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Abstract

Massively parallel computer architectures based on identical microprocessor tiles are well known for their high scalability
and performance. In this work, we introduce the design and simulation of a scalable on-chip grid of RISC-V processors
with local memories in a structured EDA flow. We specify a Grid of Processing Cells (GPC) with two non-trivial software
applications and successively generate and validate the hardware models at lower abstraction levels, namely TLM, ISS,
RTL, and FPGA. Our comprehensive experimental evaluation of a physical implementation on an FPGA shows the
true scalability of the GPC architecture. While existing works have indicated performance benefits for GPCs at high
abstraction levels, our results confirm their highly reduced interconnect contention for the first time on fully constructed

hardware with clock-cycle accuracy at RTL and on FPGAs.

1 Introduction

The ever-increasing demand for higher chip performance
drives the growing need for highly parallel platforms that
are truly scalable to meet the complexities of current and
future applications. Aware of many prior projects us-
ing array-structured architectures starting with the era of
Transputers [[8, [15[], a Grid of Processing Cells (GPC) [9]
has recently been proposed that aims at eliminating the
bottleneck of shared memory by using cells of processors
with local memories. Here, every local on-chip memory is
only accessible by its local processor and four neighbors

(Fig.[I).
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Figure 1 Grid of Processing Cells (GPC) with
processor-memory pairs connected in North, East, South, and
West directions

In this work, our primary focus is the evaluation of the lo-
cal memory interconnect in GPCs with significant software
workloads. We generate and simulate GPC models with in-
creasing levels of accuracy to evaluate the inter-processor
communication and, in particular, contention.

Problem Statement. First works at untimed TLM?2 level
[12, 25] report only weak indication of scalability when
comparing the GPC to the traditional SMP (Symmetric
Multiprocessor) architecture. Slightly stronger results [2,

3]] support the scalability at loosely-timed TLM2 when tak-
ing communication contention into account. [13[] analyzes
the GPC with instruction-set simulation, confirming prior
results at the ISS level. However, for a solid conclusion on
true scalability, the GPC hardware must be implemented
with sufficient detail at clock-cycle accurate levels at RTL
and on FPGAs. [19] introduced an early GPC model at
RTL with FPGA and chip implementations with simple
handshake communication for local memories. [19] ad-
vanced the communication schemes by shared memory and
CSR synchronization. Later, [[18] introduced a detailed
study for the refinement of different GPC variants and ap-
plications from first functional to final RTL and FPGA im-
plementations.

In contrast, we present now in this work a fully imple-
mented buffered communication with interrupts and scal-
able interconnects for non-trivial software applications,
which we evaluate over various grid and cell configurations
with respect to communication tradeoffs.

We choose 32-bit RISC-V Rocket cores as processors with
application-specific memory sizes and FPU configurations
in each cell, so that our results become comparable to
other studies to some extent. We fully design the mem-
ory communication by introducing a local interrupt scheme
between neighbors and equipping each cell with a 32-
bit FPU to broaden the application. For RTL generation
and FPGA implementation, we apply the Chipyard frame-
work [1]] and use customized generators implemented in
the hardware construction language Chisel [5]] for scalable
grid, buffer, and memory sizes with individual processor
configurations.

Our work provides two main contributions. First, we
design an advanced local communication scheme with
interrupt-based synchronization and observe the key met-
ric of contention in comparison with polling. Second, we
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provide an extensive performance analysis of GPC scaling
using two freely configurable software applications which
shows for the first time in RTL and on FPGA that commu-
nication contention remains flat when the grid is scaled in
size, thus, providing true scalability of the GPC. Our anal-
ysis follows a gapless codesign flow where GPC hardware
and non-trivial software workloads are successively config-
ured, constructed, and synthesized from functional specifi-
cation down to FPGA implementation along the toolflow
which we introduced in [18]].

2  Related Work

With the introduction of multi-core and multi-processor ar-
chitectures, Flynn classified computer architectures along
different instruction and data streams: single/multiple in-
structions and single/multiple data [[11]. In contrast to tra-
ditional single processor systems with single instruction
single data (SISD) streams, modern architectures operate
multiple instruction and/or multiple data streams in paral-
lel, termed SIMD, MISD, or MIMD.

The idea of configurable processor grids for massively par-
allel processing stems from the principles of transputers,
introduced in the 80s to overcome the Von-Neuman bottle-
neck [20]]. A transputer is a single 32-bit RISC micropro-
cessor with local memory and four serial message-passing
IOs, establishing communication links to adjacent proces-
sors [8]. They were applied as building blocks of mas-
sively parallel supercomputers with up to several hundred
nodes [[15]]. Transputers rely on the principles of a nothing-
shared architecture with the advantage of high scalability
and identical cells. Similar, the Grid of Processing Cells
(GPC) introduced in [9] follows a neighborhood shared
strategy. GPC hardware studies with partial synthesis flows
and configurations for FPGA and ASIC were undertaken in
[L19].

We can find many other examples of array-based many-
core architectures, like the Raw Processor, which features
tiles with a 32-bit MIPS-like processor with local I- and
D-memory, a configurable on-chip network, and up to 64
tiles per chip [22]]. Tile Processors [27]] come with iden-
tical VLIW processor tiles with local L1 and L2 caches.
The Tile64 was composed of 64 tiles on the chip, which
were connected through configurable switches [7]. The
Intel Teraflops research chip was introduced with 8x10
VLIW cores connected by a 2D mesh network-on-chip
(NoC) [23]. The KiloCore processor array is based on
a hybrid memory structure [6], which combines shared
and distributed memories. Its 992 independent proces-
sors come with local memories. Instructions and data may
come from the local memory or are fetched from 12 64 kB
shared SRAM modules. Communication is performed via
a switching network with small package routers.

These architectures were introduced for improved band-
width to local memory. Unfortunately, their work neither
revealed any details of the design process nor do they give
information about the configurability of individual cells.
Our work revisits the principles of the GPC architecture in
[9] and introduces fully implemented RISC-V based cells

that can be individually configured with respect to proces-
sor type, local memory size, message type, and communi-
cation scheme during design time for the execution of non-
trivial software applications. Our design flow combines
classical SystemC TLM-2.0 with the Chipyard framework
and complements them with additional configuration and
generator scripts, which seamlessly supports multiple ab-
straction levels from multi-threaded C++ functional level
to implementations on FPGA.

3  Design Flow

Our system design flow from functional specification down
to FPGA implementation encompasses five executable
models at different abstraction levels: functional multi-
threaded C++, SystemC TLM-2.0, SystemC ISS, Sys-
temVerilog RTL, and an FPGA prototype implementation.

3.1 Functional Specification in C++

The design flow starts with a pure functional model
specified in multi-threaded C++. A number of
tasks (i.e. std::thread) perform the application’s func-
tions and communicate via standard communication
(e.g. std::queue) and synchronization methods (e.g.
std::condition_variable). Model compilation and ex-
ecution allow validation of functionality, but there is no
notion of timing nor structure. These properties are added
and refined step by step in derived and generated models
following a top-down approach. Software and hardware
functions are combined in one model and are subject to
partitioning in later steps.

3.2 Modeling and Simulation in SystemC
TLM-2.0

After the tasks have been mapped onto a suitably sized
grid [26]], we generate a first GPC model in SystemC TLM-
2.0, which accurately reflects the tasks each cell performs
and explicitly shows inter-cell transactions via memories
shared between neighbors. This model is accurate in mem-
ory transactionsﬂ but only loosely timed. Interconnect
contention of data transfers can be accurately monitored.
Hardware and software functions can be clearly identified.
Both are compiled for execution on a simulation host. As
the instruction set of the host typically differs from the tar-
get architecture, the simulation arrives at a lower accuracy.

3.3 Instruction Set Simulation (ISS)

For an increased accuracy with the final instruction set ar-
chitecture of the software, we next generate an instruction
set simulation model in SystemC. At this step in the design
flow, we move from host-compiled software applications
to software that is cross-compiled for the final target ar-
chitecture, 32-bit RISC-V in our case. The cross-compiled
and linked ELF (Executable and Linking Format) files are
loaded into the on-chip memories at the start of the sim-
ulation. Using an interpreted ISS [14], the RISC-V core

I'TLM-2.0 transactions include blocking transport and DML.
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modules retrieve both instructions and data from their local
memory through SystemC TLM-2.0 b_transport func-
tion calls. Every instruction is then decoded and executed
with a corresponding delay.

Note that the number of instructions is accurate in this
model, whereas the number of clock cycles and the delay
of their execution are only an estimated approximation.

3.4 Hardware Construction, Simulation,
and Synthesis

To derive a first cycle-accurate model with precise tim-
ing, we implement a GPC RTL generator by extending
the Rocket chip generator [4] of the Chipyard framework
[1]. This GPC generator constructs additional DTIM (Data
Tightly-Integrated Memory) adapters attached to the local
scratchpads of each tile and connects them via TileLink
to the corresponding adjacent tiles, enabling direct inter-
tile communication [21]. At this step, we replace the ab-
stract instruction decoding and execution cycle with the
constructed hardware of the individually configured pro-
cessor and memory.

3.4.1 Hardware Construction

The GPC generator written in the hardware construction
language Chisel [5] generates the desired grids and emits
FIRRTL [[17] based on the desired parameters for the in-
dividual GPC, e.g., grid size, memory size, or FPU sup-
port. The FIRRTL circuit compiler compiles the interme-
diate representation and generates a SystemVerilog model
for the chosen Chipyard design flows, namely RTL simu-
lation and FPGA prototyping.

3.4.2 RTL Simulation

For RTL simulation of the generated GPC models, we use
the open-source SystemVerilog simulator Verilator [24]]
which compiles the SystemVerilog model into a multi-
threaded C++ model from which the simulator can be built.
The application software for the GPC hardware model is
cross-compiled for the RISC-V target and loaded into the
scratchpad memories at the beginning of the simulation via
the Front-End Server (FESVR). We enhanced the FESVR
to communicate with all processing cells during the simu-
lation and to load ELF files into their memories. RTL sim-
ulation time can be significantly decreased when we build
and run many RTL simulators of different designs in paral-
lel on a High-Performance Computing (HPC) cluster. We
thus extended our flow to automate job submission for the
HPC workload manager Slurm [10].

3.4.3 FPGA Synthesis

To arrive at a first hardware implementation with higher
performance, we synthesize the RTL design for the AMD
VCUI108 FPGA using AMD Vivado. After synthesis,
the bitstream with the GPC hardware is loaded onto the
FPGA. Thereafter, the cross-compiled application soft-
ware is loaded into the scratchpad memories via JTAG
and executes on the FPGA at the given frequency. Hence,
the FPGA prototype combines both the performance from
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Figure 2 Cell with processor and local memory

higher abstraction levels and the low-level accuracy at
RTL.

4  GPC Architecture

The GPC is a fully scalable multiprocessing platform
where processor cores are paired with local on-chip mem-
ories. Those pairs are placed as cells on the chip in a two-
dimensional NxM grid. Each core has access to its own
local memory and to the memories of the four neighboring
cells around it. The address space of the memories is or-
ganized based on the dimensions N and M of the grid [25].
We use a linear memory map where the base address of a
cell in row r column c is given as (r- M +c) - S for the spec-
ified memory size S. Note that, while the address space in
our configuration is global, individual processors can only
reach addresses in their local neighborhood.

4.1 Cell with Processor and Local Memory

A GPC cell is the basic functional unit that includes every
component necessary to execute a software program. As
depicted in Fig. 2] each cell consists of a Processor and lo-
cal Memory, plus local interconnects formed by essentially
a Decoder and an Arbiter. Based on the requested memory
address, the decoder directs the processor’s load and store
instructions to the local memory, or a neighbor’s memory
in the North, East, South, or West. In front of each mem-
ory, an arbiter multiplexes the access requests, granting one
request at a time.

The four components are essentially the same at all ab-
straction levels. Their internal composition, however, is
refined with more details level by level. For instance, ISS
and RTL models feature detailed controllers for interrupt-
based communication.

Note that we also equip our RTL models with a System-
Bus that mainly serves debugging purposes. In our experi-
ments, however, we also use this bus to compare the GPC’s
performance against a classic setup where cores communi-
cate via a shared bus system (see Section [3).

4.2 Inter-cell Communication

Safe and efficient communication and synchronization be-
tween neighboring cells require a well-coordinated interac-



92 | Luchterhandt

I template <class T, unsigned S> void Pop(T &d)
2 A

3 while(queue.Sent - queue.Rcvd == 0)

4 {

5 #ifdef USE_INTERRUPT

6 asm volatile ("WFI");

7 #else // USE_POLLING

8 asm volatile ("NOP");

9

#endif
10 }
1" d = queue.datal[queue.Rcvd’S];
12 queue.Rcvd++;
13 #i1fdef USE_INTERRUPT
14 queue.interrupt = 1;
15 #endif
6}

Listing 1 Simplified C++ implementation of the message queue
Pop function

tion between hardware and software. While the hardware
interconnects introduced above provide the required infras-
tructure for signaling and exchanging data, the software
has to make efficient use of it. Here, we have implemented
a software API that allows message passing through queue-
based communication. Each core can host queues in its lo-
cal memory, which can be configured in terms of data type
T and queue size S. Neighbor cores can remotely connect
to a host’s queues and perform Push and Pop operations to
exchange data between them.

Listing [I] illustrates our implementation of the Pop func-
tion. The core waits until data is available, retrieves the
data from the shared circular buffer, and finally signals to
the sender that data has been received. We support interrupt
and polling-based communication. While polling repeat-
edly checks the queue’s filling state, followed by a short
wait (NOP), the interrupt scheme puts the receiving core
to sleep (wait-for-interrupt, WFI) until new data is avail-
able. Here, senders and receivers synchronize by raising
and awaiting dedicated interrupts implemented in hardware
between neighboring cells.

5  Experimental Results

We have designed and implemented model generators for
the five abstraction levels, combining the classical Sys-
temC design flow with Chipyard. The following section
gives an overview of the two different software application
benchmarks before we introduce our hardware and simula-
tion setup and present our evaluation.

5.1 Software Setup

For empirical benchmark evaluation of the different GPC
configurations, we implemented two scalable software ap-
plications: TokenX and ParticleSim. TokenX is a simple
proof-of-concept benchmark for communication without
significant computational load with integer operations. The
software starts with an initial number of tokens (payload)
in each cell and continuously exchanges tokens with neigh-
boring cells in a repeatable, pseudo-random fashion. To-
kenX is configurable and deterministic, and can be used for
systematic validation of data transfers on a GPC.

On the other hand, ParticleSim simulates the physical
movement of particles (payload) in a 2D space with con-
figurable gravity, attracting, and repelling forces. Notably,
ParticleSim has a high computational load of floating-point
arithmetic. For parallel execution, the space is laid out
as 2D tiles, each assigned to a corresponding cell in the
grid. Each cell computes the forces and movements of the
particles in its tile, also taking into account the forces of
the particles in neighboring tiles. When particles cross tile
boundaries, they are handed over to the neighboring cell.
In our particular configuration, ParticleSim starts with an
evenly distributed payload where all cells carry the same
number of particles. In other words, there is an equal com-
putational load for all cells at the beginning. We also apply
an initial velocity for all particles with a trajectory towards
the bottom right. As a result, particles fall down and con-
centrate in the bottom right tiles, which gradually shifts the
computational load to a few cells in the South-East of the
grid, until the particles repel each other and also bounce off
the walls, eventually resulting in a somewhat equal payload
for all cells for the remainder of the simulation.

Both software applications are structured in a configurable
main loop that repeats (1) computation and (2) commu-
nication with neighbors. Higher software workloads can
be easily configured with more iterations, which results in
longer simulation times. As such, the simulator runtime
can be adjusted by the assigned workload. We use this in
our experiments at lower abstraction levels to keep the run-
times acceptable.

Both benchmarks are also configurable in their communi-
cation scheme. Here, the synchronization with neighbor
cells is based on either interrupts or polling.

5.2 Simulation & Hardware Setup

For experiments on the functional, TLM-2.0, and ISS
model, we use C++ and SystemC version 2.3.3 with a g++
compiler. The simulation host for those levels is a Linux
workstation with an Intel Xeon E-2388G CPU (16 cores
at 3.2GHz). The ISS model is based on the SystemC-
based RISC-V VP from [[14]], which is also compiled and
executed on the workstation, where the application soft-
ware is cross-compiled with g++rv32 for the RISC-V plat-
form. Our experiments at RTL and on FPGA are fully au-
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E‘ Model Software 6x6 GPC 8x8 GPC

< Workload  Runtime  Instructions  Clock Cycles CPI  Runtime Instructions  Clock Cycles  CPI
Functional  100% 12.62s - - - 22.46s - - -

<  TLM-2.0 100% 1:23m - - - 2:5Im - - -

E) ISS 1% 55.86s 2.68M - - 1:56m 2.71M - -

= RTL 0.01% 10:34m 25.0K 74.6K 2.98 33:59m 25.1K 74.7K 2.97
FPGA 100% 7.43s 252.3M 743.2M 295 7.73s 258.2M 746.3M 2.89
Functional ~ 100% 28.10s - - - 30.00s - - -

g TLM-20 100% 3:46m - - - 4:00m - - -

fg ISS 0.5% 23:40h 3.73B - - 24:37h 1.86B - -

‘5 RTL 0.1% 69:21h 470.9M 1.31B 278  49:35h 217.9M 6638.2M 3.07

- FPGA 100% 123h  134.2B 499.4B 377 Design exceeds #LUTs on VCU108 FPGA

761.5K LUTs required but only 537.6K available

Table 1 Experimental results for 6x6 and 8 x8 GPC targets

tomated with Chipyard 1.9.1 and our extensions in Python
on an HPC (High-Performance Computing) cluster. As
such, we use Verilator for RTL simulation, which was in-
stalled and executed on our HPC cluster equipped with
1126 AMD EPYC CPU nodes. Each normal node comes
with 256 GiB RAM and two AMD Milan 7763 CPUs (64
cores at 2.45 GHz). More complex designs are executed on
large nodes with 2 TiB RAM and AMD Milan 7713 CPUs.
Our architectural studies with different grid configura-
tions from 2x2 to 16x 16 on different FPGAs are shown
in Fig. 3] The figure compares the utilization of dif-
ferent grid configurations on different FPGA boards:
VCU108, VC707, and Arty7 35T/100T. The compari-
son shows RISC-V cell configurations with (i) 32 KiB of
memory without FPU for the TokenX application and (ii)
64 KiB of memory with FPU, which are required for the
computation-intensive ParticleSim application. The figure
indicates that the VCU108 board limits the grid size to 8 x8
for cells with 32 KiB local memory and to 6 x6 when cells
are synthesized with FPU and a larger memory.

5.3 Simulation Results

We simulated our GPC hardware with grid sizes 6x6 and
8x8 at five different abstraction levels: functional multi-
threaded C++, SystemC TLM-2.0, SystemC ISS, Sys-
temVerilog RTL, and FPGA. Table|l|shows the results for
the different configurations and abstraction levels with two
software applications TokenX and ParticleSim. The table
quantifies the cost for conducting benchmarks in terms of
runtime, clock cycles, and CPI (Cycles Per Instruction) ra-
tios. The latter numbers give details of executed instruc-
tions and clock cycles for the applied software workloads.
In general, the table shows the increasing runtimes along
the different abstraction levels in comparison with its
FPGA implementation. Although TLM-2.0 has some over-
head for the explicit modeling of memory transactions, the
runtimes are within the same order of magnitude as the
functional model. As expected, the table shows a signif-
icant increase in runtime at ISS and RTL. This is basically
due to the move from host-compiled to cross-compiled
software for the RISC-V ISA, with an increase by two or-

ders of magnitude for TokenX and by four to five orders of
magnitude for ParticleSim. Additional simulation costs are
introduced at RTL when the software is executed on the
fully constructed RTL hardware with an increase of two to
three orders of magnitude.

To avoid simulation times over more than 2 days, we took
a pragmatic approach and configured both software appli-
cations at ISS and RTL with a reduced number of itera-
tions. We decreased the software workload for the RTL
simulation by a factor of 100 for TokenX, and by 200 for
ParticleSim, respectively. At RTL, we can see a big differ-
ence between the communication-intensive TokenX and the
computation-intensive ParticleSim application.

The RTL models were finally synthesized for an AMD
VCU108 FPGA with a frequency of 100MHz. As the
ParticleSim exceeds the 32 KiB of memory and requires
floating-point operations, we add FPUs and double the size
of the local memories. Therefore, the 8 x8 grid exceeds
the limits of our FPGA. The numbers show that the FPGA
achieves a similar order of runtime as our initial functional
implementation for TokenX. However, this only holds up
for the light computational load of TokenX. With the heavy
floating-point workload of ParticleSim, the FPGA runtime
is two to three orders of magnitude slower than the func-
tional model running on a workstation CPU.

5.4 Contention Analysis

To demonstrate the performance benefits of GPCs over
many-core system-bus architectures, we generate and com-
pare three different hardware configurations at RTL and on
FPGA:

(1) instructions and data of a cell are fetched from the cell’s
local memory with local inter-cell access to the memories
of its four surrounding neighbors (local instructions/local
data) as introduced in Section [}

(2) instructions and data of a cell are fetched via a shared
system bus (global instructions/global data).

(3) instructions are fetched from the cell’s local memory,
data are fetched via the system bus (local instructions/-
global data).

For cycle-accurate performance evaluation of the three
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Figure 4 TokenX runtime of RTL simulation

variants, we start with RTL simulation of TokenX for grid
sizes from 2x2 to 16x16 as summarized in Fig. [d] The
figure compares the runtime for the three hardware config-
urations with local vs. global instruction and data access.
The dashed and solid lines additionally show the difference
between the two message-passing schemes (interrupt and
polling) for each of the three configurations. While con-
figurations 2 and 3 with full and partial system-bus access
are clearly affected by contention, we can observe lower
constant values for the GPC architecture (configuration 1)
for both synchronization schemes. On the shared-bus vari-
ant, the overhead in runtime caused by contention increases
linearly with the number of cells in the design. As ex-
pected, the global instructions variant has more contention
than the local instructions variant. We find polling is more
efficient than interrupts for the TokenX benchmark running
on a GPC, as all cells are running the same payload per it-
eration, synchronized by the token exchanges. Note here,
that interrupts impose an instruction overhead for proper
raising and masking of interrupts, which explains the addi-
tional cycles on the GPC configuration. When dealing with
increasing contention on a shared bus, interrupts avoid ad-
ditional bus traffic for polling, and thus, the management
overhead for interrupts pays off again.
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180K
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140k4 T Interrupts e
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Figure 5 TokenX runtime on FPGA

Fig. 5] shows corresponding results for TokenX on FPGA.
The grid size is limited to 8 x8 by our FPGA. Compared
with the RTL simulation, we can see that the results are
accurate apart from small deviations caused by minor dif-

ferences in the design (hardware UART) and ELF files (no
syscalls on FPGA). Once there are cells surrounded by four
neighbors in the grid starting from size 3x3, the GPC re-
mains running with a constant number of cycles, whereas
the two global data variants run into linear contention. Un-
der contention, interrupts outperform polling starting at a
grid size of 7x8. With an increasing number of cells,
more bus traffic is caused, which further increases the con-
tention. Once the bus exceeds a certain load, interrupts are
beneficial again, as the management overhead of interrupt
handling becomes less expensive than causing more bus
traffic by polling.
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Figure 6 ParticleSim runtime on FPGA

Fig. [6] shows the runtime of the ParticleSim on FPGA. As
the computational load per cell decreases inversely with the
square of the total number of cells, we use a logarithmic
scale to represent the runtime. Here, interrupts perform
significantly better than polling, which can be explained
by the different payloads among the cells. Unlike TokenX
with a constant computational load per cell, the computa-
tional load of ParticleSim varies per cell. A cell managing
fewer particles than its neighboring cells has to wait for the
neighbors to finish computing. While waiting, continuous
polling causes significant traffic and hurts the overall per-
formance. This effect can even be observed on the GPC
with local memories and interconnects.

For all three configurations, the interrupt communica-
tion scheme outperforms polling noticeably, resulting in a
shorter runtime. Across all grid sizes, the GPC achieves the
lowest runtime compared to the two global data configura-
tions. This demonstrates the efficiency of local inter-cell
communication over a shared bus. We can also see a trade-
off between computation and communication costs. While
the computational load per cell decreases on larger grids,
there is an increase in communication required between the
cells. This results in a divergence in runtime between the
three variants when increasing the grid size.

Finally, we directly evaluate the contention by measuring
the average memory access time for data requests using
our additional hardware performance counters. Integrated
in each cell, they count the number of data requests and
the number of cycles the cell has to wait for a response.
For easy access, the two counter registers are memory-
mapped, making them readable by their cells. The results
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Figure 7 Average access time to neighbor memories for
ParticleSim on FPGA

in Fig. [7]again confirm no contention on the GPC with in-
terrupts. On average, the memory access time on the GPC
constantly remains between three and four clock cycles for
all grid sizes. Both shared bus configurations start with
a minimum average memory access time of seven clock
cycles with increasing grid size. The full system bus con-
figuration with polling reaches an average of more than 30
clock cycles on the 6x6 grid. When comparing to Fig. [6]
we observe a correlation between runtime and contention,
especially on the shared bus models. It is worth mention-
ing here that the blue dashed line in Fig. [/| appears to be
constant too. This indicates good contention handling with
interrupts and matches the almost parallel lines in Fig. [6]
However, the memory access time on the local instructions
global data model with interrupts is still three to four cy-
cles higher on average for a data request compared to the
GPC.
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Figure 8 Total #accesses to neighbor memories for ParticleSim
on FPGA

To further investigate the negative impact of polling, we
take a closer look at the total number of memory accesses
for each configuration, shown in Fig.[§] While the num-
ber of requests is almost identical among all configura-
tions with interrupts enabled, continuous polling signifi-
cantly increases the number of requests. The GPC handles
between 5.8 and 8.3 times the number of requests when
using polling. On the shared bus configurations, the global
instructions variant only achieves 3.7 to 5.8 times the num-
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Figure 10 Average access time to neighbor memories over
runtime

ber of requests, with slightly more requests on the local in-
structions variant (3.2 to 6.7). Even given this high amount
of requests handled by the GPC, there is almost no increase
in the average response time per request in Fig.[/| In con-
trast to the GPC, the contention on the shared bus configu-
rations causes an additional delay of at least 4 cycles up to
32 cycles on average per request.

5.5 Payload Analysis

As ParticleSim has varying computational load per cell,
we conduct a detailed cell-wise payload and memory ac-
cess timing analysis on a 6x6 GPC on FPGA for polling.
The payload per cell, measured as the number of particles
contained in a cell, is plotted over the runtime in Fig. E}
In each sampled time frame, a total of 1K particles is dis-
tributed among the 36 cells based on the physical position
of the particles. The plot nicely shows the shift in payload
among the cells during runtime. While all cells start with
equal payload, almost 40% of the particles are handed over
to a single cell after 10B clock cycles. After 30B clock cy-
cles, the particles end up similarly distributed again with a
comparable payload per cell. The cost of communication
can be derived from the gradient of the payload. A decline
in the payload of a cell is caused by handing over particles
to another cell. As aresult, the payload of the receiving cell
increases. The more particles are transferred, the greater
the communication required. To measure this impact on
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the contention, we run the same experiment on the two
shared bus configurations for the 36 cells and compare the
average memory access time over the runtime in Fig. [I0]
As expected, the GPC provides the shortest runtime with
16B clock cycles. The shared bus configuration with local
instructions takes 22% more runtime, followed by an in-
crease of 140% in runtime for the shared instruction vari-
ant. While the GPC achieves a constant memory access
time of three to five clock cycles, both shared bus configu-
rations show a significant increase. The pattern of handing
most of the payload over to a few cells, followed by a distri-
bution afterwards, can also be seen in the memory access
time. With a growing number of particle handovers, the
memory access time increases to almost 31 cycles on the
local instruction variant. Once the payload is distributed
again, the access time decreases, remaining between 12
and 25 cycles. An inverse behavior can be observed on
the global instruction variant. Here, the access time is be-
tween 36 and 220 cycles while the payload is handled by a
few cells. With a distributed payload, the access time rises,
ranging from 90 to 220 cycles. This can be explained by
considering the number of instructions fetched by the cells.
A cell with a smaller payload spends more time waiting for
its neighbors and consequently fetches fewer instructions.
A busy cell, on the other hand, fetches more instructions
during computation, resulting in an increased memory ac-
cess time.

In summary, our gapless design flow has resulted in a fully
constructed GPC model on FPGA that is both fast and
accurate, and our comprehensive experimental evaluation
with configurable software benchmarks has confirmed the
true scalability of the GPC platform and the entire design
flow.

In contrast to existing work [25 |13]] which had found
only high-level indications of reduced memory access con-
tention and improved scalability of the GPC compared
to traditional SMP (Symmetric Multiprocessor) architec-
tures, our fully implemented and synthesized GPC models
on FPGA enable precise performance analysis with clock-
cycle accuracy. We have shown for the first time that the
GPC is truly scalable at RTL, as clearly seen in the flat
green lines in Fig. [ and Fig.[5]

6 Conclusion

We presented and evaluated a truly scalable Grid of Pro-
cessing Cells (GPC) architecture based on fully imple-
mented and configurable 32-bit RISC-V based cells. We
applied a highly automated design flow that seamlessly
combines SystemC [[16] with the Chipyard framework [[1].
Our evaluation quantifies the execution speeds at five dif-
ferent abstraction levels over different simulation platforms
by two non-trivial software applications and confirms the
memory bottleneck on shared memory architectures. Fu-
ture work will further investigate software applications and
complementary Chipyard-supported flow automation, in-
cluding FPGA-accelerated RTL simulation (FireSim) and
chip design (Hammer).
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