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The Synchronous Data Flow (SDF) model is widely used for specifying signal processing or streaming
applications. Since modern embedded applications become more complex with dynamic behavior changes at
runtime, several extensions of the SDF model have been proposed to specify the dynamic behavior changes
while preserving static analyzability of the SDF model. They assume that an application has a finite number
of behaviors (or modes), and each behavior (mode) is represented by an SDF graph. They are classified as
multi-mode dataflow models in this article. While there exist several scheduling techniques for multi-mode
dataflow models, no one allows task migration between modes. By observing that the resource requirement
can be additionally reduced if task migration is allowed, we propose a multiprocessor scheduling technique
of a multi-mode dataflow graph considering task migration between modes. Based on a genetic algorithm,
the proposed technique schedules all SDF graphs in all modes simultaneously to minimize the resource
requirement. To satisfy the throughput constraint, the proposed technique calculates the actual throughput
requirement of each mode and the output buffer size for tolerating throughput jitter. We compare the proposed
technique with a method that analyzes SDF graphs in each execution mode separately, a method that does
not allow task migration, and a method that does not allow mode-overlapped schedule for synthetic examples
and five real applications: H.264 decoder, lane detection, vocoder, MP3 decoder, and printer pipeline.
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1. INTRODUCTION

Model-based design methodology is widely accepted for embedded system design since
it enables us to cope with ever-increasing system complexity by maximizing the benefit
of abstraction. As an algorithm specification model, this article adopts a coarse-grain
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dataflow model that is suitable for specifying signal processing or streaming applica-
tions. In a dataflow graph, a node presents a function module and an arc represents
the flow of data samples (or tokens) through the First-In, First-Out (FIFO) channel
between two end nodes. When a node is invoked, it consumes a specified number of
data samples (called sample rate) from each input arc and produces a specified number
of samples to each output arc. A node becomes executable when all input arcs have as
many data samples as the specified sample rates. If the sample rate is a fixed integer
number which does not change at runtime, then the dataflow graph is called a syn-
chronous dataflow (SDF) graph [Lee and Messerschmitt 1987]. An SDF graph is called
consistent when there exists a schedule of node executions that does not change the
number of samples on all FIFO channels. Such a schedule that consists of the minimum
number of node executions is called an iteration of the SDF graph.

For a given multiprocessor system, we need to determine the mapping of nodes
to the processors and the execution order of mapped nodes on each processor. The
static sample rate in the SDF model allows us to make the mapping and scheduling
decision statically. From the static mapping and scheduling result for an SDF graph
on a multiprocessor, we can estimate the performance and the resource requirement,
which is very desirable for the design of embedded systems with tight real-time and
resource constraints. If the implemented system follows the pre-determined mapping
and execution order of nodes at runtime, then the system can be claimed to be “correct
by construction.”

But the SDF model has a severe restriction to be used for modern embedded ap-
plications. It cannot express the dynamic behavior of an application, while modern
embedded applications become more complex with dynamic behavior changes at run-
time. For example, advanced video CODEC algorithms have several function modules
that are conditionally invoked depending on the contents of the input frame. In ad-
dition, an application may have multiple implementations of the same algorithm to
support various levels of quality of service.

To express such dynamic behavior of an application in the SDF model with keeping
the static analysis capability, several extensions have been proposed to the SDF model,
including Finite State Machine (FSM)-based scenario-aware dataflow (FSM-SADF)
[Stuijk et al. 2011], parameterized SDF (PSDF) [Bhattacharya and Bhattacharyya
2001], Mode Transition Machine (MTM) SADF [Jung et al. 2014], mode-controlled
dataflow (MCDF) [Moreira 2012], mode-aware dataflow (MADF) [Zhai 2015], and so
on [Girault et al. 1999; Wiggers et al. 2008]. They all assume that an application has
a finite number of behaviors (or modes) and each behavior (mode) can be represented
by an SDF graph. We denote those Models of Computation (MoCs) as multi-mode
dataflow (MMDF) graphs in this article and define a representative MMDF model
that can be implemented by any specific extension.

In this article, we are interested in the multiprocessor scheduling of an MMDF graph
that specifies a streaming application with a throughput constraint. In an MMDF
graph, we assume that the mode transition is made at the iteration boundary while
the mode switching decision can be made any time during the execution. In each mode,
the associated SDF graph is scheduled statically to satisfy the throughput constraint.
If the static schedule is followed at runtime, then output samples will be produced pe-
riodically. When mode switching occurs, however, we may have to pay extra overhead
of mode transition, called mode transition delay, which affects the throughput perfor-
mance of the application. Thus we propose an analytical formula to compute the mode
transition delay and investigate how the mode transition delay affects the throughput
performance when the schedule of each mode is given.

While there exist several techniques [Moreira 2012; Zhai 2015] to schedule an MMDF
graph with considering the mode transition delay, they assume that each task is
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mapped to the same processor throughout all modes. On the other hand, we propose
a scheduling technique that does not have such an assumption, observing that the
number of required processors can be reduced if a task can be mapped onto different
processors among modes. Suppose that a task is mapped onto different processors be-
tween two modes. Then, we have to pay extra overhead to migrate the tasks, called
task migration delay, which should be included in the computation of mode transition
delay.

In summary, we propose a multiprocessor scheduling technique of an MMDF graph
considering the mode transition delay conservatively. Our scheduling objective is to
minimize the number of processors, while satisfying the throughput constraint. Exper-
iment results show that the proposed scheduling approach provides better solutions
than three existing approaches; the first approach is to determine the mapping and
the scheduling of task graphs for each mode independently incurring excessive task
migration between modes, the second is to disallow different mapping of tasks among
modes, and the third is to make the mode transition in the blocking fashion meaning
that the next mode starts its execution after the current mode finishes its execution in
all processors.

The rest of this article is organized as follows. The next section gives a motivational
example to clarify the problem addressed in this article and introduces the key idea
of the proposed technique. Section 3 reviews the related work. The problem addressed
in this article will be defined and formulated in Section 4. In Sections 5 and 6, the
throughput requirement analysis technique and the proposed scheduling technique
considering the mode transition delay are explained in detail, respectively. In Section 7,
we discuss our experimental results and draw conclusions in Section 8.

2. MOTIVATIONAL EXAMPLE
2.1. Throughput Requirement Calculation Considering Mode Transition Delay

In a streaming application that requires the periodic output stream production, an
output buffer is usually used as depicted in Figure 1(a). The display update frequency
becomes the throughput constraint of the application. If the execution time of an ap-
plication varies dynamically, then the time interval between output samples will vary
even though the average throughput satisfies the throughput constraint. The output
buffer is used to tolerate such variation to produce the periodic output stream to the
display. The size of output buffer depends on the amount of variation.

Suppose that a streaming application has multiple modes of operation and each
mode is specified by an SDF graph. For each mode of operation, we can find a static
schedule of the associated SDF graph that satisfies the throughput requirement. If
the static scheduling is followed at runtime, then the output samples will be produced
periodically without variation of output intervals at each mode. When mode change
occurs, however, the interval between two output samples may vary due to additional
time delay during mode transition. Then the overall throughput may become smaller
than the throughput constraint even if the throughput of each mode is no less than the
throughput constraint, as illustrated in Figure 1(b).

Figure 1(b) shows two different schedules of an MMDF graph that consists of two
different modes of operation. The arrows on an upper line represent the times when
the system dequeues data from the output buffer periodically with the same rate as
the throughput constraint. The arrows on a lower line tell when an MMDF application
enqueues data to the output buffer. A number annotated on an arrow, Buf:x, denotes
the number of data items in the output buffer after the access is completed. If the
number becomes negative, then it means that buffer underflow occurs.
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Fig. 1. Motivational example of throughput requirement calculation considering the mode transition delay.

In the case of schedule 1 in Figure 1(b), even though the schedule of each mode
satisfies the throughput constraints, the throughput constraint is eventually violated
since the mode transition delay is accumulated. To avoid this problem, we need to set
the throughput constraint of each mode higher than that of the application as schedule
2 illustrates in the figure; it keeps the throughput constraint because it fills the output
buffer faster than the throughput constraint. Therefore, we need to calculate the actual
throughput requirement for each mode considering the mode transition delay in order
to not violate the given constraint. Details will be discussed in Section 5.

2.2. Task Migration between Mode Transition

Figure 2(a) shows an MMDF graph example that consists of two modes: M1 and M2.
We assume that the throughput constraint of the MMDF graph is given as 1/35. Each
execution mode of an MMDF graph is represented with an SDF graph. The execution
time and sample rates of each node may vary depending on the execution mode. In mode
M1, the execution times of nodes A, B, C, and D are 17, 13, 14, and 16, respectively,
and, in mode M2, they are 12, 10, 8, and 10. The output sample rates of nodes B and C
are unity in mode M1 while they are 3 in mode M2. Refer to Section 4 for the formal
description of the MMDF model assumed in this article. Also, in this section, we only
consider the task migration overhead as the mode transition delay to simply show the
effect of task migration during mode transition.
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Fig. 2. Motivational example of task migration.

A naive approach to schedule an MMDF graph is to schedule an SDF graph in each
mode independently with multiple objectives of resource minimization and throughput
maximization. For example, for the given throughput constraint, we find an optimal
mapping/scheduling result in each execution mode as shown in Figure 2(b). Since it does
not consider mapping results in the other modes, a node may be mapped onto different
processors between modes. Therefore, the mapping result requires task migration when
the mode changes. In Figure 2(b), nodes B, C, and D will be migrated to other processors
when the mode transition occurs.

Another approach to schedule an MMDF graph is to consider all modes simultane-
ously disallowing task migration [Stuijk et al. 2010; Moreira 2012]. Since the map-
ping is constrained in these approaches, the scheduling results generally require more
processors than those that allow task migration. For instance, three processors are
required to meet the given throughput constraint for the mapping/scheduling result
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Table |. Comparison of Various MoCs Supporting Dynamic Behavior Specification

MoC Multiprocessor scheduling Mode transition delay Task migration
FSM-SADF Static mapping/scheduling System reconfiguration Not allowed
overhead
MTM-SADF Hybrid mapping Run-time overhead of the RTM Allowed
(static/dynamic)
PSDF Not supported Not considered Not allowed
MCDF Static mapping/scheduling Time interval between modes Not allowed
VPDF Not supported Not consider Not allowed
MADF Real-time scheduling Time interval between modes Not allowed
(fixed mapping)
BPDF Not supported Not considered Not allowed
HDF Not supported Not considered Not allowed
Proposed Static mapping/scheduling Time interval considering task Allowed
migration

without task migration as shown in Figure 2(c), while two processors are enough for
the scheduling result with task migration in Figure 2(b). Since the objective of this
article is to minimize the resource requirement under a given throughput constraint,
the proposed approach allows task migration. Their approach is used as a reference
technique for comparison with the proposed technique in experiments.

Consider the former approach that allows task migration in Figure 2(b). If the mode
transition occurs frequently and the task migration overhead is non-negligible, then
the given throughput constraint may not be satisfied. For instance, assume that the
mode transition occurs every five iterations and the task migration overhead of each
nodeis 10. In Figure 2(b), for every five iterations, a migration delay of 30 is additionally
required because nodes B, C, and D should be migrated for mode transition. Then, the
output buffer will be eventually empty, because the average throughput performance
of the MMDF graph becomes lower than the throughput constraint.

Therefore, in this article, we propose another approach that schedules the SDF
graphs of all modes simultaneously, allowing task migration among execution modes.
Figure 2(d) shows a mapping and scheduling result produced by the proposed technique.
It requires two processors and only 10 additional time units for task migration, which
may satisfy the throughput requirement with proper output buffering. Throughput
analysis considering task migration overhead will be discussed in Section 5.

3. RELATED WORK

There exist several extensions of the synchronous dataflow model that have been pro-
posed to express the dynamic behavior of an application. Table I summarizes well-
known dataflow-based extensions supporting dynamic behavior specification, com-
pared with the proposed technique.

One of the most representative multi-mode dataflow models is the FSM-based SADF
model [Stuijk et al. 2008] or FSM-SADF. In the FSM-SADF model, an application
consists of multiple scenarios (modes) and each scenario is specified by an SDF graph.
To specify multiple scenarios and their transitions, it defines a special control task
called detector that has an FSM inside. The detector task sends the control information
to the normal computation tasks that may change its behavior. For the FSM-SADF
model, several techniques to statically analyze the timing behavior such as worst-case
latency and throughput [Geilen and Stuijk 2010] have been proposed. Also, a binding-
aware scenario graph [Stuijk et al. 2010] has been proposed to take into account the
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resource constraint. And, in Damavandpeyma et al. [2013], it considers reconfiguration
overhead for Dynamic Voltage Frequency Scaling (DVFS) as the mode transition delay.
However, it only considers the worst-case performance analysis of the FSM-SADF
graph for the given task mapping and requires inherently exponential time complexity
for exact analysis. The authors of Stuijk et al. [2010] proposed a design flow that finds
Pareto solutions among resource requirements under a given throughput constraint.
But it does not allow task migration between different modes, and it constructs a static
schedule for each mode independently.

As a similar model to the FSM-SADF, an MTM-SADF [Jung et al. 2014] has been
proposed to specify application-level dynamism based on an SDF. Instead of an FSM,
it uses a MTM, which is a simplified form of the FSM, to represent the mode transi-
tion. It proposes a hybrid task mapping technique with minimizing the overall energy
consumption under the throughput constraints. Even though it allows task migration
and considers task migration cost to evaluate the energy consumption of the runtime
manager, it analyzes each SDF graph independently and does not consider how the
mode transition delay has an effect on the throughput performance of an application.

PSDF [Bhattacharya and Bhattacharyya 2001] proposes a meta-modeling technique
for runtime adaptation of parameters in a structured way. In the PSDF model, the
dynamic behavior of a task is modeled by parameters, and the task behavior can
change at the iteration boundary at runtime. Since the PSDF becomes an SDF graph
at each iteration, the PSDF can be regarded as a multi-mode dataflow graph that
may change modes every iteration. To the best of our knowledge, however, there is no
research published for multiprocessor scheduling of the PSDF model.

Mode-Controlled Data Flow (MCDF) [Moreira 2012] is another extended model that
can express the data-dependent functional behavior. The authors proposes temporal
analysis techniques for a given sequence of mode changes. In addition, they propose a
quasi-static multiprocessor scheduling technique under the given constraints. Based
on static scheduling information of each mode, they model the mode transition interval,
which denotes a time interval between two consecutive schedules. While the modeling
method is similar to our proposed technique, it does not allow task migration between
modes. Thus the mode transition delay in their work does not take into account the
task migration delay.

Variable-Rate Data Flow (VRDF) [Wiggers et al. 2008] is proposed to allow variable
port rates within a specified range, and Variable-Rate Phase Data Flow (VPDF)
[Wiggers et al. 2011] is proposed to combine characteristics of VRDF and CSDF where
each actor has a sequence of phases, and, for every phase, the number of firings can be
parameterized. For these MoCs, buffer size analysis technique is proposed to satisfy the
given timing and resource constraints, but it does not consider the scheduling problem.

Mode-Aware Data Flow (MADF) [Zhai 2015] has been proposed to support hard
real-time scheduling for a multi-mode Cyclo-Static Data Flow CSDF) model [Bilsen
et al. 1995]. It combines the advantages of SADF and VPDF to specify application-
level dynamism. Also, it proposes a Maximum-Overlap Offset (MOO) mode transition
protocol to derive an efficient analysis for hard real-time scheduling of an MADF graph,
allowing overlapped execution between modes, similarly to the proposed technique of
Moreira [2012]. With this mode transition protocol, the temporal behavior of individual
modes and during mode transitions can be analyzed independently. But it assumes
that the mapping of tasks is given and fixed and does not allow task migration between
modes.

Boolean Parametric Data Flow (BPDF) [Bebelis et al. 2013] supports change of port
rates and graph topology at runtime using integer and Boolean parameters. In the
BPDF model, integer parameters are used to change port rates at each iteration, and
Boolean parameters are used for activation and deactivation of edges to change graph
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Fig. 3. An MMDF graph example.

topology. It constructs a parallel As Soon As Possible (ASAP) scheduling on a many-
core platform in compile time. But it assumes that each task is mapped onto a separate
processing element of the many-core.

Heterogeneous Data Flow (HDF) (or *-chart) [Girault et al. 1999] supports multi-
mode applications through an FSM that executes an iteration of an SDF graph in
each state. So an application is specified with a set of different SDF graphs combined
with an FSM. To the best of our knowledge, there is no research result published for
multiprocessor scheduling of the HDF model.

While various analysis and scheduling techniques have been proposed for those
MoCs, no one considers task migration between modes in the application level. Jung
et al. [2014] only supports task migration for the system-level task remapping due to
workload variation or processor failures at runtime. In Lee et al. [2013], task migration
is considered in the failure-aware task scheduling technique where an SDF graph is
scheduled multiple times with different number of processors allocated, aiming to
maximize the throughput with the allocated number of processors. When a processor
fails in the middle of execution, it changes the schedule that uses the reduced number of
processors by one. Then task migration occurs between two different schedules before
and after processor failure. They try to minimize the migration cost between two SDF
schedules. This method is similar to the base method that will be used for comparison
in this article: schedule each mode separately and find the best processor-to-processor
mapping (or processor renaming) in order to minimize the migration cost.

In summary, to the best of our knowledge, this article is the first work that proposes
a multiprocessor scheduling technique of an MMDF graph allowing task migration
between modes and analyzes the throughput requirement considering the mode tran-
sition delay.

4. PROBLEM DEFINITION

The MMDF model assumed in this article is not a specific model but a generic model
encompassing existing similar models such as FSM-SADF [Stuijk et al. 2008] and
MTM-SADF [Jung et al. 2014]. In those models, mode transition is specified by an
FSM and all modes are integrated into a single graph with varying configuration
parameters. Figure 3 shows an MMDF graph example. We first define the MMDF
model and the problem formally.

Application model: An MMDF graph is specified by a combination of a task graph
and a mode transition graph (MTG), or (T', C, D) x MTG, where

—MTG is specified by a tuple (Mode, Trans, where Mode is a finite set of modes
and Trans is a finite set of transitions. T'rans is specified as follows: Trans =
{(mp,, my)lm, € Mode, m, € Mode}, where m, denotes a previous mode and m, de-
notes a next mode.
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—T is a finite set of computational tasks, and 7}, denotes a subset of 7' that contains
tasks executed in mode m. Each task ¢ € T has a set of ports P, to send/receive data
to/from other adjacent tasks. P, = I P,UOP;, where I P, is a set of input ports and OP;
is a set of output ports. For each port p € P, it is assigned a fixed rate, Rate(p, mode),
in each execution mode. If a port rate is one for all modes, then it is omitted for
simple illustration of figures. Then the graph becomes an SDF graph for each mode.

—~C is a finite set of FIFO channels. A channel defines a one-to-one connection between
two end ports. For each channel ¢ € C, srcTask(c) and dstTask(c) denote a source
task and a destination task of channel ¢, respectively.

—D is a set of the number of initial tokens in all channels. d.(m) € {0} UN for Vd. € D
is the number of initially stored tokens in the channel ¢ in mode m.

Architecture model: a target architecture consists of a set of processing elements.

—PE is a set of processing elements. For each p € PE and m € Mode, Map(m, p) =
{t|t € T where t is mapped onto a processor p in mode mj}.

Note that even though the proposed technique is applicable to heterogeneous mul-
tiprocessor systems, this article assumes a homogeneous multiprocessor system for
simple explanation and implementation.

To analyze the scheduling performance of an MMDEF graph, we assume profiling
information is available as follows:

Profiling information

—Worst-case execution time (WCET) for each task ¢t € T and m € Mode is given as
WCET(¢, m, p) for each processing element p € PE of the target architecture. In
Figure 3, the WCET of a node is annotated in each mode. For example, WCET of
node A is 30 in modes 1, 3, and 4, and 100 in mode 2.

—For each m € Mode, we are given a minimum number of iterations that the appli-
cation stays at the mode, which is denoted by MRC(m), where MRC stands for the
minimum repetition count. As MRC becomes smaller, the mode transition occurs
more frequently. A mode is associated with an MRC value as shown in Figure 3
where MRC is 25, 30, 20, and 15 in modes 1, 2, 3, and 4, respectively.

—For each ¢ € T, task migration cost is given by MC(¢). If the system is a distributed
memory system, then the migration cost will include the time overhead of moving
the code and the context of a task between two processors. If it is a shared memory
system, then the migration cost will be small as cache miss penalty for the first
reference (called cold miss penalty) of the task. A table in Figure 3 shows the MC
value of each task. For instance, the MC of node A is 30.

Execution semantic

—(Intra-mode operation) In each iteration, the task graph starts from the begining. For
the consistent execution, there will be no change in the channel buffer state before
and after an iteration.

—(Mode switching decision) To make a mode switching decision, a special type of task is
usually designated in existing approaches (e.g., detector actor in Stuijk et al. [2008],
control actor in Moreira [2012]). Similarly, we designate a specific task, called the
mode decision task (denoted by #,,5. € T), that determines the current mode of
operation in the MMDF graph. It implies that the set of predecessor tasks of the
mode decision task is common to all modes. There is at most one mode decision
task in the MMDF graph. Note that the mode switching decision can be made any
time during an iteration depending on the scheduling order of tasks. If #,,4. is not
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specified, then the mode changing decision is assumed to be made before the start of
an iteration.

—(Mode transition) Because we allow overlapped execution of two modes, we assume
that mode transition is made at the iteration boundary: When a mode change is
requested, the previous iteration of the SDF graph continues to finish its execution.
In the case where the mode decision task is executed more than once in an iteration,
we assume that the mode switch decision is made at the last instance of the mode
decision task.

—(Inter-mode consistency) The channel buffer state is preserved when a mode transi-
tion occurs. Initial tokens of a channel in the current mode are transferred to the
initial tokens of a channel in the next mode. It incurs additional scheduling depen-
dency between task executions in two modes: In case there exist initial tokens in
channels, the start of the next mode should be delayed until the same number of
tokens are produced in the current mode.

We assume that similar models introduced in Section 3 can be transformed to the
MMDF model if it can keep the aforementioned construction rules and execution se-
mantics. With those application and architecture models, profiling information and
execution semantic, the problem addressed in this article is summarized as follows:

PROBLEM: Find a mapping and scheduling result of an MMDF graph that satisfies
the given throughput constraint

minimize. the number of required processors

subject to. the overall throughput performance of the MMDF graph should be higher
than the given throughput constraint.

The proposed MMDF scheduling framework is based on a genetic algorithm. So, it
needs to evaluate all candidate solutions in every iteration. How to evaluate whether a
given mapping and scheduling result of an MMDF graph satisfies the given throughput
constraint will be explained in the next section.

5. THROUGHPUT REQUIREMENT ANALYSIS

Figure 4(a) shows a simple MMDF graph example that consists of two modes of oper-
ation. For each mode, a static schedule that satisfies the given throughput constraint
is constructed as shown in Figure 4(b). If a mode transition does not occur, then the
schedule of the current mode will be repeated and the output samples will be produced
periodically. The period is equal to the inverse of the throughput performance, which
is denoted as the initiation interval (I]) in the figure. If a mode transition occurs, then
production of the next output sample will be delayed because of interference between
two different schedules of the previous mode and the next mode. Figure 4(c) shows a
timeline of the execution of the MMDF graph.

Even though the static schedule of each mode satisfies the given throughput con-
straint, the overall throughput performance of the MMDF graph may not satisfy the
throughput constraint because of the mode transition delay. To satisfy the throughput
constraint, we may need to tighten the throughput requirement for each mode of opera-
tion. To understand how the mode transition delay affects the throughput requirement,
we first explain how to compute the mode transition delay.

5.1. Mode Transition Delay

The mode transition delay between two modes is defined how the time interval between
the last output production time of the previous mode (¢; in Figure 4(c)) and the first
output production time of the next mode (#; in Figure 4(c)) is larger than the initiation
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< An MMDF graph > <A task graph of mode m> <A task graph of mode m;>
(a) An MMDF graph example
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Fig. 4. An MMDF graph example and static scheduling result of each mode.
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Fig. 5. Mode transition delay between static schedules of mode m; and my in Figure 4(b).

interval of the next mode. Suppose that the last iteration of the previous mode is started
at t = 0. First we formulate the start offset (x) of the first iteration of the next mode.
The start offset (x) is determined by the following three factors:

(1) Scheduling delay (Dscpeq): To guarantee consistent execution of the MMDF graph,
we need to shift the start time of the subsequent mode. The time interval, denoted
by (1) in Figure 5(a), illustrates the scheduling delay between modes m; and my of
Figure 4.

There are three factors that determine the start time of the next mode. The first
factor is the time delay (D) to keep the temporal property of the static schedule of
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the next mode. The second factor (D,,,4.) is the finish time of the last instance of the
mode decision task in the previous mode since the next mode may start afterwards.
The third factor (Dgu,) accounts for the data dependency between two modes. In case
there exist initial tokens in channels, the start of the next mode should be delayed until
the same number of tokens are produced in the previous mode. The scheduling delay
can be calculated as follows:

Definition 5.1 (Scheduling Delay from Mode m; to Mode m;).

um m;m; m;m; m;m;
D_iyen = 03X (Dyroc's Dye s Dy ) ey
max E* — min S ifmax E/* — min S;” > 0,
Dmimj _ teMap teMap teMap teMap
proc = TA8X (m;. p) (m;,p) (mi.p) (m;.p) 2)
Map(mi,p#9 |0 otherwise
A Map(m;, p)#0
Drode = Bty 3)
m; m; e nl] m;
D = max EsrCT“Sk(C) — 5S4 tTask(c) if: EsrcTask(e) -5, tTaskc) ~ 0. (4)
data = )
“ ceC, |0 otherwise

CL-(mj)>O

where E™ denotes the end time of task ¢ in mode m; and S;” denotes the start time of
task ¢ in mode m;. In Figure 4(b), the start time and the end time of a task are depicted.

(2) Task ordering delay (D,.q.): Because the proposed technique allows task migra-
tion between modes, a task can be mapped onto different processors in each mode.
So two consecutive executions of the same task should not be overlapped or inverted
during mode change. Therefore, we need to guarantee that a task in the next mode can
start only after the task finishes its execution in the current mode. In Figure 5(a), two
executions of task D are overlapped between modes. Thus the execution of the next
mode should be delayed by the task ordering delay denoted by (2) in Figure 5(b). In
case of task C, even though it is mapped onto different processors in each mode, no
overlapping occurs as shown in Figure 5(a). So task C does not incur additional time
delay. The task ordering delay (D,.q4.,) can be formulated as follows:

Definition 5.2 (Task Ordering Delay from Mode m; to Mode m;).
max E" — (S +D.9) if max Ef —(S;Y +Dl5") > 0.
te

T \Tom; (%)
otherwise

(3) Task migration delay (Dys): Tasks that are mapped onto different processors
between modes should be migrated during the time interval between the end time in
the previous mode and the start time in the next mode. If the time interval is not long
enough to migrate the task, then additional time delay will be required. In Figure 5(b),
task D should be migrated to other processor after the end of execution in the previous
mode. However, there is not enough of a time interval for task migration. So additional
time delay is needed, which is the task migration delay denoted by (3) in Figure 5(c). In
the case of task C, additional time delay is not required because there already exists
enough time for task migration. The task migration delay (D,;z) can be formulated as
follows:

Definition 5.3 (Task Migration Delay from Mode m; to Mode m;).
mim; m; 1 1M 7% 11 m;
Dmig = te%:%%mj, MC@®) - (St + Dsched + Dorder - Ef ) (6)
proc(t,m;)#proc(¢,m;)
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if S{Y + Dl 4+ D — B < MC(@®),

(@

where, proc(t, m;) denotes a processor that task ¢ is mapped onto in mode m;.

Summing up all three types of delay mentioned above, we compute the start offset
of the next mode as follows:

Definition 5.4 (Start Offset of Mode m; in the Case of Mode Transition m; — m;).

X = DI+ D+ D g

Note that the mode transition delay between two modes is defined whereby the time
interval between the last output production time of the previous mode and the first
output production time of the next mode is larger than the initiation interval of the
next mode. Since the output production time of each mode equals the latency of the
static schedule, the mode transition delay can be formulated as follows:

Definition 5.5 (Mode Transition Delay from Mode m; to Mode m;).
TransDelay(m;, mj) = Lat(m;) + x™"™ — Lat(m;) — I11(m;), (8)

where Lat(m;) represents the latency of mode m; and I1(m;) represents the initiation
interval of mode m;.

Note that if Lat(m;) + x™" — Lat(m;) < II(m;), then TransDelay(m;, m;) will be
smaller than zero. It means that the time interval of the output production times
during a mode transition can be shorter than the output production time interval of
the next mode (I1(m;)).

The mode transition delay will be used to determine the required output buffer size
and throughput requirement of an MMDF graph for the given throughput constraint.
Details will be explained in the following section.

5.2. Buffer Size Determination

As discussed in Section 2.1, an output buffer is adopted to produce data samples
periodically. Since the mode transition delay causes the jitter of output production in
an MMDF application, the output buffer should be large enough to provide the data
samples during mode transitions. The required output buffer size depends on the maxi-
mum mode transition delay and the throughput difference between the input stream
and the output stream in the buffer.

To determine the buffer size, we compute the arrival curves of the input and the
output streams in the buffer. The arrival curve of a stream informs the number of
arriving (or departing) samples (y-axis) within a time interval (x-axis) as shown in
Figure 6 [Thiele et al. 2000]. For conservative estimation, we use the maximum arrival
curve for the output stream and the minimum arrival curve for the input stream.

In Figure 1(a), task Display dequeues data from the output buffer periodically with
satisfying the throughput constraint, which is depicted as the output curve (gray solid
line) in Figure 6. The slope of the output curve is equal to the throughput constraint. The
black solid line represents the minimum arrival curve of the input stream that presents
the number of generated samples to the output buffer. The buffer size is computed
based on the minimum repetition count (MRC), the inverse of the throughput, and the
maximum mode transition delay among all possible transition scenarios to the mode.
In each mode, we compute the buffer size and then choose the maximum buffer size in
all modes.
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Fig. 6. Arrival curves for input and output streams in the output buffer.

The maximum mode transition delay to mode m is computed as following:
Definition 5.6 (Worst-case Mode Transition Delay to Mode m).

MaxTransDelay(m) = max

V(m; . mj)eTrans,
mj=m

TransDelay(m;, m;). )

Note that since the slope of the curve depends on the mode transition delay, the mode
repetition count, and the throughput performance of the MMDF schedule, the buffer
size is determined after constructing an MMDF schedule meeting the throughput
constraints in all modes.

From the arrival curves, we obtain the minimum output buffer size, which is the
maximum difference between the curves in every time interval (At). If the overall
throughput constraint is satisfied, then the output buffer size is computed as follows.

THEOREM 5.7 (OutPuT BUFFER S1ZE). The minimum size of the output buffer to satisfy
the given throughput constraint (ThrConst) is decided by the following equation:

Output buffer size = [MaxInterval,yerqy X ThrConst] (10)

where MaxIntervalyyeran = V(malx) TransDelay(m;, m;) + I1(m;).
T rans

Proor. The buffer size is determined by the maximum distance between the input
and the output curves, which is illustrated in Figure 6. Because the proposed technique
uses a higher throughput requirement than the throughput constraint when construct-
ing a static schedule of each mode, the slope of a tangent line of the input arrival curve
during execution should be larger than that of the output curve. Consider another tan-
gent line that connects the starting point of mode transition and the ending position
of the current mode execution, which is shown with a double-dotted line in Figure 6.
The slope of this tangent line cannot be smaller than that of the output curve in order
to keep the buffer size finite. If it is smaller, then the gap between two tangent lines
will increase unboundedly if we apply the same mode transition repeatedly. By the
construction rule of the arrival curves, the distance between the output curve and the
input curve decreases as the time window increases. Therefore, the maximum distance
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between two curves occurs is obtained just before the first jump of the input curve.
Therefore,

1
2 = | MaxI overall ~ A 11
Output buffer size ’7 axInterval,yerq Thr Const—‘ (1D

= [MaxIntervalyyerq; x ThrConst]. O

5.3. Throughput Requirement Analysis

The overall throughput performance of the MMDF graph depends on the mode tran-
sition delay as well as how frequently mode transition occurs. Since mode transition
is triggered by an internal/external events at runtime, it may not be possible to know
the mode transition scenario at compile time. Even though the exact mode transition
scenario is not known, we assume that the minimum number of iterations is given as
a part of the input information. Based on this information, we draw the input arrival
curve of Figure 6 and estimate the buffer size conservatively.

Now we compute the throughput requirement of each mode. For conservative estima-
tion, the input curve should be steeper than the output curve in all modes in Figure 6.
The throughput requirement in each mode can be formulated as follows:

THEOREM 5.8 (THROUGHPUT REQUIREMENT). The throughput requirement in mode m,
denoted as ThrRequire(m), is formulated as follows:
ThrConst x MRC(m)

, _ _ 12
T hr Require(m) MRC(m) — (MaxTransDelay(m) x ThrConst) (12

Proor.
. MRC(m)
T = . (13
he slope of input curve MaxTransDelay(m) + 1/ T hr Require(m) x MRC(m) (13)
1
the slope of output curve = m = ThrConst. (14)
Since the slope of input curve should not be smaller than that of the output curve,
MRC(m)
ThrConst, 15
MaxTransDelay(m) + 1/ T hr Require(m) x MRC(m) = thrtons (16)
MR
T hr Require(m) > Clom) O (16)

~ MRC(m)/ThrConst — MaxTransDelay(m)’

If the throughput performance of each mode is higher than the throughput require-
ment calculated by Theorem 5.2, then the MMDF graph will satisfy the throughput
constraint. Note that the throughput requirement is a conservative bound. In the case
where we know the exact scenario of mode transitions, the computed buffer size and
the throughput requirement will be tight bounds.

6. PROPOSED MMDF SCHEDULING FRAMEWORK
6.1. Optimization Problem

The proposed technique is to find a static schedule of each mode cooperatively in a single
optimization framework based on a genetic algorithm. We aim to minimize the resource
requirement of an MMDF graph while satisfying the given throughput constraint. As
discussed in the previous section, the throughput requirement of each mode should
be computed considering the mode transition delay. On the other hand, depending
on the throughput requirement of each mode, resource requirement may vary. As the
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Fig. 7. Overlapped schedule sequences among different modes (m, — mp — m).

throughput requirement becomes tighter, more processing elements are likely to be
required to satisfy the throughput requirement. Therefore the mode transition delay
is an important factor that affects the resource requirement of the MMDF graph.

As stated in Definitions 5.4 and 5.5, the mode transition delay is influenced by three
types of delay (Dsched; Dorder, and Dy,;g) as well as the individual schedule of each mode.
Therefore, to minimize the mode transition delay, we need to consider those delays
when constructing the schedule of each mode cooperatively.

Figure 7 shows how the overlapped scheduling among different modes has an effect
on the overall throughput performance of an MMDF graph. Even though the through-
put performance of each mode is the same as shown in Figures 7(a) and 7(b), the
overall throughput performance of the case of Figure 7(a) is better than the case of
Figure 7(b), because the schedules in Figure 7(a) can be overlapped more than the case
of Figure 7(b). So the static schedule of each mode should be constructed considering
the schedules of the other modes.

Multiprocessor scheduling of a dataflow graph is a well-known NP-hard problem.
Our MMDF scheduling problem is much harder since an MMDF graph consists of a set
of modes and each mode is specified by an SDF graph. Also we need to consider the mode
transition delay and compute the throughput requirement of each mode dynamically.
To tackle this problem, we adopt a meta-heuristic based on a genetic algorithm to find
an approximate solution.

6.2. GA Configuration
The overall GA procedure of the proposed framework is shown in Figure 8.

Initialization and Selection: Since a task (or node) can be mapped to different
processors in modes, each task is regarded as a unit of mapping in each mode. The
chromosome for GA is configured as shown in Figure 9. A chromosome is a set of
mapping for each execution mode. Each gene of the chromosome represents to which
processor a task in each execution mode is mapped. Chromosomes of the initial popu-
lation are randomly generated and selected for crossover and mutation. The number
of selection is a configurable parameter of the GA framework.

Crossover and Mutation: Crossover and mutation operations are applied to genes
of each mode separately. As we explained in Section 4, the predecessor tasks of the mode
decision task #,,4. are common to all modes, so can be regarded as mode independent.
We do not change the mapping of those tasks among all modes.

Local optimization: In order to help the convergence of evolutionary process, a local
optimization step is performed before the evaluation step. For the local optimization,
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we devise a processor renaming heuristic that changes the processor id in each mode
to reduce the migration cost. The details will be explained later.

Evaluation and Replacement: In this step, we apply a list scheduling heuristic to
find a static task schedule in each mode, based on the mapping information given by
each chromosome. Once we construct a static schedule, we evaluate the fitness value
of each offspring and check whether the throughput constraint is satisfied. The fitness
function will be described in the next section. Chromosomes in the population are
sorted by their fitness values and poor chromosomes are eliminated.

6.3. Fitness Function

The objective of the MMDEF scheduling is to minimize the number of required proces-
sors. The required number of processors is defined as the maximum number of used
processors in all modes.
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Fig. 10. Without processor renaming, every task should be migrated when mode transition occurs. If PEQ
in mode 0 is renamed to PE2 in mode 1, PE1 to PEO, and PE2 to PE1, then no task migration is required.

Definition 6.1 (The Number of Processors for an MMDEF Graph).

T he number of processor = max |Proc,,|
meMode amn
where Proc,, = {p € PE | Map(m, p) # ¢}.

Since the large mode transition delay will degrade the throughput performance and
more processors are likely to be required to meet the given throughput constraint,
the mode transition delay including task migration overhead is considered to evaluate
the number of required processors. And the GA framework also aims to minimize the
overall task migration cost as the secondary objective. The reduction of task migration
will save energy consumption of the system and reduce the network traffic in an
Network On Chip (NOC) architecture. Therefore it is very desirable to reduce the
total task migration cost (or delay) in an MMDF graph considering all mode transition
scenarios; the total task migration cost of an MMDF graph is defined as follows:

Definition 6.2 (Total Task Migration Cost).
MigCostpq = Z MigCost(m;, m;)

(m; ,mj)eTrans

where MigCost(m;,mj)= Y Y MC(®).

pePE te{Map(m;,p)
—Map(m;,p)}

(18)

We sum up the migration cost of all possible migration scenarios that are defined
by the MTG. For each transition in the MTG, we accumulate the migration cost of all
tasks that are mapped to different processors after the mode transition.

6.4. Local Optimization Technique

Figure 10 shows a motivational example for local optimization, where two modes have
different task mappings defined in the chromosome and a mode transition from mode 0
to mode 1 occurs. In the mapping result, all tasks should be migrated. However, since
this article assumes a homogeneous multiprocessor system, it is possible to rename
the processor id in each mode, which is called processor renaming. If PEO in mode 0 is
renamed to PE2 in mode 1, then tasks A and B do not need to be migrated. Similarly, if
PE1 in mode 0 is renamed to PEO in mode 1, and PE2 to PE1, then no task migration is
required. Without the processor renaming technique, good solutions such as Figure 10
will be evaluated as poor solutions due to high migration delay, which seriously hinders
the convergence of GA.

The time complexity of the processor renaming algorithm is given as P¥, where P
denotes the number of processors and M is the number of mode transition scenarios.
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ALGORITHM 1: Processor Renaming Heuristic

for all mode transition scenarios do
prev < mapping information of src mode of the transition;
next < mapping information of dst mode of the transition;
for all mapping information of each processor (pId) in prev do
for all mapping information of each processor (nld) in next do
similarity < check similarity between prev[pld] & next[nId];
if (similarity > maxSimilarity) then
maxSimilarity < similarity;
swapProcld < nld;

end
end
change mapping of next between pld & swapProcld;
end
end

Table II. Configuration of the GA Framework

Population size 100
wand A 100

Probabilities of crossover/mutation | 0.9

Maximum generations 30000

Therefore, we devise a simple greedy processor renaming heuristic as shown in Algo-
rithm 1 to reduce the time complexity. In the proposed heuristic, the time complexity
becomes O(P? x M). Note that processor renaming is only applicable for homogeneous
processor systems.

The heuristic measures the similarity between processors. The similarity between
processors is defined by how many tasks are mapped on both processors in common.

Definition 6.3 (Similarity Between Processors).
For(m;, m;) € Trans, Similarity(py, pi) = |Map(m;, pr) N Map(m;, p)|. (19)

For each mode transition, processors in the next mode are renamed to the processors
in the previous mode with the maximum similarity. Even though the proposed heuristic
does not consider all possible processor renaming scenarios and does not provide the
optimal renaming result, it reduces the time complexity significantly while generating
good quality solutions as confirmed by experimental results.

7. EXPERIMENTAL RESULTS

To prove the viability of the proposed framework, we experiment with five synthetic
examples and five real applications: H.264 decoder, lane detection, vocoder [Zhai 2015],
MP3 decoder [Yang 2012], and printer pipeline [Yang 2012]. All experiments have
been performed on an Intel Core i7-4790K 4.00GHz machine with 8GB main memory.
Internal parameters of the GA framework are set as shown in Table II. © and A denote
the number of parents and offspring, respectively.

Figure 11 shows task graphs which are used for experiments. Task graphs of MP3
decoder and printer pipeline applications in Yang [2012] are omitted due to lack of
space, but the task graph and the profiling information of each application are same
with Yang [2012]. For all graphs in Figure 11, Rate(p, mode) for each port p € P; is one
if it is not specified. For the task graph of vocoder application in Zhai [2015], we reduce
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Fig. 11. MMDF graph examples used in experiments.
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Table Ill. Four Approaches Used in Experiments

Approach | Consideration of other modes | Task migration | Mode-overlapped schedule
Base Do not consider Allow Allow
Fixed Consider Do not allow Allow
Blocked Consider Allow Do not allow
Proposed Consider Allow Allow

the number of invocations for specific tasks (from AddCosWin to Polar2Rec) from 128
to 2 by clustering, so the given WCETSs of those tasks in Zhai [2015] are multiplied by
64. Also, we allow that each instance of the same node can be mapped onto different
processors for data parallelism. The numbers above or under the tasks in Figure 11
indicate the WCET(¢, m, p) in each mode. In the case where the WCET(¢, m, p) of a
task is constant in all modes, a single number is denoted. For synthetic examples, the
WCET of each task is set to an arbitrary value, and the WCET of each task in the
H.264 decoder and lane detection applications is set to profiled data in us unit. Also, for
all examples, we assume that the source task of each task graph is the mode decision
task t,,4. that determines the mode of the current iteration.

7.1. MMDF Scheduling Technique

We compared the proposed technique with three different approaches listed in Table III.
The first approach, Base, schedules SDF graphs independently and performs the pro-
cessor renaming heuristic. It is an iterative algorithm. For each mode, it constructs a
set of pareto-optimal solutions that are optimized with throughput and the number
of processors, using a genetic algorithm. Then it selects an initial schedule that satis-
fies the throughput constraint with the minimum number of processors for each mode.
Based on the mapping/scheduling results, it performs the processor renaming heuristic
and adjusts the throughput requirement as discussed in the previous section, consid-
ering the mode transition delay incurred by the initial schedules. If a schedule does
not satisfy the calculated throughput requirement, then it is replaced with another
schedule that uses one more processor. Unless all scheduling results satisfy the newly
adjusted throughput requirement in all modes, it repeats the mapping/scheduling with
the new adjusted throughput requirement until the mapping/scheduling results satisfy
the adjusted throughput requirement. Comparison with Base approach will show the
reason why all modes should be scheduled simultaneously in the proposed approach.

The second approach fixes task mapping in all modes disallowing task migration
as the existing approaches usually assume. This technique is denoted as Fixed. The
Fixed technique is implemented in the same GA framework as the proposed framework
with disallowing task migration. Comparison with Fixed approach will show how task
migration helps reduction of the resource requirement.

The third approach assumes that mode transition and task migration is performed
in a blocking fashion. This technique is denoted as Blocked. The Blocked technique is
also implemented in the same GA framework as the proposed framework but uses a
different formulation for the start offset of the next mode. Instead of Definition 5.4,
Lat(prev_mode) + MigCost(prev_mode, next_mode) is used for x. Comparison with the
Blocked approach will show how much benefit is expected by allowing mode-overlapped
schedules for the resource requirement.

For all configurations in Table IV, we compared four techniques: Base, Fixed, Blocked,
and Proposed. We assume that the minimum repetition count (MRC) for all modes in
each example is set to the given value in Table IV except the H.264 decoder applica-
tion, since the mode transition pattern of the H.264 decoder is known and fixed (e.g.,
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Table 1V. Configurations for Experiments

H. Jung et al.

MRC(m) MC(t) ThrConst
Example 1 MRC(m) =10 | MC() =10 1/130 iteration/time-unit
Example 2 MRC(m) =10 | MC() =10 1/170 iteration/time-unit
Example 3 MRC(m)=5 | MC®) =10 1/300 iteration/time-unit
Example 4 MRC(m)=5 | MC(t) =50 1/80 iteration/time-unit
Example 5 MRC(m)=3 | MC() =50 1/2000 iteration/time-unit
H.264 decoder MRC(I)=1 MC() =10 1/5600 iteration/us
MRC(P)=4
Lane detection MRCm)=5 | MC() =10 1/700000 iteration/us
Vocoder MRC(m)=5 | MC()= 10000 1/480000 iteration/cycle
MP3 decoder MRC(m)=3 | MC(t) = 10000 | 1/5000000 iteration/time-unit
Printer pipeline | MRC(m)=3 | MC(t) =50 1/1600 iteration/time-unit
8 #ofproc.
7
6
5
4
3
2
1
0
Ex1 Ex2 Ex3 Ex4 Ex5 H.264 MP3 Printer Vocoder Lane
detection
M Base Fixed ® Blocked ™ Proposed

Fig. 12. Comparison results in terms of the number of processors: Base, Fixed, Blocked, and Proposed.

1-P-P-P-P-I-P-P-P-. ..). Throughput constraints are set arbitrarily with considering the
WCET of tasks. In the synthetic examples, vocoder, MP3 decoder, and printer receiver
applications, the task migration cost is fixed to MC(¢) for all tasks. In H.264 decoder
and lane detection applications, however, MC(¢) is scaled based on the actual task code
size for all ¢t € T': The task migration cost of a task is computed as the product of MC(¢)
values in Table IV.

Figure 12 shows the experimental results for all applications. The y-axis indicates the
number of required processors. The results show that the Proposed approach requires
no more processors than the other approaches in all applications. It is observed that
the Blocked approach requires more processors than the other approaches that allow
overlapped schedules during mode transition. In the cases of H.264 decoder and vocoder
applications, it could not find feasible solutions. This means that the blocking scheme
degrades the overall throughput performance of an MMDF graph due to high mode
transition delay.

Similarly to the Blocked approach, the Base approach requires more processors than
the Proposed approaches. Because it constructs a static schedule of each mode without
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Table V. Experimental Results of Proposed Approach

MAaX e Mode MiNe Mode Output
MaxTransDelay(m) T hr Require(m) buffer size MigCostipral
Example 1 0 time unit 1/130 2 20 time unit
Example 2 20 time unit 1/168 2 110 time unit
Example 3 80 time unit 1/284 2 40 time unit
Example 4 10 time unit 1/78 2 50 time unit
Example 5 2,622 time unit 1/1126 2 1,200 time unit
H.264 decoder 660 us 1/5435 2 280 us
Lane detection 183,000 us 1/663400 1 4500 us
Vocoder 88,175 cycles 1/462364.8 2 340,000 cycles
MP3 decoder 1,412,947 time unit 1/4529017.6 2 340,000 time unit
Printer pipeline 804 time unit 1/1332 2 1,000 time unit

considering other modes, there is less of a chance of overlapping between the schedules
during the mode transition. Therefore, the mode transition delay is likely to be higher
than the case of Proposed approach. It also could not find feasible solutions in cases
of H.264 decoder and vocoder applications. Even though the Fixed approach allows
a mode-overlapped schedule and constructs schedules of all modes simultaneously, it
requires more processors than the Proposed approach in many cases. This is because
it does not allow task migration among modes.

In the lane detection application, there exists a dominant mode in which all tasks in
an MMDF graph are executed. Since the dominant mode creates the critical path in all
modes, if the mapping and scheduling result satisfies the throughput constraint in the
dominant mode, then results in the other modes automatically satisfy the throughput
constraint. Hence, Fixed, Base, and Proposed approaches produce the same results for
the application.

Table V presents the detailed experimental results from the Proposed approach in
Figure 12. The table shows that the throughput which an application should satisfy
becomes tighter than the given throughput constraint in Table IV due to the mode
transition delay. The table also presents the total task migration cost and the required
output buffer sizes for benchmark applications.

7.2. Scalability of the Proposed Framework

Because the proposed framework is based on the genetic algorithm, its convergence
speed depends on the size of solution space. As shown in Figure 9, the size of the
solution space depends on the number of nodes and modes. So we perform experiments
for different configurations of these factors. Figure 13 shows the experimental results
on the scalability of the proposed framework for synthetic examples. The results show
that the number of nodes more contributes to the convergence speed than the number
of modes.

8. CONCLUSION

In this article, we address the multiprocessor scheduling problem of an MMDF graph al-
lowing task migration with non-negligible mode transition delay. An MMDF graph has
a finite set of modes, and each mode is specified by an SDF graph. We observe that the
mode transition delay should be considered in many streaming applications in which
the mode transition occurs frequently, in order to satisfy the throughput constraint.
Thus we propose a mapping/scheduling framework based on a genetic algorithm that
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Fig. 13. Experimental result for the scalability property.

schedules all SDF graphs simultaneously to minimize the number of processors while
keeping the throughput constraint. Also, we propose the formulations to compute the
required buffer size and the required throughput performance of the MMDF graph to
satisfy the given throughput constraint of the system by estimating the mode transition
delay conservatively. To minimize the resource requirement, the proposed framework
finds the maximally overlapped schedule that minimizes the mode transition delay.
To show the viability of the proposed technique, we compare the proposed technique
with three other approaches with some synthetic examples and five real applications.
Experimental results confirm the superiority of the proposed technique over the other
approaches.
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