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With the approaching end of Moore’s Law and the end of Dennard
scaling, computer architects must look for ways to more effectively
use available transistors while respecting power and energy constraints. Researchers have begun to explore heterogeneous systems
as a possible solution to this problem. These systems seek to improve their energy efficiency by catering to the fact that applications
may have different performance requirements.
Chips with heterogeneous microarchitecture, such as ARM’s
big.LITTLE architecture [2] and Apple’s A11 processor [1], have
become common in mobile processors for this reason. By using
the smaller, lower-power cores for applications that do not need
the larger cores’ computational power, these processors achieve
better energy efficiency without impacting the user’s experience.
More recent work by Venkat et al. [7] explored microprocessors
with heterogeneous ISAs and heterogeneous microarchitecture in
simulation. Their work found that these systems can offer additional
performance and energy benefits.
Heterogeneous ISA systems pose interesting challenges to system software due to differing per-ISA program state. DeVuyst et
al. [5] developed a compiler which generates binaries that can be
migrated between ISAs. The researchers behind Popcorn Linux
have looked at migrating binaries during runtime [6] and what
an OS might look like running on a multi-ISA system [4]. They
evaluated an x86-ARM system where the cores were connected over
PCI, but the system did not have shared memory, which meant that
migration of binaries during execution was extremely expensive.
However, it is difficult to create a shared-memory heterogeneous
ISA multiprocessor from off the shelf parts without significant
engineering efforts.
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Figure 1: Diagram of a two-core design with an OpenPiton
tile and a PicoRV32 tile (Derived from [3])
To assist heterogeneous ISA research, we built an open-source
FPGA implementation of a heterogeneous ISA, heterogeneous microarchitecture, shared memory multiprocessor. We integrated a
small multicycle RISC-V core called PicoRV32 [8] with OpenPiton
[3]. OpenPiton is an open-source manycore framework. It is a tilebased manycore using a SPARC core with a 6-stage in-order pipeline.
A comparison of the cores is presented in Table 1.
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Table 1: Comparison of the OpenPiton core and the PicoRV32 core
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Figure 2: Overview of the process used to start a binary on a
PicoRV32 core
We connected the PicoRV32 core to the OpenPiton cache system,
creating a tile with a PicoRV32 core instead of an OpenPiton core
(Figure 1). This was done by inserting a module that translated
memory operations issued by the PicoRV32 core into OpenPiton
cache operations.
The resulting design allows the two cores to share memory, and
the PicoRV32 core uses the P-Mesh cache coherence protocol without modification. The PicoRV32 core can also receive interprocessor
interrupts from the OpenPiton core and is brought out of reset using
an interrupt from the OpenPiton core.
We chose PicoRV32 core for several reasons. First, it is opensource and is written in synthesizable Verilog. It has also been
applied in a number of settings by the community and has been the
subject of formal verification [9]. Second, its simpler microarchitecture meant we would have a heterogeneous ISA, heterogeneous
microarchitecture system. We chose a core with a simpler microarchitecture rather than a more complex out-of-order core since this
was our first time integrating a new core into OpenPiton.
We expect that integrating a more complex core would follow
the same process of inserting a module between the core and the
rest of the cache system that translates from the core’s interface to
the OpenPiton L1.5 cache interface.
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Core BRAMs

OpenPiton
36756
64695
24
Pico
1076
21862
0
Table 2: Resource utilization for OpenPiton and PicoRV32
cores and tiles
To test our system, we implemented a way to offload RISC-V
binaries to the PicoRV32 core. We wrote a userspace loader program
and added two new Linux syscalls and a new SPARC hypercall. The
program first allocates a region of memory for the PicoRV32 core to
run in. It then loads the RISC-V binary into the allocated memory,
writes the start PC to a known address, and sends an interrupt to
the PicoRV32 core to bring it out of reset. This process is also shown
in Figure 2.
The loader program also proxies any syscalls from the PicoRV32
core using a shared piece of memory. Binaries that run on the
PicoRV32 core are linked against a version of Newlib where the
syscall stubs are modified to write the syscall number and arguments out to the shared piece of memory. The OpenPiton loader
program polls on this memory and when it sees the PicoRV32 core
needs a syscall serviced, it reads the number and arguments from
memory and makes the syscall in Linux itself. It then writes the
result back to the shared memory region, where the PicoRV32 core
can read it.
We host the PicoRV32 core since it does not implement the RISCV privileged spec, but a core with a privileged spec implementation
could also be hosted using the same setup. Additionally, system
software support for heterogeneous-ISA systems with self-hosting
cores in a shared memory system is an active area of research.
For all evaluations we used Xilinx Vivado to synthesize designs
for a Digilent Genesys2 FPGA. We compared FPGA resource usage
between an OpenPiton tile and a PicoRV32 tile. These results are
shown in Table 2. The PicoRV32 core is much smaller than the
1 th the logic resources on
OpenPiton core, using approximately 30
FPGA. The resulting PicoRV32 tile uses half the resources of a
normal OpenPiton tile. This area reduction is due to the much
simpler core design.
We compared the performance of the OpenPiton core and PicoRV32 on 3 microbenchmarks to assess the resource/performance
trade-off. One simulated solving the Towers of Hanoi puzzle (hanoi),
one was a binary search program (binsearch), and the third was a
quicksort program (quicksort).
The PicoRV32 core runs the microbenchmarks more slowly as
expected given its more simplistic design. The slowdowns for different benchmarks are shown in Figure 3. hanoi and quicksort both
saw an 8x slowdown. binsearch only has a 4x slowdown, because
its working set of 10,000 4-byte integers does not fit in the 8KB
L1.5 cache. The working set does fit within the L2 although there is
still the possibility of conflict misses. As a result of the working set
size, both cores are forced to access the L2 or memory often. Since
operations that must go to the L1.5 or beyond take approximately
the same amount of time for the PicoRV32 core and the OpenPiton
core, binsearch is less impacted by running on the PicoRV32 core.
Considering that the PicoRV32 core is 30 times smaller than the
OpenPiton core, a 4 - 8x slowdown seems reasonable, and workloads that spend more time waiting on I/O or memory will be less
affected by running on the smaller core. Additionally, we would

Figure 3: Slowdown for running the microbenchmarks on
the PicoRV32 core compared to the OpenPiton core
expect the power consumption of a PicoRV32 tile to be considerably
lower.
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