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Abstract

In this extended abstract, we first summarize the work presented in [1] and then report the most recent performance mea-
surement results. In [1] we presented an enhanced, open-source, SystemC-based RISC-V VP++ that significantly improves
the performance of interpreter-based Instruction Set Simulation while preserving the approach’s comprehensibility and
adaptability. The enhancements include a Dynamic Basic Block Cache (DBBCache) and a Load/Store Cache (LSCache)
to accelerate instruction processing and memory operations. Our latest results across Linux-based workloads demonstrate
substantial performance gains of 9.97 x over the original RISC-V VP++ and 1.83 x over the Spike reference simulator, with
peak execution performance reaching ~440 Million Instructions per Second (MIPS). The enhanced Virtual Prototype (VP)

is publicly available as open-source on GitHub.

1 Motivation

Virtual Prototypes (VPs) are high-level, executable models
of Hardware (HW) platforms that can run unmodified pro-
duction Software (SW) [2, 3]. A typical major use-case of
VPs is the acceleration of early design space exploration
before physical HW is built. To ensure this acceleration
is effective, VPs must be easy to create and understand.
This is achieved by using high level languages like C++,
domain specific standardized libraries like SystemC (IEEE
1666 [4]) [5, 6, 7], and abstraction of communication de-
tails with Transaction Level Modeling (TLM) [8]. For the
same reason, although less efficient than dynamic binary
translation methods, interpreter-based Instruction Set Sim-
ulators (ISSs) are often preferred for simulating processors
in VPs due to their ease of implementation, comprehensibil-
ity, and adaptability. Adding new instructions to an inter-
preter ISS typically involves straightforward modifications
to the decoder and the instruction execution logic. How-
ever, their performance limitations often become apparent
in later stages when VPs are used for interleaving HW and
SW development or as reference models for verification.
The techniques presented in this work aim to signifi-
cantly improve the performance of interpreter-based ISS
implementations without sacrificing their comprehensibil-
ity or adaptability. Specifically, they include: (i) the Dy-
namic Basic Block Cache (DBBCache), which generates
an alternative representation of the executed code, the Dy-
namic Basic Block Graph (DBBGQG)), to efficiently cache data
needed for instruction processing by the ISS, and (ii) the
Load/Store Cache (LSCache), which allows direct transla-
tion of in-simulation virtual addresses to host system mem-
ory addresses, to speed up load and stores on data mem-
ory. In our evaluation, we compare these optimizations us-
ing 12 Linux-based benchmark workloads, achieving up to
442.77 Million Instructions per Second (MIPS) and a sig-
nificant average performance increase, by a factor of 9.97
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over the original RISC-V VP++ [9] and 1.83 over the effi-
cient RISC-V reference simulator Spike from RISC-V Inter-
national [10]. We also showcase that these optimizations
retain comprehensibility and adaptability of the VP by im-
plementing the RISC-V half-precision floating-point exten-
sion (Zth) in both the original and optimized VP, with no
significant differences observed.

2 Related Work

There are a number of open-source RISC-V simulators, such
as RISC-V VP++ [9], RISC-V VP [11], RISC-V-TLM [12],
Spike [10], QEMU [13], RVS [14] or DBT-RISE [15]. Ear-
lier versions of RISC-V VP++, its predecessor RISC-V VP,
and RISC-V-TLM are all SystemC VPs with a non-
optimized, interpreter-based ISS. Spike comes with an al-
ready highly efficient caching interpreter-based ISS, and is
therefore chosen as a comparison in our evaluation. QEMU,
RV8 and DBT-RISE use dynamic binary translation. Al-
though dynamic binary translation offers higher perfor-
mance, this work focuses on interpreter-based techniques
for the reasons motivated before. Commercial VPs, such
as Synopsys Virtualizer, Siemens Vista and SIM-V from
MachineWare are closed source, and thus exclude the qual-
ities of comprehensibility and adaptability emphasized in
this paper. To the best of our knowledge, the optimized
VP resulting from this work has the highest performance
interpreter-based ISS, among the SystemC-based, Linux-
enabled VPs currently available as open-source.

3 Contribution

This paper considers the open-source RISC-V VP++ [9].
The VP provides extensive capabilities such as running
Linux and interactive graphical applications [16], comes
with support for the RISC-V Vector Extension (RVV) [17]
and Capability Hardware Enhanced RISC Instructions
(CHERI) [18], and is used for advanced verification ap-
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Figure 1: RISC-V VP++ Architecture

proaches [19, 20, 21]. Its architecture is outlined in Figure 1.
The blue blocks show the components included in the orig-
inal RISC-V VP++. The added and modified components
presented in this paper are highlighted in and
respectively. The VP includes interpreter-based ISSs for
RISC-V in 32-bit (RV32) and 64-bit (RV64) configurations,
and is capable of simulating multiple cores as indicated by
the stacked ISS components in Figure 1. The ISSs also
include optional support for a Memory Management Unit
(MMU) to realize Virtual Memory Management (VMM). A
TLM-based bus links the ISSs, memory, and peripherals.
The CLINT and PLIC provide timer and interrupt function-
ality. The VP offers configurations, from small platforms
without VMM, e.g., for bare-metal SW, to larger platforms
with VMM capable of running OSes such as Linux.

The first optimization integrated into the ISS of
RISC-V VP++ is the DBBCache, highlighted in in
Figure 1. The DBBCache is an execution-driven cache that
accelerates instruction processing by dynamically identify-
ing, storing, and reusing Dynamic Basic Blocks (DBBs) at
run time. In contrast to Static Basic Blocks (SBBs), DBBs
are formed dynamically based on the actual execution flow
and Control Flow Changes (CFCs), such as taken branches,
jumps, and trap or interrupt events. A DBB starts at the tar-
get Program Counter (PC) of a CFC and ends at the first
subsequent instruction that causes another CFC.

During execution, the DBBCache incrementally builds a
DBBG, including the DBBs and representing the observed
dynamic execution paths. Each ISS instance maintains a
private DBBCache, reflecting its own execution and mem-
ory context. The cache is organized in Blocks, each cor-
responding to one DBB and containing a variable number
of Entries. An Entry stores the instruction word and prede-
coded execution information required by the ISS. Blocks are
created for the initial entry point and whenever a CFC oc-
curs. A hash map indexed by Block start PCs is maintained
to locate Blocks, but is only consulted on cache misses.

Instruction fetch and decode are unified in the
DBBCache. On a cache hit, the next Entry of the ac-
tive Block is returned directly. On a miss, the instruction is
fetched from memory, decompressed if necessary, decoded,
and stored as a new Entry in the current Block. This allows
subsequent executions to bypass repeated decode work on
cache hits.

CFCs are explicitly reported by the ISS to the DBBCache.
For taken branches and static jumps, each Enfry contains a

direct link to the successor Block. On first occurrence, the
target PC is resolved via the Block hash map or by creating
a new Block; the link is then stored for future executions.
This enables fast switching between Blocks and allows mul-
tiple branch instructions within a single Block, increasing
the average Block length. Dynamic jumps, including indi-
rect calls and returns, are handled using a small per-Block
associative cache that maps previously observed target PCs
to successor Blocks. Trap and interrupt entries are handled
similarly, using a dedicated cache to efficiently reuse the
starting Blocks of exception handlers. Returns from traps or
interrupts are not cached; instead, execution continues in a
temporary dummy Block until the next CFC, avoiding fill-
ing the cache with Blocks unlikely to be reused.

To maintain coherency in the presence of self-modifying
code or virtual memory changes, the DBBCache imple-
ments a lightweight coherence mechanism. RISC-V fence.i
and fence.vma instructions are reported to the DBBCache
and used to increment a global coherence counter. Each
Block tracks the counter value at which it was last validated.
On mismatch, the Block is checked against instruction mem-
ory and selectively updated if required, and affected control-
flow links are reset.

Based on the high hit rates achieved by the DBBCache,
further optimizations are enabled in the instruction-
processing part of the ISS, highlighted in in Figure 1.
Two particularly relevant optimizations are the use of com-
puted gotos and a fast-path execution mode. With computed
gotos, Block Entries store direct jump targets to the instruc-
tion implementations, eliminating dispatch overhead. The
fast-path mode is used when Blocks are known to be co-
herent, minimizing control logic in the common case. To-
gether, these optimizations significantly reduce interpreter
overhead while preserving full functional correctness.

The second optimization integrated into the ISS is the
LSCache, highlighted in in Figure 1. While fast
instruction interpretation is essential, high ISS perfor-
mance also critically depends on efficient data flow to
and from memory. In SystemC-based VPs with VMM,
memory accesses typically involve address translation and
either Direct Memory Interface (DMI) handling or full
TLM transactions, introducing significant overhead. The
LSCache aims to eliminate this execution path for as many
load/store instructions as possible. It exploits the fact that
in-simulation memory is commonly backed by contiguous
host memory and therefore DMI-capable. For such mem-
ory regions, the LSCache directly translates in-simulation
page addresses to host system memory addresses, enabling
memory accesses via simple pointer dereferencing.

The cache is organized as a direct-mapped cache with 256
entries. Each entry stores a mapping from an in-simulation
page start address to the corresponding host system mem-
ory page obtained via DMI. For each load or store, the
cache checks whether the accessed page is present and valid.
On a cache hit, the host memory address is computed from
the cached host address (corresponding to the in-simulation
page base) plus the page offset, completely bypassing the
data memory interface, address translation, and DMI. On
a miss, the access is handled via the regular data memory
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Figure 2: Results of the Workload Performance Measurements and Comparison of the Simulators

interface; if DMI is used, the resulting host page address is
inserted into the cache for future accesses.

The LSCache is agnostic to the use of VMM and supports
both virtual and physical in-simulation addresses. A single
cache miss is sufficient to enable fast-path accesses for all
subsequent loads and stores to the same 4 KiB page. To en-
sure correctness, changes to the virtual memory setup are
reported via the RISC-V fence.vma instruction, after which
all cache entries are invalidated.

4 Preserved Comprehensibility and
Adaptability

To demonstrate preserved comprehensibility and adaptabil-
ity, we implement support for RISC-V’s Zfh extension in
both the original RISC-V VP++ (VP Original) and the op-
timized VP (VP DBBCache + LSCache). Both implemen-
tations change the same number of code lines, 530. 271 of
these changes are related to the instruction decoding of Zth.
However, since decoding is not affected by the optimiza-
tions, there are no differences between the implementations,
as expected. The remaining 259 changes are related to the
interpretation and execution of Zfh. Here, we observe 68
differences, 2 for each of the 34 newly introduced instruc-
tions. These differences are related to the replacement of
the case distinction by computed gotos. Specifically, the
C++ case and break constructs are replaced by appropri-
ately named macros, OP_ CASE and OP__ END. Overall,
the original structure of the code is preserved through these
macros, leading us to conclude that the presented optimiza-
tions do not have a significant negative impact on the com-
prehensibility or adaptability of the VP’s ISS.

5 Latest Performance Results

We now discuss the latest results of performance improve-
ments of the introduced DBBCache and LSCache compared
to the original RISC-V VP++ and the Spike simulator. The

measurement setup is identical to that used in [1]. All
measurements were performed on a host system with an
Intel® Core™ 17-10700 8-core processor running at 2.9 GHz,
with 128 GiB RAM. The simulated RV64 system is based on
Linux 6.9.0 [22], created by buildroot-2023.08.2 [23] using
the GCC compiler in version 13 [24].

Figure 2 presents the latest results of our performance
measurements and comparisons in three bar charts. The
X-axis common to all charts shows the 12 selected work-
loads and the simulators examined. The top chart shows
absolute results in MIPS obtained by taking the median
of multiple measurement runs. The two charts below
show the same results as acceleration factors relative to
the original RISC-V VP++ (middle) and the Spike simu-
lator (bottom). As for the set of selected workloads, we
use (i) Dhrystone [25] and Whetstone [26], targeting integer
and floating-point, respectively, (ii) all 9 workloads from
CoreMark®-PRO [27], which target integer, floating-point
and also the memory subsystem, and (iii) a two minute demo
run of PrBoom, a Linux port of a classic game [28], render-
ing 350x250 images in a in-memory framebuffer, targeting
integer, but also Operating System (OS) interaction. As for
the simulators, we compare (Figure 2, left to right) (i) the
original RISC-V VP++, (ii) three optimized VPs with dif-
ferent combinations of DBBCache and LSCache enabled,
and (iii) the Spike simulator, built with GCC optimization
level 3.

Compared to the results reported in [1], we observe fur-
ther performance improvements. The peak performance in-
creases from 406.97 to 442.77 MIPS (zip test workload).
Relative to the original RISC-V VP++, the optimized VP
now achieves an average speedup of 9.97x, compared to
8.98x reported in [1]. When compared against Spike, the
average speedup increases to 1.83x, up from 1.65x. Fur-
thermore, while Spike still exceeded the execution perfor-
mance of the optimized VP for the core workload in [1], the
optimized VP now consistently outperforms Spike across all
evaluated workloads.

These performance gains are primarily enabled by mov-



ing the tracking of executed clock cycles from instruction
execution into the DBBCache. Instead of adding the cycle
count of each instruction to the ISS cycle counter during ex-
ecution, partial cycle sums relative to the start of a DBB are
precomputed for each instruction and stored in the corre-
sponding Block Entries. As a result, the ISS cycle counter
only needs to be updated on Block transitions. The current
number of executed cycles can be reconstructed at any time
by combining the ISS cycle counter with the partial sum
stored in the active Entry.

6 Conclusions

In this extended abstract, we have summarized the improved
RISC-V VP++ presented in [1] and its two most important
ISS optimizations, DBBCache and LSCache. The latest per-
formance measurements of the further optimized VP show
peak execution performance of 442.77 MIPS, with aver-
age speedups of 9.97x over the original RISC-V VP++ and
1.83x over Spike, consistently outperforming Spike across
all evaluated workloads. The optimized VP is publicly
available as open-source on GitHub'.
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