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Why CGRA for HPC?

GRA is a reconfigurable computing 

Cdevice traditionally used for accelera-
tors in low-powered embedded 

devices, akin to an FPGA but trades the bit-
level programmability with ASIC-like Power, 
Performance, and Area (PPA), and is a 
promising candidate for computing acceler-
ators in the HPC space. However, embedded 
systems and HPC are vastly different 
domains with different application scales 
and constraints, thus requiring some design-
space exploration and research before one 
can practically include CGRAs in HPC sys-
tems. This poster summarizes our effort to 
explore the suitable CGRA architecture for 
HPC.

RIKEN CGRA is built around these design 
philosophies:
• Modular and scalable design for high 

throughput
• Separation between computing and 

memory operations
• Floating-point operations capability 

with OpenMP support

Processing Element Tile (PE)

PE tile is responsible for computing:
• 32-bit floating-point capability
• 12 opcodes (including integer and 

logic operations)
• 2 inputs and 1 output (all buffered 

to absorb slack)
• Single Immediate value register 

configurable through bitstream 
register
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B. Adhi et al., "Exploring Inter-tile Connectivity for HPC-oriented 
CGRA with Lower Resource Usage," 2022 International Conference 
on Field-Programmable Technology (ICFPT), Hong Kong, 2022, pp. 
1-4, doi: 10.1109/ICFPT56656.2022.9974525.
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Load & Store Tile (LS)

LS tile performs memory read/write 
operation and streams the data to/from 
other tiles.
• Using Intel AvalonMM memory-

mapped interface with pending 
reads.

• Address generator logic supports 
3-nested deep loop with variable 
stride size and offsets.

B. Adhi et al., "Exploring Inter-tile Connectivity for HPC-oriented CGRA 
with Lower Resource Usage," 2022 International Conference on Field-
Programmable Technology (ICFPT), Hong Kong, 2022, pp. 1-4, doi: 
10.1109/ICFPT56656.2022.9974525.

Processing Element Tile with Heterogeneous ALUs

Various HPC kernels often require transcendental functions, such as square root and exponen-
tial. However, CGRA usually do not directly implement such operations but instead rely on 
approximations (e.g., based on lookup tables or Taylor expansion) that can negatively impact 
the result precision or the number of ALU or PE required. However, we can observe that a slight 
increase in logic resources, DSPs, and RAM blocks as the ALU becomes more complex. 
Consequently, instead of using just one type of ALU, we plan to combine them within a hetero-
geneous CGRA and investigate a proper balance to reduce resource usage and, potentially, 
power consumption. 

PE Basic ALU (16/25)

PE Complex/Full ALU (9/25)

Estimated resources (ALU only):
- Basic + Complex:

- ALMs: 1.70 %
- Registers: 0.91 % 
- RAMs: 1.61 %
- DSPs: 4.20 %

- Basic + Full:
- ALMs: 2.09 %
- Registers: 1.01 %
- RAMs: 3.46 %

-

DSPs: 4.98 %

An example of heterogeneous 
layout. Different layout & PE 
composition might be required for 
different application domain.

For this purpose, a new ALU has to 
be designed. The new ALU has 
three inputs and two major parts. 
The two parts are not necessarily 
coexist in a single PE. 

The basic part consist of an adder 
and a multiplier arranged as 
shown on the right to allow both 
used concurrently as an FMA unit.

The complex part consists of 
multiple larger FP unit. In this 
example square-root, exponent, 
logarithm and division. This 
complex part is optional and may 
not present in all Pes.

Switch Block Tile (SB) & Interconnect Research

SB tile is responsible for connecting all other tiles forming the 
whole array. In the baseline configuration, each SB tile is con-
nected to its own PE and all eight neighboring tiles, forming a 
King-style mesh connection. The SB tile allows static routing 
with multiple streams concurrently passing through the same 
SB from multiple inputs to multiple outputs. It is also allowed for 
a single input stream to be broadcasted to multiple outputs.

Compared to a more traditional ADRES-like CGRA with 
Embedded Router (CGRA-ER), the SB-based design has a much 
higher routability albeit with 6.3 times resource usage. At the 
baseline configuration, our prior research has shown that the 
interconnect is overprovisioned, thus having a low utilization. 
Further research to find the balance is necessary.

B. Adhi, C. Cortes, Y. Tan, T. Kojima, A. Podobas and K. Sano, "The Cost of Flexibility: Embedded versus Discrete Routers in CGRAs for HPC," 2022 IEEE International Conference on Cluster 
Computing (CLUSTER), Heidelberg, Germany, 2022, pp. 347-356, doi: 10.1109/CLUSTER51413.2022.00046.

RIKEN CGRA Architecture

RIKEN CGRA is both a CGRA archi-
tecture and its evaluation frame-
work comprising a CGRA generator, 
RTL simulator, benchmarking tools, 
CGRA Place & Route (PR) compiler, 
and FPGA-based emulation on 
ESPPER FPGA Cluster connected to 
Supercomputer Fugaku. 

The CGRA consists of three differ-
ent tiles connected by elastic 
token-based streaming interfaces. 
These modules are: 
• Processing Element (PE) tile, 
• Load and Store (LS) tile,   
• Switch Block (SB) tile. 

Different kinds of tiles can be added 
for future expansion. All tiles in the 
CGRA are connected with a daisy-
chained bitstream interface to 
program the CGRA. 

Bitstream Interface
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Different inter-tile CGRA inter-
connect resources usage is 
shown on the right.

The routing richness of SB based 
CGRA with Discrete Router 
(CGRA-DR) design allow a denser 
mapping. Reducing the connec-
tivity by removing the least used 
connection does not affect 
routability.

Left: Not only CGRA-DR allows mapping  
more kernel unrolls, but SB based design 
allows denser mapping on smaller CGRA.

Right: CGRA-DR has a much higher 
resources usage. However, eliminating 
least usage vertical connections has no 
significant impact on routability while 
reducing 30% resources usage.

B. Adhi et al., "Less for More: Reducing Intra-CGRA Connectivity for Higher 
Performance and Efficiency in HPC," 2023 IEEE International Parallel and 
Distributed Processing Symposium Workshops (IPDPSW), St. Petersburg, 
Florida USA, 2023, (accepted)

Programmable Buffer Tile  

Connection of PBs between CGRA’s SBs. 
Multiplexers allow bypassing PBs.

Programmable Buffers are introduced to 
enhance the throughput of LS tiles: LS tiles 
are commonly connected to memory tech-
nologies which provide optimal performance 
for sequential memory access only. On the 
other hand, iterative stencil loops and similar 
applications cause repeated and interleaved 
memory accesses.  PB tiles ensure that 
those are buffered and reordered, ensuring 
sequential memory access in the LS tile.

PBs can be configured for various applica-
tions: For stencil-like computation, they act 
as a shift register with parallel outputs. 
Offsets of parallel outputs are configurable 
and the buffer supports insertion of addi-
tional samples at the start and end of data 
packets.

A large buffer can be formed by chaining 
multiple, independent PB tiles in a column. To 
reduce resource overhead, PB columns 
reuse the normal CGRA interconnect. For the 
same reason, PB tiles connect in-between 
two existing SBs instead of containing a SB.  
When an application does not need PBs, 
multiplexers allow to transparently bypass 
them. PB columns are located both close to 
LS to improve memory throughput, and 
between PE tiles, to buffer intermediate 
results.

FPGA-Based Emulation on Real HPC Environment

For a large-scale evaluation in an HPC environment, we are 
developing FPGA-based emulation of the CGRA. The 
CGRA emulator will be deployed on the ESSPER FPGA 
cluster connected to Supercomputer Fugaku.

The CGRA, including a CSR Module to control the CGRA operation is embedded into RIKEN 
AFUshell which is based on Intel AFU Shell. The architecture of the CGRA-based emulator is 
depicted on above.

The FPGA shell is based on RIKEN AFU shell which is an extension of Intel AFU shell running on 
top of Intel D5005 Datacenter FGPA Card. The CGRA’s LS tiles are connected to the onboard 
DDR4 memory controller, thus all computations are done to and from the FPGA’s onboard mem-
ory. A set of DMAs are used to transfer data between host CPU and the CGRA’s memory. 

A host code running on the host CPU interact with the CGRA core through the CSR interface with 
the help of AFU Shell Class Library and DMA Library.

Systolic Array Style Computation on CGRA

Compared to Systolic Arrays, CGRA offers higher flexibility and programmability as 
users can map arbitrary DFG into the CGRA. RIKEN CGRA originally borrowed some 
design element of a systolic array to guarantee the performance level required in 
HPC environbment. 

However, in several HPC scenario, the flexibility offered by CGRA costs a higher 
logic complexity, thus resulting in more area usage in silicon. Moreover, mapping an 
arbitrary DFG does not guarantee 100% utilization of the available PE, reducing 
the efficiency further compared to a simpler systolic array. 

In our latest effort, we proposed several changes to allow systolic array style 
execution on CGRA, i.e., extra systolic style registers for local data storage on each 
PE, which is commonly found in systolic array style computation, more memory 
friendly access pattern, modifying intra-CGRA interconnects, and defining a DSL to 
efficiently construct the mapping primitives that can be placed easily into the CGRA 
utilizing maximum number of available PEs. 

Tradeoffs between those design decision mentioned above shall be explored in 
future works.

Predication on CGRA

Predication support is necessary to improve 
the programability of the CGRA, allowing the 
CGRA to do conditional branching. 

Several design decisions must be made, for 
example the type of predication, either data-
based predication or a true DFG branching. 
The former is much simpler to implement but 
might waste a lot of PEs as both side of the 
branch are always executed. In addition, the 
type of predication network, either a dedi-
cated predication network or sharing the 
datapath. A further study on the trade-offs 
between all these factors is necessary.

Also, we must consider the compiler support. 
A regular CPU oriented program predications 
happen on the control-flow side of the 
program, however branch instruction in 
CGRA means a diverging data flow path to 
take  d i f fe ren t  se t  o f  i ns t ruc t ions . 
Transforming control flow branch to data 
path branch is non trivial and requires further 
research. 

This is an example of a DFG containing 
predication. New instructions for comparison 
of floating point to generate predicates must 
be created. Branch instrution will only pass 
data to the side dictated by the predicates 
and selet will only pass data if there is a valid 
token on the taken input path.
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Potential Collaboration

Please do not hesitate to send us an email 
for questions or comments. 

We are open for collaborations in various 
research direction, such as:
• Applications/Benchmarks
• HPC/AI workload acceleration
• Compiler Support
• Silicon based implementation
• Large-scale CGRA Organization
• CPU-CGRA Interconnect
• Memory Architecture
• Mixed precision arithmetic
• and many more!
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