMU cannot use mech-
anisms such as value caching to improve e�ciency of the
implementation. This can still be done in an imperative im-
plementation in C, provided these mechanisms do not alter
the semantics. In particular, they must guarantee that the
result of calling, say, get

c

multiple times without having
called set

c

or doStep
c

in between, is deterministic; that is,
the same value will always be returned.

Function doStep
c

takes as input the current state s of
FMU instance c, and a non-negative real value h 2 R�0,
corresponding to the communicationStepSize argument of
fmiDoStep. Expression doStep

c

(s, h) returns a pair (s0, h0),
where s

0 models the new state of c at the end of the integra-
tion step, and h

0 models the amount by which c managed
to advance time. doStep

c

must guarantee that 0  h

0  h

(more about this in Section 4.2 below). Note that we allow
h = 0, as well as h

0 = 0, enabling FMI to support a super-
dense model of time, which is widely acknowledged to be
essential for proper modeling of hybrid systems [15, 12, 13,

5Time is expressed here as a non-negative real value t 2 R�0.
In FMI it is implemented as a floating-point number.
6Actually, the requirement on get

c

could be relaxed to allow
modification of the FMU state in such a way that consec-
utive get

c

calls will return the same output values and the
final FMU state does not depend on the order of get

c

calls.

2]. When h

0 = h, this indicates to a MA that the FMU is
accepting the time step proposed by the MA. When h

0
< h,

the FMU rejects the time step.7 8

The formalization does not include explicit functions cor-
responding to fmiGetFMUstate and fmiSetFMUstate, which
allow the MA to save and restore the state of an FMU in-
stance. This is not a problem, as these functions can eas-
ily be modeled in our formalization. Saving a state simply
means saving a particular element s 2 S

c

of a particular
instance c. Restoring the state simply means passing that
saved s to subsequent calls of get

c

, doStep
c

, etc. This is
precisely how the algorithm presented in Section 5 works.

4.2 FMU Contract
In this section we make explicit the utilization constraints
of the FMI interface presented in Section 4.1. We point out
that these constraints are not always explicit in the FMI
standard. In fact, some of these constraints are probably
not even implicitly assumed by the authors of the standard.
The reason we introduce these constraints here is because
they are crucial in proving the determinacy properties of
the MAs presented in Section 5.

We call these utilization constraints the FMU contract.
They consist of a set of guarantees that every FMU instance
must provide to the caller of the functions of that instance,
plus a set of assumptions that every FMU instance makes,
that is, conditions that the caller must respect when calling
these functions.

Part of the FMU contract is already given by the signa-
ture of the functions listed in Figure 6. For instance, the
signature of doStep

c

implies that a caller is not allowed to
call doStep

c

(s, h) with h < 0. A similar set of constraints
includes sanity conditions, such as the fact that get

c

(s, y)
can only be called when y 2 Y

c

(i.e., variable y is indeed an
output variable of c). We will not elaborate further on these
and other similar constraints.

In addition to the above, we will assume that the following
constraints are also part of the FMU contract:

(A0) If doStep
c

(s, h) = (s0, h0) then 0  h

0  h.

(A1) If doStep
c

(s, h) = (s0, h0), then for any h

00 where 0 
h

00  h

0, doStep
c

(s, h00) = (s00, h00) for some s

00.

Assumption (A0) has been already stated above while de-
scribing the intuition of doStep

c

and is repeated here for
completeness. Assumption (A1) states that if an FMU ac-
cepts a certain time step h (i.e., returns h0 = h), or at least
makes partial progress until h0

< h, then it must accept any
time step h

00 smaller than or equal to h

0, provided the FMU
is started from the same original state.

7This reject is often caused by zero-crossing or another dis-
crete change that the FMU detects. But zero-crossings or
other overlooked events are sometimes detected only after
an input is provided by set, e.g., when that input violates
the validity range of the extrapolated input values in the
previous doStep. This possibility can be handled in FMI
2.0 using the fmiDiscard callback which may be returned
by fmiSetXXX. In this paper we assume doStep to be the
only place where an FMU can reject the proposed time step.
We plan to lift this assumption in the future.
8In this formalization we assume that FMUs can have both
zero and variable communication step size. (The XML
elements canHandleVariableCommunicationStepSize and
canHandleEvents are both enabled.)
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The need for absent to simulate DE 
dynamics. 

¢  Each FMI data type has been enriched with the absent 
value: 
l  V’ = V ∪{𝝴} 

¢  This signal is always absent except at t = k*p, k ∈ N. 
 

set of requirements, and not on making cosimulation more
e�cient.
Note that the current 2.0 FMI standard for cosimulation

cannot realize this component, even for CT inputs only. We
believe that there is no implementation of this component
consistent with this constraint that supports the calling se-
quences defined in page 104 of the standard document [17].
Specifically, the standard states, “there is the additional re-
striction ... that it is not allowed to call fmi2GetXXX func-
tions after fmi2SetXXX functions without an fmi2DoStep
call in between.” In addition, when fmi2DoStep is called,
the standard requires that the step size be greater than zero
(p.100: “... communicationStepSize ... must be > 0.0”).
Hence, time must advance between setting the inputs and
reading the resulting outputs.

3.3 Adder
Input signals x1 and x2. Output signal y.

For all ⌧ 2 T ,

y(⌧) =

8
>><

>>:

x1(⌧) + x2(⌧) if x1(⌧) 6= " and x2(⌧) 6= "

x1(⌧) if x1(⌧) 6= " and x2(⌧) = "

x2(⌧) if x1(⌧) = " and x2(⌧) 6= "

" otherwise
(3)

Discussion. This component illustrates that an FMU may
be presented at a communication point with some inputs
that are absent and some that are not, and that its behav-
ior may depend on which inputs are present. Of course,
a simpler Adder component would require all inputs to be
present simultaneously, or would use previous input values if
an input is not present. We can certainly design such Adder
components, and indeed a library for simulation might pre-
fer those semantics. But our goal here is to test capabilities
that may be required in hybrid cosimulation, and reacting
di↵erently to di↵erent patterns of presence of inputs most
certainly will be required.
This component imposes no constraints on the communi-

cation points, but points of discontinuity of the inputs must
be presented as communication points in order for the out-
put to reflect the ensuing discontinuity.

3.4 Periodic Piecewise Constant Signal Gen-
erator

CT output signal y. Real parameters a, b, p.
Informally, this component outputs the constant a from

time zero to p, b from time p to 2p, a from 2p to 3p, etc.,
alternating between a and b, as illustrated in Figure 1.
We require that the output be piecewise continuous. Specif-

y(t, n)

t

b

a

0 p 2p 3p

Figure 1: Example output from the Periodic Piece-
wise Constant component. The unfilled dots show
values that occur only at microsteps n � 1, whereas
the filled dots and lines show values at n = 0.

y(t, n)

t

a

0 p 2p 3p

Figure 2: Example output from the Periodic Dis-
crete Signal Generator. The unfilled dots are the
only non-absent values, and they occur only at mi-
crostep n = 1.

ically, for all ⌧ = (t, n) 2 T ,

y(t, n) =

8
>>><

>>>:

a if kp < t < (k + 1)p and k 2 N is even;
b if kp < t < (k + 1)p and k 2 N is odd;
b if t is an odd multiple of p and n � 1;
b if t is an even multiple of p, t > 0, n = 0;
a otherwise.

Discussion. A correct implementation of this component
and host simulator will produce at least the output values
shown in Figure 1 as filled and unfilled dots. Hence, in a
correct implementation, two communication points can be
used at each multiple of p, one at microstep zero and one at
microstep one. A host simulator may choose to invoke the
FMU implementation at additional communication points,
but this is not required. Typically a host simulator will use
a step-size adjustment algorithm to choose communication
points.

3.5 Periodic Discrete Signal Generator
DE output signal y. Real parameters a, p.
This component outputs the constant a at integer multi-

ples of p (see Figure 2), and otherwise its output is absent.
To be piecewise continuous, the output signal should be ab-
sent for all (t, n) 2 T where n = 0 or n > 1. Specifically, for
all ⌧ = (t, n) 2 T ,

y(t, n) =

⇢
a if t = kp and n = 1, where k 2 N;
" otherwise.

Discussion. This component provides a canonical source
for a DE signal. It can be used to build regression tests to
verify, for example, that the Gain component above behaves
correctly with DE inputs. It can also be used to provide
discrete inputs to any of the test cases below that require
discrete inputs.
This component requires that there be a communication

point at all t = (kp, 1), k 2 N. Communication points at
other times are not required, but if the host simulator pro-
vides them, then this component will produce no output (its
output will be absent).

3.6 Modal Model with Discrete Control
DE input signal x. CT output signal y. Real parameters
a, b.
This component initially outputs the constant a. When

the first input event arrives, it switches to producing output
b. When the second input event arrives, it switches back to
a. Etc. Formally,

y(t, n) =

⇢
a if s(t, n) = 0
b otherwise.

(4)

182
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Efficient roll-back 

¢  An efficient roll-back is the one you don’t have to do! 
¢  FMU contracts for efficient rollback: predictable step 

size! 

This means that Algorithm 2 returns an acceptable time
step h and the state mapping which would result as if all
FMUs performed this step just once.

It is also desirable to show that a master algorithm
achieves maximal progress, i.e., it achieves the maximal ac-
ceptable step h. We would thus like to state the following.

Theorem 2 (Maximal progress). Let m2 be the
state mapping after executing Step 1 of Algorithm 2 and let
h be the step returned by Algorithm 2. There is no h

0 such
that h < h

0  h

max

and h

0 is acceptable at m2.

We can prove Theorem 2 provided all FMUs satisfy an
additional assumption:

(P1) If doStep
c

(s, h) = (s0, h0) and h

0
< h, then for all

h

00
> h

0, doStep
c

(s, h00) = (s00, h0) for some s

00.

Assumption (P1) says that every FMU makes maximal
progress at the individual level. Note that (P1) is not im-
plied by (A1). For instance, let doStep

c

(s, h) = (s, h0) where

h

0 =

⇢
h if h  1
1
2 otherwise.

Then c violates (P1) whereas it satisfies (A1). This exam-
ple also shows why (P1) is necessary for maximal progress.
If (P1) does not hold, then we can easily construct a
counter-example where Algorithm 2 does not ensure max-
imal progress. Consider a model with a single FMU, c,
and initial state s, as above. Then, starting with step size
h

max

= 2, Algorithm 2 will make progress only up to 1
2 ,

whereas progress up to 1 can also be made.
We end this section with a remark. Algorithm 2 may ap-

pear wasteful in the sense that Step 4 continues attempting
to perform step h

max

on the rest of the FMUs even after
it encounters an FMU which rejects h

max

. An alternative
would be to call doStep in Step 4(a) with h instead of h

max

.
In addition, the algorithm can keep track of which FMUs
have already been executed with the right h, so that it does
not re-run them. This modification can be shown to termi-
nate (due to Assumption (A1)). It can also be shown to be
determinate, provided Assumption (P1) holds. Note that
Assumption (P1) is not needed for Theorem 1.

5.2 Predictable Step Sizes
The algorithm given above requires all FMUs to implement
rollback. In many cases, this is impractical, particularly
when an FMU wraps legacy code or serves as a wrapper for
a simulation tool. Fortunately, with a small addition to the
FMI standard, such FMUs can be handled in certain cases.
Specifically, we propose the addition of a procedure

fmiStatus fmiGetMaxStepSize(
fmiComponent c,
fmiReal *maxStepSize);

where the argument returns an upper bound on the step
size that the FMU can accept (or infinity if there is none).
This bound could be zero to indicate the need for a zero-
step-size step. We use the function

getMaxStepSize
c

: S
c

! R�0 [ {1} (1)

to model the fmiGetMaxStepSize procedure. Let C
P

be the
set of FMU instances that implement this function. We
require of these instances that

(A4) If c 2 C

P

and s 2 S

c

and getMaxStepSize
c

(s) = h

then for all h

0 where 0  h

0  h, doStep
c

(s, h0) =
(s0, h0) for some s

0.

This means that an instance in C

p

will accept any time
step smaller than or equal to the time step returned by
getMaxStepSize. Whether an FMU is in C

p

should be in-
dicated as a capability in the FMU XML file. Let C

R

be
the set of FMU instances with rollback capability, i.e., every
c 2 C

R

supports setting and getting states. Furthermore,
let C

L

be the set of FMU instances in a model that are
not in C

R

and not in C

P

. We will call these FMUs “legacy
FMUs”. Then, we can give a MA that is determinate under
the following assumption.

(A5) (a) |C
L

|  1.
(b) C

L

[ C

R

[ C

P

= C.
(c) C

L

\ C

R

= ; and C

R

\ C

P

= ; and C

P

\ C

L

= ;.

That is, a model that composes FMUs has at most
one legacy FMU instance, and the remaining instances
all either provide predictable step sizes or support rollback.9

Algorithm 3: Master-Step With Predictable Step Sizes.

Input: Set of instances C, ordered variable list x̄, port
mapping P , the maximal step size h

max

, and a mutable
state mapping m of size |C|.
Output: Updated state mapping m and the performed
step size h.

1. Set values for all input variables:
For each u 2 x̄ (in order) where u 2 U do

(a) y := P (u)
(b) v := get

cy
(m[c

y

], y)

(c) m[c
u

] := set
cu(m[c

u

], u, v)

2. Find the minimal predictable communication size:
h := min({getMaxStepSize

c

(m[c]) | c 2 C

P

} [ {h
max

})
3. Save the states for all instances that can perform rollback:

(a) For each c 2 C

R

do r[c] := m[c]
(b) doStepOnLegacy := true

(c) Goto step 5.

4. Restore states for rollback instances.
For each c 2 C

R

do m[c] := r[c]
5. Perform doStep on all instances with rollback:

h

min

:= h

For each c 2 C

R

do

(a) (s0, h0) := doStep
c

(m[c], h)
(b) h

min

:= min(h0
, h

min

)
(c) m[c] := s

0

6. If h
min

< h then h := h

min

and goto step 4.
7. Perform doStep on the legacy FMU (if it exists)

If c 2 C

L

and doStepOnLegacy then

(a) (s0, h0) := doStep
c

(m[c], h)
(b) m[c] := s

0

(c) doStepOnLegacy := false

(d) If h0
< h then h := h

0 and goto step 4.

8. Perform doStep on all FMUs with predictable step size:
For each c 2 C

P

do
9If an FMU supports both predictable step sizes and roll-
back, our algorithm only uses its predictable step sizes ca-
pability, so we put it in set C

P

and not in C

R

.

The XML file in an FMU can (optionally) express the de-
pendencies between input and output variables of an FMU.
We model the set of all such input/output (I/O) depen-
dencies of a given FMU instance c as a binary relation
D

c

✓ U

c

⇥Y

c

. Therefore, (u, y) 2 D

c

means that output y of
c is directly dependent on input u of c. Directly dependent
means that at a given instant in time, the value of u needs
to be known to enable computation of y.

It is convenient at this point to also formalize the connec-
tions between FMU instances in a model. We do this using
a port mapping function P : U ! Y , where U and Y are
the sets of all input and output variables of all instances,
respectively. P is a total function that maps every input
variable to a unique output variable. This means that we
assume that the model is closed; that is, every input is con-
nected to some output. Note that two or more inputs may
be connected to the same output. However an input is not
allowed to be connected to more than one output. This is
achieved by definition, since P is a function.

We now explain the functions in Figure 6. Function init
c

corresponds to fmiInitializeSlave. It initializes FMU in-
stance c with given start time t, corresponding to the ar-
gument tStart of fmiInitializeSlave.5 The function re-
turns the initial state of the FMU instance.

Function set
c

corresponds to fmiSetXXX. Note that
FMI has not one, but several such functions, including
fmiSetReal, fmiSetInteger, and so on. Since we are ignor-
ing data types, we formalize these using a single function
that, for given FMU instance c, given current state s 2 S

c

,
input variable u 2 U

c

, and value v 2 V, returns the new
state of c obtained by setting u to v and keeping the rest of
the state unchanged. Similarly, get

c

(s, y) returns the value
of output variable y of FMU instance c at state s. Function
get

c

corresponds to fmiGetXXX.
Note that both set

c

and get
c

are by definition free of ob-
servable side-e↵ects. This means that, since set

c

and get
c

are (total) mathematical functions, given the same input
arguments, they always return the same result.6 This for-
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plementation in C, provided these mechanisms do not alter
the semantics. In particular, they must guarantee that the
result of calling, say, get

c

multiple times without having
called set

c

or doStep
c

in between, is deterministic; that is,
the same value will always be returned.

Function doStep
c

takes as input the current state s of
FMU instance c, and a non-negative real value h 2 R�0,
corresponding to the communicationStepSize argument of
fmiDoStep. Expression doStep

c

(s, h) returns a pair (s0, h0),
where s

0 models the new state of c at the end of the integra-
tion step, and h

0 models the amount by which c managed
to advance time. doStep

c

must guarantee that 0  h

0  h

(more about this in Section 4.2 below). Note that we allow
h = 0, as well as h

0 = 0, enabling FMI to support a super-
dense model of time, which is widely acknowledged to be
essential for proper modeling of hybrid systems [15, 12, 13,

5Time is expressed here as a non-negative real value t 2 R�0.
In FMI it is implemented as a floating-point number.
6Actually, the requirement on get

c

could be relaxed to allow
modification of the FMU state in such a way that consec-
utive get

c

calls will return the same output values and the
final FMU state does not depend on the order of get

c

calls.

2]. When h

0 = h, this indicates to a MA that the FMU is
accepting the time step proposed by the MA. When h

0
< h,

the FMU rejects the time step.7 8

The formalization does not include explicit functions cor-
responding to fmiGetFMUstate and fmiSetFMUstate, which
allow the MA to save and restore the state of an FMU in-
stance. This is not a problem, as these functions can eas-
ily be modeled in our formalization. Saving a state simply
means saving a particular element s 2 S

c

of a particular
instance c. Restoring the state simply means passing that
saved s to subsequent calls of get

c

, doStep
c

, etc. This is
precisely how the algorithm presented in Section 5 works.

4.2 FMU Contract
In this section we make explicit the utilization constraints
of the FMI interface presented in Section 4.1. We point out
that these constraints are not always explicit in the FMI
standard. In fact, some of these constraints are probably
not even implicitly assumed by the authors of the standard.
The reason we introduce these constraints here is because
they are crucial in proving the determinacy properties of
the MAs presented in Section 5.
We call these utilization constraints the FMU contract.

They consist of a set of guarantees that every FMU instance
must provide to the caller of the functions of that instance,
plus a set of assumptions that every FMU instance makes,
that is, conditions that the caller must respect when calling
these functions.
Part of the FMU contract is already given by the signa-

ture of the functions listed in Figure 6. For instance, the
signature of doStep

c

implies that a caller is not allowed to
call doStep

c

(s, h) with h < 0. A similar set of constraints
includes sanity conditions, such as the fact that get

c

(s, y)
can only be called when y 2 Y

c

(i.e., variable y is indeed an
output variable of c). We will not elaborate further on these
and other similar constraints.
In addition to the above, we will assume that the following

constraints are also part of the FMU contract:

(A0) If doStep
c

(s, h) = (s0, h0) then 0  h

0  h.

(A1) If doStep
c

(s, h) = (s0, h0), then for any h

00 where 0 
h

00  h

0, doStep
c

(s, h00) = (s00, h00) for some s

00.

Assumption (A0) has been already stated above while de-
scribing the intuition of doStep

c

and is repeated here for
completeness. Assumption (A1) states that if an FMU ac-
cepts a certain time step h (i.e., returns h0 = h), or at least
makes partial progress until h0

< h, then it must accept any
time step h

00 smaller than or equal to h

0, provided the FMU
is started from the same original state.

7This reject is often caused by zero-crossing or another dis-
crete change that the FMU detects. But zero-crossings or
other overlooked events are sometimes detected only after
an input is provided by set, e.g., when that input violates
the validity range of the extrapolated input values in the
previous doStep. This possibility can be handled in FMI
2.0 using the fmiDiscard callback which may be returned
by fmiSetXXX. In this paper we assume doStep to be the
only place where an FMU can reject the proposed time step.
We plan to lift this assumption in the future.
8In this formalization we assume that FMUs can have both
zero and variable communication step size. (The XML
elements canHandleVariableCommunicationStepSize and
canHandleEvents are both enabled.)
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Some test components 

!! Test components and test compositions to evaluate the 
hybrid behavior. 

set of requirements, and not on making cosimulation more
e�cient.
Note that the current 2.0 FMI standard for cosimulation

cannot realize this component, even for CT inputs only. We
believe that there is no implementation of this component
consistent with this constraint that supports the calling se-
quences defined in page 104 of the standard document [17].
Specifically, the standard states, “there is the additional re-
striction ... that it is not allowed to call fmi2GetXXX func-
tions after fmi2SetXXX functions without an fmi2DoStep
call in between.” In addition, when fmi2DoStep is called,
the standard requires that the step size be greater than zero
(p.100: “... communicationStepSize ... must be > 0.0”).
Hence, time must advance between setting the inputs and
reading the resulting outputs.

3.3 Adder
Input signals x1 and x2. Output signal y.

For all ⌧ 2 T ,

y(⌧) =

8
>><

>>:

x1(⌧) + x2(⌧) if x1(⌧) 6= " and x2(⌧) 6= "

x1(⌧) if x1(⌧) 6= " and x2(⌧) = "

x2(⌧) if x1(⌧) = " and x2(⌧) 6= "

" otherwise
(3)

Discussion. This component illustrates that an FMU may
be presented at a communication point with some inputs
that are absent and some that are not, and that its behav-
ior may depend on which inputs are present. Of course,
a simpler Adder component would require all inputs to be
present simultaneously, or would use previous input values if
an input is not present. We can certainly design such Adder
components, and indeed a library for simulation might pre-
fer those semantics. But our goal here is to test capabilities
that may be required in hybrid cosimulation, and reacting
di↵erently to di↵erent patterns of presence of inputs most
certainly will be required.
This component imposes no constraints on the communi-

cation points, but points of discontinuity of the inputs must
be presented as communication points in order for the out-
put to reflect the ensuing discontinuity.

3.4 Periodic Piecewise Constant Signal Gen-
erator

CT output signal y. Real parameters a, b, p.
Informally, this component outputs the constant a from

time zero to p, b from time p to 2p, a from 2p to 3p, etc.,
alternating between a and b, as illustrated in Figure 1.
We require that the output be piecewise continuous. Specif-

y(t, n)

t

b

a

0 p 2p 3p

Figure 1: Example output from the Periodic Piece-
wise Constant component. The unfilled dots show
values that occur only at microsteps n � 1, whereas
the filled dots and lines show values at n = 0.

y(t, n)

t

a

0 p 2p 3p

Figure 2: Example output from the Periodic Dis-
crete Signal Generator. The unfilled dots are the
only non-absent values, and they occur only at mi-
crostep n = 1.

ically, for all ⌧ = (t, n) 2 T ,

y(t, n) =

8
>>><

>>>:

a if kp < t < (k + 1)p and k 2 N is even;
b if kp < t < (k + 1)p and k 2 N is odd;
b if t is an odd multiple of p and n � 1;
b if t is an even multiple of p, t > 0, n = 0;
a otherwise.

Discussion. A correct implementation of this component
and host simulator will produce at least the output values
shown in Figure 1 as filled and unfilled dots. Hence, in a
correct implementation, two communication points can be
used at each multiple of p, one at microstep zero and one at
microstep one. A host simulator may choose to invoke the
FMU implementation at additional communication points,
but this is not required. Typically a host simulator will use
a step-size adjustment algorithm to choose communication
points.

3.5 Periodic Discrete Signal Generator
DE output signal y. Real parameters a, p.
This component outputs the constant a at integer multi-

ples of p (see Figure 2), and otherwise its output is absent.
To be piecewise continuous, the output signal should be ab-
sent for all (t, n) 2 T where n = 0 or n > 1. Specifically, for
all ⌧ = (t, n) 2 T ,

y(t, n) =

⇢
a if t = kp and n = 1, where k 2 N;
" otherwise.

Discussion. This component provides a canonical source
for a DE signal. It can be used to build regression tests to
verify, for example, that the Gain component above behaves
correctly with DE inputs. It can also be used to provide
discrete inputs to any of the test cases below that require
discrete inputs.
This component requires that there be a communication

point at all t = (kp, 1), k 2 N. Communication points at
other times are not required, but if the host simulator pro-
vides them, then this component will produce no output (its
output will be absent).

3.6 Modal Model with Discrete Control
DE input signal x. CT output signal y. Real parameters
a, b.
This component initially outputs the constant a. When

the first input event arrives, it switches to producing output
b. When the second input event arrives, it switches back to
a. Etc. Formally,

y(t, n) =

⇢
a if s(t, n) = 0
b otherwise.

(4)
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consistent with this constraint that supports the calling se-
quences defined in page 104 of the standard document [17].
Specifically, the standard states, “there is the additional re-
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Discussion. This component illustrates that an FMU may
be presented at a communication point with some inputs
that are absent and some that are not, and that its behav-
ior may depend on which inputs are present. Of course,
a simpler Adder component would require all inputs to be
present simultaneously, or would use previous input values if
an input is not present. We can certainly design such Adder
components, and indeed a library for simulation might pre-
fer those semantics. But our goal here is to test capabilities
that may be required in hybrid cosimulation, and reacting
di↵erently to di↵erent patterns of presence of inputs most
certainly will be required.
This component imposes no constraints on the communi-

cation points, but points of discontinuity of the inputs must
be presented as communication points in order for the out-
put to reflect the ensuing discontinuity.

3.4 Periodic Piecewise Constant Signal Gen-
erator

CT output signal y. Real parameters a, b, p.
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shown in Figure 1 as filled and unfilled dots. Hence, in a
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microstep one. A host simulator may choose to invoke the
FMU implementation at additional communication points,
but this is not required. Typically a host simulator will use
a step-size adjustment algorithm to choose communication
points.

3.5 Periodic Discrete Signal Generator
DE output signal y. Real parameters a, p.
This component outputs the constant a at integer multi-

ples of p (see Figure 2), and otherwise its output is absent.
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sent for all (t, n) 2 T where n = 0 or n > 1. Specifically, for
all ⌧ = (t, n) 2 T ,
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" otherwise.
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for a DE signal. It can be used to build regression tests to
verify, for example, that the Gain component above behaves
correctly with DE inputs. It can also be used to provide
discrete inputs to any of the test cases below that require
discrete inputs.
This component requires that there be a communication

point at all t = (kp, 1), k 2 N. Communication points at
other times are not required, but if the host simulator pro-
vides them, then this component will produce no output (its
output will be absent).

3.6 Modal Model with Discrete Control
DE input signal x. CT output signal y. Real parameters
a, b.
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believe that there is no implementation of this component
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Specifically, the standard states, “there is the additional re-
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(p.100: “... communicationStepSize ... must be > 0.0”).
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Discussion. This component illustrates that an FMU may
be presented at a communication point with some inputs
that are absent and some that are not, and that its behav-
ior may depend on which inputs are present. Of course,
a simpler Adder component would require all inputs to be
present simultaneously, or would use previous input values if
an input is not present. We can certainly design such Adder
components, and indeed a library for simulation might pre-
fer those semantics. But our goal here is to test capabilities
that may be required in hybrid cosimulation, and reacting
di↵erently to di↵erent patterns of presence of inputs most
certainly will be required.
This component imposes no constraints on the communi-

cation points, but points of discontinuity of the inputs must
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wise Constant component. The unfilled dots show
values that occur only at microsteps n � 1, whereas
the filled dots and lines show values at n = 0.

y(t, n)

t
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Figure 2: Example output from the Periodic Dis-
crete Signal Generator. The unfilled dots are the
only non-absent values, and they occur only at mi-
crostep n = 1.

ically, for all ⌧ = (t, n) 2 T ,

y(t, n) =

8
>>><

>>>:

a if kp < t < (k + 1)p and k 2 N is even;
b if kp < t < (k + 1)p and k 2 N is odd;
b if t is an odd multiple of p and n � 1;
b if t is an even multiple of p, t > 0, n = 0;
a otherwise.

Discussion. A correct implementation of this component
and host simulator will produce at least the output values
shown in Figure 1 as filled and unfilled dots. Hence, in a
correct implementation, two communication points can be
used at each multiple of p, one at microstep zero and one at
microstep one. A host simulator may choose to invoke the
FMU implementation at additional communication points,
but this is not required. Typically a host simulator will use
a step-size adjustment algorithm to choose communication
points.

3.5 Periodic Discrete Signal Generator
DE output signal y. Real parameters a, p.
This component outputs the constant a at integer multi-

ples of p (see Figure 2), and otherwise its output is absent.
To be piecewise continuous, the output signal should be ab-
sent for all (t, n) 2 T where n = 0 or n > 1. Specifically, for
all ⌧ = (t, n) 2 T ,

y(t, n) =

⇢
a if t = kp and n = 1, where k 2 N;
" otherwise.

Discussion. This component provides a canonical source
for a DE signal. It can be used to build regression tests to
verify, for example, that the Gain component above behaves
correctly with DE inputs. It can also be used to provide
discrete inputs to any of the test cases below that require
discrete inputs.
This component requires that there be a communication

point at all t = (kp, 1), k 2 N. Communication points at
other times are not required, but if the host simulator pro-
vides them, then this component will produce no output (its
output will be absent).

3.6 Modal Model with Discrete Control
DE input signal x. CT output signal y. Real parameters
a, b.
This component initially outputs the constant a. When

the first input event arrives, it switches to producing output
b. When the second input event arrives, it switches back to
a. Etc. Formally,

y(t, n) =

⇢
a if s(t, n) = 0
b otherwise.

(4)
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Figure 3: Modal Model with Discrete Control.

where s is a CT signal such that s(t, n) is the state of the
component at time (t, n), defined as follows. Let d0, d1, d2, · · ·
denote the superdense times ⌧ , in temporal order, at which
x(⌧) 6= ". We are assured that such a sequence, which may
be empty, finite, or infinite, exists, because x is a DE signal.
At any superdense time (t, n) 2 T , there may exist a max-
imum i 2 N such that (t, n) > di. If no such i exists, then
either there are no events at all in x or (t, n)  d0. Hence,
at time (t, n), the state s is given by

s(t, n) =

8
<

:

0 if no such i exists
1 if s(di) = 0
0 if s(di) = 1

(5)

In this definition, at time (t, n), di, if it exists, is the time of
the most recent but strictly earlier input event. Hence, at
time (t, n), s(di) is the previous state of the component. The
current state is always the opposite of the previous state.

In words, the state s is initially 0. Each time an input
event arrives, the state toggles from 0 to 1 or from 1 to
0. The toggle occurs strictly after the input event arrives.
So when an input event arrives at time (t, n), the output
depends on the current state s(t, n) as given by (4), and
then, strictly later, the state is updated as in (5).

An illustration of such a component is given in Figure 3
using a hierarchical modal model in the style of [13]. The
logic of the component is given as a finite state machine
(FSM) (middle level) with two states, each with a mode
refinement that outputs a constant.

Discussion. The state of this component is changed after
each non-absent input. Since the input is required to be a
DE signal, the state changes occur only at a discrete subset
of T . Hence, the state updates are enumerable in temporal
order, and hence computable.

The state of this component is changed after producing
an output value. This ensures that the output is piecewise
continuous, assuming the input is piecewise continuous.

Notice that if we combine this component with a Periodic
Discrete Signal Generator to drive its input, then we can
implement the Periodic Piecewise Constant Signal Genera-
tor. Nevertheless, we keep the Periodic Piecewise Constant
Signal Generator in the suite of test cases to make it easier
for readers to understand the progression of capabilities.

The only constraint that this component imposes on com-

munication points is that there be a communication point
at each superdense time di = (t, n) where the input is not
absent and one superdense time later (t, n + 1). At (t, n),
the output will be determined by the current state, whereas
at time (t, n+1), the output will be determined by the next
state. If a 6= b, then this creates a discontinuity, but the
output remains piecewise continuous.

Once we can support this component and the others in-
cluded here, we can implement a broad class of hybrid sys-
tems [15], including timed automata [2] and many oth-
ers.

3.7 Integrator
CT input signal x. CT output signal y.

For all (t, n) 2 T, y(t, n) =

Z t

0

x(↵, 0)d↵. (6)

The output is the integral of the input. We propose three
variants, which are meant to capture key properties of the
most commonly used numerical integration algorithms.

All three variants require a communication point (t,mt)
at every t where x is discontinuous, where mt is the final
microstep at t (note that this requires that the input not
have a chattering Zeno condition for time to advance). The
variants are:
1. Variant 1 imposes no additional constraints on the com-

munication points.
2. Variant 2 requires communication points at (t,mt) for

t 2 D, where D ⇢ R+ is an arbitrary discrete set, chosen
by the component.

3. Variant 3 requires a communication point at (t, 0) for any
t where there is a communication point.

In all cases, any additional communication points are op-
tional, up the host simulator.

The first two variants do not require that the input x(t, n)
be set at a communication point (t, n) before the output
y(t, n) is retrieved (it must be eventually provided, but it
can be provided after the output is retrieved). By definition
(6), the output y(t, n) does not depend on the input x(t, k)
for any k 2 N at any time t. Hence, there is no direct
dependence between the input x and the output y (i.e., no
instantaneous dependence, unlike most of the components
above). A component without such a direct dependence is
called a non-strict component, meaning that the input need
not be known at a particular time for the output at that time
to be produced. The third variant is strict, reflecting that
some integration algorithms are strict, despite the definition
(6) (namely, those using implicit integration methods).

Discussion. Note that by definition (6), the output of
this component does not depend on input values at non-
zero microsteps, but a realization will need to see the final
values at discontinuities of the input to maintain accuracy.
For this reason, all variants require that inputs be provided
at final microsteps. The final value of the input x at time
t provides the boundary value for an initial value problem
to be solved by the numerical integration algorithm. The
algorithm needs this value, even if the mathematical ideal
(6) does not. The only variant that requires the initial value
x(t, 0) to be also provided is variant 3, which reflects the
requirements of an implicit integration algorithm. Such an
algorithm requires input values at the end of an integration
interval. At the start of the interval, the final value (confus-
ingly) provides the initial value for an initial-value problem.
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set of requirements, and not on making cosimulation more
e�cient.

Note that the current 2.0 FMI standard for cosimulation
cannot realize this component, even for CT inputs only. We
believe that there is no implementation of this component
consistent with this constraint that supports the calling se-
quences defined in page 104 of the standard document [17].
Specifically, the standard states, “there is the additional re-
striction ... that it is not allowed to call fmi2GetXXX func-
tions after fmi2SetXXX functions without an fmi2DoStep
call in between.” In addition, when fmi2DoStep is called,
the standard requires that the step size be greater than zero
(p.100: “... communicationStepSize ... must be > 0.0”).
Hence, time must advance between setting the inputs and
reading the resulting outputs.

3.3 Adder
Input signals x1 and x2. Output signal y.

For all ⌧ 2 T ,

y(⌧) =

8
>><

>>:

x1(⌧) + x2(⌧) if x1(⌧) 6= " and x2(⌧) 6= "

x1(⌧) if x1(⌧) 6= " and x2(⌧) = "

x2(⌧) if x1(⌧) = " and x2(⌧) 6= "

" otherwise
(3)

Discussion. This component illustrates that an FMU may
be presented at a communication point with some inputs
that are absent and some that are not, and that its behav-
ior may depend on which inputs are present. Of course,
a simpler Adder component would require all inputs to be
present simultaneously, or would use previous input values if
an input is not present. We can certainly design such Adder
components, and indeed a library for simulation might pre-
fer those semantics. But our goal here is to test capabilities
that may be required in hybrid cosimulation, and reacting
di↵erently to di↵erent patterns of presence of inputs most
certainly will be required.

This component imposes no constraints on the communi-
cation points, but points of discontinuity of the inputs must
be presented as communication points in order for the out-
put to reflect the ensuing discontinuity.

3.4 Periodic Piecewise Constant Signal Gen-
erator

CT output signal y. Real parameters a, b, p.
Informally, this component outputs the constant a from

time zero to p, b from time p to 2p, a from 2p to 3p, etc.,
alternating between a and b, as illustrated in Figure 1.

We require that the output be piecewise continuous. Specif-
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Figure 1: Example output from the Periodic Piece-
wise Constant component. The unfilled dots show
values that occur only at microsteps n � 1, whereas
the filled dots and lines show values at n = 0.
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Figure 2: Example output from the Periodic Dis-
crete Signal Generator. The unfilled dots are the
only non-absent values, and they occur only at mi-
crostep n = 1.

ically, for all ⌧ = (t, n) 2 T ,

y(t, n) =

8
>>><

>>>:

a if kp < t < (k + 1)p and k 2 N is even;
b if kp < t < (k + 1)p and k 2 N is odd;
b if t is an odd multiple of p and n � 1;
b if t is an even multiple of p, t > 0, n = 0;
a otherwise.

Discussion. A correct implementation of this component
and host simulator will produce at least the output values
shown in Figure 1 as filled and unfilled dots. Hence, in a
correct implementation, two communication points can be
used at each multiple of p, one at microstep zero and one at
microstep one. A host simulator may choose to invoke the
FMU implementation at additional communication points,
but this is not required. Typically a host simulator will use
a step-size adjustment algorithm to choose communication
points.

3.5 Periodic Discrete Signal Generator
DE output signal y. Real parameters a, p.

This component outputs the constant a at integer multi-
ples of p (see Figure 2), and otherwise its output is absent.
To be piecewise continuous, the output signal should be ab-
sent for all (t, n) 2 T where n = 0 or n > 1. Specifically, for
all ⌧ = (t, n) 2 T ,

y(t, n) =

⇢
a if t = kp and n = 1, where k 2 N;
" otherwise.

Discussion. This component provides a canonical source
for a DE signal. It can be used to build regression tests to
verify, for example, that the Gain component above behaves
correctly with DE inputs. It can also be used to provide
discrete inputs to any of the test cases below that require
discrete inputs.

This component requires that there be a communication
point at all t = (kp, 1), k 2 N. Communication points at
other times are not required, but if the host simulator pro-
vides them, then this component will produce no output (its
output will be absent).

3.6 Modal Model with Discrete Control
DE input signal x. CT output signal y. Real parameters
a, b.

This component initially outputs the constant a. When
the first input event arrives, it switches to producing output
b. When the second input event arrives, it switches back to
a. Etc. Formally,

y(t, n) =

⇢
a if s(t, n) = 0
b otherwise.

(4)
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Figure 3: Modal Model with Discrete Control.

where s is a CT signal such that s(t, n) is the state of the
component at time (t, n), defined as follows. Let d0, d1, d2, · · ·
denote the superdense times ⌧ , in temporal order, at which
x(⌧) 6= ". We are assured that such a sequence, which may
be empty, finite, or infinite, exists, because x is a DE signal.
At any superdense time (t, n) 2 T , there may exist a max-
imum i 2 N such that (t, n) > di. If no such i exists, then
either there are no events at all in x or (t, n)  d0. Hence,
at time (t, n), the state s is given by

s(t, n) =

8
<

:

0 if no such i exists
1 if s(di) = 0
0 if s(di) = 1

(5)

In this definition, at time (t, n), di, if it exists, is the time of
the most recent but strictly earlier input event. Hence, at
time (t, n), s(di) is the previous state of the component. The
current state is always the opposite of the previous state.

In words, the state s is initially 0. Each time an input
event arrives, the state toggles from 0 to 1 or from 1 to
0. The toggle occurs strictly after the input event arrives.
So when an input event arrives at time (t, n), the output
depends on the current state s(t, n) as given by (4), and
then, strictly later, the state is updated as in (5).

An illustration of such a component is given in Figure 3
using a hierarchical modal model in the style of [13]. The
logic of the component is given as a finite state machine
(FSM) (middle level) with two states, each with a mode
refinement that outputs a constant.

Discussion. The state of this component is changed after
each non-absent input. Since the input is required to be a
DE signal, the state changes occur only at a discrete subset
of T . Hence, the state updates are enumerable in temporal
order, and hence computable.

The state of this component is changed after producing
an output value. This ensures that the output is piecewise
continuous, assuming the input is piecewise continuous.

Notice that if we combine this component with a Periodic
Discrete Signal Generator to drive its input, then we can
implement the Periodic Piecewise Constant Signal Genera-
tor. Nevertheless, we keep the Periodic Piecewise Constant
Signal Generator in the suite of test cases to make it easier
for readers to understand the progression of capabilities.

The only constraint that this component imposes on com-

munication points is that there be a communication point
at each superdense time di = (t, n) where the input is not
absent and one superdense time later (t, n + 1). At (t, n),
the output will be determined by the current state, whereas
at time (t, n+1), the output will be determined by the next
state. If a 6= b, then this creates a discontinuity, but the
output remains piecewise continuous.

Once we can support this component and the others in-
cluded here, we can implement a broad class of hybrid sys-
tems [15], including timed automata [2] and many oth-
ers.

3.7 Integrator
CT input signal x. CT output signal y.

For all (t, n) 2 T, y(t, n) =

Z t

0

x(↵, 0)d↵. (6)

The output is the integral of the input. We propose three
variants, which are meant to capture key properties of the
most commonly used numerical integration algorithms.

All three variants require a communication point (t,mt)
at every t where x is discontinuous, where mt is the final
microstep at t (note that this requires that the input not
have a chattering Zeno condition for time to advance). The
variants are:
1. Variant 1 imposes no additional constraints on the com-

munication points.
2. Variant 2 requires communication points at (t,mt) for

t 2 D, where D ⇢ R+ is an arbitrary discrete set, chosen
by the component.

3. Variant 3 requires a communication point at (t, 0) for any
t where there is a communication point.

In all cases, any additional communication points are op-
tional, up the host simulator.

The first two variants do not require that the input x(t, n)
be set at a communication point (t, n) before the output
y(t, n) is retrieved (it must be eventually provided, but it
can be provided after the output is retrieved). By definition
(6), the output y(t, n) does not depend on the input x(t, k)
for any k 2 N at any time t. Hence, there is no direct
dependence between the input x and the output y (i.e., no
instantaneous dependence, unlike most of the components
above). A component without such a direct dependence is
called a non-strict component, meaning that the input need
not be known at a particular time for the output at that time
to be produced. The third variant is strict, reflecting that
some integration algorithms are strict, despite the definition
(6) (namely, those using implicit integration methods).

Discussion. Note that by definition (6), the output of
this component does not depend on input values at non-
zero microsteps, but a realization will need to see the final
values at discontinuities of the input to maintain accuracy.
For this reason, all variants require that inputs be provided
at final microsteps. The final value of the input x at time
t provides the boundary value for an initial value problem
to be solved by the numerical integration algorithm. The
algorithm needs this value, even if the mathematical ideal
(6) does not. The only variant that requires the initial value
x(t, 0) to be also provided is variant 3, which reflects the
requirements of an implicit integration algorithm. Such an
algorithm requires input values at the end of an integration
interval. At the start of the interval, the final value (confus-
ingly) provides the initial value for an initial-value problem.
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set of requirements, and not on making cosimulation more
e�cient.

Note that the current 2.0 FMI standard for cosimulation
cannot realize this component, even for CT inputs only. We
believe that there is no implementation of this component
consistent with this constraint that supports the calling se-
quences defined in page 104 of the standard document [17].
Specifically, the standard states, “there is the additional re-
striction ... that it is not allowed to call fmi2GetXXX func-
tions after fmi2SetXXX functions without an fmi2DoStep
call in between.” In addition, when fmi2DoStep is called,
the standard requires that the step size be greater than zero
(p.100: “... communicationStepSize ... must be > 0.0”).
Hence, time must advance between setting the inputs and
reading the resulting outputs.

3.3 Adder
Input signals x1 and x2. Output signal y.

For all ⌧ 2 T ,

y(⌧) =

8
>><

>>:

x1(⌧) + x2(⌧) if x1(⌧) 6= " and x2(⌧) 6= "

x1(⌧) if x1(⌧) 6= " and x2(⌧) = "

x2(⌧) if x1(⌧) = " and x2(⌧) 6= "

" otherwise
(3)

Discussion. This component illustrates that an FMU may
be presented at a communication point with some inputs
that are absent and some that are not, and that its behav-
ior may depend on which inputs are present. Of course,
a simpler Adder component would require all inputs to be
present simultaneously, or would use previous input values if
an input is not present. We can certainly design such Adder
components, and indeed a library for simulation might pre-
fer those semantics. But our goal here is to test capabilities
that may be required in hybrid cosimulation, and reacting
di↵erently to di↵erent patterns of presence of inputs most
certainly will be required.

This component imposes no constraints on the communi-
cation points, but points of discontinuity of the inputs must
be presented as communication points in order for the out-
put to reflect the ensuing discontinuity.

3.4 Periodic Piecewise Constant Signal Gen-
erator

CT output signal y. Real parameters a, b, p.
Informally, this component outputs the constant a from

time zero to p, b from time p to 2p, a from 2p to 3p, etc.,
alternating between a and b, as illustrated in Figure 1.

We require that the output be piecewise continuous. Specif-

y(t, n)

t
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0 p 2p 3p

Figure 1: Example output from the Periodic Piece-
wise Constant component. The unfilled dots show
values that occur only at microsteps n � 1, whereas
the filled dots and lines show values at n = 0.

y(t, n)

t
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0 p 2p 3p

Figure 2: Example output from the Periodic Dis-
crete Signal Generator. The unfilled dots are the
only non-absent values, and they occur only at mi-
crostep n = 1.

ically, for all ⌧ = (t, n) 2 T ,

y(t, n) =

8
>>><

>>>:

a if kp < t < (k + 1)p and k 2 N is even;
b if kp < t < (k + 1)p and k 2 N is odd;
b if t is an odd multiple of p and n � 1;
b if t is an even multiple of p, t > 0, n = 0;
a otherwise.

Discussion. A correct implementation of this component
and host simulator will produce at least the output values
shown in Figure 1 as filled and unfilled dots. Hence, in a
correct implementation, two communication points can be
used at each multiple of p, one at microstep zero and one at
microstep one. A host simulator may choose to invoke the
FMU implementation at additional communication points,
but this is not required. Typically a host simulator will use
a step-size adjustment algorithm to choose communication
points.

3.5 Periodic Discrete Signal Generator
DE output signal y. Real parameters a, p.

This component outputs the constant a at integer multi-
ples of p (see Figure 2), and otherwise its output is absent.
To be piecewise continuous, the output signal should be ab-
sent for all (t, n) 2 T where n = 0 or n > 1. Specifically, for
all ⌧ = (t, n) 2 T ,

y(t, n) =

⇢
a if t = kp and n = 1, where k 2 N;
" otherwise.

Discussion. This component provides a canonical source
for a DE signal. It can be used to build regression tests to
verify, for example, that the Gain component above behaves
correctly with DE inputs. It can also be used to provide
discrete inputs to any of the test cases below that require
discrete inputs.

This component requires that there be a communication
point at all t = (kp, 1), k 2 N. Communication points at
other times are not required, but if the host simulator pro-
vides them, then this component will produce no output (its
output will be absent).

3.6 Modal Model with Discrete Control
DE input signal x. CT output signal y. Real parameters
a, b.

This component initially outputs the constant a. When
the first input event arrives, it switches to producing output
b. When the second input event arrives, it switches back to
a. Etc. Formally,

y(t, n) =

⇢
a if s(t, n) = 0
b otherwise.

(4)
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set of requirements, and not on making cosimulation more
e�cient.
Note that the current 2.0 FMI standard for cosimulation

cannot realize this component, even for CT inputs only. We
believe that there is no implementation of this component
consistent with this constraint that supports the calling se-
quences defined in page 104 of the standard document [17].
Specifically, the standard states, “there is the additional re-
striction ... that it is not allowed to call fmi2GetXXX func-
tions after fmi2SetXXX functions without an fmi2DoStep
call in between.” In addition, when fmi2DoStep is called,
the standard requires that the step size be greater than zero
(p.100: “... communicationStepSize ... must be > 0.0”).
Hence, time must advance between setting the inputs and
reading the resulting outputs.

3.3 Adder
Input signals x1 and x2. Output signal y.

For all ⌧ 2 T ,

y(⌧) =

8
>><

>>:

x1(⌧) + x2(⌧) if x1(⌧) 6= " and x2(⌧) 6= "

x1(⌧) if x1(⌧) 6= " and x2(⌧) = "

x2(⌧) if x1(⌧) = " and x2(⌧) 6= "

" otherwise
(3)

Discussion. This component illustrates that an FMU may
be presented at a communication point with some inputs
that are absent and some that are not, and that its behav-
ior may depend on which inputs are present. Of course,
a simpler Adder component would require all inputs to be
present simultaneously, or would use previous input values if
an input is not present. We can certainly design such Adder
components, and indeed a library for simulation might pre-
fer those semantics. But our goal here is to test capabilities
that may be required in hybrid cosimulation, and reacting
di↵erently to di↵erent patterns of presence of inputs most
certainly will be required.
This component imposes no constraints on the communi-

cation points, but points of discontinuity of the inputs must
be presented as communication points in order for the out-
put to reflect the ensuing discontinuity.

3.4 Periodic Piecewise Constant Signal Gen-
erator

CT output signal y. Real parameters a, b, p.
Informally, this component outputs the constant a from

time zero to p, b from time p to 2p, a from 2p to 3p, etc.,
alternating between a and b, as illustrated in Figure 1.
We require that the output be piecewise continuous. Specif-
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Figure 1: Example output from the Periodic Piece-
wise Constant component. The unfilled dots show
values that occur only at microsteps n � 1, whereas
the filled dots and lines show values at n = 0.
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Figure 2: Example output from the Periodic Dis-
crete Signal Generator. The unfilled dots are the
only non-absent values, and they occur only at mi-
crostep n = 1.

ically, for all ⌧ = (t, n) 2 T ,

y(t, n) =

8
>>><

>>>:

a if kp < t < (k + 1)p and k 2 N is even;
b if kp < t < (k + 1)p and k 2 N is odd;
b if t is an odd multiple of p and n � 1;
b if t is an even multiple of p, t > 0, n = 0;
a otherwise.

Discussion. A correct implementation of this component
and host simulator will produce at least the output values
shown in Figure 1 as filled and unfilled dots. Hence, in a
correct implementation, two communication points can be
used at each multiple of p, one at microstep zero and one at
microstep one. A host simulator may choose to invoke the
FMU implementation at additional communication points,
but this is not required. Typically a host simulator will use
a step-size adjustment algorithm to choose communication
points.

3.5 Periodic Discrete Signal Generator
DE output signal y. Real parameters a, p.
This component outputs the constant a at integer multi-

ples of p (see Figure 2), and otherwise its output is absent.
To be piecewise continuous, the output signal should be ab-
sent for all (t, n) 2 T where n = 0 or n > 1. Specifically, for
all ⌧ = (t, n) 2 T ,

y(t, n) =

⇢
a if t = kp and n = 1, where k 2 N;
" otherwise.

Discussion. This component provides a canonical source
for a DE signal. It can be used to build regression tests to
verify, for example, that the Gain component above behaves
correctly with DE inputs. It can also be used to provide
discrete inputs to any of the test cases below that require
discrete inputs.
This component requires that there be a communication

point at all t = (kp, 1), k 2 N. Communication points at
other times are not required, but if the host simulator pro-
vides them, then this component will produce no output (its
output will be absent).

3.6 Modal Model with Discrete Control
DE input signal x. CT output signal y. Real parameters
a, b.
This component initially outputs the constant a. When

the first input event arrives, it switches to producing output
b. When the second input event arrives, it switches back to
a. Etc. Formally,

y(t, n) =

⇢
a if s(t, n) = 0
b otherwise.

(4)
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set of requirements, and not on making cosimulation more
e�cient.
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believe that there is no implementation of this component
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y(⌧) =

8
>><

>>:

x1(⌧) + x2(⌧) if x1(⌧) 6= " and x2(⌧) 6= "

x1(⌧) if x1(⌧) 6= " and x2(⌧) = "

x2(⌧) if x1(⌧) = " and x2(⌧) 6= "

" otherwise
(3)
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y(t, n)

t

b

a

0 p 2p 3p

Figure 1: Example output from the Periodic Piece-
wise Constant component. The unfilled dots show
values that occur only at microsteps n � 1, whereas
the filled dots and lines show values at n = 0.

y(t, n)

t

a

0 p 2p 3p

Figure 2: Example output from the Periodic Dis-
crete Signal Generator. The unfilled dots are the
only non-absent values, and they occur only at mi-
crostep n = 1.
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8
>>><

>>>:
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⇢
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4.2 Integrating Discontinuous Signals
The following figure shows a test case that integrates a

discontinuous input.

The output is continuous, and should match the following:

y(t, n)

t

1

0
0 1 2 3

Every acceptable test result will produce at least one output
sample at the times of the discontinuities of the output of the
Periodic Piecewise Constant Signal Generator. Samples in
between these points in time are optional, and may depend
on the step-size control algorithm used by the host simulator.

Discussion. The key feature being tested here is that a
host simulator does not get confused by a signal that has
two distinct values at the same (real) time, at distinct mi-
crosteps, and that a sequence of values at a (real) time does
not a↵ect the output of an Integrator, except that the fi-
nal value at a discontinuity becomes the initial value for the
next integration interval.

4.3 Integrating Glitches
The following Figure shows a test case that verifies that
the Integrator output is una↵ected by input values whose
duration is zero.

In this test case, a constant-valued signal is modified using
an Adder so that its value at integer-valued times sequences
from 1 to 2 and back to 1, without time elapsing. These
glitches have zero width, and hence should not a↵ect the
output of the Integrator.

4.4 Zero-Delay Feedback
The following Figure shows a test model using a Zero-Crossing
Detector in a feedback loop.

The Integrator with Reset is integrating a constant 1, and
hence will produce a line with unit slope. When that line
crosses 1, the Zero-Crossing Detector is triggered. The event
it produces, which has value 0, is fed back through a Discrete
Microstep Delay to the reset input of the Integrator with
Reset. The expected output is as follows:

y(t, n)

t

1

0
0 1 2 3

Because of the approximate nature of the Zero-Crossing De-
tector (see Section 3.9), the times at which the reset occurs
and the value at which it is triggered are approximate, so a
regression test needs to specify a tolerance.

In the plot above, the filled and unfilled dots are required
samples, occurring at microsteps 0 and 2 respectively. Sam-
ples in between are optional and may depend on the step-size
control algorithm of the host simulator. Specifically, at time
t = 1, the output of the Integrator With Reset should be

y(1, 0) = a y(1, 1) = a y(1, 2) = 0

where a ⇡ 1. Notice that the reset actually occurs in mi-
crostep 2, because the event at the output of the Zero-
Crossing Detector occurs at microstep 1, and it is then de-
layed by one additional microstep. In this particular in-
stance, the Discrete Microstep Delay in the feedback loop
might not seem to be required because the input to the
Zero-Crossing Detector is continuous, and by the definition
of the Zero-Crossing Detector, it introduces a microstep de-
lay when the zero crossing occurs in a continuous region
of the input. Nevertheless, our test case includes a Dis-
crete Microstep Delay for two reasons. First, it provides a
test where microsteps explicitly go beyond 1. Second, the
Zero-Crossing Detector introduces a microstep delay only
for some inputs. So the presence of a microstep delay in the
loop is not a static property, which complicates scheduling
of the components. Specifically, the Discrete Microstep De-
lay is non-strict, meaning that its input at superdense time
⌧ need not be known to retrieve its output at ⌧ . A scheduler
can take this into account to break the apparent dependency
loop created by the feedback. The Zero-Crossing Detector,
however, is only non-strict at microstep zero (because its
output is always absent at microstep zero). Hence, without
the Discrete Microstep Delay, we would have a causality loop
at all microsteps but zero. A master algorithm would have
to ensure that at the input to the Zero-Crossing Detector,
mt = 0 for all t. In general, this is di�cult to ensure.
Discussion. A subtle point raised by this composition

is that the master algorithm needs to “know” at any time t

when all signals have reached their final microstep. Specifi-
cally, it is not su�cient to stop incrementing microsteps at
time t when all signals become absent at time t. First, CT
signals never become absent at time t, so the mere presence
of a CT signal will foil this strategy. Second, the Discrete
Microstep Delay may have an absent input, and yet, in the
next microstep, produce a non-absent output.

Our assumption is that each FMU constrains step sizes so
that prior to reaching the final microstep of its outputs, it
prevents the master algorithm from advancing time. It only
permits advances in microstep. When no component does
this, the master algorithm can assume that all signals have
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Open problem 

¢  How to represent time? 
l  This is still not solved. 
l  What we know is that floating point numbers are not 

suitable to encode simultaneity of events. 
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FMI in a Nutshell FMI in a Nutshell [Broman et al. (2013)]

Notation:

C set of FMU instances in a model
c 2 C FMU instance
Sc set of states of FMU c

Uc set of input ports of c
Yc set of output ports of c
V set of values that a port can take

API’s main functions:

initc : R�0 ! Sc initc(t) 7! s

setc : Sc ⇥ Uc ⇥ V ! Sc

setc(s, u, v) 7! s

getc : Sc ⇥ Yc ! V

getc(s, y) 7! v

doStepc : Sc ⇥ R�0 ! Sc ⇥ R�0

doStepc(s, h) 7! (s0, h0)
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What is an FMU? 

¢  It is a black-box. 
¢  It is a Mealy machine. 
¢  A standard API to interact with the black box: set 

inputs, get outputs, advance state. 
Simulink blocks
(from Simulink User’s Guide – R2013b)

A Simulink block consists of inputs, a set of states, and outputs:

u

(Input)
x

(States)
y

(Output)

Basic block methods:

I Outputs: Computes the outputs of a block given its inputs at the

current time step and its states at the previous time step.

I Update: Computes the value of the block’s discrete states at the

current time step, given its inputs at the current time step and its

discrete states at the previous time step.

I Derivatives: Computes the derivatives of the block’s continuous

states at the current time step, given the block’s inputs and the

values of the states at the previous time step.
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¢  How to execute a model with feedback? 

 
 
 
 

¢  Restriction to models with no cyclic dependencies. 
 

Dealing with feedback

Could we have used fixpoint methods (constructive semantics)
instead?

No: FMUs are black-boxes ) no way to guarantee statically (at
compile time) that model is constructive.

Stavros Tripakis – Systems, Models, and Algorithms Co-Simulation 16 / 25

Dealing with feedback

Using I/O dependency information (c.f. lecture on synchronous
systems).

FMI provides an (unfortunately optional) mechanism for an FMU
to declare I/O dependencies:
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Models with feedback 
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¢  get known outputs → set dependent inputs → repeat 
(while respecting the dependencies), until all I/O ports are 
set → update (doStep) the states of all FMUs by calling 
doSteps (we’ll see how). 

¢  FMI provides a mechanism for an FMU to declare I/O 
dependencies. 
l  This allows the determination of a total order for I/O port update. 

Dealing with feedback

Using I/O dependency information (c.f. lecture on synchronous
systems).

FMI provides an (unfortunately optional) mechanism for an FMU
to declare I/O dependencies:
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Updating the FMU States 

¢  In what order should doStepFMU1 and doStepFMU2 be 
called? 

¢  Suppose doStepFMU1 than doStepFMU2 : 
l  What if FM1 accept h but FMU2 reject it? 

¢  Suppose doStepFMU2 than doStepFMU1 : 
l  What if FM2 accept h but FMU1 reject it? 

¢  That’s why we need an efficient mechanism for roll-
back! 

Next Challenge: Updating FMU States

Consider the example:

In what order should doStepFMU1 and doStepFMU2 be called?

I Suppose: doStepFMU1(h); doStepFMU2(h);
I What if FMU1 accepts h but FMU2 rejects it?

I Suppose: doStepFMU2(h); doStepFMU1(h);
I What if FMU2 accepts h but FMU1 rejects it?

) We need rollback!
I Saving the state of an FMU, to restore it and try another

(smaller) time step h.
I Rollback available (although optional) in draft FMI 2.0.

Stavros Tripakis – Systems, Models, and Algorithms Co-Simulation 17 / 25



Fabio Cremona, UC Berkeley Ptolemy Miniconference, October 16, 2015 

A Master Algorithm for DE and CT MoC 

Figure 3: The actor abstract semantics in Ptolemy II.

3.1 FMUs as Actors
In order to embed FMUs in a Ptolemy II model, we use a spe-
cial actor called FMUImport that wraps the FMU and exports
an actor interface. This pattern is essentially the same as the
accessor described in [15]. All directors in Ptolemy II imple-
ment an actor abstract semantics (Figure 3) that divides the
execution of a model up in three distinct phases: initialization,
firing, and termination. For reasons beyond the scope of this
paper, Ptolemy II splits up initialization and the firing in two
sub-phases. The actor interface exposed by FMUImport (and
any other actor in Ptolemy II) can be summarized as follows:

• preinitialize(), executes higher order functions that
build model structure. It is invoked exactly once during
the execution of the model and is executed before any
static analysis;

• initialize(), initializes the variables for execution;
• fire(), lets the actor reads inputs, perform computa-

tion, and generate outputs;
• postfire(), updates the state of the actor;
• wrapup(), terminates the simulation.

The master algorithm from [6], illustrated by Figure 4, shows
a similar division of phases. Indeed, FMUImport establishes
a mapping between the two interfaces. The pseudo code in
Figure 5 explains how.

In FMUImport, preinitialize() is in charge of linking and in-
stantiating the FMU library. First, the method checks whether
or not the FMU is already compiled, and if needed, it com-
piles the FMU as shared library. Subsequently, it instantiates
the FMU and parses the ModelDescription XML-schema in or-
der to instantiate corresponding actor ports and parameters
accordingly. By double-clicking the icon of FMUImport the
user can customize the configuration of the FMU. If changes

Figure 4: Master algorithm derived from [6].

are made, the initialize() method will override the de-
fault values with the new user-defined values. The fire()
method performs the computation of a time step. It sets the
inputs of the FMU using fmi2SetXXX(...), then it invokes
fmi2GetXXX(...) to trigger the computation of new outputs
and retrieve them, and finally, fmi2DoStep(...) is invoked
to advance time by a given delta. Note that the FMU may
reject the suggested step size and return a smaller delta, �0.
In this case, the state of the actor will not be updated. Instead,
postfire() requests a new firing from the director with the
adjusted step size �0. This sequence continues until the end
of the simulation is reached. When the simulation terminates,
wrapup() deallocates the current instance of the FMU.

3.2 Code Generation
Building on Ptolemy II’s “cg” framework (see Section 2.3.1),
to implement C-code generation for FMI, we extend the class
ProceduralCodeGenerator to tailor it to the specifics of FMI
and load a template file that outlines the master code. The
structure of this template file corresponds to the layout of Fig-
ure 4. To provide an indication of the implementation e↵ort,
this class, FMIMACodeGenerator, only counts 272 lines of code.
The bulk of the implementation is in FMI-specific adapters for
the Director (333 lines) and TypedCompositeActor (266 lines)
— classes that constitute the basic primitives of a Ptolemy II
model. The code generator generates glue code between the
FMUs and then creates a “.c” file that makes calls to a library
based on the Qtronic’s FMU SDK library containing func-
tionality to link the FMUs and parse their model description
schema. For a model with 8 FMUs, the generated file with
the co-simulation algorithm for FMI is 623 lines long.
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FIDE – An FMI Integrated Design 
Environment 

!! Imports FMUs as 
FMU-actors with 
input and output ports. 

!! Arrange and interconnect 
FMU-actors through a 
graphical user interface. 

!! Co-simulate a composition 
of FMUs using an 
implementation of the MA. The MA is generated 
as C-code that can be compiled and executed outside 
Ptolemy II with benefits in performance and portability. 
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FIDE – An FMI Integrated Design 
Environment 

¢  Super-dense time 
l  Multiple iterations at the same time synchronization point 

¢  “absent” 
l  The FMI API has been extended to introduce 

Design Alternatives for Hybrid Cosimulation 39:21

API functions for fmi2GetXXX, fmi2SetXXX and fmi2DoStep. Additional functions such
as fmi2GetResolution and fmi2SetResolution are also proposed for the new standard
to query the FMUs for the required time resolution and also to notify the FMUs with
the time resolution to adopt in case they are flexible among the resolution to adopt and
do not specify any time resolution.

5.1. Encoding Absent and Unknown
The current version of the FMI standard, provides methods for set and get the value
of the FMU variables. Specialized methods exist for each data type supported in the
standard. Functions fmi2GetXXX and fmi2SetXXX are generic functions where XXX can
be specialized with the data type of the signal we attempt to access. The type sys-
tem for FMI-CS and FMI-ME define fmi2Integer, fmi2Real, fmi2Boolean, fmi2String,
fmi2Char and fmi2Byte. These data types are defined as aliases of C-language basic
data types such as double, long, integer, char and char* and values like absent (")
and unknown (?) are therefore not supported. The definition of an extended data type
for the whole FMI standard would be to complicated to achieve and will results in a
broken compatibility with FMI-CS and FMI-ME: functions fmi2GetXXX and fmi2SetXXX
will need to be redefined and legacy FMUs should be rewritten, causing the new FMI-
HCS hard to adopt. However, the definition of an extended data type just for FMI-HCS
to encode absent and unknown values, could be source of confusion among data types
and still will need the redefinition of the methods fmi2GetXXX and fmi2SetXXXfor FMI-
HCS. We think the current FMI type system should not be modified and instead it
should be adopted also in the FMI-HCS standard. The question at this point is, how
do we encode absent and unknown values? A first alternative, can be the introduction
of fmi2SetHybridXXX and fmi2GetHybridXXX which allow to set and get an signal to
absent and unknown.

Our suggestion to encode absent and unknown values, is to add a status field to the
fmi2GetXXX function.

typedef enum {
PRESENT,
ABSENT,
UNKNOWN,
PRESENT_THEN_ABSENT

} fmi2SignalStatus;

by using fmi2SignalStatus, we can encode additional information to the signal in the
following way:

fmi2Status fmi2GetHybridXXX (fmi2Component c, const fmi2ValueReference vr[],
int nvr, fmi2XXX value[], fmi2SignalStatus status[]);

One alternative for encoding absent and unknown for the fmi2SetXXX function is en-
coded by not calling fmi2SetXXX for this particular signal after a call to fmi2DoStep.
Internally, the FMU can keep state flags that indicate if the signal is absent or
not. Those flags are cleared in the fmi2DoStep function. The assumption therefore,
is that an input signal is by default absent and become present only if it is set to
a value with fmi2SetXXX. Another alternative, can be the introduction of the func-
tion fmi2SetHybridXXX which allows to set an input to absent. The signature of
fmi2SetHybridXXX is the follow:

fmi2Status fmiSetHybridXXX (fmi2Component c, const fmi2ValueReference vr[],
int nvr, const fmi2XXX value[], const fmi2SignalStatus status[]);
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Example 

4.2 Integrating Discontinuous Signals
The following figure shows a test case that integrates a

discontinuous input.

The output is continuous, and should match the following:

y(t, n)

t

1

0
0 1 2 3

Every acceptable test result will produce at least one output
sample at the times of the discontinuities of the output of the
Periodic Piecewise Constant Signal Generator. Samples in
between these points in time are optional, and may depend
on the step-size control algorithm used by the host simulator.

Discussion. The key feature being tested here is that a
host simulator does not get confused by a signal that has
two distinct values at the same (real) time, at distinct mi-
crosteps, and that a sequence of values at a (real) time does
not a↵ect the output of an Integrator, except that the fi-
nal value at a discontinuity becomes the initial value for the
next integration interval.

4.3 Integrating Glitches
The following Figure shows a test case that verifies that
the Integrator output is una↵ected by input values whose
duration is zero.

In this test case, a constant-valued signal is modified using
an Adder so that its value at integer-valued times sequences
from 1 to 2 and back to 1, without time elapsing. These
glitches have zero width, and hence should not a↵ect the
output of the Integrator.

4.4 Zero-Delay Feedback
The following Figure shows a test model using a Zero-Crossing
Detector in a feedback loop.

The Integrator with Reset is integrating a constant 1, and
hence will produce a line with unit slope. When that line
crosses 1, the Zero-Crossing Detector is triggered. The event
it produces, which has value 0, is fed back through a Discrete
Microstep Delay to the reset input of the Integrator with
Reset. The expected output is as follows:

y(t, n)

t

1

0
0 1 2 3

Because of the approximate nature of the Zero-Crossing De-
tector (see Section 3.9), the times at which the reset occurs
and the value at which it is triggered are approximate, so a
regression test needs to specify a tolerance.

In the plot above, the filled and unfilled dots are required
samples, occurring at microsteps 0 and 2 respectively. Sam-
ples in between are optional and may depend on the step-size
control algorithm of the host simulator. Specifically, at time
t = 1, the output of the Integrator With Reset should be

y(1, 0) = a y(1, 1) = a y(1, 2) = 0

where a ⇡ 1. Notice that the reset actually occurs in mi-
crostep 2, because the event at the output of the Zero-
Crossing Detector occurs at microstep 1, and it is then de-
layed by one additional microstep. In this particular in-
stance, the Discrete Microstep Delay in the feedback loop
might not seem to be required because the input to the
Zero-Crossing Detector is continuous, and by the definition
of the Zero-Crossing Detector, it introduces a microstep de-
lay when the zero crossing occurs in a continuous region
of the input. Nevertheless, our test case includes a Dis-
crete Microstep Delay for two reasons. First, it provides a
test where microsteps explicitly go beyond 1. Second, the
Zero-Crossing Detector introduces a microstep delay only
for some inputs. So the presence of a microstep delay in the
loop is not a static property, which complicates scheduling
of the components. Specifically, the Discrete Microstep De-
lay is non-strict, meaning that its input at superdense time
⌧ need not be known to retrieve its output at ⌧ . A scheduler
can take this into account to break the apparent dependency
loop created by the feedback. The Zero-Crossing Detector,
however, is only non-strict at microstep zero (because its
output is always absent at microstep zero). Hence, without
the Discrete Microstep Delay, we would have a causality loop
at all microsteps but zero. A master algorithm would have
to ensure that at the input to the Zero-Crossing Detector,
mt = 0 for all t. In general, this is di�cult to ensure.
Discussion. A subtle point raised by this composition

is that the master algorithm needs to “know” at any time t

when all signals have reached their final microstep. Specifi-
cally, it is not su�cient to stop incrementing microsteps at
time t when all signals become absent at time t. First, CT
signals never become absent at time t, so the mere presence
of a CT signal will foil this strategy. Second, the Discrete
Microstep Delay may have an absent input, and yet, in the
next microstep, produce a non-absent output.

Our assumption is that each FMU constrains step sizes so
that prior to reaching the final microstep of its outputs, it
prevents the master algorithm from advancing time. It only
permits advances in microstep. When no component does
this, the master algorithm can assume that all signals have
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when all signals have reached their final microstep. Specifi-
cally, it is not su�cient to stop incrementing microsteps at
time t when all signals become absent at time t. First, CT
signals never become absent at time t, so the mere presence
of a CT signal will foil this strategy. Second, the Discrete
Microstep Delay may have an absent input, and yet, in the
next microstep, produce a non-absent output.
Our assumption is that each FMU constrains step sizes so

that prior to reaching the final microstep of its outputs, it
prevents the master algorithm from advancing time. It only
permits advances in microstep. When no component does
this, the master algorithm can assume that all signals have
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Thanks! 


