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Abstract

Growing complexity in the design of today's digital systems
necessitates the creation of electronic system-level (ESL)
approaches that include automation and optimization at a
higher level of abstraction. ESL design frameworks heavily
depend on the specifics of the application's concept of
concurrency. When it comes to describing task-level
concurrent behaviour in the hardware synthesis design cycle,
state-of-the-art concurrent specification models fall short. We
present a task-level data model (TLDM) for hardware
synthesis of data-processing applications, based on the
concurrent collection (CnC) paradigm, which allows for
maximal task rescheduling flexibility. In order to represent
task instances, array accesses, and dependencies succinctly,
TLDM incorporates polyhedral models. We demonstrate the
benefits of our TLDM definition over other popular
concurrency specifications using examples.

Introduction

Increasing the degree of design abstraction to the
ESL (electronic system level) is motivated by the
growing complexity of electronic systems.
Concurrently exploiting and managing a large
number of parallel jobs and design components is a
major problem in ESL design and optimization. As
the first step in most ESL optimization flows, task-
level concurrency requirements are crucial to the
overall quality of results (QoR) of the implemented
solution. Task-specific behaviour is encapsulated
by the concurrency definition, whereas coarse-
grained parallelism and task-to-task interactions are
explicitly specified. The application's system-level
data may be used for direct implementation and
optimization. There are a variety of ESL
approaches that have been presented. For an in-
depth look at contemporary approaches to ESL
workflow design, we recommend the works cited in
[1, 2]. The automation of the ESL design process is
driven by high-level synthesis (HLS). These days'
HLS tools may build register transaction-level
(RTL) hardware specifications that are very near to
hand-generated designs [3] for synthesizing
computation-intensive modules into hardware
accelerators with bus interfaces. Task-level
optimizations, such as data transmission across
accelerators, programmable cores, and memory
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hierarchies, might be challenging for the present
HLS tools to manage. System needs various
implementation details, such as explicitly stated
port/module structures, whereas the sequential
C/C++ programming language has inherent
restrictions in specifying the task-level parallelism.
Both languages have severe limitations on
optimization processes and add extra work for

developers of algorithms and computer programs.
The actual implementation of the automated ESL
technique relies heavily on the availability of a
concurrent definition model that is both tool- and
designer-friendly. From the earliest days of
computing to present day studies of parallel
programming, the issue of concurrency definition
has been studied extensively. From an ESL
perspective, some findings were too broad and
incurred significant implementation costs for broad
hardware architectures [4, 5], while other results
were too narrow and could simulate just a select
few applications [6, 7]. In addition, most of the
earlier models primarily concerned themselves with
describing the behaviour or computation, but
unintentionally created superfluous requirements
for implementation, including the exact execution
order of iterative task instances. CNBC [8]
suggested the idea of divorcing the algorithm
definition from the impel mentation optimization,
which allows for more leeway in scheduling tasks
and a broader design space, both of which might
lead to improved implementation quality of result
(QoR). However, CnC was first developed for
systems based on multicore processors, which need
a number of dynamic syntactic features (such as
dynamic task instance creation, dynamic data
allocation, and unbounded array index) in the
specification. For ESL techniques to automatically
optimize the design's QoR, a concurrent definition
that accounts for both the accuracy of behavior and
possibilities for optimization is required.

Models of Concurrent Specification
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Every model of concurrent specification has its
own model of computing (MoC) [10], and there are
many different models at the task level. Models
with  well-defined MoCs are one category.
Extensions of sequential programming languages
(such as System [11]) or hardware description
languages (such as Blue spec System Verilog [12])
that do not provide exact or explicit specifications
of the underlying MoC form a second type. All
MoCs may be specified in these languages at a
variety of abstraction levels. The precise languages
utilized to textually represent these MoCs will be
overlooked in this section as attention is instead
directed at the underlying MoCs in the concurrent
specification models. The underlying MoC [10]
determines the analysability and expressibility of
the concurrent specification model. Task
concurrency and implementation limitations for
applications are two areas that are defined in detail
by the various MoCs. Each MoC's efficient
synthesizer and optimizer is custom-made
according to the MoC's unique set of features. The
available  optimizations  and the  final
implementation outcomes are also heavily
impacted by the MoC selection. The following are
the most important factors to think about while
choosing a MoC. (i) Application scope refers to the
variety of use cases that may be modeled
successfully or effectively by the MoC. (ii)
Usability, or how simple it is for a designer to
utilize the MoC to define an application. (iii)
Whether or not it's conducive to automated
optimization: although a very generic MoC may be
able to represent a wide variety of applications with
little edits from the user, it may be exceedingly
challenging to create effective automatic synthesis
processes for such models. (iv) Compatibility with
the target platform; for instance, an FPGA platform
may not be optimal for synthesizing a MoC that
expects a shared memory architecture (like CnC
[8]) since such a platform may lack support for an
efficient shared memory system. We present
certain features that we think are necessary for a
MoC to be considered for automated synthesis,
despite the fact that most of them seem to be very
subjective. (i) Deterministic execution: the MoC
should ensure that, for a given input, execution
occurs in a deterministic way, unless the
application domain/system being represented is
nondeterministic. Because of this, the designer (and
ESL tools) will have an easier time ensuring that
their generated implementations are valid. (ii)
Organizing by hierarchy: apps often consist of
smaller tasks that may be designed and
implemented by separate users or groups of
developers. The MoC need to be robust enough to
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simulate such applications in a tree structure. Due
of the vast design area, it would be challenging to
work with a MoC that only supports a flat
specification. (iii) Heterogeneous target platform
support and refinement: current SoC platforms
have several different types of hardware, including
general-purpose processor cores, custom hardware
accelerators (implemented on ASICs or FPGAS),
GPUs, memory blocks, and connective fabric.
While it may be unrealistic to expect a single MoC
definition to easily transfer to several platforms, the
MoC should nonetheless give guidance for
optimizing the application specification for the
chosen platform. This further highlights the need of
a hierarchical structure, since the refinements may
be task-specific, as distinct subtasks may be better
suited to different components (e.g., FPGA vs
GPUs).

Analysing CnCs
Collections)

(Concurrent

The CnC [8] enables both tool-friendly and user-
friendly con currency specifications by decoupling
implementation details for implementation tuning
specialists from specifics of behaviour for
application domain experts. While the model-level
information is included inside the task body, the
iterations of iterative tasks are stated simply and
succinctly. These notions may be applied to the
design of hardware systems' behaviour at the task
level, even though most of these concurrent
specifications are intended for general-purpose
multi-core platforms.

Fundamental Principles and Terms

An application's behaviour definition for hardware
synthesis may be thought of as a mapping function,
either logical or algorithmic, from input data to
output data. In order to optimize performance, cost,
and power consumption, hardware syn thesis maps
the compute and storage in the behaviour
specification to temporal (by scheduling) and
spatial (by binding/allocation) implementation
design spaces.
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Figure 3: Concurrent task modelling.

The design space for optimization at a higher level
is bigger, which might lead to better outcomes. To
increase the optimization flow's abstraction level,
CnC employs steps as the fundamental units for
defining the system-level behaviour of a program.
A step is a mapping function from the values of an
input data set to the values of an output data set that
is calculated statically and does not depend on the
order in which the input and output data occur. In
order to process the various data sets, it is
necessary to repeat a step numerous times. A step
instance is a definable instance of the step that is
called into action by a control tag. A numeric
vector associated with each control tag serves to
uniquely identify this particular execution of the
procedure. The set of all iterator vectors for a given
step, or all instances of the step, is called the
iteration domain. t or t:i,j represents the instance of
step t indexed by the iterators (I, j). As can be seen
in Figure 3, we wrap the loop k inside of task1, and
taskl will run NM times based on the number of
times through the loop that was specified by the |
and j variables. Assignmentl's iteration domain is
[1, ] 0i. If there is no data dependency, there is no
need to declare an over constrained order between
steps and step instances, in contrast to the explicit
order of loops and loop iterations enforced by
sequential programming languages. In the
concurrent  specification, an application is
represented by a set of steps rather than a series of
them, and each step is represented by a set of step
instances rather than a sequence of them. In the
context of communication between steps and step
instances, a data item is often specified as a
multidimensional array. Data tags are used to
identify individual array members by their
subscript vectors. The set of accessible subscript
vectors in an array is determined by the data
domain of the array. The notation (A0, Al, A2)) for
the data tag of a multidimensional array A indicates
its access reference. For instance, if A[I][j][K] is a
matrix, then its subscript vector would be (I, j, k) if
AO= I, Al=j, and A2= k. One or more of the array
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items will be accessed by each occurrence of the
step. Data access is the mapping between the
iterator vector of a step instance and the subscript
vectors of the array items that the task instance
reads from or writes to, and this mapping is decided
statically. In Figure 3, the mapping B[BO0][B1][B2]
| BO=I, B1=j provides access to the input data for
taskl. Any data components sharing the same BO
and B1 but a different B2 will be accessible in the
same taskl instance since the subscript B2 is not
constrained. The collection of data items accessible
by all instances of the step may be determined from
the task’s iteration domain and 1/O accesses. The
specification on data accesses includes the
constraint of dynamic single assignment (DSA).
DSA mandates a single write operation per data
element over application lifetime. Memory reuse
for multiple liveness-nonoverlap data is prohibited,
and the DSA constraint limits array elements to a
single data value. To ensure the execution model is
intrinsically deterministic, CnC uses the DSA
constraint in its specification to prevent conflicts
caused by several threads trying to access the same
array element at the same time. The constraints of
execution priority between step instances are
represented by dependency. The 1/O access
functions of the same data object in the two phases
automatically specify the dependency if one step
creates data that are utilized in the other step. For
the sake of guiding the synthesizer in producing
proper and efficient implementations, the term
"dependence” may also be used to represent any
kind of step instance precedence restrictions. For
instance, taskl task1l> is a shorthand for j 1, j2,
taskl task1l>, which specifies that the outermost
loop i in Figure 3 must be scheduled consecutively.
The set of precedence constraints for two steps may
be derived from their iteration domains and
dependency mapping (the two steps are the same
for self-dependence).

Data Model for Specific Tasks

Here, we propose a paradigm for describing
concurrency at the task level, drawing inspiration
from the Intel CnC. For the purpose of task-level
hardware system synthesis, we provide a set of
modifications to Intel CnC. We begin with a brief
summary of the similarities and distinctions
between TLDM and CnC. Then, we construct our
TLDM specification in C++, modelling the high-
level data needed for scheduling tasks using classes
and fields. While C++ classes are utilized as the in-
memory representation in the automation flow, we
also provide a text-based format that allows users
to specify TLDM without having to resort to any
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special libraries or frameworks. There is semantic
parity between these two ways of specification. Our
TLDM standard is shown on a sample application.
To further prove that our suggested TLDM is
superior for hardware synthesis, we also provide a
comprehensive comparison between it and the CnC
standard.

An Introduction to TLDM 4.1.

The strengths of CnC are carried over into our
tailored TLDM specification paradigm for
hardware synthesis. The parallels and divergences
between TLDM and CnC are laid forth in Table 1.
Most of TLDM's syntax and semantics come
straight from CnC. Task, data, iterator vector, and
subscript vector correspond to the CnC values of
step, data, control tag, and data tag, respectively.
Set tasks, data, access, and dependencies in a class
TLDMApplication; Example 1 To prevent the
unpredictable behavior during task instantiation,
TLDM eliminates the CnC syntax for the control
item. While in TLDM the task instance is activated
after all input data is available, in CnC a step
instance is enabled once its control item is
produced. The precedence relationship between
task instances may be modeled by converting
control items into data items. Data (input/output)
accesses, iteration domains, and data domains are
all statically and clearly declared in TLDM. In
CnC's step functions, expressions like "tag
generation" and "data access" imply a dependency
on previous stages. TLDM offers syntax for
defining  task-level  dependencies  between
individual instances. The TLDM standard does not
explicitly need DSA limitation. If the DSA
limitation is breached, the programmer must
impose dependent requirements on task instances to
guarantee  data  coherence and  program
determinism.

Specification of TLDM in C++

See Listing 1 for a breakdown of the components
that make up a TLDM application: tasks, data,
access, and dependencies. The task set provides a
concise description of all tasks and their instances.
The repetition of a function's execution with new
input and output data is characterized as a single
job. Iterator vectors are used to locate specific
instances of a given job. Each element of the
iterator vector represents a level of the iterator
space, analogous to a loop around the main body of
a job in C/C++. The iteration domain specifies the
bounds of the iteration vector, with each element
representing a unique instance of the task's
execution. Each task instance's input and output
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accesses are defined as affine functions of the task
instance's iterator vector. Tldm access class defines
the access functionalities. Class parents and
offspring define the order of operations. Our
TLDM's ability to handle a task hierarchy allows
for granularity in task selection inside our
optimization loop. In order to discover which
portions are crucial for a given design objective, a
coarse-grained low complexity optimization flow
may be useful, and fine-grained optimization can
then further optimize the subtasks locally with a
more precise local design target.

benefits of TLDM

For task-level hardware synthesis, it is important to
have a concurrency specification model that (i) can
model all applications in the domain, (ii) is easy
enough to use by domain experts regardless of
implementation details, (iii) can integrate diverse
com putations (possibly in different languages or
stages of refinement), and (iv) can generate high-
quality results efficiently. This section provides
examples to show how the proposed TLDM
specification model is tailored to meet these needs.

Optimizations at the Task Level

The advantage of implicit parallelism is shared by
both our TLDM model and CnC, from which it is
developed. Data flow networks and other models,
on the other hand, do not account for dynamic
parallelism. Figure 8 is a straightforward
illustration of parallelizable loops in sequential
programming. Since processes in process networks
are created sequentially, the only method to specify
concurrency is to start new processes at the same
time. In Figure 8, the user statically specifies the
number of parallel jobs, which are represented as a
number of processes in the network. However,
there are a variety of possible target systems,
therefore a universally applicable static value may
not exist. In order to take use of a GPU's hundreds
of processing units in parallel, the application must
be divided into smaller and smaller chunks than it
would need to be on a multicore CPU. The
maximum parallelism between task instances is
stated explicitly in our TLDM, and users just need
to declare a collection of tasks together with the
iterator domain and data accesses. Depending on
the target platform, the runtime/synthesis tool will
decide how many and how finely-grained segments
may execute in parallel.

In addition, the collection-based design does not
impose any unnecessary limits on the scheduling of
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tasks in terms of execution order. The KPN
specification must explicitly describe the loop order
in each job process, as seen in the data streaming
application in Figure 9. It is feasible to reduce the
number of steps required for synthesis and
optimization.

~ w0: ALl (i) fo AL + 1]

(NN) o)

T Lo
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Figure 7: (a) Initial access order of tO writes. (b)
Initial access order of tl reads. (c) Optimized
access order of tO writes. (d) Optimized task
instance scheduling for buffer reduction.
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Figure 8: Implicit parallelism (TLDM)

opposed to the process network that makes explicit
parallelism. simply switching around the sequence
of the loop's iterations, the buffer size between jobs
may be altered. However, the optimizer for a KPN-
based flow must go deep into the process
specification and interact with the module-level
implementation, making these improvements more
challenging. While sequential languages impose
unnecessary  order limitations, our TLDM
definition defines all dependencies between tasks at
the instance level. This allows optimizations to be
made at the task level without requiring changes to
the implementation at the module level, which is
both possible and convenient.

Conclusion

International Research Journal of Infinite Innovations in Engineering and Technology (IJIIET) ISSN: 2349-2287

Vol.4, Issue No 2, 2024

Work For the purpose of hardware synthesis and
optimization in data processing applications, this
study presents a  high-level  concurrent
specification. Our TLDM definition explicitly
models dependency restrictions and models
parallelism between task instances. TLDM seeks to
express applications in a static and limited manner
with minimum over constraints for concurrency, as
opposed to the preceding concurrent specification.
In order to standardize and unify the representation
of iteration domains, data domains, access patterns,
and dependencies, the TLDM specification
incorporates a polyhedral model. Nonaffine term
extensions are also carefully explored in the
specification to facilitate the study and synthesis of
non-standard behaviour. Our TLDM specification's
advantages in representing task-level parallelism
for hardware synthesis on heterogeneous platforms
are shown via illustrative case studies. The
hardware synthesis pipeline based on TLDM is
presently under development.
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