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Abstract: Reconfigurable computing architectures allow the adaptation of the underlying datapath to
the algorithm. The granularity of the datapath elements and data width determines the granularity
of the architecture and its programming flexibility. Coarse-grained architectures have shown the
right balance between programmability and performance. This paper provides an overview of
coarse-grained reconfigurable architectures and describes Versat, a Coarse-Grained Reconfigurable
Array (CGRA) with self-generated partial reconfiguration, presented as a case study for better under-
standing these architectures. Unlike most of the existing approaches, which mainly use pre-compiled
configurations, a Versat program can generate and apply myriads of on-the-fly configurations. Partial
reconfiguration plays a central role in this approach, as it speeds up the generation of incrementally
different configurations. The reconfigurable array has a complete graph topology, which yields un-
precedented programmability, including assembly programming. Besides being useful for optimising
programs, assembly programming is invaluable for working around post-silicon hardware, software,
or compiler issues. Results on core area, frequency, power, and performance running different codes
are presented and compared to other implementations.

Keywords: reconfigurable computing; coarse-grained reconfigurable arrays; heterogeneous systems;
low power systems

1. Introduction

Reconfigurable computing merges the flexibility of software with the performance of
hardware. A reconfigurable architecture allows modifications to the computing datapath
to improve the runtime of a particular algorithm. A suitable type of reconfigurable hard-
ware is the Coarse-Grained Reconfigurable Array (CGRA) [1]. A CGRA is a collection of
programmable functional units (FUs) interconnected by programmable switches. The FUs
operate on data words of commonly used widths such as 8, 16, 32 or 64-bit words. When
the CGRA is programmed it implements dedicated hardware datapaths that accelerate
computations. Its high performance at low energy makes it a target architecture for both
high-performance and embedded computing.

Fine-grained reconfigurable fabrics, such as Field Programmable Gate Arrays (FP-
GAs), also permit tailoring the underlying datapath. However, instead of word-level FUs,
FPGAs use bit-level Look Up Tables (LUTs), making them too large and power-hungry for
some target applications [2]. FPGAs integrate programmable coarse-grained blocks (like
functional units, memory blocks, memory interfaces, and even processors) to alleviate the
fine-level reconfigurability logic’s burden fabric. This practice improves performance and
reduces energy consumption but reduces flexibility.

CGRAs are generally used to accelerate program loops whose bodies contain array
operations; the parts of the program which do not contain loops run on a classical pro-
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cessor. For this reason, CGRA architectures typically feature a processor core [3,4]. With
a higher granularity, CGRAs can operate at higher frequencies than FPGAs, providing
higher performance, faster compilation, much lower reconfiguration times and lower
energy consumption.

In this paper, we summarise some of the most relevant CGRAs, identifying their main
architectural aspects. To fully understand the architectural options associated with CGRAs,
we present Versat, a coarse-grained reconfigurable architecture for embedded systems. The
Versat architecture is described, analysed, and experimental results are presented.

2. Coarse-Grained Reconfigurable Architectures

Before reviewing the existing coarse-grained reconfigurable architectures, it is essen-
tial to explain our understanding of what should be considered a coarse-grained reconfig-
urable architecture.

In general, a reconfigurable architecture [5] has some level of hardware reconfigurabil-
ity that allows the adaptation of the datapath statically at compile time or dynamically at
runtime. According to this definition, almost every computing system is reconfigurable,
from a general or specific purpose processor, through FPGAs to dedicated application-
specific integrated circuit (ASIC) devices.

A general processor reconfigures its arithmetic and logic unit (ALU) at an instruction
level since it determines the configuration bits of the register file and the ALU for each
instruction. On the other end, an ASIC can be designed without any configuration or
with multiple alternative datapaths at different configuration levels. In any case, they are
usually designed for a specific application where the need for of a configurable datapath is
usually low.

The more configurability we add to a device, the more flexible it becomes to adapt
the underlying architecture to a particular problem. However, the resources allocated to
configurability reduce performance and increase area and energy consumption. So, one
way to qualitatively classify reconfigurable architectures is through the granularity of the
reconfiguration. The FPGA has the lowest granularity since it allows the reconfiguration of
both logic and routing at the bit level. One can design and map high-level overlays with
coarse reconfigurability on an FPGA, but the underlying device is always fine-grained.
Coarse-grained reconfigurable devices adopt a higher reconfiguration level at or above
functional units working with data words. Coarse-grained architectures [6,7] are those
that use a bus interconnect and functional units, such as ALUs that perform more than
just bitwise operations. The granularity level applies to all subsystems of the architecture,
including computing, memory and interconnect. The reconfigurability of a CGRA is
somewhere between an FPGA and an ASIC. In general, the reconfigurability of a CGRA
architecture is enough to guarantee the efficient design of a specific domain of applications.

The granularity of a device does not have to be regular. For example, an FPGA
contains different granularity levels—the low-level fabric logic and routing and a coarser
level with DSP, BRAM (Block-RAM), memory interfaces and even processors. A coarse-
grained architecture can also be multi-granular with a lower granularity logic inside an FU.
However, what defines the granularity of a device is its general reconfiguration level.

Being reconfigurable does not mean it has to be generic. FPGAs are generic reconfig-
urable devices to implement any system, provided it has enough resources. However, even
the FPGA can be application-oriented depending on the ratio between fine-grained logic
and coarse-grained modules. Coarse-grained architectures can also be accelerators for a
particular application domain. In this case, besides an array of reconfigurable functional
units, additional domain-specific functions are added to the FUs or peripheral logic to
turn the architecture for greater efficiency. Otherwise, these operations would have to be
delegated to a CPU, increasing the application’s execution time.

CGRAs have better performance, energy and integration density than fine-grained
FPGAs at the cost of reduced flexibility for domain-specific applications. The remainder of
this section presents a brief overview of the evolution of CGRAs.
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A CGRA includes a mesh of reconfigurable functional units (RFU), the smallest
reconfigurable unit. Data input and output can be controlled directly by a host processor
or using address generator units (AGU) attached or not to the functional units (FU). The
functional unit includes an ALU, input and output multiplexers to route input and output
data, and optionally may include a local memory. Each functional unit connects to adjacent
units to form a dedicated datapath. A configuration buffer statically or dynamically
configures the FU.

The functional units’ type and architecture, the interconnection architecture, and the
level of reconfigurability define the CGRA. During the last years many different CGRA
were proposed [8–11]. The following paragraphs present a brief overview of known CGRAs
to contextualise the Versat CGRA.

The pioneering FPGAs were somehow limited in the data width, and the architecture
of the functional units [12,13]. While the GARP architecture in [12] still designs the func-
tional units as look-up tables, like in an FPGA, the reconfigurable units in CHESS [13] use
a structure similar to an ALU.

While GARP and CHESS considered reconfiguration registers to store configurations,
the RAW [14] CGRA included a dedicated memory to store configurations. These include
the configuration bits of a reconfigurable network-on-chip, which turns the interconnection
network very flexible and adaptable to a wide range of interconnection topologies. A
different hierarchical interconnection topology was considered in KressArray [15]. The
architecture includes address generators to stream data into the datapath configured in the
CGRA. Another hybrid interconnection topology was implemented in PipeRench [16] with
a mesh interconnection of linear arrays of functional units.

Soon, CGRA with larger data widths and closer to current CGRA configurations
started to appear. MATRIX [17] considered an 8-bit datapath and a mesh of ALUs. ALUs
are still fine-grained programmable, similar to an FPGA, but the interconnection topology
has been improved, allowing connections to non-adjacent neighbour FU and networking
operations, like data merge. This CGRA was followed by REMARC [18] that increased
the data width to 16 bits and improved the FU integrating a register file with the ALU.
MorphoSys [19] is another 16-bit mesh-topology CGRA similar to REMARC with an ALU
extended with a shifter and a multiplier.

These earlier CGRA served as the background for more recent architectures. Besides
increasing the number of functional units, the next generation of CGRAs is more domain-
oriented. ADRES [20] targets embedded architectures and has typical ALUs as FUs, a
register file and input/output multiplexers to forward data. A unique feature of ADRES is
the possibility to configure a row of the mesh as a very long instruction. TRIPS/EDGE [21]
is another proposal to increase the number of parallel instructions executed in the CGRA.
A compiler was developed, together with the architecture, to execute up to 16 instructions
in parallel. This approach was one of the first attempts to consider a CGRA for high-
performance computing.

CGRAs can also target specific application domains. MORA [22] is a CGRA for
media processing applications. It consists of an array of a 2D mesh of functional units
with neighbor interconnections. Functional units has one scratchpad memory and an 8
bit datapath architecture with functional units optimized for the most common media
processing operations.

Some CGRA architectures consider heterogeneous blocks. The reconfigurable array
of BilRC [23] has generic ALU blocks, dedicated blocks for multiplication and shift and
memory blocks. A full functional unit with ALU, multiplier and memory can be obtained
with the tight interconnection of the three blocks.

Floating-point support is not common on CGRA architectures. However, some CGRAs
have proposed the integration of floating-point units in the functional unit. FloRA [24], a
16-bit architecture has support for floating-point (FP) operations. The architecture does
not include an FP unit in each FU. Instead, two FU must be combined to implement a
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single-precision floating-point operation. Other CGRAs with floating-point capability have
followed [25,26].

To improve the data rate of data input and output, AMIDAR [27], a recent CGRA ar-
chitecture includes a direct memory access (DMA) module. It also includes the capacity for
multiple configuration contexts and dedicated hardware support to implement branches.

An exciting novel approach for CGRA design was introduced in [28] that proposes a
CGRA for general-purpose computing. It includes new constructions to support particular
computation patterns like inner-products and new forms of loops.

Some CGRA target high-performance computing [29–34]. The main concern of a
CGRA for high-performance computing is how to scale the interconnection network.
Extending a mesh-based architecture is a non-scalable solution. Instead, these proposals
consider a heterogeneous interconnection topology with a non-uniform distribution of
data bandwidth.

A relatively small FU array at low frequencies reduces energy consumption and still
provides enough computing power for many embedded systems. While most CGRAs
target embedded systems, high-performance computing CGRA can also be designed by
increasing the FU array and improve parallelism. The main challenge of these solutions
is how to deploy them for general-purpose computing with high utilisation efficiency
of the available resources. How can one map complete applications in a very regular,
domain-oriented architecture? Can different kernels working simultaneously in different
zones of the CGRA exploit the fast context switching of CGRAs?

Commercial applications of CGRA are still scarce due to the lack of maturity of
design tools and productivity. Tool support determines the deployment of any CGRA. The
success of a CGRA is highly dependent on the maturity of associated tools for compilation,
simulation, verification and debug.

The following sections describe the Versat CGRA as a successful CGRA for embedded
computing with dynamic context switching, fast data input and output and develop-
ment tools.

3. Versat: A Coarse-Grained Reconfigurable Architecture for Embedded Systems

The design of the Versat CGRA started with the following observation—the compute-
intensive inner loops typically accelerated in a CGRA tend to form clusters in the code,
with the data produced in one loop consumed in the next loop. However, in between these
loops, there is always code that is unsuitable for running on the CGRA. This code needs to
run on the host processor. The frequent interventions of the host processor, which is also in
charge of reconfiguring the array and transferring data, may result in a time overhead that
cancels the CGRA acceleration.

A straightforward example is a two-level nested loop, where the inner loop is mapped
to the CGRA and can be considerably accelerated. However, the host processor executes
the outer loop control and does the following:

1. configures the array for the next inner loop
2. stores the computed data in the external memory
3. loads the new data in the array.

If the host processor cannot do this management fast enough, it may offset the per-
formance gain of the CGRA. In such cases, executing the whole procedure on the host
processor may turn out to be faster.

Previous work has targeted this problem by proposing CGRAs that can support
nested loops. For example, the approach in [35] supports nested loops using select address
generation units and has been successfully used in commercial audio codec applications.

This paper extends the work in [35] by adding a minimal programmable controller
to the reconfigurable array, which can manage reconfiguration, data transfer and sim-
ple control code in between the accelerated program loops. This controller reduces the
overhead caused by the host processor’s frequent interventions and increases the CGRA
tasks’ granularity. It simplifies the host processor’s programming, but requires program-
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ming the CGRA rather than just reconfiguring it. The host processor is loosely coupled
with the CGRA, whereas the CGRA controller is tightly coupled and micromanages the
reconfigurable array.

The proposed architecture, Versat, uses a relatively small FU array coupled with the
said programmable controller. A small array limits the size of the data expressions mapped
to the CGRA, forcing the breaking down of large expressions to into smaller expressions
executed sequentially on the CGRA. Therefore, Versat requires mechanisms for efficiently
handling large numbers of configurations. Since Versat has its controller, it can generate
its configurations rather than sourcing them from external memory. Self-reconfiguration
is the most prominent feature of Versat. Storing routines that generate configuration
sequences is much more efficient than storing the configurations themselves because most
configurations are similar.

Partial reconfiguration exploits the similarity between CGRA configurations. If only a
few configuration bits differ between two configurations, then only those bits are changed.
Most CGRAs are only fully reconfigurable [3,4,36] and do not support partial reconfigura-
tion. The disadvantage of performing full reconfiguration is the amount of configuration
data kept or fetched from memory. Previous CGRA architectures with support for partial
reconfiguration include RaPiD [37], PACT [38] and RPU [39]. RaPiD [37] supports dynamic
(cycle by cycle) partial reconfiguration for a subset of the configuration bitstream, using
smaller stored contexts. In PACT [38], one of the processors has to access the configuration
memory, organised to make partial reconfiguration possible. However, this mechanism
is reportedly slow, and the authors recommend avoiding it and resorting to full recon-
figuration whenever possible. RPU [39] proposes a kind of partial reconfiguration called
Hierarchical Configuration Context to mitigate these problems. However, none of the
approaches reviewed supports self-reconfiguration and cycle by cycle reconfiguration is
power-hungry.

This work proposes a partial reconfiguration scheme that uses a configuration register
file and a configuration memory for temporarily storing full configurations. The configura-
tion register file comprises registers of variable length, where each register corresponds to
an atomic configuration field. Random access is allowed to the configuration fields, a more
flexible approach than the hierarchical organisation of configuration memory contexts
proposed in [39]. Moreover, user programs running on the Versat controller generate the
configurations at runtime.

Versat cores are co-processors in an embedded system containing one or more appli-
cation processors. These co-processors optimise performance and energy consumption
during the execution of compute-intensive tasks. Application programmers can use them
by simply calling special procedures in a program that runs on a host processor. A Versat
API library provides this functionality. Since Versat programmers create the API library,
the software and programming tools of the CGRA are separate from those of the applica-
tion processor.

A compiler for Versat has been developed and presented in [40]. The compiler has
restricted functionality but very efficiently accelerates tasks running on Versat. The syntax
of the programming language is a subset of the C/C++ language, with a semantics that
enables the description of hardware data. This paper does not describe the compiler, whose
intent is describing the architecture and VLSI implementation.

3.1. Versat Architecture

Versat’s architecture is outlined in Figure 1. At the top, one can see the Versat Con-
troller and its Program Memory. The controller can access the various modules in the
system through the Control Bus. The Controller executes programs stored in the Program
Memory (9 kB = 1 kB boot ROM + 8 kB RAM). User programs are loaded in the RAM to
execute algorithms which involve managing DE reconfigurations and DMA data transfers.

Versat user programs can use the Data Engine (DE) to carry out data-intensive com-
putations. To perform these computations, the controller writes DE configurations to the
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Configuration Module (CM) or restores configurations previously stored in the CM. The
controller can load the DE with data to be processed or save the processed data back in the
external memory using the DMA engine. The DMA engine also loads the Versat program
and moves CGRA configurations between the core and external memory.

ControllerController

Data EngineData Engine Configuration
Module

Configuration
Module

DMADMA

Program
Memory

Program
Memory

Control
Register

File

Control
Register

File

Control Bus

Memory I/F
(AXI4 master)

Host
I/F
(AXI4 slave)

Config Bus

DMA Bus

Figure 1. Versat top-level entity.

The Versat core has a host interface and a memory interface. Both interfaces use
ARM’s Advanced eXtensible Interface (AXI), a de facto standard for busing. A host system
uses the host interface (AXI slave) to instruct Versat to load and execute programs. The
host and the controller communicate using the Control Register File (CRF). The CRF is also
used by Versat programs as a general-purpose (1-cycle access) register file. The memory
interface (AXI master) is used to access data from an external memory using the DMA.

3.2. Data Engine

The Data Engine (DE) has a fixed topology and comprises 15 functional units (FUs),
as shown in Figure 2. The DE is a 32-bit architecture, and the configurable FUs are the
following: six Arithmetic and Logic Units (ALUs), four multipliers, one barrel shifter and
four dual-port 8kB embedded memories, also treated as FUs for the sake of uniformity. The
output register of the FUs is read/write accessible by the controller via the Control Bus.

FU1FU1 FU2FU2 FU14FU14 FU15FU15

Config Bus

Data Bus

Control Bus

Figure 2. Data engine.

3.2.1. DE Structure

In the DE, the FUs are interconnected by a wide bus called the Data Bus. The Data
Bus is simply the concatenation of all FU outputs. Each FU output contributes a 32-bit
section to the Data Bus. An embedded memory contributes two sections to the Data Bus
since it has two ports. Thus, according to the number of FUs of each type given before,
the Data Bus has 19 sections of 32 bits. Each FU input can select any one of these sections.
The FUs take their configurations from the respective configuration registers in the CM,
whose outputs are concatenated in another wide bus denoted the Config Bus. A fixed set of
word-level operations are available in each FU. For example, an ALU can be configured to
perform addition, subtraction, logical AND, maximum and minimum and other functions.

Figure 3 shows how an example FU is connected to the control, data, and configuration
buses. The example FU, of type ALU and labelled FU5, has two pipeline stages. The last
pipeline stage, denoted pipeline register 1, stores the ALU output (output register),
drives one section of the Data Bus and is also accessible by the Control Bus for reading
and writing. The last feature enables the FUs to be used as Controller/DE shared registers.
Each FU5 input has a programmable multiplexer to select one of the 19 sections of the Data
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Bus. Only the configuration bits of each FU are routed from the Config Bus to that FU.
These bits are called the configuration space of the FU. The configuration space is further
divided in configuration fields. FU5 has three configuration fields: the selection of input A
(5 bits), the selection of input B (5 bits) and the selection of the function (4 bits). The partial
reconfiguration scheme works at the field level—only one field can be reconfigured at a
time; it is impossible to change multiple fields simultaneously, except when loading a full
configuration from the CM memory.

Configure

Input A

ALU

Op BOp A Configure

Input B

......

...

...

data_bus[0][31:0]

data_bus[7][31:0]

data_bus[18][31:0]

Pipeline reg0

Pipeline reg1

Configure

Function

...

...

data_bus[0][31:0]

data_bus[7][31:0]

data_bus[18][31:0]

Figure 3. Functional unit detail.

Since any FU can select any FU output as one of its inputs, then the DE has a full
mesh topology. This architecture may seem exaggerated and unnecessary, but this topology
accomplishes two primary goals: (1) programming in assembly becomes humanly possible and
(2) the compiler design is greatly simplified.

The assembly programmer does not need to remember or check what is connected to
what. Note that everything connects to everything. Hardware datapaths can be manually
built using store instructions that write to the configuration fields of the used FUs.

A compiler can be developed more easily as complicated Place&Route algorithms
commonly used in CGRAs become unnecessary with a fully connected topology.

Assembly programmability is a powerful feature. It may be used to optimise critical
program sections or to work around post-silicon bugs. More importantly, since CGRA
compilers are still being researched and may have problems, assembly code may be used
when the compiler fails.

In other approaches, such as in [4], a full mesh topology would be problematic because
of the cycle by cycle reconfiguration. It would cause frequent switching of the (large)
interconnect network and consequent power dissipation. In Versat, a full mesh becomes
viable as reconfiguration does not happen every cycle. The interconnect consumes little
power since Versat is reconfigured after a complete program loop or 2-level nested loop is
executed in the DE. With a large number of FUs, a full mesh topology may result in a large
circuit and limit the frequency of operation. Since Versat has only 15 interconnected FUs, its
structure is still within practical limits. Our Integrated Circuit (IC) implementation results
indicate that only 4.04% of the core area is occupied by the full mesh interconnect, while the
core can work at a maximum frequency of 170 MHz in a 130 nm process. This frequency
is more than enough for many target applications. For example, in the multimedia space,
most applications are required to work at an even lower frequency because of power and
energy constraints.

Each configuration of the DE can implement one or multiple and parallel hardware
datapaths. Multiple datapaths operating in parallel realise Thread Level Parallelism (TLP).
Datapaths having identical parallel paths implement Data Level Parallelism (DLP). Finally,
datapaths having long FU pipelines exploit Instruction Level Parallelism (ILP).

In Figure 4, three example hardware datapaths are illustrated. Datapath (a) imple-
ments a pipelined vector addition. Even though a single ALU is used, ILP is being exploited
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as the memory reads, addition operation and memory write are being executed in parallel
for consecutive elements of the vector. Datapath (b) implements a vectorised version of
datapath (a) to illustrate ILP+DLP. The vectors to be added spread over memories M0
and M2 so that two additions can be performed in parallel. ILP and DLP can be further
exploited to produce efficient datapaths such as datapath (c), whose function is to compute
the inner product of two vectors—four elements are multiplied in parallel, and the results
enter an adder tree followed by an accumulator. When the ALU is used as an accumulator,
the unused data input is used for control. If the control input is zero or positive, the ALU
accumulates; otherwise, the data input is passed through and registered at the output.
This feature is useful when one does not wish to accumulate every element of the input
sequence. In datapath (c) the accumulator’s control input is forced to zero, which means it
always accumulates.

M0M0

M1M1

A B

A

++

M0

M1M1

A B

A B

++

M0M0
A B

M0
A B

++

M2M2
A B

(a) (b)

** ** ** **

++ ++

++

M0
A B

+=+=

M0M0
A B

M0
A B

M1M1
A B

M0
A B

M2M2
A B

M0
A B

M3M3
A B

(c)
0

Figure 4. Examples of data engine datapaths. (a) Pipelined vector addition with source vector stored
in a single memory; (b) pipelined vector addition with source vector stored in two memories; (c)
pipelined implementation of the inner product of two vectors.

3.2.2. Address Generation

Each port of a dual-port embedded memory has one data input, one data output and
one address input, as shown in Figure 5. In Versat, each port is equipped with an Address
Generation Unit (AGU). An AGU can be programmed to generate the address sequence
used to access data from the memory port, during the execution of a program loop in the
DE. The AGU scheme is similar to the one described in [41], in the sense that both schemes
use parallel and distributed AGUs. The AGUs in this work support two levels of nested
loops. They can start execution with a programmable delay, so that circuit paths with
different latencies can be synchronised. Each AGU can be operated independently of the
other AGUs, which is instrumental for exploiting TLP.

Dual-Port
Embedded

RAM

Dual-Port
Embedded

RAM

Input A Input B

Output A Output B

AGU
A

AGU
B

Figure 5. Dual-port embedded memory with Address Generation Units (AGUs).

Datapath (b) in Figure 4, used previously to explain DLP, can also be used to explain
TLP, as follows. Suppose one block of vector elements to be added are placed in memory
M0, and that AGUs M0-A, M0-B and M1-A are started (Thread 1). In parallel, one can
move the next block to memory M2 and then start AGUs M2-A, M2-B and M1-B (Thread 2).
The controller monitors the completion of Thread 1, restarts it with a new vector block and
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proceeds to do the same for Thread 2, and so on. This process is a typical streaming scheme
for vectors that vastly exceed the capacity of the Versat memories.

The AGU parameters are described in Table 1. An example address sequence is shown
in Figure 6 to illustrate these parameters’ use. Note that the AGU enable signal (en) is
started with a two clock cycle delay (Delay = 2), has a period of 5 cycles (Per = 5), during
which it is active for three cycles (Duty = 3). The initial value of the sequence is 10 (Start = 10
in decimal notation). Every enabled cycle the output address (addr) is incremented by
2 (Incr = 2); in the last cycle of a period, it is incremented by −3 (Incr+Shift = −3). This
pattern repeats for Iter iterations, though the Iter parameter is not illustrated in the figure.

Table 1. Address Generation Unit parameters.

Parameter Size (Bits) Description

Start 11 Memory start address. Default value is 0.

Per 5 Number of iterations of the inner loop, aka Period.
Default is 1 (no inner loop).

Duty 5 Number of cycles in a period (Per) that the memory
is enabled. Default is 1.

Incr 11 Increment for the inner loop. Default is 0.

Iter 11 Number of iterations of the outer loop. Default is 1.

Shift 11 Additional increment in the end of each period. Note
that Per+Shift is the increment of the outer loop. De-
fault is 0.

Delay 5 Number of clock cycles that the AGU must wait be-
fore starting to work. Used to compensate different
latencies in converging branches of hardware datap-
aths. Default is 0.

Reverse 1 Bit-wise reversion of the generated address. Cer-
tain applications like the FFT work with mirrored
addresses. Default is 0.

Figure 6. AGU output for Delay = 2, Per = 5, Duty = 3, Start = 10, Incr = 2, and Shift = −5.

The configuration of the input multiplexer present at each memory port determines
what the port does. The following configurations are possible:

• READ: the port reads the memory; the address comes from the AGU or the other
input port of the memory (external pointer).

• WRITE: the port writes the memory; the memory is also read at the same address
before it is written; the Data Bus section to be written must be indicated; the address
comes from the AGU or external pointer.

• DGU (Data Generation Unit): the sequence generated by the AGU is output instead
of being used as the address. A DGU can be used for generating data patterns,
synchronisation and control signals for the FUs.

3.2.3. ALU Functions

There are two types of ALUs—denoted Type I and Type II. The DE has 2 ALUs of type
I and 4 ALUs of type II. A summary of the ALU operations is given in Table 2, where the
inputs are denoted A and B, and the output is denoted Y. The ALUs have four configuration
bits for the operation field and thus can support 16 different operations.
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Table 2. ALU functions.

Operation Type I Type II (w/Feedback)

Logic OR Y = A | B Y = Y | B
Logic AND Y = A & B Y = Y & B

Logic XOR Y = A ⊕ B —

Addition Y = A + B Y = A ≥ 0? Y+B: B

Multiplexer Y = A ≥ 0? B: 0 Y = A ≥ 0? Y: B

Subtraction Y = B − A Y = A ≥ 0? Y-B: B

Sign extend 8 Y = A[7]. . . A[7..0] NA

Sign extend 16 Y = A[15]. . . A[15..0] NA

Shift right arithmetic Y = A[31], A[31..1] NA

Shift right logical Y = ‘0’, A[31..1] NA

Signed compare Y[31] = (A > B) Y[31] = Y > B

Unsigned compare Y[31] = (A > B) —

Count lead zeros Y = CLZ(A) NA

Signed maximum Y= max(A,B) Y = A ≥ 0? max(Y,B): Y

Signed minimum Y= min(A,B) Y = A ≥ 0? min(Y,B): Y

Absolute value Y= |A| NA

Type II ALUs use one of the function configuration bits to connect an internal feedback
wire from the output to input A. The external port of input A becomes available for
controlling the FU, as explained below. The remaining three function configuration bits
are used to select eight operations from Table 2. If the feedback configuration bit is ‘0’
then the type II ALU has the same behaviour compared to a type I ALU that selects the
same function. If the feedback configuration bit is ‘1’ then the recursive and conditional
operations outlined in the 3rd column of the table apply.

The feedback operations in type II ALUs use input A for control. For example, the
addition operation realises the following conditional operation—accumulate input B if
input A is 0 or positive, or register input B otherwise. Another example is the minimum
operation: compute the minimum value of a number sequence coming to input B if input
A is 0 or positive. In this example, input A is being used to qualify the sequence elements
for which the minimum should be computed. Input A can come from anywhere in the DE,
but it usually comes from an AGU used to generate a control sequence.

3.2.4. Multipliers and Barrel Shifter

The multipliers take two 32-bit operands and produce a 64-bit result, of which only
32 bits are output. By configuration, it is possible to choose the upper or lower 32-bit part
of the result. It is also possible to shift left the result by one position, which is useful to
work in the Q1.31 fixed-point format, common in many DSP (Digital Signal Processing)
algorithms.

For the barrel shifter, one operand is the word to be shifted, and the other operand is
the shift size. The barrel shifter can be configured with the shift direction (left or right) and
the right shift type (arithmetic or logic).

3.2.5. Functional Unit Latencies

Each FU type has a latency due to pipelining: two cycles for the ALUs, three cycles for
the multipliers, one cycle for the barrel shifter and embedded memories. These individual
FU latencies must be taken into account when building a datapath in the DE. The latencies
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accumulate along the paths, and when two paths converge, it is necessary to make sure
they have the same accumulated latency. This verification can be done using the Delay
parameter of the AGUs, explained in Table 1.

3.2.6. Data Engine Control

The DE is controlled using its Control and Status registers. The Control Register
structure is the following—bits 20 down to 2 are used for individually selecting the FUs
(note there are 19 selectable units—8 memory ports and 11 other FUs.); bit 1 is used to
enable the selected FUs—bit 0 is used to reset the selected FUs. The Status Register simply
reports the state of the 8 AGUs in bits 7 down to 0: logic ‘0’ indicates the AGU is running
and logic ‘1’ indicates the AGU is idle.

3.3. Configuration Module

The set of DE configuration bits is organised in configuration spaces, one for each
FU. Each configuration space comprises multiple configuration fields, which are memory-
mapped from the Controller point of view. The controller can change the contents of
a single configuration field using a single store instruction. This implements partial
reconfiguration. It is necessary to configure its FUs, one by one and field by field, to create
a datapath. Sometimes it may take several cycles to configure a datapath. However, in real
applications, most configurations can be obtained by incrementally changing a previously
used configuration, which can be done parallel with the DE or DMA execution. Typically, a
configuration can be done in a few clock cycles with a short or zero time overhead.

The Configuration Module (CM) is illustrated in Figure 7. It comprises a config-
uration register file, a configuration shadow register, a configuration memory and an
address decoder.
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Figure 7. Configuration module.

The configuration register file has 15 configuration spaces, as many as configurable
FUs in Versat. In Figure 7, FUij denotes the configuration field j of the configuration space
i. As illustrated, the bit width of the configuration fields may differ. There are write-only
addresses to access the configuration fields individually; read accesses to these addresses
are ignored. The concatenation of all configuration bits from all configuration fields is
called a configuration word. The configuration register file has 118 configuration fields,
resulting in a 672-bit wide configuration word. There is also a special write address used
to clear all bits in the configuration register file. Hence, zero is the reset and the default
value of the configuration fields and, by design, this value selects a useful configuration.
For example, the default value for the function configuration field of an ALU selects the



Electronics 2021, 10, 669 12 of 23

addition operation, which is a common operation. Building a DE configuration from the
default configuration is about 40% faster than writing all its fields because many fields can
be left with their default values.

The configuration shadow register holds the active configuration word of the DE,
which is copied from the configuration register file whenever the Update signal is asserted
by the controller (see Figure 7). Thus, the configuration register file contents can be changed
while the configuration shadow register keeps the DE configured and running.

The configuration memory can hold up to 64 configuration words. There is a high
likelihood that configurations in an application are reused, either as they are or with partial
reconfiguration. Thus, it is useful to have a mechanism for moving configuration words
between the configuration register file and the configuration memory, which works as
follows. Each position of the configuration memory is memory mapped from the Controller
point of view. Read access to any such position causes the configuration memory’s contents
to be loaded into the configuration register file; write access causes the configuration
register file’s contents to be stored to the configuration memory. No data is exchanged on
the Control Bus during these reads or write accesses; these transactions are internal to the
CM. Saving or loading configuration words takes only a single clock cycle.

3.4. Controller

Versat uses a minimal controller for reconfiguration, data transfer and simple algorith-
mic control. This controller is not meant to replace a more general host processor, which
can run complex applications while using Versat as an accelerator. On the contrary, the
Versat Controller is designed to simplify the interactions between the host processor and
Versat, freeing the host from the burden of micromanaging the accelerator.

The Controller instruction set contains just 16 instructions for the following actions:
(1) loads and stores; (2) basic logic and arithmetic operations; (3) branching. The controller
has an accumulator architecture with a 2-stage pipeline shown in Figure 8. The architecture
contains three central registers: the accumulator (RA), the address register (RB), used for
indirect loads and stores, and the program counter (PC). There is only one instruction type,
as illustrated in Figure 8. The controller is the master of a simple bus called the Control
Bus, which can be accessed using the four self-explanatory signals shown in the figure.
Register RB can be accessed as if it were a peripheral of the Control Bus.
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Figure 8. Controller.

The instruction set is outlined in Table 3. As usual, brackets represent memory
positions. For example, (Imm) represents the contents of the memory position whose
address is Imm. The PC is incremented for every instruction, except for branch instructions.
For these instructions, the PC is loaded with the branch target.
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Table 3. Instruction set.

Mnemonic Description

rdw RA = (Imm)

wrw (Imm) = RA

rdwb RA = (RB)

wrwb (RB) = RA

ldi RA = Imm

ldih RA[31:16] = Imm

beqi RA == 0? PC = Imm: PC + = 1; RA = RA − 1

beq RA == 0? PC = (Imm): PC + = 1; RA = RA − 1

bneqi RA != 0? PC = Imm: PC + = 1; RA = RA − 1

bneq RA != 0? PC = (Imm): PC + = 1; RA = RA − 1

add RA = RA + (Imm)

addi RA = RA + Imm

sub RA = RA − (Imm)

shft RA = (Imm < 0)? RA=RA<<1: RA=RA>>1

and RA = RA & (Imm)

xor RA = RA ∧ (Imm)

3.5. Qualitative Comparison with Other Architectures

Versat has some distinctive features, which cannot be found in other architectures:
(1) it has a small number of FUs organised in a full mesh structure; (2) it has a fully
addressable configuration register combined with a configuration memory to support
partial self-configuration; (3) it has a dedicated and minimal controller for reconfiguration,
DMA management and simple algorithm control—no RISC [3] or VLIW [4] processors
are used.

CGRAs started as 1-D structures [37], but more recently, 2-D mesh FU arrays became
more common [3,4,39]. The problem with 2-D mesh topologies is that many FUs end up
being used as routing resources, reducing the number of FUs available for computation and
requiring sophisticated mapping algorithms [42]. Versat is an experiment on trading the
FU count for a richer interconnect structure. As explained before, the silicon area occupied
by the full mesh interconnect is less than 5%, and the limits placed on the frequency of
operation are generally irrelevant, given the target applications’ low energy budgets. A low
energy consumption often imposes a frequency of operation which is well below Versat’s
maximum operating frequency (see Section 5).

As explained in [39], the reconfiguration time in CGRAs can easily dominate the total
execution time. To tackle this problem, Versat resorts to self-generated configurations
to avoid loading configurations from the external memory. These are fine and partial
reconfigurations to minimise the reconfiguration time. This powerful reconfiguration
mechanism contrasts with the moderate hierarchical reconfiguration scheme proposed
in [39].

Since it is crucial to have reconfiguration done quickly, Versat includes a minimal
16-instruction controller, practically dedicated to reconfiguration management, and
can write to the configuration register file in a single clock cycle. This controller is also
used to manage data transfers and control the execution of acceleration kernels. In
other architectures [3,4,39], more comprehensive processors are used, which can also run
complex algorithms. However, combining complex application coding and accelerator
control is difficult. Using its controller, Versat can completely take care of compute-intensive
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yet straightforward kernels. Example kernels are FFT [43], DCT, Motion Estimation, and
even big data algorithms such as K-Means Clustering [44]. Host processors can invoke
these kernels, and they will run in parallel and to completion, without requiring any
external control.

4. Programming

Versat can be programmed using a C/C++ subset, and the code can be compiled using
the Versat compiler [40]. Versat can also be programmed in assembly language, given its
easy to apprehend structure. To the best of our knowledge, Versat is the only CGRA that
can be programmed in assembly. In this section, Versat programming is illustrated using
its C/C++ dialect, which is easier for explaining the basic concepts. The programming
tools will not be explained as they are not the main focus of this article.

4.1. Basic Programming

A typical example program is given in this section to outline the basics of Versat
programming. The program adds two memory interleaved vectors—one vector resides
in the even-numbered addresses while the other vector resides in the odd-numbered
addresses. The program is shown in Figure 9 and comments are added for clarity.

int main(){

//initiate data transfer into Versat using DMA

dma.config(1024, 256, 256, 1);

dma.run();

//clear configuration register and create new DE configuration

de.clearConfig();

for(j = 0; j < 128; j++)

mem1A[j] = mem0A[j*2] + mem0B[1+j*2];

//wait for DMA data transfer to finish

dma.wait();

//run the data engine

de.run();

//configure DMA to transfer result back to memory

dma.config(2048, 2048+128, 256, 2);

//wait for data engine to finish

de.wait();

//transfer result back to memory using DMA

dma.run();

dma.wait();

}

Figure 9. Vector addition code.

The program starts in the main() function, as is usual in C/C++ programs, and proceeds
immediately to loading Versat with data using the DMA. The DMA is configured with the
external and internal addresses, transfer size and direction using the dma.config() method.
The dma.run() function sets the DMA running but does not wait for its completion.

With the DMA running, the program proceeds to configure the DE. The configuration
register file is cleared in order to start a new configuration using the de.clearConfig()
method. Certain language constructs are interpreted as DE configurations, and the compiler
automatically generates instructions that write these configurations to the CM. An example
is the case of the ensuing for loop. The fact that memory ports are invoked in its body
triggers this interpretation. Note that the compiler does not yet support object or variable
declarations. Data must be referenced using the names of the memories or registers where
they are stored. When variables are supported, the issue of recognising DE configurations
will need further research. It can be conjectured that data arrays in a loop are sufficient
for inferring a DE configuration. In the example given, the expression in the loop body
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configures the DE to read the two vectors from the two ports of memory 0, add their
elements and place the result in memory 1 using its port A.

Next, the program checks whether the DMA has finished loading the data. The
dma.wait() function blocks the Controller until the DMA is idle again. Note that the DMA
has been running concurrently with the controller.

Once the DE is loaded and configured, it is run employing the de.run() function call.
While it runs, the DMA is configured to transfer the vector addition to external memory.
Then the program waits for DE completion (de.wait()) and runs the DMA (dma.run()).
It is necessary to wait for DMA completion (dma.wait()) before exiting the program, to
guarantee that the result is stored in the external memory before control is passed to a
host processor.

4.2. Self and Partial Reconfiguration

In this section, an example is presented to illustrate self-generated partial reconfigura-
tion in Versat (see Figure 10). The example shows a do-while loop. The controller always
executes this kind of loops because the DE has no means to stop conditionally.

do {    

     R1=R8+R7;

     for(j=0;j<R6;j++) {

for(i=0;i<R14;i++) {

          mem0B[R1+j*R13+i]= 

     (mem1A[R1+j*R13+i]*mem2B[1025+j*R2+R10*i])-

                                     (mem0A[R1+j*R13+i]*mem2A[1024+j*R2+R10*i]); 

                                mem1B[R1+j*R13+i] = 

                                     (mem1A[R1+j*R13+i]*mem2A[1024+j*R2+R10*i])+

                                     (mem0A[R1+j*R13+i]*mem2B[1025+j*R2+R10*i]);

                     }

          }  

          de.wait();         

          de.run();

R7=R7+R6+R6;

R12=R12-1;

} while(R12!=0);

Figure 10. Self and partial reconfiguration code.

A 2-level nested loop follows, where the body contains only expressions involving
memory ports. Therefore, this nested loop is interpreted as a DE configuration, and the
compiler generates instructions that write this configuration to the CM. Note that the
memory address expressions (between square brackets) use register R1, which is updated
inside the do-while loop: R1 depends on R7 which is also updated.

R1 is the start address for the data in memories 0 and 1, which corresponds to the
Start parameter of the AGUs in the memory ports used (see Table 1). Thus, only the
Start parameters in these AGUs need to be reconfigured, which means the DE is partially
reconfigured in each iteration of the do-while loop.

Furthermore, the do-while loop is generating one DE configuration per iteration. Since
this is done by the controller, without any intervention of the host processor, it may be said
that Versat is self-reconfigurable.

The de.wait() function call, after the nested loop, waits for the previous DE configu-
ration to finish running. The following de.run() function call runs the DE again for the
current configuration. While the DE is running, registers R7 and R12 are updated and
the do-while loop goes on to the next iteration, provided the loop control register (R12) is
non-zero. The next iteration R1 is updated; then the DE is partially reconfigured for the
next run, and the process repeats all over again.
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5. Results

In this section, experimental results for the Versat architecture are presented and
discussed. First, integrated circuit implementation results are outlined. Second, perfor-
mance and energy consumption results on simple computational kernels are given. Third,
performance and energy consumption results in more complex kernels are presented. A
comparison between Versat and other CGRAs is made to end this section.

5.1. Integrated Circuit Implementation Results

Versat has been designed using a UMC 130nm process. Table 4 compares Versat with
a state-of-the-art embedded processor (ARM Cortex A9) and two other CGRA implemen-
tations (Morphosys [3] and ADRES [4]), in terms of the technology node (N), silicon area
(A), embedded memory (M), frequency of operation (F) and power consumption (P). The
Versat frequency and power results have been obtained using the Cadence IC design tools.
The power figure has been obtained using the node activity rate extracted from simulating
an FFT kernel.

Table 4. Integrated circuit implementation results.

Core # FU DW (Bytes) N (nm) A (mm2) M (kB) F (MHz) P (mW)

ARM [45] — 4 40 4.6 64 800 500

Morphosys [3] 64 2 350 168 6 100 7000

ADRES [4] 16 4 90 4 64 300 91

MORA [22] 22 1 130 1.75 16 1000 —

BilRC [23] 152 2 90 11.9 16 415 —

TRANSPIRE [26] 8 1 28 0.27 32 50 —

Versat 15 4 130 5.2 46 170 132

Because the different designs use different technology nodes, it is difficult to compare
the results in Table 4. The results are scaled to the 40 nm technology node to facilitate the
comparisons, and presented in Table 5. The scaling is performed as explained in [46].

Table 5. IC results scaled to 40 nm.

Core #FU DW (Bytes) A (mm2) M (kB) F (MHz) P (mW) Area/#FU/DW×103

ARM [45] — 4 4.6 64 800 500 —

Morphosys [3] 64 2 2.19 6 875 800 17.1

ADRES [4] 16 4 0.79 64 675 40 12.3

MORA [22] 22 1 0.19 16 3200 — 8.6

BilRC [23] 152 2 2.57 16 941 — 8.5

TRANSPIRE [26] 8 1 0.77 32 35 — 96.3

Versat 15 4 0.49 46 553 41 8.1

Different CGRAs have different configurations with different data widths and number
of functional units. Therefore, we considered a metric given by the ratio between area,
number of functional units and data width in bytes: (Area/#FU/DW column in Table 5).

The results show that Versat is the smallest core. Compared with the ARM processor
it is 9× smaller. The ADRES architecture is about 50% larger than Versat and Morphosys
is about twice bigger. MORA and BilRC are close to Versat, but Versat has multipliers
in all computational functional units. The large area of TRANSPIRE is in part due to
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the utilization of floating-point units, considered essential by the authors for Internet of
Things applications.

Versat uses somewhat less embedded memory than the ARM Cortex A9 or ADRES
cores, but its memory size can be considered typical for an embedded processor, as can be
observed from the memory utilization of the other architectures. Morphosys uses a lot less
memory, as it is designed to focus more on processing power and less on storage capabilities.

The frequency of operation of the ARM core can be considered low as this is a power
optimised version. Other versions of this core operate at higher frequencies but have a
larger area footprint and higher power consumption. Those versions are optimised for
performance rather than power. Among the five CGRAs, Versat is the least optimised
in terms of the working frequency. Considering the application of Versat for embedded
systems, not too much effort, like pipelining and routing, has been put into achieving
timing closure for a higher frequency, since we wanted to keep a low area and power.
Notwithstanding, after analysing the critical paths, it became clear that there is plenty of
room for optimisation, so its frequency can be considered comparable to the other CGRAs.

As far as power is concerned, Morphosys consumes more than the ARM core. Again,
this is the result of focusing on performance with an extensive array of FUs. The ADRES
architecture seems well optimised for power, with its cycle by cycle and progressive
reconfigurations. However, the acceleration achieved with this core is not documented in
its publications [4].

Versat is therefore a very compact, flexible and power efficient CGRA architecture.

5.2. Performance and Energy Consumption Results for Simple Kernels

The Zybo Zynq-7000 ARM/FPGA SoC development board, featuring a Xilinx Zynq
7010 FPGA and a dual-core embedded ARM Cortex A9 system, has been used to assess
the performance of the Versat architecture. Versat is connected as a peripheral of the ARM
system using its AXI-4 slave interface. The ARM system comprises a memory controller
for accessing an external DDR3 module. Versat can also access this memory controller by
connecting its AXI4 master interface to an AXI-4 slave interface on the ARM system. The
Zybo development board has been used only to measure the number of clock cycles for
executing each kernel.

The results for a set of simple kernels are summarised in Table 6. These kernels use
a single Versat configuration (no reconfiguration or reuse of data already in the accelera-
tor) to get base values for performance and energy consumption. In the next section, it
will be shown that with massive reconfigurations and data reuse, it becomes even more
advantageous to use Versat.

The results compare the performance of the Versat core with the performance of the
ARM Cortex A9 core. The kernels are the following: vadd is a vector addition, iir1 and
iir2 are 1st and 2nd order IIR filters and cdp is a dot (inner) product of two complex
vectors. All kernels operate on Q1.31 fixed-point data with vector sizes of 1024.

The program has been placed in the on-chip memory and the data in the external
DDR3 memory device for both systems. The ARM cycles column denotes the execution
cycle count for the ARM core. The Versat cycles columns give the total cycle count (All),
including data transfer, processing, control and reconfiguration, and the unhidden control
cycle count (Ctr), which means the control and reconfiguration cycles that do not occur
in parallel with the DE or DMA. The number of FUs used (# FUs), and the code size in
bytes (Size) are given for each kernel. The speedup and energy ratio have been obtained
assuming the ARM and the Versat cores are running at the frequencies and power figures
given in Table 5 for the 40 nm technology node. The speedup (SU) is the ARM/Versat ratio
of execution times. In turn, the execution time is given by the cycle count divided by the
respective frequency of operation. The energy ratio (ER) is the energy spent by the ARM
processor divided the energy spent by the Versat core. The consumed energy is given by
the execution time multiplied by the respective power consumption figure.
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Table 6. Simple kernel results.

Kernel
ARM Versat Cycles

#FUs
Size

SU ER
Cycles All Ctr (Bytes)

vadd 14,726 4517 36 3 152 2.25 27.48

iir1 18,890 7487 26 5 220 1.74 21.27

iir2 24,488 10,567 26 8 332 1.60 19.54

cdp 25,024 6673 26 10 408 2.59 31.61

The main conclusion is that while the achievable speedups are modest, the energy
gains are significant for these single configuration kernels. These results make Versat a very
attractive accelerator for high-performance battery-operated devices. The only requisite is
that the vectors are long enough to justify the transfer of data in or out of Versat. Although
not shown by the above results, the data transfer time dominates. For example, the vadd
kernel processing time is only 1090 cycles, and the remaining 3427 cycles account for data
transfer and control.

The number of FUs used is low for the vadd and iir1 kernels. The vadd kernel could
perform multiple additions in parallel, but, in this case, a single ALU is enough to hide the
data transfer time for streaming the vectors. If the data were already in the DE, then more
ALUs in parallel could have been used. The iir2 and cdp kernels use more FUs as they
require more computations per vector element.

The Ctr number of cycles is low for all examples, which shows that DE configuration
can be accomplished almost wholly while the DMA is running. Configuration can also be
done while the DE is running, as shown in the next section where runtime reconfiguration
is considered. In any case, the configuration overhead is low. Given the simplicity of the
examples, their code size is small in the order of hundreds of bytes. Many of these simple
kernels can be placed in the 8 kB program memory and invoked when necessary.

5.3. Performance and Energy Consumption Results for Complex Kernels

In this section, two complex kernels that demand self and partial reconfiguration are
presented. The number of reconfigurations is high, and the kernels operate for a long
time on the data fetched from the external memory or produced by themselves. In these
examples, the data transfer time is less significant. The examples are a K-Means Clustering
algorithm [44], widely used in big data applications, and a Fast Fourier Transform (FFT) [43],
very popular in digital signal processing.

These examples are parameterisable, and the parameters are passed by the host pro-
cessor using the CRF . The algorithm that runs on Versat processes the parameters and gen-
erates configurations accordingly. This capability would be hard to achieve with statically
compiled configurations and demonstrates the strength of self-generated configurations.

The parameters that can be passed to the K-Means Clustering kernel are the numbers
of data points, dimensions and centroids. The algorithm iterates over all points until it
converges and finds a cluster for each point. The centroids, whose positions are updated
in every iteration, represent the cluster centres. In each iteration, all points are compared
to all centroids. Each point requires the DE to be reconfigured twice. Since this algorithm
is applied to millions or more points in many practical situations, Versat is reconfigured
millions of times. There is no reconfiguration overhead, as all reconfigurations are done
while the DE is running. Figure 11 shows how the time for one iteration varies with the
number of data points for a fixed number of dimensions and centroids. The results are
given for the ARM core and Versat, using logarithmic scales.
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Figure 11. K-Means: iteration time vs. number of datapoints, for 30 dimensions and 34 centroids.

These results show that the execution time scales linearly with the number of data
points for both systems. These numbers show a Versat/ARM average speedup of 3.8,
taking into account the number of clock cycles and the cores’ working frequencies.

The FFT kernel uses the Radix-2 Cooley-Tukey algorithm and can be parameterised
with the following parameters—the number of data points, window size (must be a power
of 2) and window overlap size. The algorithm computes the FFT for the sliding window
points, advancing the window by the window size minus the overlap size. Figure 12 shows
the Versat/ARM speedup as a function of the window size for 1 million datapoints and a
half window (50%) overlap.

As the sliding window size reaches the Versat memories’ capacity, the speedup drops,
while the ARM core can still use its data cache and pre-fetch mechanism to sustain its
performance. However, when the window size further increases, the ARM core reaches its
internal memory limitations for streaming data and the Versat/ARM speedup increases
steadily after that.

Results for two particular instances of the K-Means and FFT algorithms are detailed in
Table 7. The K-Means result has been obtained for one iteration over a dataset of 1.36× 106

points of 30 dimensions for 34 centroids. The FFT result pertains a 16384-point window
size with a 50% overlap over a dataset of 106 complex points.

Table 7. Complex kernel results.

Kernel ARM Versat #FUs Size SU ERCycles Cycles (Bytes)

kmeans 9.02 G 1.64 G 9 2764 3.8 46.28

fft 1.28 G 34.50 M 8.5 3492 25.57 311.79
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Figure 12. Fast Fourier Transform (FFT): speedup vs. window size.

These results show that the speedup and energy efficiency is more sizeable with
more complex kernels than with the simpler kernels in Section 5.2. This improvement
has to do with the number of operations done in parallel in the DE and the number
of DE configurations that can be executed without fetching or saving new data in the
external memory. The K-Means algorithm fetches a new datapoint chunk and applies
two DE configurations; one configuration performs datapoint classification, and the other
configuration updates the centroid positions. As for the FFT, after fetching a datapoint
chunk, several configurations are applied corresponding to the several FFT stages. The FFT
datapaths also expose a higher ILP in these computations. Hence, the speedup and energy
efficiency of the FFT is much higher when compared to the K-Means algorithm. Both these
algorithms illustrate the power of using the Versat CGRA compared to the ARM processor.

5.4. Performance Comparison with Other CGRAs

It is difficult to compare the Versat performance with the other CGRAs. Published
results always omit essential information, and it is hard to ascertain the conditions under
which they have been obtained. It would be nice to replicate the other approaches to make
fair comparisons. However, CGRAs are complex cores; implementing them from their
descriptions in research papers, besides representing a formidable effort, is not guaranteed
to yield reliable results, as some critical details could be missed.

Notwithstanding, Versat can be compared with Morphosys for the FFT kernel since it
is reported in [47] that the processing time for a 1024-point FFT is 2613 cycles. Compared
with the 12,115 cycles taken by Versat, Morphosys is 4.6× faster on this kernel at the same
operating frequency. This fact is not surprising, since Morphosys has 64 FUs compared to
only 11 FUs in Versat; Morphosys is 4.5× the size of Versat according to Table 5. Morphosys
uses 2.66× more energy than Versat for the FFT kernel, as shown by the frequency and
power figures in this table.

Despite ADRES being one of the most cited CGRA architectures, comparisons with
this architecture could not be made, since the execution times for the examples used in its
publications are never given in absolute terms.
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6. Conclusions

In this paper, a novel CGRA architecture called Versat has been presented as a case
study of CGRAs architectures. A detailed description of the CGRA architecture has been
presented for a better understanding of the subject. Versat is a minimal CGRA with four
embedded memories and eleven FUs interconnected by a full mesh. It features a small
16-instruction controller, used primarily for runtime self-generated partial reconfigura-
tion. The controller is also responsible for running simple algorithms and managing data
transfers using an embedded DMA module.

The controller is not a replacement for a host processor capable of executing arbitrarily
complex algorithms. Versat is an accelerator for host processors. Nevertheless, with
its minimal controller, Versat can execute high-level procedures, freeing the host from
micromanaging the CGRA. Hosts can interact with Versat through an API containing a set
of useful kernels.

Versat has fewer functional units compared to other CGRAs. However, its fully
interconnected topology provides unprecedented programmability for supporting various
algorithms. Its structure is so simple that it can be programmed in assembly language.
To the best of our knowledge, Versat is the only CGRA that supports assembly-level
programming, which is key to mitigating development risks in a production environment.
Versat can also be programmed in a C/C++ dialect for greater productivity. Despite its
small size, it can accelerate computations and improve the energy efficiency by orders of
magnitude compared to general-purpose processors.

A Versat program generates myriads of configurations on the fly, saving configuration
storage space and memory bandwidth. Other CGRAs use pre-compiled configurations,
which is much more limiting. To reconfigure quickly, Versat supports partial reconfigura-
tion. Configurations are stored in a register file, where each register stores an individually
accessible configuration field. Additionally, a configuration memory stores the most fre-
quently used complete configurations.

The results of a VLSI implementation show that Versat is competitive in terms of silicon
area (1.62× smaller than ADRES [4]), and energy consumption (2.66× lower compared
with Morphosys [3]). Performance results show that Versat can accelerate computational
kernels by up to one order of magnitude and save up to two orders of magnitude in energy
compared to an ARM Cortex A9 system. For example, for an FFT kernel, Versat is 25.57
times faster and consumes 311.79 times lower energy than the said ARM system.
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