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Due to the massive complexity of contemporary embedded applications and integrated systems, long effort has been invested
in high-level synthesis (HLS) and electronic system level (ESL) methodologies to automatically produce correct implementations
from high-level, abstract, and executable specifications written in program code. If the HLS transformations that are applied on the
source code are formal, then the generated implementation is correct-by-construction. The focus in this work is on application-
specific design, which can deliver optimal, and customized implementations, as opposed to platform or IP-based design, which
is bound by the limits and constraints of the preexisting architecture. This work surveys and reviews past and current research in
the area of ESL and HLS. Then, a prototype HLS compiler tool that has been developed by the author is presented, which utilizes
compiler-generators and logic programming to turn the synthesis into a formal process. The scheduler PARCS and the formal
compilation of the system are tested with a number of benchmarks and real-world applications. This demonstrates the usability
and applicability of the presented method.

1. Introduction

During the last 3-4 decades, the advances on chip integration
capability have increased the complexity of embedded and
other custom VLSI systems to such a level that sometimes
their spec-to-product development time exceeds even their
product lifetime in the market. Because of this, and in
combination with the high design cost and development
effort required for the delivery of such products, they often
even miss their market window. This problem generates
competitive disadvantages for the relevant industries that
design and develop these complex computing products. The
current practice in the used design and engineering flows, for
the development of such systems and applications, includes
to a large extent approaches which are semimanual, ad-
hoc, nonautomatically communicants from one level of the
design flow to the next, and with a lot of design iterations
caused by the discovery of functional and timing bugs, as well
as specification to product requirements mismatches later in
the development process. All of these issues have motivated
industry and academia to invest in suitable methodologies
and tools to achieve higher automation in the design of

contemporary systems. Nowadays, a higher level of code
abstraction is pursued as input to automated E-CAD tools.
Furthermore, methodologies and tools such as high-level
synthesis (HLS) and electronic system level (ESL) design
entries employ established techniques, which are borrowed
from the computer language program compilers and mature
E-CAD tools and new algorithms such as advanced schedul-
ing, loop unrolling, and code motion heuristics.

Even nowadays, the practiced flow for complex hetero-
geneous (hardware + software) systems and applications is
still to a large extent an empirical process. Usually, engineers
and engineering managers with different technical area skills
are brought together at the same group, or even from a
large number of different organizations of a consortium,
and they are allocated engineering tasks which are scheduled
and partitioned manually and by the most experienced
engineers of the team. Even during the design process, the
engineers of the team exchange information between them
in a nonformal and ad-hoc way. Quite often, the system
designers, the engineering managers and the other engineers
of the team use a mix of manual methods and tools that
are fundamentally incompatible with each other. Thus, the
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design data need to be manually modified in order to be
ported from one tool or engineering level of the design
flow, to another. This of course prolongs the spec-to-product
cycle and drastically increases the engineering effort which is
required for the completion of the product, mainly due to the
very fragmented design and development flow which is still
in practice in industry. Therefore, academia and industry, for
a long time, have been investigating formal and automatic
transformation techniques to automatically convert design
representations from a higher abstraction level to a lower
level in the design process. The main contribution of this
paper is formal and automatic hardware compiler system to
deliver correct hardware implementations from high level,
algorithmic, and directly executable program code system
specifications.

The conventional approach in designing complex digital
systems is the use of register-transfer level (RTL) coding in
languages such as VHDL and Verilog. However, for designs
that exceed an area of a hundred thousand logic gates, the
use of RTL models for specification and design can result
into years of design flow loops and verification simulations.
Combined with the short lifetime of electronic products
in the marker, this constitutes a great problem for the
industry. Therefore, higher abstraction level and executable
types of specifications are required to make the industry
competitive. HLS started appearing as an attractive solu-
tion in the 1980s where simple HLS tools were mapping
mostly linear (dataflow-oriented) applications into hardware
netlists. However, the broad acceptance of HLS by the
engineering community was prevented for a long time from
the poor synthesis results from specifications that with hi-
erarchy and complex (e.g., nested) control flow constructs
in the specification program. The programming style of the
specification code has an unavoidable impact on the quality
of the synthesized system. This is deteriorated by models with
hierarchical blocks, subprogram calls, as well as nested con-
trol constructs (e.g., if-then-else and while loops). The result
of these models is that the complexity of the transformations
which are required for the synthesis tasks (compilation,
algorithmic transformations, scheduling, allocation, and
binding) increases at an exponential rate, whereas the design
size increases linearly.

Usually the input code (such as ANSI-C or ADA) to
HLS tool is first transformed into a control/data flow graph
(CDFG) by a front-end compilation stage. This involves a
number of compiler-like optimizations such as code motion,
dead code elimination, constant propagation, common sub-
expression elimination, loop unrolling hardware-oriented
optimizations such as minimization of syntactic variances,
retiming, and code transformations which are based on
the associativity and commutativity properties of some
operators, in order to deliver simpler expressions. Then,
various synthesis transformations are applied on the CDFG
to generate the final implementation. The most important
HLS tasks of this process are scheduling, allocation, and
binding. Scheduling makes an as-much-as-possible optimal
order of the operations in a number of control steps or
states. Optimization at this stage includes making as many
operations as possible parallel, so as to achieve shorter

execution times of the generated implementation. Allocation
and binding assign operations onto functional units, and
variables and data structures onto registers, wires, or mem-
ory positions, which are available from an implementation
library.

A number of commercial HLS tools exist nowadays,
which often impose their own extensions or restrictions on
the programming language code that they accept as input,
as well as various shortcuts and heuristics on the HLS tasks
that they execute. Such tools are the CatapultC by Mentor
Graphics, the Cynthesizer by Forte Design Systems, the
Impulse CoDeveloper by Impulse Accelerated Technologies,
the Synfony HLS by Synopsys, the C-to-silicon by Cadence,
the C to Verilog Compiler by C-to-Verilog, the AutoPilot by
AutoESL, the PICO by Synfora, and the CyberWorkBench by
NEC System Technologies Ltd. The analysis of these tools
is not the purpose of this work, but most of them are
suitable for linear, dataflow-dominated (e.g., stream-based)
applications, such as pipelined DSP and image filtering.

An important aspect of the HLS tools is whether their
transformation tasks (e.g., within the scheduler) are based
on formal techniques. The latter would guarantee that
the produced hardware implementations are correct-by-
construction. This means that by definition of the formal
process, the functionality of the implementation matches
the functionality of the behavioral specification model (the
source code). In this way, the design will need to be verified
only at the behavioral level, without spending hours or
days (or even weeks for complex designs) of simulations of
the generated register-transfer level (RTL), or even worse
of the netlists generated by a subsequent RTL synthesis of
the implementations. The behavioral code can be verified
by building a module that produces test vectors and reads
the results and this verification can be realized with simple
compilation and execution with the host compiler of the
language (e.g., GNU C compiler and linker). This type of
behavioral verification is orders of magnitude faster than
RTL or even more than gate-netlist simulations.

Moreover, the hardware/software codesign approach,
which is followed by the author’s work, allows to model
the whole embedded (or other) digital system in ADA
(currently a C front-end is being developed as well), and
coverified at this level using standard compile and execute
techniques with the host ADA compiler. This also enables
the building of the system under test as well as the testbench
code to be developed in the same format, which enforces
functional verification and debugging at the earliest steps of
the product design and development flow. In this way, and
by using standard and formal techniques, late reiterations in
the development flow are avoided and thus valuable project
time is saved, so as to focus to more important, system
level design decisions such as the target architecture and
tradeoffs between hardware and software implementations
of the various system parts. For the system compilation, a
formal IKBS methodology is used, by combining compiler-
compiler and logic programming techniques, borrowed from
areas such as formal compilation and artificial intelligence.

The codesign techniques of the author’s work produce
superior hardware module performance and their results are
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more adaptable to different host architectures, as compared
with traditional-platform-based and IP-based approaches.
This is due to the fact that platform-based design makes
a lot of system and interface assumptions about the target
architecture which are often found out that they are not true,
and, therefore, the delivered parts are not compatible and
cannot be plugged into the target system. Even in the best
case, the codesign results are found to be suboptimal due
to mismatching performances of the core and the interface
functionality of the delivered modules. The same apply for
the IP-based design, plus the time spent to understand the
IP’s function and interfaces, and build proper test procedures
for IP verification flows when the given IP is plugged in the
target architecture.

This paper presents the formal IKBS methodology, as
well as the usability and benefits of it in the prototype hard-
ware compilation system. Section 2 discusses related work.
After a review of existing intermediate formats, the author’s
intermediate predicate format is analyzed in Section 3. The
hardware compilation design flow and in particular the
loading of the IPF database in the IKBS engine are explained
in Section 4. Section 5 summarizes the inference logic rules
of the IKBS engine of the back-end phase of the prototype
behavioral synthesizer. In Section 6, the mechanism of the
formal high-level synthesis transformations is presented.
Section 7 outlines the structure and logic of the PARCS
optimizing scheduler which is part of the back-end compiler
rules. Section 8 explains the available options for target
microarchitecture generation and the communication of the
accelerators with their computing environment. Section 9
outlines the general execution environment for the results of
the hardware/software codesign methodology of this paper.
Sections 10 and 11 discuss experimental results, draw useful
conclusions, and propose future work.

2. Background and Review of
ESL Methodologies

2.1. The Scheduling Task. The scheduling problem covers
two major categories: time-constrained scheduling and
resource-constrained scheduling. Time-constrained schedul-
ing attempts to result into the lowest hardware cost (e.g., area
or number of functional units) when the total number of
control steps (states) is given (time constraint). Resource-
constrained scheduling attempts to produce the fastest
schedule (the fewest control states) when the amount of
hardware resources or hardware area are given (resource
constraint). Integer linear programming (ILP) formulations
for the scheduling problem have been proposed. However,
their execution time grows exponentially with the increase
of the number of variables and inequalities. Therefore, ILP
is generally impractical and it is suitable only for very small
designs. Heuristic methods have been introduced to deal
with large designs and to provide suboptimal but practi-
cal implementations. Heuristic scheduling uses in general
two techniques: constructive solutions and iterative refine-
ment. Two constructive methods are the as-soon-as-possible
(ASAP) and the as-late-as-possible (ALAP) approach. Both

of these methods place the hardware operations in a
precedence-based list. With the ASAP method, one operation
is taken from the list at a time and the algorithm tries to
position the operation at the earliest possible control step.
With the ALAP method, each operation from the list is
moved at the latest possible control step. The operations that
were placed in the same control steps of by both ASAP and
ALAP methods constitute the design’s critical path.

In both ASAP and ALAP scheduling, the operations that
belong to the critical path of the design are not given any
special priority over other operations. Thus, and particularly
when the resource constraints are too hard and so only a
few operations can be assigned on similar functional units
in each control cycle, excessive delay may be imposed on the
critical path operations. This is not good for the quality of the
produced implementation. On the contrary, list scheduling
utilizes a global priority function to select the next operation
to be scheduled. This global priority function can be either
the mobility [1] of the operation or its urgency [2]. The
mobility of an operation is the difference between its ASAP
and ALAP control step in absolute terms. Force-directed
scheduling [3] calculates the range of control steps for each
operation between the operation’s ASAP and ALAP state
assignment. It then attempts to reduce the total number of
functional units of the design’s implementation, in order to
evenly distribute the operations of the same type into all
of the available states of the range. This is done by using
distribution graphs of operations, which are assigned to the
same state.

The problem with constructive scheduling is that there
is not any lookahead into future assignment of operations
into the same control step. In this way, the generated design
implementation may be suboptimal. In contrast to this, the
iterative scheduling produces new schedules, by iteratively
rescheduling sequences of operations that maximally reduce
the cost functions [4], after an initial schedule is delivered
by any of the above scheduling algorithms. When no further
improvement can be achieved, the scheduling execution
stops. The above scheduling techniques are usually applied
on linear dataflow dominated sequences of operations. In
order to schedule and place control-intensive designs which
include constructs such as loops, loop pipelining [5], and
loop folding [6], different techniques have been reported in
the bibliography.

2.2. Allocation and Binding Tasks. Allocation determines
the type of resource storage and functional units, selected
from the library of components, for each data object and
operation of the input program. Allocation also calculates
the number of resources of each type that are needed to
implement every operation or data variable. Binding assigns
operations, data variables, data structures, and data transfers
onto functional units, storage elements (registers or memory
blocks) and interconnections, respectively. Also binding
makes sure that the design’s functionality does not change by
using the selected library components. The three interdepen-
dent tasks of binding are functional-unit binding, storage-
element binding, and interconnection binding. Functional-
unit binding assigns operations onto functional units and
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operators (e.g., adders, subtractors, multipliers, ALUs) from
the available resource library. Storage binding maps data
objects such as variables, constants, and data structures
(e.g., arrays, or records) onto hardware elements such as
registers, wires (connected on the power or ground lines) and
RAMs/ROMs, respectively. Interconnection binding maps
data transfers onto sets of interconnection units, along with
the necessary multiplexing to implement the required data
routing in the delivered hardware implementation. All of
these are placed on the datapath implementation of the
design after HLS runs on it.

Generally, there are three kinds of solutions to the al-
location problem: constructive techniques, decomposition
techniques, and iterative approaches. Constructive alloca-
tion techniques start with an empty implementation and
progressively build the datapath and control parts of the
implementation by adding more functional, storage, and
interconnection elements while they traverse the CDFG
(control-data-flow-graph) or any other type of internal
graph/representation formats. Constructive techniques are
fairly simple but the implementations they produce are far
from optimal. Decomposition techniques divide the alloca-
tion problem into a sequence of well-defined independent
subtasks. Each such subtask is a graph-based theoretical
problem which is solved with well-known graph methods.
Three such graph-based methods are the clique partitioning,
the left-edge technique, and the weighted bipartite matching
technique. The three allocation subtasks of functional unit,
storage, and interconnection allocation are mapped onto the
problem of graph clique partitioning [7]. The nodes of the
graph are operations, values, and interconnection elements.
The task of finding the minimum cliques in the graph which
is the solution for the subtasks, is an NP-hard problem,
therefore, heuristic approaches [7] are utilized for allocation.

Because the conventional subtask of storage allocation
ignores the side-effects between the storage and intercon-
nections allocation, when using the clique partitioning tech-
nique, graph edges are enhanced with weights that represent
the effect on interconnection complexity. This complexity is
caused by sharing registers among different variables of the
design [3]. The left-edge algorithm is applied on the storage
allocation problem, and it allocates the minimum number
of registers [8]. The left-edge algorithm has a polynomial
complexity against the clique partitioning which is NP-
complete. Nevertheless, the left-edge algorithm does not take
into account the interdependence with the interconnect cost.
This is considered in the weighted graph edges of the clique
partitioning solution.

A weighted, bipartite-matching algorithm can be used
to solve both the storage and functional unit allocation
problems. First, a bipartite graph is generated which contains
two disjoint sets, for example, one for variables and one
for registers, or one for operations and one for functional
units [9]. An edge between one node of the one of the
sets and one node of the other represents an allocation
of, for example, a variable to a register. The bipartite-
matching algorithm has a polynomial complexity and it
allocates the minimum number of registers. Moreover, this
algorithm considers the effect of register allocation on the

design’s interconnection elements because the edges of the
two sets of the graph are weighted [9]. The datapaths
that are generated by either constructive or decomposition
allocation techniques can be further improved iteratively.
This is done either by a simple assignment exchange, using
the pairwise exchange of the simulated annealing, or by using
a branch-and-bound approach. The latter reallocates groups
of elements of different types in order to refine the datapath
implementation [10].

2.3. Early High-Level Synthesis. HLS has been an active
research field for more than two decades now. Early
approaches of experimental synthesis tools that synthesized
small subsets of programming constructs or proprietary
modeling formats have emerged since the late 1980s. As an
example, an early tool that generated hardware structures
from algorithmic code, written in the PASCAL-like, digital
system specification language (DSL) is reported in [11]. In
this work, the three domains of integrated circuit designs
were defined as the behavioral, structural, and geometrical.
Behavioral synthesis is the transformation of behavioral
descriptions (e.g., program code) into circuit structures. This
can be done at different levels, for example, at the register-
transfer, at the gate or logic level, at the transistor or electric
level, and so forth. The geometrical domain involves the
generation of the integrated circuit geometrical features such
as the circuit layout on the silicon array. What the authors in
[11] named as behavioral synthesis is of course defined in our
days in much more detail, it is extended at the abstraction
level of the specifications and it comes under the name
high-level synthesis (HLS). The problem of HLS is extremely
complex, but it is much more understood in our days than
in the early days of the first synthesis systems. The main
tasks that were identified in [11] were compilation, datapath,
and control synthesis from imperative specifications (e.g., in
DSL), optimization (area and speed), and circuit assembly.
The circuit structure generated in [11] is coded in the
structure description language (STRUDEL), and this in
turn in ported to the Carlsruhe Digital System CADDY to
generate the geometrical description of the circuit. Examples
of other behavioral circuit specification languages of that
time, apart from DSL, were DAISY [12], ISPS [13], and
MIMOLA [14]. The synthesis system in [11] performs
the circuit compilation in two steps: first step is datapath
synthesis which is followed by control synthesis. The authors
claimed the lack of need for verification of the generated
circuit after synthesis, since it is correct by construction due
to automated circuit synthesis methods.

The PARSIFAL DSP synthesis system from GE Corporate
and Development division was one of the earliest synthe-
sizers that targeted DSP applications [15]. The designed
circuit is described with a combination of algorithmic and
structural level and using PARSIFAL it is synthesized in a
bit-serial DSP circuit implementation. PARSIFAL is part of
a larger E-CAD system called FACE and which included the
FACE design representation and design manager core. FACE
includes interfaces to synthesis tools, analysis tools, physical
assembly tools, libraries, and external tools such as parsers
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and formatters. The synthesis subsystem of FACE is interac-
tive and it utilizes the FACE core functions. FACE focuses on
design transformations and optimizations which are suitable
for pipelined and nonpipelined architectures. The FACE
synthesis process includes the following tasks: minimize the
execution time of expressions, maximize hardware resource
sharing, insert multiplexers, and schedule operations in pipe-
line stages. It is thus obvious that FACE and PARSIFAL were
suitable for DSP-pipelined implementations, rather than
they constitute a more general hardware synthesis system.

The synthesis optimization tasks such as scheduling of
operations and allocation of registers and busses, considering
timing and hardware resource-constraints, are analyzed in
[16]. According to [16], scheduling consists of determining
the propagation delay of each operation and then assigning
all operations into control steps (states) of a finite-state
machine. Different types of scheduling approaches are
explained. Algorithms such as list-scheduling, attempt to
minimize the total execution time of the state machine while
obeying to resource constraints. List-scheduling uses a local
priority function to postpone the assignment of operations
into states, when resource constraints are violated. On the
contrary, force-directed scheduling (FDS) tries to satisfy
a global execution deadline (time constraint) while min-
imizing the utilized hardware resources (functional units,
registers and busses). The way FDS does this is by positioning
similar operations in different control states, so that the
concurrency of operations is balanced without increasing the
total execution time of the circuit. In this way, each structural
unit retains a high utilization which results into reducing
the total number of units that are required to implement
the design. This is achieved in three basic steps: determine
the time-frame of each operation, generate a distribution
graph, and calculate the force associated with each operation
assignment. In [16], minimizing the cost of storage units
and interconnections is addressed as well. The force-directed
list scheduling (FDLS) algorithm attempts to implement
the fastest schedule while satisfying fixed hardware resource
constraints. FDLS is similar to the list scheduling approach.
However, in FDLS, the force is the priority function rather
than the mobility of urgency of operations. Another imple-
mentation exploration approach is also outlined in [16]
by combining FDS and FDLS. In this approach, first the
FDS method is applied to find the near-optimal allocation
by satisfying a fixed maximum time constraint. Then, the
designer runs FDLS on the results of FDS in order to try
and find an even faster implementation. After scheduling,
the following problems are addressed: bind operations to
functional units, bind storage actions to registers, and bind
data-transfer operations to interconnections. Also merging
registers, merging multiplexers, and good design partitioning
are analyzed in [16]. However, there are no indications as to
how fast the synthesis algorithms run using the publication’s
techniques.

The authors in [17] defined as the main problem in
HLS the mapping of a behavioral description into a register-
transfer level (RTL) circuit description which contains a
datapath and a control unit. In our days, the latter can
be implemented with a finite-state machine (RTL) which

controls a datapath of operators, storage elements and a
number of data-steering multiplexers. According to [17],
the main tasks in HLS include allocation, scheduling, and
binding. According to [18], scheduling is finding the se-
quence of which operations to execute in a specific order
so as to produce a schedule of control steps with allocated
operations in each step of the schedule; allocation is defining
the required number of functional, storage, and interconnect
units; binding is assigning operations to functional units,
variables, and values to storage elements and forming
the interconnections amongst them to form a complete
working circuit that executes the functionality of the source
behavioral model. First, the input behavioral description is
transformed into a control/data-flow graph (CDFG). Then,
various optimization algorithms run on this CDFG in order
to drive the implementation of the final circuit implementa-
tion. The CDFG captures the algorithmic characteristics of
the input behavioral program (e.g., in VHDL or Verilog) as
well as the data and control dependency between the opera-
tions to be scheduled. Apparently, two operations that have a
read-after-write dependency from one another, they cannot
be scheduled in the same control step (or state). The authors
in [18] introduce various problems that are encountered
within various scheduling approaches: the unconstrained
scheduling (UCS) problem, the time-constrained schedul-
ing (TCS) problem, the resource-constrained scheduling
(RCS) problem and mixed approaches such as the time-
and resource-constrained scheduling (TRCS) problem. Also,
advanced synthesis issues such as chaining (concatenating a
different operations within the same control step in a chain)
and multicycling (spreading the execution of an operation
over more than one control step), handling in a special
way control structures such as nested if-then-else and loop
constructs, and various issues of constraining the global
execution time and the latency of operations by the user
of the synthesis tool, are addressed in [18]. Moreover, [18]
defines and analyses the most common scheduling algo-
rithms and approaches which include as-soon-as-possible
(ASAP) scheduling, as-late-as-possible (ALAP) scheduling,
list scheduling, force-directed scheduling, and integer linear
programming (ILP).

The V compiler [19] translates sequential descriptions
into RTL models using parsing, scheduling, and resource
allocation. The source sequential descriptions are written in
the V language which includes queues, asynchronous calls,
and cycle blocks and it is tuned to a kind of parallel hardware
RTL implementations. The utilized parser is built from a
LALR grammar, and the parse tree includes leaves repre-
senting syntactic tokens and vertices (nodes) representing
syntactic units of the source code. The V compiler marks the
statements in the generated RTL and simulation code so that
the user can trace the statements back in the V code by using
and observing the token number. It also treats the hardware
state machine as a directed, (possibly) cyclic control graph.
Each vertex of the graph represents a state of the state
machine and a set of operators to execute on the particular
cycle. Each edge between vertices represents a state transition
which can be guarded by a Boolean variable. Thus, if a vertex
has multiple transitions to other vertices, then the conditions
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of these multiple edges must be mutually exclusive. The
inputs and outputs of operations and the conditions on
the state transitions and operators are initially treated all
as variables. Later and during RTL implementation, these
variables are implemented with wires or with registers. The V
compiler utilizes percolation scheduling [20] to “compress”
the state machine in time, and achieve the required degree
of parallelism by meeting time constraints. Apart from the
RTL models, the compiler generates also simulation code
in PL/I so to simulate and verify the generated hardware
implementation models.

A timing network is generated once from every different
behavioral design in [21] and is annotated with parameters
for every different scheduling approach. The produced
timing network is based solely on the control and data
graphs that are derived from the input specification, before
scheduling and allocation. The scheduling optimization
approach in [21] attempts to satisfy a given design cycle for
a given set of resource constraints, using the timing model
parameters. An integrated approach for scheduling, alloca-
tion, and binding in datapath synthesis is explained in [22].
Using highly generalized modules, this approach uses an
integer linear program (ILP) which minimizes a weighted
sum of area and execution time of the implementation. We
can say that this implements a mixed time and resource-
constrained scheduling. The above modules can execute an
arbitrary number of different operations, using, for example,
different numbers of control steps for different operations.
Moreover, the same operation can be executed on a variety
of modules possibly involving different number of control
steps. The synthesis approach in [22] attempts to minimize
the execution time and the hardware area of an initial data-
flow graph (DFG) by using two types of constraints: the data
dependency constraints (DD-constraints) and an operation
ordering based on the sharing of functional units by the
operations (UU-constraints). Also, this work [22] includes
extensions of the ILP approach for pipelined functional units
and for operation chaining. A prototype synthesizer called
Symphony [22], in combination with three benchmarks that
were executed through the Symphony system, namely, a fifth-
order elliptical wave filter, a differential equation, and a
bandpass filter. For these benchmarks and according to the
authors of [22], the Symphony tool delivers better area and
speed than ADPS [23]. It seems from the type of scheduling
approach as well as the presented tests that the approach in
[22] is rather suitable for data-flow-dominated designs such
as DSP blocks and not for more general complex control flow
designs.

The CALLAS synthesis framework [24] transforms algo-
rithmic, behavioral VHDL models into VHDL RTL and gate
netlists, under timing constraints. These netlists are then
implemented into available technologies using available
commercial logic synthesis tools. If the timing constraints
are too tight for the scheduler, then CALLAS produces an
ASAP schedule and issues a relevant error message. The
EXPANDER tool is connected to the back-end of CALLAS
in order to support low-level synthesis of the produced
implementation using specific delay, area, and library com-
ponents. CALLAS produces the final implementation via

a number of iterative high-level and RTL transformations
upon an initial structure which is found in the algorithmic
VHDL source code. The user of CALLAS can drive these
transformations by using a synthesis script. Compilation of
the algorithmic code (from a subset of the VHDL language)
delivers initial data flow and control flow graphs, and an
initial processing generates a starting ALAP schedule without
resource constraints. Afterwards, the control flow graph is
reduced so that the fixed I/O operation schedule is satisfied.
The initial structure is optimized by a number of high-
level and RTL refining transformations. Then, the produced
structure is further going through a logic optimization
and technology mapping by the EXPANDER tools, and
thus a VHDL or EDIF [25, 26] netlist is generated. The
generated circuit is implemented using a Moore-type finite-
state machine (FSM), which is consistent with the semantics
of the VHDL subset used for the specification code. The
synthesis transformations in CALLAS include removal of
superfluous edges in the control flow graph, removal of
unnecessary data transfers between registers, and control
flow graph reduction (scheduling) so as to meet the specified
I/O-timing constraints. Other optimizations include lifetime
analysis, register sharing, operator sharing, multiplexor opti-
mization, arithmetic and logic transformations, optimizing
of the datapath/controller interface, flattening of complex
functional units, partitioning, and logic minimization. These
optimizations utilize techniques such as clique partitioning,
path analysis, and symbolic simulation. Formal verification
techniques such as equivalence checking, which checks the
equivalence between the original VHDL FSM and the syn-
thesized FSM are used in the CALLAS framework by using
the symbolic verifier of the circuit verification environment
(CVE) system [27]. A number of benchmarks and industrial
designs were executed within the CALLAS framework and
confirmed its usability.

The Prolemy framework [28] allows for an integrated
hardware-software codesign methodology from the specifi-
cation through to synthesis of hardware and software com-
ponents, simulation, and evaluation of the implementation.
Prolemy is a tool-set that allows the simulation, and rapid
prototyping of heterogeneous hardware + software systems.
The block is the basic unit of modularity inside Prolemy.
Blocks communicate with each other and with their com-
puting environment through portholes. The tools of Prolemy
can synthesize assembly code for a programmable DSP core
(e.g., DSP processor), which is built for a synthesis-oriented
application. A domain in Ptolemy consists of a set of blocks,
targets, and associated schedulers that conform to the oper-
ational semantics. These semantics determine how blocks
interact. Some of the simulation domains supported by
Ptolemy include the synchronous dataflow (SDF), dynamic
dataflow (DDF), and digital hardware modeling (Thor).
For example, for every commercial DSP processor there
are corresponding models and a simulator. This simulator
is invoked when the user wants to verify a design that
contains the corresponding processor. Mixed digital and an-
alog components, for example, A/D and D/A converters
and filters can be represented as components with their
functional models in the SDF domain. The engineers of
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Ptolemy have supported the generation of C and C++
code for a variety of processors. In Ptolemy, an initial
model of the entire system is partitioned into the software
and hardware parts which are synthesized in combination
with their interface synthesis. Then, the hardware, software,
and interface implementation models can be cosimulated
and the overall system prototype can be evaluated. The
unified representation of hardware and software compo-
nents allows the migration of functions between the two
implementations with their interfaces being automatically
synthesized as well. This process is not fully automatic but
the users of Ptolemy are benefited with interoperability of the
tools.

The Cosyma framework [29] realizes an iterative par-
titioning process, based on hardware extraction algorithm
which is driven by a cost function. The primary target in
this work is to minimize customized hardware within micro-
controllers but the same time to allow for space exploration
of large designs. The Cosyma hardware-software cosynthesis
targets a processor core, memory, and custom coprocessing
engines. In the Cosyma flow, the implementation of the
system focuses on the generation of machine code for the
embedded microprocessor. Custom hardware replaces the
equivalent software parts, only when timing constraints are
violated by the generalized processor code, or when the
completion of the embedded system requires basic, available,
and cheap I/O peripherals. The specialized coprocessors of
the embedded system can be synthesized using HLS tools.
Hardware/software partitioning is automatic in the Cosyma
flow. Initially, the whole system is implemented in a set of
hardware components. Then, gradually as many as possible
of these hardware components are transformed into software
components, with the precondition that timing constraints
and system synchronization are satisfied. The specification
language is based on C and it contains the following exten-
sions: timing (minimum and maximum delays), tasks, and
task intercommunication. Partitioning occurs at different
levels of system granularity: task, function, basic block, and
single statement. Parallelism in the Cosyma C language is
explicit and it is defined by the user (the programmer). The
extended syntax (ES) graph is used as the internal represen-
tation of the design in Cosyma. ESG is extended by a symbol
table as well as data and control dependencies. The ES graph
is used for both partitioning and cost estimation as well
as for software and hardware C generation. The hardware
description is in turn ported to the HLS Olympus tool [30].
Cosyma utilizes its ES internal format to estimate possible
speedups of the critical loops in the design and, therefore,
aid towards the required software-hardware partitioning.
Partitioning is based on a partitioning cost function to drive
the hardware implementation of the system components that
can be implemented well in hardware. Such a cost function
includes knowledge about synthesis, compilers, and libraries.
An example is a specific cost function for the extraction
of coprocessors that implement computation-time-intensive
parts of the application such as nested loops. The work
in [29] included tests and experimental results based on a
configuration of an embedded system, which is built around
the Sparc microprocessor.

AMICAL is a VHDL-based behavioral synthesis tool
of the early 1990s [31]. A number of constraints were
imposed on the writing style of VHDL in order to use
AMICAL for HLS compilation of hardware architectures.
One strong application use of AMICAL was the synthesis
of control-intensive communication protocols. In order to
achieve this, AMICA utilizes control-flow graphs, dynamic
loop scheduling, in order to represent and process constructs
such as nested loops, unstructured control statements such
as loop exits wait statements used for synchronization.
Nevertheless, AMICAL is not strictly an HLS system with the
meaning given to HLS in this paper, since instead of general
purpose programming format, it accepts (and it is oriented
to) descriptions in VHDL which requires the designer to
think about hardware-specific features when modeling of the
system is realized.

The work in [32] discusses a methodology for cosimu-
lation and cosynthesis of mixed hardware-software specifi-
cations. During cosynthesis, hardware-software partitioning
is executed in combination with control parallelism trans-
formations. The hardware-software partition is defined by
a set of application-level functions which are implemented
with application-specific hardware. The control parallelism
is defined by the interaction of the processes of the functional
behavior of the specified system. Finding the appropriate
control concurrency involves splitting of merging processes
or moving functionality from one process to another. The
cosimulation environment produces a mixed system model
that is functionally correct but it may not meet design
goals. The cosynthesis tools are then used to modify the
hardware-software partition and the control concurrency
so that design goals are satisfied. Afterwards, the software
part is implemented with standard compilation into system
memory and the hardware part is synthesized with HLS
tools and implemented with reconfigurable Xilinx FPGAs
and two field-programmable interconnect chips from Aptix.
All of these modules are plugged in the backplane of the
host computer, so that implementation measurements can be
realized. There are three abstractions of hardware-software
interactions: send/receive/wait transactions between appli-
cation program and custom hardware, register read/write
between the I/O driver running in the host computer and the
bus interface of the custom hardware, and bus transactions
between the two I/O bus sides. The system behavior is
modeled using a set of communicating sequential processes
[33]. Each process can be assigned either to hardware
or to software implementation. The following types of
interprocess communication primitives exist in the system:
synchronized data transfer, unsynchronized (unbuffered)
data transfer, synchronization without data transfer, and
communication with a shared memory space. Cosimulation
is implemented in [32] using a Verilog simulator and a
Verilog PLI interface. Two example applications were used
to evaluate the cosynthesis and cosimulation environment:
the Sphinx speech phoneme recognition system and a data
compression/encryption application.

Yet another hardware-software codesign methodology is
presented in [34], which employs synthesis of heterogeneous
systems. The synthesis process is driven by timing constraints
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which drive the mapping of tasks onto hardware or software
parts so that the performance requirements of the intended
system are met. This method is based on using modeling
and synthesis of programs written in the HardwareC lan-
guage. This enables the use of the Olympus chip synthesis
system for prototyping of the designed application [30].
A set of interacting processes which are instantiated in
design blocks using declarative semantics are included in
the HardwareC model. When all tasks are completed, the
hosting process restarts itself. All of the processes can execute
concurrently in the system model. Hierarchically related
sequencing graphs are produced from the input Hard-
wareC specification. Within each graph, vertices represent
input program operations and edges represent dependencies
between operations. Two vertices, namely, the source (begin-
ning) and sink (end) represent no operations. Operations in
different graphs can pass messages to each other in the graph
model, in the same manner as send and receive. This is a
very important feature in modeling of heterogeneous systems
because the processor (which implements the software part
of specification) and the custom hardware (which imple-
ments the hardware part of specification) may run on dif-
ferent clocks and speeds. Timing constraints are used to
select the specific system implementation so as to satisfy
specific performance requirements. Timing constraints are of
two types: min/max delay constraints and execution rate
constraints. For example, minimum delay constraints are
captured by providing weights at the edges of the graph,
to indicate delay to the corresponding source operations of
each edge. Performance measurement is done on the basis
of operation delays. These delays are estimated separately for
the hardware and software parts of the system based on the
type of hardware technology which is used to implement
the hardware part of the system, and the processor which is
used to run the software. The assignment of an operation to
software or hardware implementations affects the delay of the
operation. Moreover, moving operations from the hardware
to software parts and vise versa involve additional delays
due to emerging intercommunication delays. All these delays
are used to determine the hardware/software partitioning of
the final system implementation. An example application
which was used to test the methodology in [34] was an
Ethernet-based network coprocessor. The authors concluded
that the use of their proposed hardware-software codesign
methodology can aid significantly the design and develop-
ment of embedded real-time systems which have a simple
configuration as compared to that of a general purpose
computing system.

2.4. Next-Generation High-Level Synthesis Tools. More ad-
vanced methodologies and tools started appearing from
the late 1990s and continue with more improved input
programming code sets as well as scheduling and other
optimization algorithms. Furthermore, system level syn-
thesis matured in the last decade by using more (application-
wise) specialized and platform-oriented methodologies. The
CoWare hardware-software codesign environment [35] is
based on a data model that allows the user to specify, sim-
ulate, and produce heterogeneous implementations from

heterogeneous specification source models. The choice of
implementing real-time telecommunications DSP transfor-
mations on programmable DSP processors or application-
specific hardware is driven by tradeoffs between cost, power,
performance, and flexibility. The synthesis approach in
[35] focuses on designing telecommunication systems that
contain DSP, control loops, and user interfaces. The syn-
chronous dataflow (SDF) type of algorithms, found in a
category of DSP applications, can easily be synthesized into
hardware from languages such as SILAGE [36], DFL [37],
and LUSTRE [38]. The advantage of this type of designs is
that they can be scheduled at compile time and the execution
of the compiled code can be two orders of magnitude faster
than event-driven VHDL (e.g., RTL) simulations. In contrast
to this, dynamic dataflow (DDF) algorithms consume and
produce tokens that are data dependent, and thus they allow
for complex if-then-else and while loop control constructs.
One way to deal with the data-dependent DDF algorithms
is to map them onto the worst case SDF and schedule
them at compile time. Another way is to partition the DDF
into partial SDFs that are triggered by internal or external
Boolean conditions. Then, these partial SDFs need to be
scheduled at run time using the I/O timing constraints of
the DSP signals and other external events. CAD systems
that allow for specifying both SDF and DDF algorithms
and perform as much as possible static scheduling are the
DSP station from Mentor Graphics [39], PTOLEMY [40],
GRAPE-II [41], COSSAP from Synopsys, and SPW from the
Alta group [42]. Processes are used to realize modularity in
the specification models of the CoWare tool [35]. A behav-
ioral interface with read/write ports implements the commu-
nication between processes. Process ports that communicate
with each other are connected through a channel. The data
model is hierarchical and allows for gradual refinement of
channels, ports, and protocols into lower levels of objects, by
continuously adding detail. The most abstract object is the
primitive object. In contrast, a hierarchical object contains
implementation detail. A thread is a single flow of control
within a process. There are slave threads and autonomous
threads [35]. Communication between threads in different
processes is called interprocess communication. Shared
variables or signals, that are declared within the context of a
process, are used for intraprocess communication. Channels
and ports can be refined via adding more detail onto them,
through the CoWare’s design flow. The CoWare data model
is suitable for merging of processes and for design for reuse
and reuse of designs. Software/hardware communication
is implemented in CoWare by means of memory-mapped
I/O, instruction-programmed I/O, and interrupt control
modules. The CoWare methodology was evaluated in [35]
using a design example, which is a pager, based on spread-
spectrum techniques. One important conclusion in [35]
was that there is a pressing need for bottom-up formal
verification tools, which can evaluate both functionality and
timing of the design before and after synthesis.

C models that include dynamic memory allocation,
pointers, and the functions malloc and free are mapped
onto hardware in [43]. The implementation method in [43]
instantiates a custom (to the application) hardware memory
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allocator. The allocator is coupled with the specific memory
architecture. Moreover, this work supports the resolution
of pointers without any restriction on the underlying data
structures. Many networking and multimedia applications
are implemented in hardware or mixed hardware/software
platforms and they feature heavy use of complex data
structures which are sometimes stored in one or multiple
memory banks. An immediate result of this is that some fea-
tures of C/C++ which were originally designed for software
development are now strong candidates for hardware design
as well. The SpC tool which was developed in [43] resolves
pointer variables at compile time and thus C functional
models are synthesized into hardware efficiently. In a hard-
ware implementation of pointers, memory allocation may
be distributed onto multiple memories, and the data which
are referenced by the pointers may be stored in memories,
registers, or wires. Therefore, the synthesis tool needs to
automatically generate the appropriate circuit to allocate,
access (read/write) and deallocate data. The potential values
of all pointers of an application program are identified by
a compiler technique called pointer analysis. In order to
implement dynamic memory allocation in hardware, there is
a need to synthesize circuits to access, modify, or deallocate
the location which is referenced by each pointer. For this
purpose, the aliasing information [43] must be both safe and
accurate. The authors in [43] assume that the computational
complexity of flow-sensitive and context-sensitive analysis
is not high because of the small size and simplicity of the
programs and function calls which are used in hardware
synthesis. This of course is not guaranteed since modern
system descriptions could easily contain some thousands
of lines of hierarchical code to describe complex hardware
architectures. The subset of C which is accepted by the
methodology in [43] includes malloc/free and all types of
pointers and type casting. However, pointers that point to
data outside the scope of a process (e.g., global variables) are
not allowed. The synthesis of functions in C, and, therefore,
the resolution of pointers and malloc/free inside of functions,
is not included in this work. In order for the C code with
the pointers to be efficiently mapped onto hardware, first the
memory is partitioned into sets which can include memories,
registers, or wires, and which can also represent pointers.
Pointers are resolved by encoding their value and generating
branching statements for loads and stores. Dynamic memory
allocation and deallocation is executed by custom hardware
memory allocators. The SpC tool [43] takes a C function with
complex data structures and generates a Verilog model. The
different techniques and optimizations described above have
been implemented using the SUIF compiler environment
[44]. The memory model consists of distinct location sets,
and it is used to map memory locations onto variables
and arrays in Verilog. Then, the generated Verilog module
can be synthesized using commercial synthesis tools such
as the behavioral compiler of synopsys. The case studies
that evaluated and tested this methodology included a
video algorithm and an asynchronous transfer mode (ATM)
segmentation engine.

A heuristic for scheduling behavioral specifications that
include a lot of conditional control flow is presented in

[45]. This heuristic is based on a specific intermediate design
representation which, apart from established techniques such
as chaining and multicycling, enables more advanced tech-
niques, such as conditional resource sharing and speculative
execution, which are suitable for scheduling conditional
behaviors. This work intends to bridge the gap in design
implementation quality between HLS results from dataflow-
dominated descriptions, and those from conditional control-
flow-dominated source models. Generally, although HLS was
accepted by the engineering community earlier for dataflow
oriented applications, it took some time before it became
adopted, and it is still not widely accepted for designs that
contain complex conditional control flow, such as nested
if-then-else and loop constructs. This intermediate design
representation is called hierarchical conditional dependency
graph (HCDG). The heuristics for HLS tasks that are
invented for the HCDG have been developed to deal with
complex control flow that involves a degree of control hier-
archy. HCDGs introduced two new concepts: a hierarchical
control representation and the explicit representation of
both data and control dependencies in the design. This
explicit representation of control dependencies is suitable for
exploring maximum parallelism in the implementation, by
rearranging these control dependencies. Because exploiting
parallelism is easier for custom hardware designs than for
software ones, being able to express maximum parallelism at
the intermediate form level of a hardware design is essential.
The HCDG can be successful in avoiding the negative effects
of syntactic variance effects in the specification code of the
designed system.

The hierarchical control representation of HCDG enables
the HLS tasks such as scheduling, allocation, and binding.
In [45], symbolic names are given to the Boolean conditions
under which the various operations are executed and values
are assigned to variables. Those symbolic names are called
guards. In an HCDG, there are two types of nodes: guard
nodes and operation nodes. Guard nodes represent the
symbolic names of the various conditions under which
operations are executed. Operation nodes represent I/Os,
computations, data multiplexing, and storage elements. In
an HCDG, there are two types of edges: data dependencies
and control dependencies. Data dependencies are precedence
constraints from one operation node to another. This defines
the dataflow-dependent order of operation execution order.
Control dependencies designate which conditions (guards)
must evaluate to true so that the data values are computed
and considered as valid. Each operation node has its
control dependency edge from its guard. Guards can be also
hierarchical, which results into a graphical representation
of nested control constructs (e.g., and if-then-else nested
inside another if-then-else, etc.). Therefore, there is a guard
hierarchy graph for every design in [45]. Deriving HCDGs
from conditional behaviors is being exercised in [45], but
deriving them from loop constructs is reported in the
particular work [45] as being the subject of future work.
In order to schedule conditional behaviors efficiently, the
mutual exclusiveness of the conditions must be exploited.
This means being able to conditionally share resources and
schedule operations effectively. In order to do this, complete
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lists of mutually exclusive guards have to be constructed.
For large and complex designs, this means that a very large
number of mutual exclusiveness tests have to be performed
on potential pairs of guards. Nevertheless, this number of
tests can be drastically reduced in [45] by using the inclusion
relations represented by the guard hierarchy graph. Using
the above techniques, the following HLS transformations
are enabled: lazy execution, node duplication, speculative
execution, false-path elimination, and conditional resource
sharing. Moreover, operation chaining and multicycle oper-
ations are considered. A special priority function based on
guard hierarchy and graph node mobility is utilized in order
to obtain the node priorities when executing scheduling.
Mutual exclusiveness information is very useful for applying
register allocation and for other types of resource sharing
such as the one applied to interconnects. The HLS techniques
presented in [45] were implemented in a prototype graphical
interactive tool called CODESIS which used HCDG as its
internal design representation. The tool can generate VHDL
or C code from the HCDG, but no reports about translating
a standard programming language into HCDG are known so
far.

The HLS approach presented in [46] utilizes a coor-
dinated set of coarse-grain and fine-grain parallelizing
transformations on the input design model. These transfor-
mations are executed in order to deliver synthesis results that
do not suffer from the negative effects of complex control
constructs in the specification code. These transformations
are applied both during a presynthesis phase and during
scheduling, in order to improve the quality of synthesis
output. During presynthesis, the following transformations
are applied: common subexpression elimination (CSE), copy
propagation, dead code elimination, loop-invariant code
motion, as well as restructuring transformations such as
loop unrolling and loop fusion. Then, during scheduling,
aggressive speculative code motions (transformations) are
used to reorder, speculate, and sometimes duplicate oper-
ations in the design. In this way, maximum parallelizing
is applied on the synthesis results. A technique called
dynamic CSE, dynamically coordinates CSE, speculation,
and conditional speculation during scheduling. During
scheduling, specific code motions are enabled, which move
operations through, beyond, and into conditional blocks
with the purpose of maximizing parallelism and, therefore,
increase design performance. The scheduling heuristic, the
code motion heuristic, dynamic transformations, and loop
pipelining are executed. All of these tasks use functions from
a tool library, which includes percolation and trailblazing,
speculative code motions, chaining across conditions, CSE,
and copy propagation. Then, during the binding and control
synthesis steps, the operation and variable binding as well
as FSM generation and optimization are executed. All these
techniques were implemented in the SPARK HLS tool, which
transforms specifications in a small subset of C into RTL
VHDL hardware models. A resource-constrained scheduler
is used in SPARK and it is essentially a priority-based global
list scheduling heuristic. The user provides SPARK with a
library of resources, which include among other details the
type and number of each resource. This user library is used

by the HLS tool, to allocate operations and registers onto
library components. In terms of intermediate design rep-
resentations, SPARK utilizes both control/data flow graphs
(CDFGs) as well as an encapsulation of basic design blocks
inside hierarchical task graphs (HTGs) [46]. HTGs allow for
coarse-grain code restructuring such as loop transformations
and an efficient way to move operations across large pieces of
specification code. This is why the combination of CDFGs
and HTGs in SPARK is so successful. Nevertheless, there
are serious restrictions on the subset of the C language that
SPARK accepts as input, and limitations such as inability
to accept design hierarchy modules (e.g., subprograms) and
of “while” type of loops. SPARK is validated in [46] by
synthesizing three large examples: MPEG-1, MPEG-2, and
the GIMP image processing tool.

Typical HLS tasks such as scheduling, resource allocation,
module binding, module selection, register binding, and
clock selection are executed simultaneously in [47] so as
to achieve better optimization in design energy, power,
and area. The scheduling algorithm utilized in [47] applies
concurrent loop optimization and multicycling and it is
driven by resource constraints. The state transition graph
(STG) of the design is simulated in order to generate
switched capacitance matrices. These matrices are then
used to estimate power/energy consumption of the design’s
datapath. The initial schedule is optimized by multiple
execution sequences of module selection, module sharing,
and register sharing tasks. Nevertheless, the input to the HLS
tool which was developed in [47] is not program code in a
popular language but a proprietary format representing an
enhanced control-data-flow graph (CDFG) as well as an RTL
design library and resource constraints. In order to facilitate
the capturing of control constructs such as if-then-else and
loops, as well as memory access sequences, special nodes and
edges were added to enhance this proprietary CDFG. The
scheduler takes the CDFG and resource constraints as input
and produces a result in the form of an optimized STG. In the
synthesis algorithm, the cost function (for optimization) can
be area, power, or energy. The synthesis process is iterative
and it continuously improves the cost function until all
constraints and data dependencies are met. The iterative
improvement algorithm is executed by means of multiple
passes until there is no potential improvement on the cost
functions. In every pass, a sequence of the following moves
is generated; the moves can be module selection, module
sharing and register sharing. After each move, the behavior
of the system is rescheduled and the cost is reestimated. If
that move generates the best reduction of cost, then the move
is saved, otherwise, different moves are selected. If the cost is
reduced in the current pass, then a new pass is generated and
the scheduling continues. This iterative process runs until
there is no potential improvement in the cost functions. The
tool generates RTL Verilog implementations. The developed
HLS system is targeted at control-intensive applications,
and it is also applicable to dataflow-dominated designs.
The system was tested using a number of control-intensive
benchmarks, such as for loop, concurrent loops, nested
loops, greatest common divisor, a fifth-order Elliptic wave
filter, and a popular dataflow-dominated benchmark. The
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synthesis results focused more on power reduction up to 70%
rather than area or speed results. Most of the benchmarks
took a number of minutes to execute on a conventional
Pentium III PC.

An incremental floorplanner is described in [48] which
is used in order to combine an incremental behavioral and
physical optimization into HLS. These techniques were inte-
grated into an existing interconnect-aware HLS tool called
ISCALP [49]. The new combination was named IFP-HLS
(incremental floorplanner high-level synthesis tool), and
it attempts to concurrently improve the design’s schedule,
resource binding and floorplan, by integrating high-level
and physical design algorithms. Moreover, the impact of
interconnect on area and power consumption of integrated
circuits was considered in this work. To define the problem
this method is based on the following equation:

Tclock = Ts

csteps
, (1)

where Tclock is the system clock period, Ts is the constraint
on the input data rate (sample period), and csteps is the
number of clock cycles required to process an input sample.
Given csteps, an ASAP schedule is generated for an initial
solution to determine whether it meets timing. An iterative
improvement algorithm is then applied on this initial
solution, in order to reduce the switched capacitance while it
still satisfies the sample period constraint. From the way the
problem and the solution are defined in this HLS approach,
it seems that the latter is suitable for dataflow-dominated
designs and not for control-intensive applications. IFP-HLS
generates one initial solution, at the maximum number of
csteps and then it applies incremental floorplanning and it
eliminates redundant operations. In this way, the solution
is improving as the csteps decreases. If a solution meets its
timing requirement after rescheduling, then rebinding is not
necessary. In any other case, it rebinds some tasks and uses
parallel execution to improve performance. Possible pairs of
tasks that are initially assigned to the same functional unit
are split onto separate functional units [48].

For a given csteps, the floorplan is incrementally modified
to see if this improves the solution quality. If it does, then this
change is saved. Otherwise, the floorplan change is rejected
and other modifications are attempted to determine whether
they improve the solution, and so on [48]. In order to
guide these changes, the tool extracts physical information
from the current incrementally generated floorplan. IFP-HLS
incrementally performs scheduling, allocation, and binding
by modifying iteratively csteps, and it determines which
operations need to be rescheduled or rebound (split) in order
to meet the timing constraints. In each step, the floorplanner
is updated. An incremental simulated annealing floorplanner
is embedded into the IFP-HLS tool which was designed for
design quality and not for speed. The floorplanner handles
blocks with different aspect ratios and generates nonslicing
floorplans. Every synthesis move either removes a single
module or it splits a module into two. Therefore, most of the
modifications are small and their effects on the floorplan are
local, rather than global. In this way, an existing floorplan
can be used as the base for each new floorplan. In practice,

the authors found this approach to deliver quality-of-results
and performance improvements, even compared with a very
fast constructive floorplanner.

Fifteen different benchmarks were used to evaluate the
utility of this approach in [48]. The average improvements of
IFP-HLS over ISCALP, for implementations with nonunity
aspect ratio functional units, are 14% in area, 4% in power
consumption, 172% in reduction in the number of merge
operations, and 369% in CPU time. The average improve-
ments of IFP-HLS over ISCALP, for implementations with
unity aspect ratio functional units, are 12% in area, 7% in
power consumption, 100% in reduction in the number of
merge operations, and for some benchmarks the IFP-HLS
CPU run time was 6 times less than that of the ISCALP
method.

The study in [50] discusses an HLS methodology which
is suitable for the design of distributed logic and memory
architectures. Beginning with a behavioral description of the
system in C, the methodology starts with behavioral profiling
in order to extract simulation statistics of computations
and references of array data. This allows the generation of
footprints which contain the accessed array locations and the
frequency of their occurrence. Array data reference opera-
tions with similar access patterns are grouped together into
a computation partition, using these footprints. A method
to assign each such partition onto a different subsystem is
used. In this way, a cost function is minimized that includes
balancing the workloads, synchronization overheads, and
locality of data accesses. Then, array data are distributed into
different partitions. This is done so that the data accesses will
be as much as possible local to each subsystem, based on
the clustering of their reference operations. Synchronization
code is inserted into the implementation’s behavior, in order
to implement correct communication between different
partitions. This results into a distributed logic/memory
microarchitecture RTL model, which is synthesizable with
existing RTL synthesizers, and which consists of two or
more partitions, depending on the clustering of operations
that was applied earlier. These techniques are implemented
into an industrial tool called Cyber [51]. Several benchmark
applications were run on the tool to produce distributed
logic/memory implementations. The results featured a per-
formance increase of up to twice and reduction up to 2.7
times of the delay X energy product over single-memory and
homogeneously partitioned designs.

Communicating processes which are part of a system
specification are implemented in [52]. In contrast to the
conventional HLS approach which synthesizes each concur-
rent process of the system individually, the impact of the
operation scheduling is considered globally in [52], in the
system critical path (as opposed to the individual process
critical path). First, the system is scheduled by assuming
that there are unlimited resources for each process. Then,
the scheduled design is simulated, and using the simulation’s
execution traces, system performance is analyzed and the
critical path(s) of the behavior is (are) extracted. Using this
information about the design, the criticality of operations is
calculated based upon whether they belong to the critical
path(s) or the near-critical path(s). Then, the relative
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resource requirement of each process is calculated which
depends on the type and number of critical operations that a
process contains. With this information for each process, the
resources for the overall system are budgeted. The resource
budget is then used as a constraint to reschedule the whole
design. The rescheduled design is simulated again and the
critical paths are yet one more time extracted from the traces.
If the critical path changes, then the above process is repeated
again and again until the critical path remains the same
after each resource reallocation. When the extracted critical
paths become the same, and using the last resource budget,
the behavior model is passed to the rest of the HLS tasks,
such as resource sharing and generation of the controller and
datapath. In this way, the RTL hardware implementation of
the multiple processes is built. It is argued by the authors in
[52] that this methodology allocates the resources where they
are mostly needed in the system, which is in the critical paths,
and in this way it improves the overall multiprocess designed
system performance.

The work in [53] contributes towards incorporating
memory access management within an HLS design flow. It
mainly targets digital signal processing (DSP) applications
but also more general streaming systems can be included
along with specific performance constraints. A particular
memory sequencer architecture is discussed in [53] and
utilized by its methodology. This methodology can pipeline
both static and dynamic memory access sequences. In
order to take advantage of the memory sequencer, specific
enhancements of the typical HLS flow are introduced.
The targeted architecture template for the signal proces-
sors includes the processing unit (PU) which contains
the datapath and a controller, the memory unit (MemU)
which executes pipeline accesses to memories, and the com-
munication unit (ComU) which handles communication
from/to the rest of the design’s computing environment. The
synthesis process is performed on the extended data-flow
graph (EDFG) which is based on the signal flow graph. The
EDFG models both the access and data computations, the
transfers of data, and the condition statements for address-
ing, computation, and data transfers, respectively. Mutually
exclusive scheduling methods [54, 55] are implemented with
the EDFG. This is achieved because EDFG allows for data
and conditional semantics to be handled in the same way,
and thus the exploitation of potential design parallelism can
be maximized.

Special EDFG structure nodes are defined, so as to rep-
resent the arrays and their components access in the ap-
plication. In order to handle memory access dependencies,
the write after write, and read after write dependencies are
taken into account and the structure nodes are renamed
after for example, a write access. This is done in order to
remove ambiguous dependency accesses for scalar load and
store operations. Conditional nodes are also defined in
EDFG. This is done so as to model conditioned operations
and memory accesses. There are dependencies between the
calculation of the condition’s value and all the included
conditioned operations (inside the conditional structure).
The function t(u), for operation u, annotates the EDFG edge,
in order to capture the delay (time) that operation takes from

the change of its inputs to propagate the result at the outputs
(see the following paragraphs for HLS internal format
descriptions). This delay is essentially the transfer time from
the predecessor of the operation, to its successor. In a
first annotation step, all operations, including the dynamic
address calculations, are assumed to be implemented in the
datapath unit of PU. Moreover, using the available memory
mapping data, the data nodes are also annotated. In order
to transform an annotated graph into a coherent graph [53],
the location of the graph nodes is checked. If the location
of all the predecessors and successors of a node is not the
same, then a transfer node is inserted. Based on a set of
criteria [53], dynamic address computation operations are
moved from the datapath unit onto the sequencer, which
is called address computation balancing. This is done so as
to increase the overall system performance. The processed
by these annotations and improvements graph is then given
to the GAUT HLS tool [56] to perform operator selection
and allocation, scheduling, and binding. GAUT implements
a static list scheduling algorithm so as to maximally paral-
lelize the initial schedule. This methodology is suitable for
dataflow-dominated applications such as video streaming
and linear DSP algorithms.

A combined execution of decomposition and pattern-
matching techniques is applied on HLS problems, in order
to reduce the total circuit area in [57]. The datapath area
is reduced by decomposing multicycle operations, so that
they are executed on monocycle functional units (FUs that
take one clock cycle to execute and deliver their results).
Furthermore, when other techniques used to guide operator,
decompositions such as regularity exploitation can deliver
high-quality circuits. In this way, operations extract their
most common operation pattern, usually repeated in many
clock cycles. Thus, the circuit that is needed to execute the
selected operation pattern is shared among many operations
in many cycles, and, therefore, the total hardware area is
drastically reduced. The algorithm presented in [57] takes as
input a behavioral design description and time constraints,
and it selectively decomposes complex operations into
smaller ones, in order to schedule in every clock cycle a
similar number of decomposed fragments of operators, with
the same pattern. This method considers only operation
decompositions that meet the time constraints. Also, some
of the decompositions reduce the length of the clock cycle.
This results into increasing the system’s performance. The
HLS output is a complete datapath with FUs, multiplexers,
registers and some glue logic, as well as a controller. The
number, type, and width of the resources used in the
produced datapath are generally independent from the input
behavioral hardware description. This is due to the operation
decompositions which are applied through the synthesis
process.

A simple formal model that relies on an FSM-based
formalism for describing and synthesizing on-chip commu-
nication protocols and protocol converters between different
bus-based protocols is discussed in [58]. The discussed
formalism enables the detailed modeling of existing com-
mercial protocols, and the analysis of protocol compatibility.
Furthermore, the most important is that it facilitates the
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automated and correct-by-construction synthesis of protocol
converters between existing popular communication pro-
tocols. The utilized FSM-based format is at an abstraction
level which is low enough for its automatic translation
into HDL descriptions. The generated HDL models are
synthesizable with commercial tools. Typically a system-
on-a-chip (SoC) includes intellectual property (IP) blocks
that are connected together either directly on a bus or
via specialized wrappers. The wrappers play the role of
converters from the IP’s interface into the bus protocol, so
that all the SoC parts collaborate with each other. Usually
engineers build these wrappers manually, and this is done,
based on a nonformal knowledge about the bus protocol.
Up to the publishing of this work, there were no automated
converter synthesis techniques employed in industrial or
academic practice. The work in [58] contributes towards
three aspects of protocol converter synthesis: a formal, FSM-
based model for protocol definition, a precise definition of
protocol compatibility, and a definition of converters and
converter correctness (for a given pair of existing and known
protocols).

Synchronous FSMs with bounded counters that commu-
nicate via channels are used in [58] to model communication
protocols. Protocol channels are attributed with a type and
a direction. A channel type can be either control or data,
and direction can be either input or output. A channel
action can be write, read, or a value test on a channel. The
bounded counters are used in the model so as to keep a
data item valid on a channel, for a number of clock cycles.
Between two changes in the counter value, any read or write
action indicates repetition of data values. Bounded counters
facilitate smaller and precise models of data bursts on
channels. Protocols which execute concurrently are described
by the parallel composition of the protocols. The parallel
composition of two protocols describes all the possible
control states that the protocols may be in, when they run
concurrently. The following constraints must be satisfied, in
order to make sure that data flows between these protocols:
data is read by one protocol only when it is written by the
other; a specific data item can be read as distinct exactly once;
no deadlocks can occur and livelocks can always be avoided.
The last condition makes sure that every data transfer can
terminate in a finite number of steps. In order to satisfy
the second constraint of correct data flow, the data actions,
along a path between two protocols, need to be correct. This
means that every written data item is read as new before
it is read as a repeated item. Also, a new data item can be
written only if the previous one has been read. Furthermore,
there should be no read repetition between a new write and
a new read action. The utilized formal model allows for
analyzing and checking compatibility between two existing
protocols. The model devised in [58] is validated with an
example of communication protocol pairs which included
AMBA APB and ASB. These protocols are checked regarding
their compatibility, by using the formal model.

The following constraints have to be checked by the
formal techniques, so as to make sure that correct data
flow is happening through a protocol converter in [58]:
data is read by a protocol(/converter) only when the data

is written by the converter(/a protocol); a data item can
be read as distinct exactly once; no deadlocks and livelocks
can occur; every data that is sent (written) from P1 (P2)
to the converter will be sent (written) by the converter to
P2 (P1); every data written to the converter was previously
written by a protocol. A converter itself is an FSM with
bounded counters and a finite buffer for each output data
channel. A pair of protocols, data channel mapping, and
buffer sizes is given as input to the converter synthesizer. The
converter synthesizer generates the most general (correct)
protocol converter. Protocol converter testcases that were
used to evaluate the work in [58] incluced an ASB to APB
converter and a set of converters between the open core
protocol (OCP) and the AMBA family of bus protocols. The
existing synthesis framework is limited to protocols that can
be defined by a single FSM, and for more than one FSM
per protocol description capabilities, future work on this is
envisaged by the authors.

The methodology of SystemCoDesigner [59] uses an
actor-oriented approach so as to integrate HLS into elec-
tronic system level (ESL) design space exploration tools.
Its main aim is to automate the design and building of
correct-by-construction system on a chip (SoC) implemen-
tations from a behavioral model. The design starts with
an executable SystemC system model. Then, commercial
synthesizers such as Forte’s Cynthesizer are used in order
to generate hardware implementations of actors from the
behavioral model. The produced actor implementations
are characterized based on their area (number of lookup
tables, and block memories) and their latency. This enables
the design space exploration in finding the best candidate
architectures (mixtures of hardware and software modules).
After deciding on the chosen solution, the suitable target
platform is then synthesized with the implementations of the
hardware and software parts.

Modules or processes are modeled in [59] as actors
which communicate with other actors via a number of
communication channels. This is the starting point for
modeling a system in [59]. The specification language of an
actor is a subset of SystemC which is defined in SysteMoC
library [60]. SystemC actors communicate via SystemC FIFO
channels, and their functionality is implemented in a single
SystemC thread. Each SysteMoC actor is specified by a finite
state machine (FSM), which defines the communication
methods that the FSM controls. Each such actor can be
transformed into hardware (using Cynthesizer) or software
implementations. Moreover, the use of a commercial tool
for hardware synthesis allows for arriving at design solution
evaluations, so as to decide about the most suited solution,
in terms of hardware resources and system throughput.
The performance information, the executable actor system
specification, and an architecture template are the inputs
for design space exploration. The architecture template is
represented by a graph, which represents all the possible
hardware modules, the processors, and the communication
infrastructure. The designer can select from within this
graph the solutions that satisfy the user requirements
and which produce tradeoffs between hardware size and
performance.
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The final step of this methodology is to generate the
FPGA-based SoC implementation from the chosen hard-
ware/software solution. This is done by connecting existing
IP blocks and processor cores with the communication
elements from an appropriate library. Moreover, the program
code for each processor is generated, in order to achieve rapid
prototyping. The final FPGA bitstream is generated in [59]
using the Xilinx EDK (Embedded Development Kit) tools.
A motion-JPEG test application was used to validate the
proposed methodology in [59]. The architecture template
used an embedded Microblaze processor core, 224 FIFOs,
and 19 modules generated by the HLS tool. The complete
system specification used 319 actor mapping edges and
the design space exploration produced 5 × 1033 different
alternative solutions. An instance of the Microblaze core
including memory and bus resources was instantiated during
platform synthesis and for each processor used. The rest of
the hardware modules were inserted in the form of Verilog
netlists which were generated by Cynthesizer (HLS) and
Synplify by Synplicity (RTL synthesis) tools. Moreover, FIFO
primitives were instantiated for communication between
the system’s blocks. For the particular testcase (JPEG), the
objectives taken into account during design space explo-
ration, included throughput, latency, number of flip-flops,
number of lookup tables, block-RAMS, and multipliers.
Based on the proposed methodology, the formal underlying
mechanisms and the used examples, it was concluded
that SystemCoDesigner method is suitable for stream-based
applications, found in areas such as DSP, image filtering, and
communications. Up to now, there are no indications on how
well this methodology would perform in applications with
complex control flow.

A formal approach is followed in [61] so as to prove that
every HLS translation of a source code model produces a
RTL model that is functionally equivalent to the one in the
behavioral input to the HLS tools. This technique is called
translation validation and it has been maturing via its use
in the optimizing software compilers. In [61], HLS is seen
as a sequence of refinements of the original specification
(behavioral) code down to the final RTL implementation
model. It is argued in [61] that if it is formally proved that
these refinement steps maintain the behavioral properties
of the original design, then it reduces the need to reverify
(e.g., with simulations) the correctness of the produced RTL.
The validating system in [61] is called SURYA and it uses
the Simplify theorem prover to implement the validation
algorithms. SURYA was used to validate the SPARK HLS tool
[46], and SURYA managed to find two bugs in the SPARK
compilations, which were unknown before.

The translation validation methodology [61] consists
of two algorithm components: the checking algorithm and
the inference algorithm. Given a simulation relation, the
checking algorithm determines whether or not this relation is
a correct refinement simulation relation. The inference algo-
rithm uses the specification and the implementation pro-
grams to infer a correct simulation relation between them.
The inference algorithm establishes a simulation relation
that defines which points in the specification program are
related to the corresponding points in the implementation

program. First the inference algorithm is applied to infer
a simulation relation and then the checking algorithm is
used to verify that the produced relation is the required one,
in order to check that a program is a relation of another
program. The translation validation algorithm models the
environment of the design as a set of processes, which are
executed in parallel with the processes of the specification
and the implementation. The simulation relation includes
a set of entries of the form gl1, gl2, ∅, where gl1 and
gl2 are locations in the specification and implementation
programs, respectively, and ∅ is a predicate over variables
in the specification and the implementation. The pair gl1,
gl2 captures how control flow points (control states) relate
in the specification and implementation programs, and ∅
captures how data are related between the two programs.
The checking algorithm establishes correctness of a relation,
if having an entry (gl1, gl2, ∅), and if the specification and
implementation programs start executing in parallel from
states gl1 and gl2, respectively, where∅ holds, and they reach
another pair of states gl1′ and gl2′, then in the resulting
simulation relation entry (gl1′, gl2′, ∅′), ∅′ holds in the
resulting states. If there are multiple paths from an entry, the
checking algorithm in [61] checks all of them.

In [61], the inference algorithm begins with finding
the points in the specification and simulation programs
that need to be related in the simulation. Then, it moves
further down in the control flow, in both the specification
and implementation programs until it finds a branch or a
read/write operation on a visible channel. Furthermore, the
algorithm corelates the branches in the specification and the
implementation, and it finds the local conditions which must
hold in order for the visible instructions to match. When
instructions write to visible output channels, the written
values must be the same. When instructions read from
externally visible input channels, the local conditions state
that the specification and implementation programs read
from the same point in the conceptual stream of input values.
Once the related pairs of locations gl1, gl2 are all collected, a
constraint variable is defined to represent the state-relating
formula that will be used in the relation for this pair. Then,
a set of constraints are applied on these constraint variables
to make sure that the relation is indeed a simulation. The
first kind of constraints makes sure that the computed
simulation relation is strong enough, so that the visible
instructions have the same behavior in the specification and
the implementation programs. A second kind of constraints
is used to state the relationship between a pair of related
locations and other pairs of related locations. When all the
constraints are generated, then an algorithm sets all the
constraint variables to true and strengthens the constraint
variables until a theorem prover can show that all constraints
are satisfied.

An assumption is made by the formal model of refine-
ment in [61], that the specification and the implementation
are single entry and single exit programs. A transition dia-
gram represents every process in these programs. This
diagram uses generalized program locations and program
transitions. A program location represents a point in the
control flow of the program and it is either a node identifier,
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or a pair of two locations which refer to the state of two
processes that are running in parallel. A program transition
is represented by instructions and it defines how the program
state changes from one location to another. Within this
concept of models, two execution sequences of programs are
equivalent if the two sequences contain visible instructions
that are pairwise equivalent. In case that the inference al-
gorithm cannot find an appropriate relation, then the
user can provide the simulation relation by hand, and
use the checking algorithm in order to verify that the re-
lation is a correct one. The SURYA validation system
was applied on SPARK HLS compilations to evaluate the
equivalence between the intermediate representation (IR)
of SPARK and the scheduled IR of the same translation
process.

The replacement of flip-flop registers with latches is
proposed in [62] in order to yield better timing in the
implemented designs. The justification for this is that latches
are inherently more tolerant to process variations than flip-
flops. The latch replacement in [62] is executed not only
during the register allocation task, but in all steps of HLS,
including scheduling, allocation, and control synthesis. A
prerequisite for correct latch replacement is to avoid having
latches being read and written at the same time. The concept
of the p-step is introduced in [62]. The p-step is the period
during which the clock is high or low. Using the p-step as
the elementary time unit instead of the conventional clock-
cycle makes scheduling more flexible and it becomes easier
to reduce the latency. In [62], the list scheduling algorithm
is enhanced with the p-step concept, and a method is used
to reduce the latency by determining the duty cycle of the
clock, and therefore the p-step. In order to control the p-step
schedule, dual-edge-triggered flip-flops are used in controller
synthesis, since both clock edges are used to define the
boundaries of the p-steps. These techniques were integrated
into a tool called HLS-1. HLS-1 translates behavioral VHDL
code into a synthesized netlist. The method was evaluated
with a number of behavioral benchmarks as well as an
industrial H.264 video coding application.

The execution time of operators (e.g., multipliers and
adders) is formulated mathematically in [62]. This is realized
using the clock period, the maximum delay of a functional
unit (FU) executing the specific operator, the clock-to-Q
delay, the setup time for the utilized flip-flops, and the delay
of multiplexers. The transparent phase is the period of time
that the clock is high, and the nontransparent phase is the
remainder of the clock period. The mathematical analysis
of timing using latches is formulated in [62] using the
clock period, the time of the transparent phase, and the
residual delay. The latter is the remainder of the delay time
from modulo-dividing with the clock period. Using these
mathematical models, and assuming a 30% duty cycle, it
is shown in [62] that an example multiplier will need four
p-steps, if it is scheduled to start at the first transparent
phase, and will need three p-steps if it is scheduled to start
at the second (nontransparent) phase. When flip-flops are
used instead, the same multiplier will need two clock steps
(equivalent to four p-steps) to execute which is longer than
in the case of latches. The whole schedule can be optimized

by using the p-step as the basic scheduling unit and by
modifying the duty cycle of the clock. Tighter schedules
can be produced since p-steps allow scheduling at both
edges of the clock. Moreover, register allocation is facilitated
since operations can complete in a nontransparent p-step,
and, therefore, read/write conflicts that are inherent in latch
registers can be resolved. This method assumes that the
delay of the controller is negligible, as compared to the
transparent and nontransparent phase times. Nevertheless,
implementing registers with latches instead of edge-triggered
flip-flops is generally considered to be cumbersome due to
the complicated timing behavior of latches.

2.5. Considering Interconnect Area and Delay. Usually, HLS
tools estimate design area and timing using an aggregate
sum of area and timing models of their functional unit,
storage, and interconnect elements taken from the compo-
nent libraries that they use. However, when moving into the
deep submicron technologies, the area and timing of the
chip’s wires become significant compared to those of the
implementation logic. Thus, new models and optimization
approaches are needed in order to take into account the effect
of the interconnections. In this direction, mature HLS tools
consider more accurate models of the impact of interconnect
on area and timing of the implementation. Given a DFG,
performance estimation tools use a set of resources and
resource delays, as well as the clock cycle to calculate a
lower-bound completion delay for nonpipelined, resource
constrained scheduling problems [63]. The work in [64]
presents an algorithm which computes lower bounds on the
number of functional units of each type. These functional
units are required to schedule a DFG in a given number of
control steps [64]. The lower bounds are found by relaxing
either the precedence constraints or the integrity constraints,
and the method estimates functional-unit area in order to
generate resource constraints and thus reduce the search
space, or in combination with an exact formulation for
design space exploration.

In [65], a high-level approach to estimate the area is pro-
posed. This approach focuses on predicting the interconnect
area and it is suitable for standard cell implementations. The
work in [66] proposes simultaneous functional unit binding
and floorplanning during synthesis. An analytical technique,
which includes the placement and binding problems in a
single, mixed, ILP model, is discussed in [67] for a linear, bit-
slice architecture. This model is able to minimize the overall
interconnections of the resulting datapath. In [68] synthesis
for datapath is discussed which is based on multiple-width
shared bus architecture. This technique utilizes models of
circuit area, delay, power consumption, and output noise
which are related to functional unit grouping, binding, allo-
cation, and different word-lengths. Functional unit grouping
and multiple-width bus partitioning are executed during
allocation but before scheduling. According to the authors,
this increases the synthesis flexibility and the possibility for
better synthesis results. The aim is to reduce the delay, as well
as the interconnection cost and power consumption of the
implementation.
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2.6. Synthesis for Testability. HLS for testability can be
achieved by reducing the number of self-looped registers,
while considering the tradeoff between testability improve-
ment and area increase. In [69], the switching property of
multiplexors and buses is used to reduce the area and test
generation costs. This is achieved by analyzing the location
of switches during the selection of partial test registers, and
by using these switches to transfer test data through them. In
[70], the testability of the design is analyzed at the behavioral
level, by considering loops and other control structures. This
is done so as to improve the testability by including test
constraints, during allocation of registers and production of
interconnections. Simultaneous scheduling and allocation of
testable functional units and registers under testability, area
and performance constraints, are performed in [71] using
a problem-space genetic algorithm. Binding for testability
is implemented in two stages in [72]. First, a binder with
test cost function generates a design almost without any
loops. Then, the remaining register self-loops are broken by
alternating the module and register binding.

A two-stage objective function is used in [73] so that
synthesis of the behavioral code requires less area and
test cost, by estimating the area and testability as well
as the effects of every synthesis transformation. Next, a
randomized branch-and-bound decent algorithm is used to
identify that particular sequence of transformations. This
achieves the best results in terms of area and test cost. A
high-level synthesis-for-testability approach was followed in
[74] where the testability of the hardware was increased by
improving the controllability of the circuit’s controller. This
is a testability increase via improving the circuit’s controller
design.

2.7. Synthesis for Low Power. A number of portable and
embedded computing systems and applications such as
mobile (smart) phones, PDAs, and so forth, require low
power consumption, therefore, synthesis for low energy is
becoming very important in the whole area of VLSI and
embedded system design. During the last decade industry
and academia invested on significant part of research
regarding VLSI techniques and HLS for low power design.
In order to achieve low energy in the results of HLS and
system design, new techniques that help to estimate power
consumption at the high-level description level are needed.
In [75], switching activity and power consumption are
estimated at the RTL description taking also into account
the glitching activity on a number of signals of the datapath
and the controller. Important algorithmic properties in the
behavioral description are identified in [76] such as the
spatial locality, the regularity, the operation count, and the
ratio of critical path to available time. All of these aim to
reduce the power consumption of the interconnections. The
HLS scheduling, allocation, and binding tasks consider such
algorithmic statistics and properties in order to reduce the
fanins and fanouts of the interconnect wires. This will result
into reducing the complexity and the power consumed on
the capacitance of the interconnection buses [77].

The effect of the controller on the power consumption
of the datapath is considered in [78]. The authors suggest

a special datapath allocation technique that achieves low
power. Pipelining and module selection was proposed in [79]
for low power consumption. The activity of the functional
units was reduced in [80] by minimizing the transitions of
the functional unit’s inputs. This was utilized in a scheduling
and resource binding algorithm, in order to reduce power
consumption. In [81], the DFG is simulated with profiling
stimuli, provided by the user, in order to measure the activity
of operations and data carriers. Then, the switching activity
is reduced, by selecting a special module set and schedule.
Reducing supply voltage, disabling the clock of idle elements,
and architectural tradeoffs were utilized in [82] in order to
minimize power consumption within an HLS environment.

Estimating the power consumption of a system, chip
of SoC (system-on-a-chip), often requires a lot of design
detail to be taken into account. This, in turn, leads to very
slow simulations, although these are accurate, and thus
results into very long design times, when low energy is
considered throughout the development flow. In order to
achieve faster simulation times for energy consumption, than
RTL simulations, the cycle-accurate, bit-accurate (CABA)
level is utilized in [83], in order to produce fast and
more effective power estimates. Bit-accurate means that the
communication protocols between design components are
implemented at a bit level in the CABA model. Moreover,
the CABA level simulation is realized cycle-by-cycle which
achieves the required detail of the power estimates. In order
to increase the efficiency and productivity in designing
complex SoCs, the Model-Driven Engineering methodology
(MDE) is adopted in [83]. MDE enables the automatic
generation of system simulation components from models
described in a diagrammatic UML format. For this, a UML
profile is used (for more details about UML in designing
systems, please refer to following paragraphs/sections). Using
low level characterization, accurate power models are con-
structed which contain energy information for the different
activities of system components. Then, these power models
are simulated to add the power cost of the specific activity of
the component to the overall power consumption estimate.
The MDE module generation approach in [83] utilizes
activity counters of white-box IP blocks and the connectivity
of estimate modules for black-box IP blocks, which are used
to calculate the energy consumption of complex SoCs. The
simulations are realized at the SystemC level which achieves
the intended estimation accuracy and simulation speed for
the whole SoC.

The energy consumption of memory subsystem and the
communication lines within a multiprocessor system-on-
a-chip (MPSoC) is addressed in [84]. This work targets
streaming applications such as image and video processing
that have regular memory access patterns. These patterns can
be statically analyzed and predicted at compile time. This
enables the replacement of conventional cache memories
with scratch-pad memories (SPMs), which are more efficient
than cache, since they do not use tagged memory blocks. The
way to realize optimal solutions for MPSoCs is to execute the
memory architecture definition and the connectivity synthe-
sis in the same step. In [84], memory and communication are
cosynthesized, based on multiprocessor data reuse analysis.
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The data reuse analysis determines a number of buffers which
contain the frequently used data in the main memory. Then,
the buffer mapping onto physical memory blocks is done
simultaneously with communication synthesis, for minimal
energy, while satisfying delay constraints.

2.8. Controller versus Datapath Tradeoffs. With the conven-
tional synthesis approaches, the controller is implemented
after the datapath is completed. Nevertheless, there are
tradeoffs between datapath and controller in terms of area
and performance. In this direction, excessive loop unrolling,
particularly on many levels of nested loops in the behavioral
model, can produce hundreds of states which generate a very
large state encoder. This will reduce the achievable clock
speed, which will definitely reduce the performance of the
implementation. On the other hand, a very simple controller
with straight command wires towards the datapath, will
end up in heavy use of multiplexers (used for data routing
through the functional units) which will have again a
negative impact on the minimum clock cycle which can
be achieved. In [85], the controller overhead is taken into
account at every level of the hierarchy before the datapath
is fully implemented. This approach is suitable for regular
behavioral model algorithms. The system clock period is
minimized during allocation in [86], by an allocation
technique which considers the effect of the controller on the
critical path delay.

2.9. Internal and Intermediate Design Formats Used in
Synthesis. One of the most important aspects of compilers
and therefore HLS synthesizers is the internal representation
of the algorithmic information that they use. The internal
format used in [1] consists of three graphs which all share the
same vertices. If P is a program in DSL, after decomposing
complex expressions into simple, three address operations,
W is the set of variables and V the set of operations then the
internal form S of the program contains the three directed
graphs as follows:

S = (GS,GD,GC), (2)

where

GS = (V ,ES),

GD = (V U W ,ED)

GC = (V ,EC),

, (3)

and where the edges E correspond to ES = sequence, ED =
dataflow, and EC = constraints. The sequences set of edges are
related to the dependencies from one operation to the other.
The dataflow edges represent the data processing structure.
These edges connect inputs and output of every operation
inside the specified circuit. The constraints edges represent
timing deadlines from each operation.

The HCDG [45] consists of operation nodes and guard
nodes. The HCDG also contains edges which are precedence
constraints for data which determine the order of operations,
and for control (guards), which determine which Boolean
expressions must evaluate to true, in order for the dependent

operations to execute. Guards are a special type of node and
they represent Boolean conditions that guard the execution
of nodes which operate on data. If there are multiple but
mutually exclusive assignments to the same variable which
happens as an example within different if-then-else true/false
branches, then this is represented in HCDG with a static
single assignment. This assignment receives the results of the
mutually exclusive operations through a multiplexing logic
block (operation node in HCDG). The HCDG itself and the
mutual exclusiveness of pairs of guards are utilized in [45]
to aid the efficient HLS scheduling transformations of the
synthesis method developed there.

The hierarchical task graph (HTG) is a hierarchical inter-
mediate representation for control-intensive designs and it is
used by the SPARK HLS tools [46]. An HTG is a hierarchy
of directed acyclic graphs, that are defined by GHTG(VHTG,
EHTG), where the vertices VHTG are nodes of one of the three
following types.

(1) Single nodes that have no subnodes and they capture
basic blocks. A basic block is a sequence of operations
that have no control flow branches between them.

(2) (Hierarchical) Compound nodes that are HTGs
which contain other HTG nodes. They capture if-
then-else or switch case blocks or a series of other
HTGs.

(3) Loop nodes that capture loops. Loop nodes contain
the loop head and loop tail. The latter are simple
nodes. Also, loop nodes contain the loop body which
is a compound node.

The set of edges EHTG indicate flow of control between
HTG nodes. An edge (htgi,htg j) in EHTG, where htgi,htg j ∈
VHTG, where htgi is the start node and htgi is the end
node of the edge, denotes that htg j executes after htgi has
finished its execution. Each node htgi in VHTG has two
special nodes, htgStart(i) and htgStop(i), which also belong
to VHTG. The htgStart and htgStop nodes for all compound
and loop HTG nodes are always single nodes. The htgStart
and htgStop nodes of a loop HTG node are the loop head
and loop tail, respectively. The htgStart and htgStop of a single
node represent the node itself [46]. HTGs are providing
the means for coarse-grain parallelizing transformations in
HLS, since they allow the movement of operations through
and across large chunks of structured high-level code blocks.
These blocks are complex conditional structures in the C
language. In this way, the HTGs are very useful for the
optimizing transformations of the HLS scheduler. Their
drawback though is their high complexity in translating from
regular programming languages’ code into a combination of
CDFGs and HTGs, such as it happens in the SPARK HLS tool
[46].

A special version of CDFG is developed in [47], which
serves two purposes: to be the input design format for their
HLS tool, and to facilitate HLS optimizations. In particular,
its purpose is to preserve and exploit further the parallelism
inherent in control-dominated designs. In order to achieve
this, the following special nodes were introduced in the
CDFG.
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(1) The SLP node represents the start of a loop and it
selects between the initial value of the loop variable
and the value, which is calculated from the last it-
eration of the executed loop.

(2) The EIF node represents the end of an if-then-else
branch and it is used to select the correct value from
the if-and-else branches. Both SLP and EIF nodes are
implemented with multiplexers in the corresponding
datapath.

(3) The BLP node sends the values of the variables which
are computed by the current iteration of a loop, back
to the SLP node which will select the value for the
next loop iteration.

(4) The ELP represents the end of the loop. All the loop
variables have to be passed through the ELP node,
before they are fed to operations which use them,
outside of the loop.

In this way, the synthesizer can identify easily the be-
ginning, the end and the range of a loop using the SLP,
BLP, and ELP nodes of the graph. The CDFG model in [47]
includes support for memory operations such as load and
store. Memory access sequences are defined with a special
edge of the CDFG between the corresponding load and store
nodes.

The extended data-flow graph (EDFG) which is used in
[53] is a finite, directed, and weighted graph:

G = (V ,E, t), (4)

where V is the set of vertices (nodes) of computation and
memory access, E is the set of edges representing precedence
rules between the nodes, and the function f(u) is the
computation delay of node u. A path in G is a connected
sequence of nodes and edges of the graph G. A synthesis
system which includes optimizations on the computing part
and the sequencer part of a custom DSP subsystem utilizes
the above EDFG [53].

2.10. Diagrammatic Input Formats and Embedded Systems.
The Unified Modeling Language or UML is a general purpose
language for modeling in a diagrammatic way, systems which
are encountered in object-oriented software engineering. In
1997, the Object Management Group (OMG) has added
UML in its list of adopted technologies, and since then,
UML has become the industry standard for modeling
software-intensive systems [87]. Although UML is widely
known for its diagrammatic ways to model systems, these
models contain more information than just system diagrams.
These diagrams are usually formed by experienced system
architects. UML diagrams belong to two general categories:
static or structural diagrams and dynamic or behavioral di-
agrams. UML models contain also information about what
drives and checks the diagrammatic and other elements
(such as the use cases). Structural diagrams include the
class, component, composite structure, deployment, object,
package, and profile diagram. Dynamic diagrams include
the activity, communication, sequence, state, interaction
overview, timing, and use case diagram [87].

OMG has defined a standard set of languages for model
transformation called QVT (query/view/transformation).
The set of QVT-like implementations of UML include the
Tefkat language, the ALT transformation language which
is a component of the Eclipse project, and the Model
Transformation Framework (MTF) which was the out-
come of the IBM project alphaworks [88]. Using QVT-like
transformation languages, UML models can be translated
to other languages, for example, programming language
formats. UML can be extended with various ways for
customization: tag definitions, constraints, and stereotypes,
which are applied to elements of the model. UML Profiles
are collections of such UML extensions that collectively
customize UML for a particular design/application area (e.g.,
banking, aerospace, healthcare, financial) or platform (e.g.
.NET). A stereotype is rendered as a name enclosed by
guillemets (�� or 〈〈 〉〉) and placed above the name of
another element.

The area of real-time and embedded systems is a
domain that UML can be extended so that it provides more
detail, in modeling events and features of such systems,
for example, mutual exclusion techniques, concurrency, and
deadline specifications. After the standard of UML2 was
adopted by OMG the earlier “UML Profile for Schedulability,
Performance and Time” (SPT) for embedded systems was
found problematic in terms of flexibility and expression
capabilities, and consequently OMG issued a new request for
proposals (RFPs) for a profile of this specific domain. The
result of this effort was a UML profile called MARTE (Mod-
eling and Analysis of Real-Time and Embedded systems)
[89]. The primary goal of MARTE was to enable the formal
specification of real-time constraints and the embedded sys-
tem characteristics such as memory size/capacity and power
consumption, modeling of component-based architectures,
and the adaptability to different computational paradigms
such as synchronous, asynchronous and timed.

In order to support modeling of embedded and real-time
systems, the MARTE architecture offers the following four
modeling capabilities.

(i) QoS-aware modeling with the following formats:
HLAM: for modeling high-level RT QoS (Real-Time
Quality of Service). NFP: for declaring, qualifying,
and applying semantically well-formed nonfunc-
tional issues. Time: for defining and manipulating
time. VSL: the Value Specification Language is a
textual language for specifying algebraic expressions.

(ii) Architecture modeling with the following features:
GCM: for architecture modeling based on interacting
components. Alloc: for specifying allocation of func-
tionalities to entities that realize these functionalities.

(iii) Platform-based modeling with the following capabil-
ities: GRM: for modeling and specifying the usage
of common platform resources at system-level. SRM:
for modeling multitask-based designs. HRM: for
modeling hardware platforms.

(iv) Model-based QoS analysis with the following features:
GQAM: for annotating models subject to quantitative
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analysis. SAM: for annotating models subject of
scheduling analysis. PAM: for annotating models
subject of performance analysis.

For more details on the above acronyms and UML MARTE
features, the reader can refer to [89, 90].

Gaspard2 is an Integrated Development Environment
(IDE) for SoC (system-on-chip) visual comodeling. It al-
lows or will allow modeling, simulation, testing, and code
generation of SoC applications and hardware architectures.
Gaspard2 is an autonomous application based on Eclipse
[91]. Specification of the Gaspard UML profile can be found
in [92]. This profile is an extension of UML semantics to
enable the modeling of a SoC, and it is based on MARTE.
According to the Gaspard methodology, this is done in three
steps: the application, the hardware architecture, and the
association of the application to the hardware architecture.
The application includes the behavior of the SoC, and
it is implemented with a data-flow model, but control
flows are allowed via additional mechanisms. The Gaspard
profile allows also the modeling of massively parallel and
repetitive systems. Gaspard achieves the generation of system
components by using model transformations, and it targets
VHDL and SystemC code.

Among others, the Gaspard UML profile includes the
hardware architecture package, which allows modeling of
hardware at a system level. This is of particular interest
to the subject of this review paper. For this purpose, the
Gaspard UML profile uses the Hardware Component. The
Hardware Component can be refined using stereotypes to a
Processor, a Communication, or a Memory. The Gaspard2
profile enables the modeling of the parallelism and the
data dependencies, which are inherent in the application to
be designed every time. Application control concepts are
modeled in the profile, by allowing the description of syn-
chronous reactive systems [92]. Among the applications
which were experimentally designed with the Gaspard2
tool and reported, there is a correlation algorithm and its
transformation to the VHDL model, and a radar application,
which was implemented as an SoC including 8 PowerPC
cores. Moreover, experiments with automatic generation and
compilation of SystemC code are reported.

3. The Intermediate Predicate Format

The Intermediate Predicate Format (IPF) (The Intermediate
Predicate Format is patented with patent number: 1006354,
15/4/2009, from the Greek Industrial Property Organiza-
tion.) was invented and designed by the author of this
paper as a tool and media for the design encapsulation
and the HLS transformations in the CCC (Custom Co-
processor Compilation) hardware compilation tool (this
hardware compiler method is patented with patent number:
1005308, 5/10/2006, from the Greek Industrial Property
Organization). A near-complete analysis of IPF syntax and
semantics can be found in [93]. Here, the basic features and
declarative semantics of IPF are discussed along with some
example IPF data. The IPF file consists of a number of tables
(lists) of homogeneous Prolog predicate facts. These facts are

logic relations between a number of objects that are sited as
a list of positional symbols or reference numbers of other
facts of the same, or other tables inside the IPF database.
Therefore, the IPF style allows for both declarative (Prolog)
and sequential (list-based) processing of the logic facts of IPF
by the CCC (Custom Co-processor Compilation) HLS tool
transformations in a formal way.

The formal methodology discussed here is motivated
by the benefits of using predicate logic to describe the
intermediate representations of compilation steps. Another
way to use the logic predicate facts of IPF is to use the
resolution of a set of transformation Horn clauses [94], as
the building blocks of an HLS compiler with formal trans-
formations and a state machine optimization engine. This
logic inference engine constitutes the most critical (HLS-
oriented back-end) phase of the CCC hardware compiler.
The inference engine allows for an efficient implementation
of the hardware compilation tasks, such as the mapping of
complex data and control structures into equivalent hard-
ware architectures in an optimal way, as well as scheduling
and grouping the abstract data operations of the source
programs into hardware machine (FSM) control states. The
choice of logic predicates turns the HLS process into a
formal one. Moreover, there have been a number of other
successful uses of the Prolog language in critical areas, for
example, in solving the scheduling problem of air-flight
control and aircraft landing, expert decision systems, and so
forth.

The IPF database is produced by the front-end phase
of the CCC (Custom Co-processor Compilation) compiler
(see following paragraphs), and it captures the complete
algorithmic, structural, and data typing information of the
source programs. The source programs model the system’s
behavior in a number of ADA subroutines. The IPF facts
are formal relations between values, types, objects and other
programming entities of the source program, as well as other
IPF facts. The general syntax of the IPF facts follows the
following format:

fact id(object1, object2, . . . , objectN) (5)

The predicate name fact id relates in this fact the objects
object1 to objectN in a logical way. IPF facts represent an
algorithmic feature such as a program operation, a data
object description, a data type, an operator, and a subpro-
gram call. An example of a plus (+) operation which is
an addition is described by the following, program table
fact:

prog stmt(“subprogram2”, 3,0,63,3,9,10,5) (6)

The predicate fact prog stmt of (6) describes an addition
(operator reference = 63), which is the 3rd operation of the
ADA subprogram subprogram2. This operation adds two
operands with reference numbers 3 and 9 and produces a
result on a variable with reference number 10. These oper-
ands and result data descriptions are part of the data table
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and for this example they are given in the following examples
((7), (8), and (9)):

data stmt(“subprogram2”, “dx”, 3, 2, “var”, sym(“node”))
(7)

. . .

data stmt(“subprogram2”, “dy”, 9, 2, “var”, sym(“node”))
(8)

data stmt(“subprogram2”, “xc”, 10, 2,“var”, sym(“node”)).
(9)

In the above data table facts, we see their reference
numbers 3, 9, and 10 which are used in the program table
fact of (6), and their names (variable ids) are dx, dy, and xc,
respectively. Apart from their host subprogram, these facts
describe variables (see the “var” object) and they are of type 2
(integer). This type is described in the type table of the same
IPF database with the type fact as it is written bellow:

type def(2,“integer”, 32, “standard”, 0, “single t”, 0, 0, 0)
(10)

The type definition of the integer type is given in (10),
and there are various objects related under this type fact
such as the kind of this type (“single t” which means with
no components or with a single component), the name
(“integer”) of the type and its size in bits (32). A complete
description of the IPF fact objects and structure is not
the purpose of this work. Nevertheless, a near-complete
description can be found in [93].

From the above, it can be concluded that the IPF facts
are logical relations of objects, and this formal description is
used by the back-end phase of the CCC compiler in order
to implement the HLS transformations of the tool. The CCC
HLS transformations use the IPF facts of the source design,
along with other logical rules in order to “conclude” and
generate the RTL hardware models at the output of the CCC
compiler. The generated RTL models (coded in VHDL) can
be synthesized, in turn, by commercial and research RTL
synthesizers, into technology gate-netlists, along with other,
technology-specific and EDA vendor-specific ECAD back-
end tools, in order to produce the final implementations of
the described system.

It can be derived from the above forms (IPF excerpts)
that IPF is suitable for declarative processing which is done
by Prolog code, as well as linear, sequential processing. The
latter is enabled from the way that some IPF facts (e.g., data
table facts) are referenced with their linear entry numbers
in other IPF facts (e.g., program table facts). In this way,
lists can be built and processed by prolog predicates that
utilize list editing and with recursive processing so as to
easily implement the generation and processing of lists,
for example, the initial schedule (state list) which includes
the FSM states and their components (e.g., operations and
conditions-guards). Also, both these types of processing in
Prolog as well as the nature of the IPF predicate facts are for-
mal, which makes the whole transformation from the source

code down to the generated FSM-controlled hardware, a
provably correct one. This eliminates the need to reverify
the functionality of the generated hardware with traditional
and lengthy RTL simulations, since due to the formal nature
of the transformations the generated hardware is correct-by-
construction. Therefore, valuable development time is saved
in order to take important decisions about the high-level
architecture template options such as the positioning of large
data objects such as arrays on embedded scratch pad or
external shared memories.

4. Hardware Compilation Flow

The front-end compiler translates the algorithmic data of the
source programs into the IPF’s logic statements (logic facts).
The inference logic rules of the back-end compiler transform
the IPF facts into the hardware implementations. There is
a one-to-one correspondence between the source specifica-
tion’s subroutines and the generated hardware implemen-
tations. The source code subroutines can be hierarchical,
and this hierarchy is maintained in the generated hardware
implementation. Each generated hardware model is a FSM-
controlled custom processor (or coprocessor, or accelerator),
that executes a specific task, described in the source program
code. This hardware synthesis flow is depicted in Figure 1.

Essentially, the front-end compilation resembles software
compilation and the back-end compilation executes formal
transformation tasks that are normally found in HLS tools.
This whole compilation flow is a formal transformation
process, which converts the source code programs into
implementable RTL (Register-Transfer Level) VHDL hard-
ware accelerator models. If there are function calls in the
specification code, then each subprogram call is transformed
into an interface event in the generated hardware FSM. The
interface event is used so that the “calling” accelerator uses
the “services” of the “called” accelerator, as it can be thought
in the source code hierarchy.

5. Back-End Compiler Inference Logic Rules

The back-end compiler consists of a very large number of
logic rules. The back-end compiler logic rules are coded with
logic programming techniques, which are used to implement
the HLS algorithms of the back-end compilation phase. As an
example, one of the latter algorithms reads and incorporates
the IPF tables’ facts into the compiler’s internal inference
engine of logic predicates and rules [94]. The back-end
compiler rules are given as a great number of definite clauses
of the following form:

A0 ←− A1 ∧ · · · ∧ An (where n ≥ 0), (11)

where ← is the logical implication symbol (A ← B means
that if B applies then A applies), and A0, . . . ,An are atomic
formulas (logic facts) of the form:

predicate symbol(Var 1,Var 2,. . . , Var N), (12)

where the positional parameters Var 1,. . ., Var N of the
above predicate “predicate symbol” are either variable names
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(in the case of the back-end compiler inference rules), or con-
stants (in the case of the IPF table statements) [93, 94]. The
predicate syntax in (12) is typical of the way of the IPF facts
and other facts interact with each other, they are organized
and they are used internally in the inference engine. Thus,
the hardware descriptions are generated as “conclusions” of
the inference engine and in a formal way from the input
programs by the back-end phase, which turns the overall
transformation into a provably correct compilation process.
In essence, the IPF file consists of a number of such atomic
formulas, which are grouped in the IPF tables. Each such
table contains a list of homogeneous facts which describe
a certain aspect of the compiled program. For example all
prog stmt facts for a given subprogram are grouped together
in the listing of the program statements table.

6. Inference Logic and Back-End
Transformations

The inference engine of the back-end compiler consists of
a great number of logic rules (like the one in (11)) which
conclude on a number of input logic predicate facts and
produce another set of logic facts and so on. Eventually,
the inference logic rules produce the logic predicates that
encapsulate the writing of RTL VHDL hardware coprocessor
models. These hardware models are directly implementable
to any hardware (e.g., ASIC or FPGA) technology, since
they are technology and platform independent. For example,
generated RTL models produced in this way from the pro-
totype compiler were synthesized successfully into hardware
implementations using the Synopsys DC Ultra, the Xilinx
ISE, and the Mentor Graphics Precision software without the
need of any manual alterations of the produced RTL VHDL
code. In what follows, an example of such an inference rule
is shown:

dont schedule(Operation1, Operation2)

←− examine(Operation1, Operation2),

predecessor(Operation1, Operation2)

(13)

The meaning of this rule that combines two input logic pred-
icate facts to produce another logic relation (dont schedule),
is that when two operations (Operation1 and Operation2)
are examined and the first is a predecessor of the second
(in terms of data and control dependencies), then do not
schedule them in the same control step. This rule is part of
a parallelizing optimizer which is embedded in the inference
engine and it aggressively “compresses” the execution time of
the generated coprocessor by making a number of operations
parallel in the same control step, as soon as of course the data
and control dependencies are still satisfied. This parallelizing
optimizer is called “PARCS” (meaning: Parallel, Abstract
Resource-Constrained Scheduler).

The way that the inference engine rules (predicates
relations-productions) work is depicted in Figure 2. The last
produced (from its rule) predicate fact is the VHDL RTL
writing predicate at the top of the diagram. Right bellow level
0 of predicate production rule there is a rule at the level-1,
then level-2 and so on. The first predicates that are fed into
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Figure 1: Hardware synthesis flow and tools.
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Figure 2: The back-end inference logic rules structure.

this engine of production rules belong to level-K, as shown in
this figure. Level-K predicate facts include of course the IPF
facts that are loaded into the inference engine along with the
other predicates of this level. It is clear from all this that the
back-end compiler works with inference logic on the basis of
predicate relation rules and, therefore, this process is a formal
transformation of the IPF source program definitions into
the hardware accelerator (implementable) models. There is
no traditional (imperative) software programming involved
in this compilation phase, and the whole implementation
of the back-end compiler is done using logic programming
techniques. Of course in the case of the prototype compiler,
there is a very large number of predicates and their relation
rules that are defined inside the implementation code of the
back-end compiler, but the whole concept of implementing
this phase is as shown in Figure 2.
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Figure 3: The processing stages of the back-end compiler.

The above fact production rules include the loading
of IPF, the generation of list of data objects (virtual
registers) and operators (including the special operators of
communication with memories and the external computing
environment), the initial and the processed list of states, the
list of predecessor relations between operations, the PARCS
optimizer, the datapath and FSM architecture generators,
and so forth. The user of the back-end compiler can select
certain environment command list options as well as build
an external memory port parameter file as well as drive the
compiler’s optimizer with specific resource constraints of the
available hardware operators.

The above predicate rules implement the various stages
of the back-end compiler. The most important of these stages
can be seen in Figure 3. The compilation process starts with
the loading of the IPF facts into the inference rule engine.
After the IPF database is analyzed, the local data object and
operation and initial state lists are built. Then, the environ-
ment options are read and the temporary lists are updated
with the special (communication) operations as well as the
predecessor and successor dependency relation lists. After the
complete initial schedule is built and concluded, the PARCS
optimizer is run and the optimized schedule is delivered
to the microarchitecture generator. The transformation is
concluded with the formation of the FSM and datapath
implementation and the writing of the RTL VHDL model
for each accelerator that is defined in each subprogram of
the source code program.

As already mentioned, from each subprogram which is
coded in the specification program, a separate hardware
accelerator model is generated. All these hardware models
are directly implementable into hardware using commercial
CAD tools, such as the Synopsys DC-ultra, the Xilinx ISE,
and the Mentor Graphics Precision RTL synthesizers. Also,
the hierarchy of the source program modules (subprograms)
is maintained and the generated accelerators may be hierar-
chical. This means that an accelerator can invoke the services
of another accelerator from within its processing states, and
that other accelerator may use the services of yet another

accelerator, and so on. In this way, a subprogram call in
the source code is translated into an external coprocessor
interface event of the corresponding hardware accelerator.

7. The PARCS Optimizer

The various source program operations are scheduled using
the optimizing algorithm PARCS. PARCS always attempts to
schedule as many as possible operations in the same control
step, satisfying of the data and control dependencies and the
specific resource (operator) constraints if any, provided by
the user.

The pseudocode for the main procedures of the PARCS
scheduler is shown in Algorithm 1. The PARCS scheduler
consists of a great number of predicate rules. All these are
part of the inference engine of the back-end compiler. The
utilized predicates are produced with formal logic rules such
as the one in (11). A new design to be synthesized is loaded
via its IPF into the back-end compiler’s inference engine.
Hence, the IPF’s facts as well as the newly created predicate
facts from the so far logic processing, “drive” the logic rules
of the back-end compiler which generate provably correct
hardware architectures. For example, the following PARCS
scheduler rule:

process state ops(Current state, Current list of operations,

New states list of operations)

←− no dependencies(Current list of operations,

New states list of operations),

absorb(Current state, New states list of operations)
(14)

is a logic production between three predicates. The meaning
is that if predicate no dependencies is true (in other words
if there are not any dependencies between the list of the
current state operations and those of the next—under
examination—state), then predicate absorb is examined. If
in turn absorb is true, which applies when it is executed
to absorb the new list of operations into the current state,
then process state ops is produced, which in turn means
that the production rule is executed successfully. For the
inference engine execution, this means that another fact
of predicate process state ops is produced and the PARCS
algorithm can continue with another state (if there are any
left). The desirable side-effect of this production is that the
list of operations of the newly examined state are absorbed
into the current PARCS state, and PARCS processing can
continue with the remaining states (of the initial schedule).

It is worthy to mention that although the HLS trans-
formations are implemented with logic predicate rules,
the PARCS optimizer is very efficient and fast. In most
of benchmark cases that were run through the prototype
hardware compiler flow, compilation did not exceed 1–
10 minutes and the results of the compilation were very
efficient as it will be explained bellow in the paragraph of
experimental results. This cause and result/effect relation
between these two predicates is characteristic of the way
the back-end compiler’s inference engine rules work. By
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(1) start with the initial schedule (including the special external port operations)
(2) Current PARCS state < −1
(3) Get the 1st state and make it the current state
(4) Get the next state
(5) Examine the next state’s operations to find out if there are any dependencies

with the current state
(6) If there are no dependencies then absorb the next state’s operations into the

current PARCS state; If there are dependencies then finalize the so far
absorbed operations into the current PARCS state, store the current PARCS
state, PARCS state < −PARCS state +1; make next state the current state;
store the new state’s operations into the current PARCS state

(7) If next state is of conditional type (it is enabled by guarding conditions) then
call the conditional (true/false branch) processing predicates, else continue

(8) If there are more states to process then go to step 4, otherwise finalize the so
far operations of the current PARCS state and terminate

Algorithm 1: Pseudocode of the PARCS scheduling algorithm.

using this type of logic rules the back-end compiler achieves
provably correct transformations on the source programs.

8. Generated Hardware Architectures

As mentioned already the hardware architectures that are
generated by the back-end synthesizer are platform and
RTL tool-independent. This means that generalized micro-
architectures are produced, and they can be synthesized into
hardware implementations by using any commercial RTL
synthesizer without the slightest manual modifications of
the generated RTL VHDL code. Furthermore, the generated
accelerator architecture models are not dependent to any
hardware implementation technology. Therefore, they can
be, for example, synthesized into any ASIC or FPGA technol-
ogy. When they need to be implemented by RTL synthesizers
targeting FPGAs, with restricted functional unit and register
on-chip resources, then the user of the tools can run the
back-end compiler with a resource constraint file. Thus,
PARCS will parallelize operations only to the extent that the
resource constraints are not violated.

As already mentioned, the back-end stage of microarchi-
tecture generation can be driven by command-line options.
One of the options, for example, is to generate massively
parallel architectures. The results of this option are shown in
Figure 4. This option generates a single process-FSM VHDL
description with all the data operations being dependent
on different machine states. This means that every operator
is enabled by single wire activation commands that are
driven by different state register values. This in turn means
that there is a redundancy in the generated hardware, in a
way that during part of execution time, a number of state-
dedicated operators remain idle. However, this redundancy is
balanced by the fact that this option achieves the fastest clock
cycle, since the state command encoder, as well as the data
multiplexers are replaced by single wire commands which do
not exhibit any additional delay.

Another microarchitecture option is the generation of
traditional FSM + datapath-based VHDL models. The results
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Figure 4: Massively-parallel microarchitecture generation option.

of this option are shown in Figure 5. With this option activat-
ed, the generated VHDL models of the hardware accelerators
include a next state process as well as signal assignments
with multiplexing which correspond to the input data
multiplexers of the activated operators. Although this option
produces smaller hardware structures (than the massively
parallel option), it can exceed the target clock period due to
larger delays through the data multiplexers that are used in
the datapath of the accelerator.

Using the above microarchitecture options, the user of
the inference-based hardware compiler can select various
solutions between the fastest and larger massively parallel
microarchitecture, which may be suitable for richer tech-
nologies in terms of operators such as large ASICs, and
smaller and more economic (in terms of available resources)
technologies such as smaller FPGAs.
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Figure 5: The traditional FSM + datapath generated microarchitec-
ture option.

As it can be seen in Figures 4 and 5, the produced coproc-
essors (accelerators) are initiated with the input command
signal START. Upon receiving this command the copro-
cessors respond to the controlling environment with the
handshake output signal BUSY and right after they start
processing the input data in order to produce the results.
This process may take a number of clock cycles and it is
controlled by a set of states (discrete control steps). When
the coprocessors complete their processing, they notify their
environment with the output signal DONE. In order to
conclude the handshake, the controlling environment (e.g., a
controlling central processing unit) responds with the hand-
shake input RESULTS READ, to notify the accelerator that
the processed result data have been read by the environment.
This handshake protocol is also followed when one (higher-
level) coprocessor calls the services of another (lower-level)
coprocessor. The handshake is implemented between any
number of accelerators (in pairs) using the START/BUSY
and DONE/RESULTS READ signals. Therefore, the set of
executing coprocessors can be also hierarchical in this way.

Other environment options, passed to the back-end
compiler, control the way that the data object resources
are used, such as registers and memories. Using a memory
port configuration file, the user can determine that certain
multidimensional data objects, such as arrays and array
aggregates, are implemented in external (e.g., central, shared)
memories (e.g., system RAM). Otherwise, the default option
remains that all data objects are allocated to hardware (e.g.,
on-chip) registers. Of course the external memory option
is more economic in terms of accelerator compilation time
and register use, but it causes a longer processing time, due
to the communication protocols that are generated, every
time that a datum is accessed from/to the external shared
memory. Nevertheless, all such memory communication

protocols and hardware ports/signals are automatically gen-
erated by the back-end synthesizer, and without the need
for any manual editing of the RTL code by the user. Both
synchronous and asynchronous memory communication
protocol generation are supported in the memory port
options file.

9. Coprocessor-Based, Hardware/Software
Codesign and Coexecution Approach

The generated accelerators can be placed inside the com-
puting environment that they accelerate or can be executed
standalone. For every subprogram in the source specification
code one coprocessor is generated to speed up (accelerate)
the particular system task. The whole system can be modeled
in the ADA software code to implement both the software
and hardware models of the system. The whole ADA code
set can be compiled and executed with the host compiler
and linker to run and verify the operation of the whole
system at the program code level. This high-level verification
is done by compiling the synthesizable ADA along with the
system’s testbench code and linking it with the host compiler
and linker. Then the test vectors can be fed to the system-
under-test and the results can be stored in test files, by
simply executing the ADA code. In this way, extremely fast
verification can be achieved at the algorithmic level. It is
evident that such behavioral (high-level) compilation and
execution is orders of magnitude faster than conventional
RTL simulations. In this way, the hardware/software codesign
flow is enabled and mixed systems can be modeled, verified
and prototyped in a fraction of the time needed with more
conventional approaches.

It is worthy to mention that the whole codesign flow is
free of any target architecture templates, platforms or IP-
based design formats, which makes it portable, and adaptable
to the target system updates and continuous architecture
evolution. This is due to the fact that the generated copro-
cessors as well as their hardware-to-hardware and hardware-
to-software interfaces are of generic type and so they can be
easily enhanced to plug in the most demanding computing
environments, with a minimal level of effort. This is not the
case with IP-based design approaches, since the predesigned,
and preconfigured IPs are most of the times difficult to
adapt to existing target architectures, and their interfaces
are often the most constraining obstacles for the integration
with the rest of the developed system. Moreover, this paper’s
codesign approach is free of any target architecture templates
and, therefore, free of any core or interface constraints for
the integration of the generated custom hardware modules.
Therefore, using the general I/O handshake of this approach,
extremely complex systems can be delivered in a fraction
of time which is needed when using platform or IP based
approaches.

After the required coprocessors are specified, coded in
ADA, generated with the prototype hardware compiler,
and implemented with commercial back-end tools, they
can be downloaded into the target computing system (if
the target technology consists of FPGAs) and executed to
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Figure 6: Host computing environment for hardware/software co-design and co-execution.

accelerate certain system tasks. This process is shown in
Figure 6. Every accelerator can have both local (register
file) and external (system RAM) memory resources. The
accelerators can communicate with each other and with the
host computing environment using synchronous handshake
signals and connections with the system’s handshake logic. In
case that the host processor features handshake capabilities,
the communication can be done directly with the custom
accelerator, which in this case operates as a coprocessor with
the main processor.

10. Experimental Results and Evaluation of
the Method

In order to evaluate the efficiency of the presented HLS and
ESL method, five benchmarks from the area of hardware
compilation and high-level synthesis were run through
the front-end and the back-end compilers. The programs
were executed on a Pentium-4 platform running the MS-
Windows-XP-SP2 operating system. The five design bench-
marks include a DSP FIR filter, a second-order differential
equation iterative solver which has long been a well-known
high-level synthesis benchmark, an RSA crypto-processor
from cryptography applications, a synthetic benchmark
that uses two level nested for-loops, and a large MPEG
video compression engine. The fourth benchmark includes
subroutines with two-dimensional data arrays stored in
external memories. These data arrays are processed within
the bodies of 2-level nested loops.

All of the above-generated accelerators were simulated
and the RTL models matched the input source program’s
functionality. The state number reduction after applying
the PARCS optimizer, on the various modules of the five

benchmarks is shown in Table 1. State reduction rate of up
to 35% was achieved with the back-end compiler flow. Also,
the number of lines of RTL code is orders of magnitude
more compared with the lines of the source code model
for each submodule. This indicates the gain in engineering
performance when the prototype ESL tools are used to
automatically implement the computing products. This is
due to the time gained by building and verifying (by program
execution) fast executable specifications in high-level pro-
grams, as opposed to run the system verification only when
all the hardware details are fixed and then perform time-
consuming detailed (RTL or structural) hardware design
and simulations. It is well accepted in the engineering
community that the verification time at the algorithmic
program level is only a small fraction of the time required
for verifying designs at the RTL or the gate-netlist level.
This gain is invaluable for developing complex computing
systems. It can also be used to eliminate the need for
design cycle iterations, later on in the design flow. Such
design iterations would be caused by functional errors and
specification mismatches, which are very frequent when
using conventional implementation methodologies, such as
RTL coding or schematic design.

The relative reduction of the number of states in the
largest design module (subroutine) of the application, before
and after the PARCS parallelizing optimizer, is shown
graphically in Figure 7. The reduction of states reaches up to
30 to 40% at some cases which is a significant improvement.
Such optimizations are usually very difficult to be done
manually, even by experienced ASIC, HDL designers when
the number of states exceeds a couple of dozens in the
designed application. Noticeably, there were more than 400
states in the initial schedule of the MPEG benchmark. In
addition to this, manual coding is extremely prone to errors
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Table 1: State reduction statistics from the IKBS PARCS optimizer for the five benchmarks.

Module name Initial schedule states PARCS parallelized states State reduction rate

FIR filter main routine 17 10 41%

Differential equation solver 20 13 35%

RSA main routine 16 11 31%

Nested loops 1st subroutine 28 20 29%

Nested loops 2nd subroutine (with embedded mem) 36 26 28%

Nested loops 2nd subroutine (with external mem) 96 79 18%

Nested loops 3rd subroutine 15 10 33%

Nested loops 4th subroutine 18 12 33%

Nested loops 5th subroutine 17 13 24%

MPEG 1st subroutine 88 56 36%

MPEG 2nd subroutine 88 56 36%

MPEG 3rd subroutine 37 25 32%

MPEG top subroutine (with embeded mem) 326 223 32%

MPEG top subroutine (with external mem) 462 343 26%

Table 2: Area and timing statistics from UMC 65 nm technology implementation.

Area/time statistic
Massively parallel,

initial schedule
Massively parallel,
PARCS schedule

FSM + datapath, initial
schedule

FSM + datapath,
PARCS schedule

Area in square nm 117486 114579 111025 107242

Equivalent number of NAND2 gates 91876 89515 86738 83783

Achievable clock period 2 ns 2 ns 2 ns 2 ns

Achievable clock frequency 500 MHz 500 MHz 500 MHz 500 MHz

which are very cumbersome and time consuming to correct
with (traditional) RTL simulations and debugging.

The specification (source code) model of the various
benchmarks, and all of the designs using the prototype com-
pilation flow, contains unaltered regular ADA program code,
without additional semantics, and compilation directives
which are usual in other synthesis tools which compile code
in SystemC, HandelC, or any other modified program code
with additional object class and TLM primitive libraries. This
advantage of the presented methodology eliminates the need
for the system designers to learn a new language, a new set of
program constructs or a new set of custom libraries.

Moreover, the programming constructs and semantics,
that the prototype HLS compiler utilizes are the subset which
is common to almost all of the imperative and procedural
programming languages such as ANSI C, Pascal, Modula,
and Basic. Therefore, it is very easy for a user that is familiar
with these other imperative languages, to get also familiar
with the rich subset of ADA that the prototype hardware
compiler processes. It is estimated that this familiarization
does not exceed a few days, if not hours for the very experi-
enced software/system programmer/modeler.

Table 2 contains the area and timing statistics of the
main module of the MPEG application synthesis runs.
Synthesis was executed on a Ubuntu 10.04 LTS linux server
with Synopsys DC-Ultra synthesizer and the 65 nm UMC
technology libraries. From this table, a reduction in terms of
area can be observed for the FSM + datapath implementation

against the massively parallel one. Nevertheless, due to the
quality of the technology libraries the speed target of 2 ns
clock period was achieved in all 4 cases.

Moreover, the area reduction for the FSM + datapath
implementations of both the initial schedule and the opti-
mized (by PARCS) one is not dramatic and it reaches to
about 6%. This happens because the overhead of massively-
parallel operators is balanced by the large amount of data
and control multiplexing in the case of the FSM + datapath
option.

11. Conclusions and Future Work

This paper includes a discussion and survey of past and
present existing ESL HLS tools and related synthesis method-
ologies. Formal and heuristic techniques for the HLS tasks
are discussed and more specific synthesis issues are ana-
lyzed. The conclusion from this survey is that the author’s
prototype ESL behavioral synthesizer is unique in terms of
generality of input code constructs, the formal methodolo-
gies employed, and the speed and utility of the developed
hardware compiler.

The main contribution of this paper is a provably cor-
rect, ESL, and high-level hardware synthesis method and
a unified prototype tool-chain, which is based on compiler-
compiler and logic inference techniques. The prototype tools
transform a number of arbitrary input subprograms (at the
moment coded in the ADA language) into an equivalent
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number of functionally equivalent RTL VHDL hardware
accelerator descriptions. A very large number of input pro-
gram applications were run through the hardware compiler,
five of which were evaluated in this paper. In all cases,
the functionality of the produced hardware implementa-
tions matched that of the input subprograms. This was
expected due to the formal definition/implementation of
the transformations of the hardware compiler, including the
intermediate IPF form and the inference rules of the back-
end phase. Encouraging state-reduction rates of the PARCS
scheduler optimizer were observed for five benchmarks in
this paper, which exceed 30% in some cases. Using its
formal flow, the prototype hardware compiler can be used
to develop complex systems in orders of magnitude shorter
time and lower engineering effort, than that which are
usually required using conventional design approaches such
as RTL coding or IP encapsulation and schematic entry using
custom libraries.

Existing HLS tools compile usually a small subset of
the programming language, and sometimes with severe
restrictions in the type of constructs they accept (some of
them do not accept while-loops for example). Also, most
of them produce better results on linear, data-flow-oriented
specifications. However, a large number of applications
found in embedded and telecommunication systems, mobile,
and other portable computing platforms involve a great deal
of complex control flow with nesting and hierarchy levels.
For this kind of applications, a lot of HLS tools produce low
level of quality results. The prototype ESL tool developed
by the author has proved that it can deliver a better quality
of results in applications with complex control such as
image compression and processing standards. Moreover, a
more general class of input code constructs are accepted
by the front-end compiler and, therefore, a wider range of
applications can be prototyped using the CCC HLS tool.

Moreover, using the executable ADA (and soon ANSI-C)
models (executable specifications) for the designed system,
the user of this hardware/software codesign methodology,
can easily evolve the formally verified and synthesized, mixed
architecture of the product or application that he intends
to develop, and in a fraction of time that this is done with
platform or IP based, or other conventional design method-
ologies. This is due to the core functionality and interface
constraints that are introduced when predesigned architec-
ture templates or IP blocks are involved. Moreover, due to the
latter problem, large gaps in the intended-to-resulted system
performance are usually observed, which often constitutes
even a development halt for commercial (e.g., embedded)
and other computing products.

Future extensions of this work include undergoing work
to upgrade the front-end phase to accommodate more input
programming languages (e.g., ANSI-C, C++) and the back-
end HDL writer to include more back-end RTL languages
(e.g., Verilog HDL), which are currently under development.
Another extension could be the inclusion of more than 2
operand operations as well as multicycle arithmetic unit
modules, such as multicycle operators, to be used in datapath
pipelining. Moreover, there is ongoing work to extend the
IPF’s semantics so that it can accommodate embedding of
IP blocks (such as floating-point units) into the compilation
flow and enhance further the schedule optimizer algorithm
for even more reduced schedules. Also, other compiler phase
validation techniques based on formal semantic such as RDF
and XML flows are investigated and are currently under
development. Furthermore, connection flows from the front-
end compiler to even more front-end diagrammatic system
modeling formats such as the UML formulation are currently
investigated.
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