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Abstract—The AMS extensions of SystemC emerged to aid
the virtual prototyping of continuous time and discrete event
heterogeneous systems. Although useful for a large set of use
cases, synchronization of both domains through a fixed timestep
generates inaccuracies that cannot be overcome without penaliz-
ing simulation speed. We propose a direct, optimistic, and causal
synchronization algorithm on top of the SystemC kernel that
explicitly handles the rich set of interactions that occur in the
domain interface. We test our algorithm with a complex nonlinear
automotive use case and show that it breaks the described accu-
racy and efficiency trade-off. Our work enlarges the applicability
range of SystemC AMS based design frameworks.

I. INTRODUCTION

The need for a practical and unified approach for the

virtual prototyping of digital systems in close interaction with

their physical environment has led to the definition of the

AMS extensions of SystemC more than a decade ago [1].

Given the complexity of the modeled systems, high-level

representations of both the discrete event (DE) and continuous

time (CT) components are required, so that simulation speed is

acceptable. To that aim, SystemC AMS introduced the Timed

Data Flow (TDF) model, that advances CT by a statically,

user-defined, simulation timestep. The user is then faced with

a dilemma: either the timestep is small, the simulation accurate

but slow, or the timestep is large, the simulation possibly

inaccurate, but fast.

Solving the CT/DE simulation problem in its generality

is very challenging. In this work, we give a small but still

useful step. We follow the observation that CT/DE interactions

are event-based. A continuous value is meaningful to the DE

domain only if it generates an event, i.e. when it reaches a

given threshold. Discrete events are meaningful to the CT

domain when they modify the equations and state of the

system. Synchronizing at the time of these events is more

efficient than doing it at a fixed timestep.

Our solution must fit within the existing SystemC frame-

work, without kernel modifications. Extensions such as Sys-

temC AMS [2] and SystemC MDVP [3] embed the model

and solver in a DE process (synchronization process) launched

from end of elaboration, a SystemC callback executed be-

fore starting simulation. We follow the same approach. From

the SystemC kernel’s perspective, the synchronization process

is a DE process and it must expose a DE interface: timely react

to input events, generate output events, and schedule its own
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reactivations. This process implements the synchronization

algorithm that is the core of this paper. As a final constraint,

given the amount of state variables that exists in a processor

based digital system, the DE part should never rollback.

The paper is organized as follows: Section II briefly reviews

the related work, Section III details our CT/DE synchroniza-

tion algorithm, Section IV presents the experiments and com-

pares with other approaches, and finally Section V concludes.

II. RELATED WORK

One major advancement in the solution of the CT/DE

simulation problem in SystemC AMS was the introduction of

the Dynamic Timed Data Flow (DTDF) paradigm that avoids

small fixed timesteps by using an event-triggered approach [2].

Although DTDF has proved helpful in many use cases, it partly

relies on the user to schedule synchronization (e.g. through

the set timestep and request next activation functions) and

it is not available for the Linear Signal Flow and Electrical

Linear Networks models of computation (MoCs) that continue

to synchronize through a static TDF layer.

Apart from SystemC AMS, other SystemC-based tools have

been proposed to target heterogeneity. SystemC MDVP eases

the hierarchical composition of different MoCs following a

master-slave relation and detects synchronization causality

issues between DE and TDF MoCs before simulation [3],

[4]. HetMoC [5] and ForSyDe SystemC [6] rely on a formal

framework to enable analyzability and synthesis of heteroge-

neous models. The work of [7] adds Synchronous Data Flow

modeling to SystemC as an attempt to support heterogeneity.

None of them implements direct CT/DE synchronization.

Some other tools and frameworks have defined and im-

plemented CT/DE synchronization. SystemC-A implements

a lockstep algorithm and supports nonlinear and distributed

systems [8], but it modifies the SystemC kernel and does not

exactly find the occurrence time of CT output events. The

work in [9] proposes a CT/DE framework for the design of

co-simulation tools and applies it to SystemC/MATLAB. The

work in [10] describes a variety of conservative algorithms for

VHDL-AMS. Ptolemy II proposes an optimistic approach and

formally defines a set of conditions to avoid causality issues

and DE kernel rollback [11].

Based on these works, we propose and implement a solution

that is optimistic and causal, avoids DE kernel rollback,

manages the instantaneous effect of input events on the CT

models, and does not modify the SystemC kernel.
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Fig. 1. Graphical representation of the CT/DE synchronization algorithm.

III. CT/DE SYNCHRONIZATION ALGORITHM

We describe the algorithm in a top-down approach.

A. Top view

Alg. 1 constitutes the top view. By being registered as a

process, it is activated several times under control of the DE

kernel whose time (tDE) constitutes the global simulation time.

At each activation, it executes optimistically: solutions cover

the interval Iv that goes from the current time (tCTo
= tDE)

to some time in the future (tCTf
). The process suspends until

tCTf
, time at which a new interval will begin.

Alg. 1 SYNCHRONIZATION-ALGORITHM

1: while true do
2: HANDLE-REACTIVATION()

3: CALCULATE-SOLUTIONS()

4: SCHEDULE-REACTIVATION()

5: end while

Fig. 1 pictures the SYNCHRONIZATION-ALGORITHM.

Columns represent its three phases. HANDLE-REACTIVATION

creates checkpoints of solutions and generates outputs from

the CT to the DE domain. CALCULATE-SOLUTIONS evolves

the CT state over an interval Iv. SCHEDULE-REACTIVATION

schedules the next reactivation and then suspends the process.

Each phase handles different cases represented by rows. Inside

rows, we find the timeline of the DE kernel at the top and that

of the synchronization process at the bottom. Circles on the

DE timeline are events. Squares on the CT timeline are CT

solutions.

B. HANDLE-REACTIVATION Phase

The process can be reactivated because of the initialization

subphase of simulation, a reactivation scheduled by itself

or the notification of an input event. Reactivations can be

scheduled either in the future or at the next delta cycle.

Input events can be notified at the start, in the middle or

at the end of the last integration interval; since they are

able to instantaneously modify the CT model, the process

must react to them at their exact notification time. HANDLE-

REACTIVATION deals with 6 cases (Fig. 1):

1) First activation: after initialization, the process has not

calculated solutions yet, but it generates outputs and creates a

checkpoint based on the system initial condition.

2) Self-reactivation with solutions in the future: during the

previous execution, the process calculated solutions over the

interval Iv = (tCTo
, tCTf

] and scheduled a reactivation at tCTf
.

It reactivates at tDE = tCTf
and solutions are valid from start

to end of Iv; it generates outputs and creates a checkpoint.

3) Self-reactivation with solutions in the present: reacti-

vation occurs in a delta cycle (tCTo
= tDE = tCTf

�= 0).

Although there was already a valid solution at tCTo
, the

process has calculated another solution at tCTo that is also

valid (see Sec. III-C); it generates outputs and creates a

checkpoint on the new solution.

4) Reactivation by an input at the start of Iv: the process

activated at tCTo
, calculated solutions over the interval Iv =

(tCTo
, tCTf

], and scheduled a reactivation at tCTf
; but an input

event activates the process for the second time at tCTo =
tDE < tCTf

(delta cycle). Input events invalidate solutions —

checkpoint restoration at tCTo
. Outputs at tCTo

were already
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generated in the previous activation where the checkpoint on

tCTo was created, so they are not generated again.

5) Reactivation by an input in the middle of Iv: reactivation

occurs at some tDE such that tCTo
< tDE < tCTf

and

solutions are invalid from tDE forward. The process restores

the checkpoint at tCTo
, recalculates solutions from tCTo

to

tDE based on the previous inputs (CATCH-UP), generates

outputs, and creates a checkpoint at tDE. Solutions from tDE
forward will be based on the new inputs. A checkpoint of

the immediately previous inputs is needed when catching up.

CATCH-UP (Alg. 3) avoids the process to be left behind tDE,

which would violate causality.

6) Reactivation by an input at the end of Iv: reactivation

occurs at tDE = tCTf
; solutions are valid from start to end of

the interval. As new inputs affect only the integration interval

that begins, the situation is handled exactly as in case 2.

Alg. 2 and 3 condense the previous discussion. X is the CT

state, Xcp is a checkpoint on X , I is the set of inputs, and Icp
is a checkpoint on the previous inputs. GENERATE-OUTPUTS

is a function specific to the CT model that maps the state,

inputs and global simulation time to the set of outputs.

Alg. 2 HANDLE-REACTIVATION

// Case 4

1: if tCTo
= tDE < tCTf

then
2: X ← Xcp // Restore state

3: tCTf
← tCTo = tDE // Restore interval limits

4: else // Cases 1, 2, 3, 5 and 6

// Case 5

5: if tCTo
< tDE < tCTf

then
6: X ← Xcp // Restore state

7: tCTf
← tCTo // Restore interval limits

8: CATCH-UP()

9: end if
// Cases 1, 2, 3, 5 and 6

10: GENERATE-OUTPUTS(X, Icp)

11: Xcp ← X // Create state checkpoint

12: Icp ← I // Create input checkpoint

13: end if

Alg. 3 CATCH-UP

1: tCTf
← tDE // Advance tCTf

2: INTEGRATE(tCTo , tCTf
, X, Icp) // Evolve the state

C. CALCULATE-SOLUTIONS Phase

The CT state evolves in two ways: continuously over an

interval or discontinuously through a finite number of delta

cycles. It is of interest to inform the DE domain when the state

meets any user-defined condition (state event). Similar to other

events, state events can trigger the execution of processes,

which is why it is essential to notify them at their exact time.

One subtlety is that the state event conditions may depend not

only on the state, but also on the inputs from the DE domain.

An input event that modifies the state event conditions may

produce one or more of them to be met instantaneously without

the state even changing. In this case, we say that the state event

has been triggered by an input event.

CALCULATE-SOLUTIONS evolves the state continuously

and discontinuously, and detects state events triggered by the

evolution of the state and by input events:

1) Continuous evolution without state events: the synchro-

nization process invokes a CT solver to calculate solutions over

the interval Iv = (tCTo , tCTf
] and schedules a reactivation at

the end of the interval.

2) Continuous evolution with state events: the process

locates state events while calculating solutions over an interval

(tCTo
, tCTf

]. This interval is divided in integration steps by the

CT solver. It suffices to test the state event detection conditions

at each integration step (INTEGRATE); once detected, a root

finding method locates the time of occurrence (tse). The

process sets tCTf
← tse and schedules a reactivation.

3) Discontinuous evolution: assume the following precon-

ditions: there are available solutions at tCTf
, the global time

tDE has advanced to tCTf
, and there is an input event at tCTf

.

Let us denote the state of the CT system at tCTf
as X .

Discontinuous evolution refers to a discontinuous change from

X to some other state X ′ produced by an input event. The

dilemma is that both X and X ′ are valid states for the same

time instant.X results from the system evolution up until tCTf
.

X ′ results from the execution of an input event.

The process executes all discontinuous updates (EXECUTE-

UPDATES) before calculating new solutions. If there is at least

one update, it sets tCTf
to tCTo

= tDE in order to generate

outputs at the next delta cycle. There can be multiple finite

discontinuous updates at a particular time.

4) State events triggered by input events: assume the

same preconditions of the previous case. An input event

may produce X to instantly meet the state event conditions.

CALCULATE-SOLUTIONS tests for events immediately after

EXECUTE-UPDATES. If it detects at least one, it skips inte-

gration and sets tCTf
to tCTo = tDE to output the event.

Alg. 4 provides the pseudocode. EXECUTE-UPDATES and

IS-EVENT are specific to the CT model. EXECUTE-UPDATES

produces discontinuous updates to the state triggered by input

events; it returns true if there is at least one update and

false otherwise. IS-EVENT returns true if the given state and

inputs meet at least one of the state event conditions and false

otherwise. X is mutable in EXECUTE-UPDATES.

INTEGRATE finds the solutions from tCTo
to tCTf

and

assigns them to X . It tests IS-EVENT after each integration

step and returns whether or not the event is detected and

the time values that enclose it. It should implement a CT

solver appropriate to the equations and error requirements of

the application. LOCATE implements a root finding algorithm;

it returns the time of occurrence of a state event and the

related state given an interval enclosing it, the state, and

the inputs. It has access to IS-EVENT. X is mutable in

both functions. Reference [12] describes methods for solving

differential equations and finding roots and the odeint Boost

library [13] implements a set of them in C++.
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Alg. 4 CALCULATE-SOLUTIONS

1: tCTo
← tCTf

= tDE // Integration interval start time

2: tCTf
← tCTf

+Δt // Tentative end time

// Case 3 Discontinous evolution

3: is update← EXECUTE-UPDATES(X, I)

// Case 4 State event triggered by input events

4: is s event by input← IS-EVENT(X, I)

// Cases 3 and 4

5: if is update or is s event by input then
6: tCTf

← tCTo // Interval of length 0. Delta cycle.

7: else // Cases 1 and 2. Integration.

8: (event detected, tmin, tmax) ←
INTEGRATE(tCTo

, tCTf
, X, I)

// Case 2 Continuous evolution with state events.

9: if event detected then
10: tse ← LOCATE(tmin, tmax, X, I)

11: tCTf
← tse // Interval ends at event time

12: end if
13: end if

Alg. 5 SCHEDULE-REACTIVATION

1: WAIT((tCTf
− tDE) or input events list)

D. SCHEDULE-REACTIVATION Phase

The SystemC wait function suspends a process until a given

time has elapsed or one or more events of a list occur (Alg. 4).

In our case, the elapse time is the difference between tCTf
and

the global simulation time tDE; tCTf
− tDE > 0 schedules a

reactivation in the future (case 1) and tCTf
−tDE = 0 produces

a delta cycle (case 2). The list of events (input events list)
is created by traversing the input ports while invoking their

value changed event method to get a reference to the event;

ports are traversed just once before launching the process.

E. Wrap-up

HANDLE-REACTIVATION, CALCULATE-SOLUTIONS and

SCHEDULE-REACTIVATION execute in loop. At the end of

SCHEDULE-REACTIVATION, the process will reactivate either

with solutions in the future or with one solution in the

present. Solutions in the future lead to cases 2, 4, 5 and

6 of HANDLE-REACTIVATION. One solution in the present

invariably leads to case 3. No matter the case, HANDLE-

REACTIVATION ensures that tCTf
equals tDE at the end,

just before invoking CALCULATE-SOLUTIONS. This phase, in

turn, ends up advancing tCTf
further in the future or not, which

determines the two cases of SCHEDULE-REACTIVATION.

IV. CASE STUDY: AUTOMATIC TRANSMISSION CONTROL

OF A VEHICLE’S LONGITUDINAL DYNAMICS

We model the continuous time longitudinal dynamics of

a vehicle and its discrete events transmission control unit

(Fig. 2). The CT Vehicle Model is embedded in a SystemC

module and it interacts with the DE Transmission Control Unit

module through the SYNCHRONIZATION-ALGORITHM.

A. CT Vehicle Model

The longitudinal dynamics of a vehicle is represented by the

equations in Fig. 2 that account for the angular acceleration of

the engine Eq. (1), the vehicle speed Eq. (2), and the pressure

of the braking system Eq. (3) [14]. The model contains the

IS-EVENT function that returns true when the speed crosses

a given pair of thresholds (See IV-B) and the GENERATE-

OUTPUTS function that maps the speed value and gear input

to an output speed threshold sg signal indicating the speed

position (up or down) w.r.t. the pair of thresholds.

B. DE Transmission Control Unit Model

The transmission control unit selects a gear position based

on the speed to transmit an appropriate amount of power from

the engine to the wheels. It has 4 gear positions (State machine

1 in Fig. 2). Each gear imposes an up and down threshold to

the speed and any violation to them results in a gear upshift

or downshift, respectively. To filter out false positives, the unit

waits for the speed to remain at least 0.08 s above (or below)

the threshold before shifting (State machine 2 in Fig. 2) [15].

The gear sg and speed threshold sg signals link the CT

and DE models. For each gear position in the control unit, a

particular value of the gear ratio Rtr is used in Eq. (2). The

speed threshold sg signal controls state machine 2.

C. Interactions between the continuous time and discrete

events subsystems

Fig. 3 shows the speed response to a constant throttle. At

time 0, the transmission control unit is in 1st gear and the speed

begins to increase. When it reaches the up threshold, the event

is communicated to the control unit to shift to 2nd gear. With

a smaller gear ratio, less power goes from the engine to the

wheels and the vehicle accelerates more slowly. The 2nd to

3rd upshift occurs when the speed reaches the 2nd gear’s up

threshold. So on and so forth. To gain better insight, let us

describe the interactions in the frontier where the gear shifts

from 1st to 2nd in five parts (Fig. 4):

1) Before the threshold crossing at time 2.607 s: the control

unit is in steady state at 1st gear. While the process calculates

solutions, it detects the up threshold crossing and locates it

at time 2.607 s (CALCULATE-SOLUTIONS, case 2). It sched-

ules a reactivation at this time and suspends (SCHEDULE-

REACTIVATION, case 1). The kernel advances time to 2.607 s.

2) During the threshold crossing at time 2.607 s: the

process reactivates and outputs the state event (HANDLE-

REACTIVATION, case 2). Since we use a fixed Δt = 1 s,
it calculates tentative solutions over Iv = (2.607 s, 3.607 s]
(CALCULATE-SOLUTIONS, case 1). It then schedules a reac-

tivation at 3.607 s and suspends (SCHEDULE-REACTIVATION,

case 1). The DE kernel informs the event to the control unit

which activates at the next delta cycle, goes from steady to

upshifting state, programs a 0.08 s timeout and suspends.

3) Between the threshold crossing and the first gear shift at

time 2.687 s: the DE kernel advances time to the next event

at 2.687 s, the 0.08 s timeout.
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Fig. 2. CT/DE vehicle model.

Fig. 3. Vehicle speed dynamics and gear shifts for a constant throttle input.

Fig. 4. Detailed CT/DE interactions at the shift frontier from 1st to 2nd gear.

4) During the gear shift at time 2.687 s: the timeout

reactivates the control unit, which shifts from 1st to 2nd and

suspends. The shift reactivates the synchronization process

at the next delta cycle: it identifies an activation in the

middle of the last integration interval (tDE = 2.687 s ∈
Iv = (2.607 s, 3.607 s]), restores the checkpoint at 2.607 s,
catches up to 2.687 s, and generates outputs (HANDLE-

REACTIVATION, case 5). Then, it tries to calculate tentative

solutions, but it cannot because the gear is accompanied by

new up and down thresholds; the speed is no longer above

the up threshold but below, which is a state event triggered

by an input change (CALCULATE-SOLUTIONS, case 4). It

schedules a reactivation at the next delta cycle and suspends

(SCHEDULE-REACTIVATION, case 2). At reactivation, it out-

puts the event (HANDLE-REACTIVATION, case 3), calculates

tentative solutions (CALCULATE-SOLUTIONS, case 1), sched-

ules a reactivation and suspends (SCHEDULE-REACTIVATION,

case 1). The DE kernel updates the speed threshold sg signal

and informs the event to the control unit.

5) After the gear shift at time 2.687 s: the synchronization

process continues to calculate solutions until finding the next

threshold crossing, in a similar fashion to step 1.

D. Implementation of the CT vehicle model as a TDF module

TDF modules define time domain processing (processing
method) [2] and they can be used to discretize CT dy-

namics. We implement the exact same nonlinear CT sys-

tem inside one of such modules to compare the Sys-

temC AMS Proof-of-Concept [16] TDF synchronization to

ours. The UML class diagram of Fig. 5 describes this

model. To focus on the essentials, we omit most of the

methods of sca tdf::sca module, attributes of VehicleEqua-
tions, and definitions of EngineTorqueCalculator, Torque-
ConstantsCalculator, and ThresholdsCalculator.

VehicleTDF, VehicleEquations, and OdeSolver are the

three main classes. VehicleTDF contains a CT model (eqs),

a CT solver, and implements processing to generate out-

puts and evolve the state. VehicleEquations encapsulates the

parameters and the CT state (data type State); it implements

the state event condition get th crossing, the get derivatives
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Fig. 5. Partial UML class diagram for the vehicle’s CT TDF model.

TABLE I
ACCURACY AND EFFICIENCY IN THE VEHICLE MODEL SIMULATION.

Model MATLAB
TDF

0.01 s
TDF
1 s

SYNC.
ALGORITHM

Wall-clock time (s) 7.7 0.43 0.033 0.030
Speed-up factor 1 18 230 260

Distance traveled (m) 640 640 700 640
Error in the distance
w.r.t. MATLAB (%) 0 0 9.4 0

function, and a pointer to such a function (derivatives f ptr).

OdeSolver implements the integrate method that takes in a

pointer to the derivatives function, the state, and the start and

end time of the interval; and outputs the state at the end time.

Integration is implemented by the odeint Boost library [13].

At each timestep, the processing function generates outputs

and calculates the state. It updates the speed and threshold

crossings output ports. It invokes the integrate method of the

solver object for an interval starts at the current SystemC

time and ends at the current time plus the module’s timestep.

E. Discussion on the synchronization strategies

We take the distance traveled by the vehicle —integral of the

speed, area under the curve— as a metric of accuracy and the

simulation wall-clock time as a metric of efficiency (Tab. I).

The reference is the MATLAB model. The TDF model with

a timestep of 0.01 s executes 18 times faster than MATLAB

and provides accurate results. The TDF model with a timestep

of 1 s executes 230 times faster but its results have 9.4%

error. The model synchronized by the SYNCHRONIZATION-

ALGORITHM executes 260 times faster without error.

TDF restricts event notifications to a fixed timestep, inde-

pendently of their exact time of occurrence; since notifications

are not accurate, neither are simulation results. Small timesteps

produce more context changes between the TDF process and

the DE kernel; they are many and their cost accumulates.

Our SYNCHRONIZATION-ALGORITHM avoids inaccuracies by

reacting to input events and exactly locating output events. It

increases execution speed by synchronizing only when needed.

I.e, it breaks the accuracy and efficiency trade-off.

V. CONCLUSION AND FUTURE WORK

Our synchronization algorithm enables accurate and ef-

ficient CT/DE simulation in SystemC, advantages that we

demonstrate by means of a complex automotive case study.

It constitutes the basis of a generic CT/DE synchronization

strategy for SystemC AMS. As such, we need to fit it in

along the SystemC AMS ecosystem and to design an interface

to seamlessly plug in CT MoCs and solvers. This would

enlarge the applicability range of SystemC AMS for virtual

prototyping of heterogeneous systems.
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