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Abstract. To fill the gap between increasing demand for reconfigurability and
performance efficiency, coarse grain reconfigurable architectures are seen to be
an emerging platform. The advantage lies in quick dynamic reconfiguration and
power efficiency. Despite having these advantages they have failed to show
their mark. This paper describes the QUKU architecture, which uses a coarse-
grained dynamically reconfigurable PE array overlaid on an FPGA. The low-
speed reconfigurability of the FPGA is used to optimize the CGRA for different
applications, whilst the high-speed CGRA reconfiguration is used within an ap-
plication for operator re-use.

1 Introduction

Generally, ASICs are seen as the only low-power solution which can meet the de-
mand for fast computational efficiency and high 1/0 bandwidth. However, the rapidly
spiraling NRE (Non-Recurrent Engineering) costs of ASICs are a strong motivation
for some sort of general purpose computing chip with better power efficiency than
microprocessors.

Recently, coarse grained reconfigurable architectures (CGRA) have been devel-
oped to bridge the gap between power-hungry microprocessors and single-purpose
ASICs. Hartenstein [1] gives a good overview of various CGRAs that have been
developed or are being developed in various universities and industry labs. Coarse-
grained arrays have the advantages of power-efficiency for their intended application
domain and also they are designed with efficient implementation of dynamic recon-
figuration supported in hardware and in design software. Furthermore, this dynamic
reconfiguration can be very fast, since configuration codes are very short. Despite
having all these advantages, CGRAs have not been a commercial success. The main
reasons being lack of flexibility, lack of a well defined design flow, lack of wide
application domain, commercial availability, to name a few.

Traditionally, FPGAs have been thought of as a prototyping device for small scale
digital systems. A decade back, they were generally used to implement glue logic.
However current generation mega-gate FPGA chips have changed this perception.
There has been an unprecedented growth in the field of FPGA technology. FPGA are
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increasing in density and the cost has seen a continual decrease. FPGA has evolved
from being just a fine grained architecture to more of mixed grain architecture. The
geometric growth of logic density in FPGAs now makes them a viable alternative to
ASIC implementations for many circuits. FPGAs can be reconfigured for an unlim-
ited number of times to implement any circuit. FPGAs have proved their usability in
control intensive as well as computational intensive tasks. With the latest Virtex-4
series of FPGAs, Xilinx has established the market in telecommunication, DSP as
well as control intensive applications.

FPGAs are widely available as commercial chips, and their large consumer base
ensures excellent tracking of the performance and price benefits of semiconductor
technology improvements. An attractive feature of FPGAs is the ability to partially
and dynamically reconfigure the FPGA function in order to provide application-
specific co-processors for a general purpose computing system [2] [3] [4]. However,
poor hardware and software support for dynamic reconfiguration, and large configu-
ration file sizes make dynamic reconfiguration difficult and inefficient, so most
FPGAs are used with a single configuration during normal operation. To overcome
the above mentioned limitations of existing FPGAs and CGRAs, we have come up
with this new architecture, QUKU [5][6]. The idea was flexibility and simplicity at
design level.

The next section gives a short overview of FPGA based reconfigurable architec-
tures. Section 3 describes the QUKU architecture. Section 4 describes the run time
reconfigurability of QUKU. Section 5 describes the design approach followed by
project status and conclusion.

2 Related Work

Some other systems consisting of MPU and FPGAs have been proposed in past
[71[81[91[10][11][12]. Guccione [13] provides a detailed list of FPGA based recon-
figurable architectures. YARDS [9] is a hybrid system of MPU connected with an
array of FPGA and has been targeted for telecommunication applications. Spyder
[11] consists of a processor with 3 reconfigurable execution units working in parallel.
The configuration of the execution units is determined from the set of applications.
DISC [10] is an FPGA based processor which loads application specific instruction
from a library of image processing elements. It takes advantage of the partial recon-
figuration feature of FPGA and implements a system analogous to memory paging in
software. PRISM [12] is a reconfigurable architecture built using hardware-software
co-design concepts. For each application, new instructions are compiled, synthesized
and loaded. PRISM-I and PRISM-II have been prototyped using Xilinx XC3090 and
XC4010 respectively. GARP [8] is yet another reconfigurable architecture which
combines a MIPS processor with a reconfigurable array to achieve accelerated per-
formance in certain applications. Each computing element performs a logical or
arithmetic operation of up to 2 bit width. Larger computation involves aggregation.



3 QUKU

QUKU is a merger of two technologies: CGRAs and FPGAs. The aim is to develop a
system which is based on commercially available and affordable technologies, but at
the same time provides active support for fast and efficient dynamic reconfiguration.
This implementation will enable us to use the same platform for applications which
are a mix of control flow and computationally intensive applications. Our system is
unique in that it provides two levels of application-specific reconfigurability. Within
a single execution of an application, the system works as a CGRA of processing ele-
ments. The operation of each PE, and the interconnections between PEs can be recon-
figured on a cycle-by-cycle basis, giving maximum reuse of arithmetic and logical
operators without long reconfiguration delays. Between different applications, the
CGRA can be reconfigured at the FPGA level to provide a different CGRA which is
optimized for that application. In other words, the architecture can be reconfigured at
two levels, FPGA level and PE/function level. PE level reconfiguration takes place at
the cost of few nano-seconds. This reconfiguration caters for any change in function-
ality or loading of different modules. FPGA level reconfiguration, although takes a
few milli-seconds, serves the important function of physically reconfiguring the CG
array itself. This feature is particularly useful when there is a need to handle different
data widths, handling data in different format like floating point, fixed point, LNS
format, etc or re-structuring the whole array to suit the target application in a better
way.

The concept of partial reconfiguration on FPGA is to use it as a virtual hardware,
implementing applications which are larger than the available hardware by utilizing
parallelism. Owing to the problems associated with partial dynamic reconfiguration,
as mentioned previously, it can not be used in most of the real life applications. The
QUKU approach allows applications which have larger hardware requirements than
are available on a single FPGA to efficiently reuse operators through fast CGRA
reconfiguration on a cycle-by-cycle basis. However, this architecture does not suffer
from the normal CGRA problem of trying to identify the optimal mix of operators for
all present and future applications to be used on that array. Rather, the structure of the
CGRA can be periodically re-optimized for each new application at a cost of several
milliseconds of FPGA reconfiguration time.

It is our conjecture that such a PE array has the potential to provide area and power
efficiencies not normally associated with FPGAs.

3.1 Architecture Description

QUKU is a complete SoC solution consisting of a coarse-grained PE matrix overlaid
on a FPGA. The aim is to develop a system which is based on commercially available
and affordable technologies, but at the same time provides active support for fast and
efficient dynamic reconfiguration. Our system is unique in that it provides two levels
of application-specific reconfigurability.

Fig. 1 shows a detailed block diagram of QUKU. The coarse grain PE array is
coupled with Microblaze based soft processor core using FSL (Fast Simplex Link)



[14]. OPB (On-chip Peripheral Bus) is used to connect to peripherals like external
memory controllers, UART, interrupt controller, timer device and other user defined
IP cores.
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Figure 1 System level diagram of QUKU

3.1.1 PE Structure

The coarse gained programmable matrix consists of a dynamically reconfigurable PE
array, CMM and AMM. Refer to fig. 2 for a block level description and acronyms.
Each PE consists of a LCC and a LAC besides containing a functional unit and a
memory sub-system. CMM is responsible for loading the configuration data onto the
LCC of the PEs. AMM loads address parameters onto the LAC of the PEs. LAC
controls read and write access to data and result memory of the respective PE. It also
generates address for accessing each memory.
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Figure 2 PE array structure

4 Reconfiguration

Conventional CGRAs supports very fast dynamic reconfiguration using micro-codes
as opposed to Megabytes of configuration data in FPGAs. But CGRAs have fixed
physical layout which ties their usability to a particular application domain. The
uniqueness of QUKU lies in the fact that it supports dual layered reconfiguration
which overcomes the problem of finding an optimal architecture which suits a wide
variety of application domains. The two reconfiguration planes are:



4.1 FPGA level reconfiguration

The FPGA level reconfiguration occurs in partially static manner. This is a very in-
frequent reconfiguration technique in our design approach. FPGA level reconfigura-
tion is only required when there is a need to physically change the PE array structure.
This includes a change in data width, change in numeric representation of data like a
switch from fixed point format to floating point format. As obvious, this reconfigura-
tion takes a few milli-seconds.

4.2 PE Level Reconfiguration at Run Time

The very frequently happening reconfiguration is at PE level which configures the
PE array to adapt the new functionality. In this section, the configuration memory
organization to support run time reconfiguration of whole or partial PE array, is de-
scribed. As shown in fig. 2, the configuration controller (CMM) is responsible for the
loading of different modules on the PE array. The configuration BRAM contains
configuration codes for up to four modules.

5 Design Approach

The conventional hardware design approach involves designing, coding, verification
and then synthesis and other backend activities. Most of the time is spent in the itera-
tive process of design and verification. A commonly perceived obstacle to the use of
FPGAs to provide algorithm speedup is the difficulty of designing custom hardware
for each new algorithm. QUKU architecture shifts the focus from complex hardware
design problem to writing configuration code for programming the PE array. We
have found that the product design time has reduced when using QUKU design flow
as compared to conventional HDL based design. The design process can be divided
into three phases: design phase, compile phase and execution phase. Each of the
phases are described in following sections.

5.1 Design Phase

During design time, the user decides the modules that are to be executed. The first step
is to make a schema of processes. For each process, a data flow network diagram is
prepared. At this phase, the designer is not bothered about the physical aspects of the
PE array. The user perceives the PE array as a homogeneous function rich array with
no interconnection bottleneck.



5.2 Compile Phase

After Design phase, QUKU compiles the process network to generate a heterogeneous
array of PEs, with each PE optimized for just the range of operations it is required to
perform for a given set of applications. In design phase, the aim is to find an optimum
PE layout and do hardware software partitioning of tasks.

5.3 Execution Phase

During the execution phase, the central software controller runs the software proc-
esses and controls the loading of different modules on the PE array and provides
inter-module synchronization. If not active, PEs remain in reset state to save power.

6 Status & Conclusion

We have described the architectural details and advantages of QUKU. At the SoC
level, the complete system has been divided into two parts, the coarse grained PE
array and the soft processor core. The complete SoC solution is ready and has been
downloaded on Xilinx ML401 board with XC4VLX25 device. On the tool flow side,
we are yet to develop a tool suite for code profiling, task graph generation and con-
figuration code generation.

We have tested our hardware with a set of experiments like FIR filter and image
edge detection algorithms [5] [6]. These set of experiments are mostly to confirm the
QUKU design flow, and to establish performance and reconfigurability features.
QUKU performance has been found to be intermediate between that of custom logic
and FPGA based soft processor core.
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