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In RISC-V processor design, the Store-Forward processing architecture is used to coordinate data storage
and loading operations to avoid collisions. However, as the demand for multi-core and parallel tasks
increases, traditional methods face high transmission latency and low bandwidth utilization problems,
affecting the overall system performance. Consequently, this paper puts forward a multi - channel priority
scheduling mechanism. This mechanism dynamically modulates the priorities of multiple data streams to
optimize resource allocation, alleviate congestion, and enhance transmission efficiency. A RISC-V test
platform is built based on the Gem5 simulator, and the performance of standard scheduling and multi-
channel priority scheduling under data-intensive workloads is compared. The experimental results show
that after adopting the new mechanism, the average transmission delay is reduced from 62.3 nanoseconds
to 49.8 nanoseconds, which is a reduction of 20%. At the same time, the peak throughput increased from
5GB per second to 6.5 GB, an increase of 30%. In 10000 random data transmission tasks, the scheduling
mechanism reduces the processing completion time to 80 milliseconds, which reduces the waiting time by
20% compared to the benchmark of 100 milliseconds. These data indicate that the mechanism effectively
mitigates the congestion problem and optimizes resource utilization. The multi-channel priority
scheduling mechanism takes multi-source concurrent data streams in the Store Forward path of the RISC-
V architecture as the scheduling object, and allocates priority through "static instruction
encoding+dynamic weighted calculation” - embedding priority with 3 bits (P [2:0]) in I/S type
instructions, and then adjusting priority in real time by the weight calculation unit combined with data
waiting time, critical path labeling, and request source attributes. Finally, the optimal forwarding channel
is matched through a distributed arbitration unit; In terms of architecture, it is necessary to expand the
RISC-V instruction set, modify the pipeline, and integrate priority processing modules. The overall
performance will be verified on the RISC-V multi-core platform built on the Gem5 simulator and tested
through load tests such as Splash-3 and AlexNet.

Povzetek: Clanek predstavlja nov prioritetni mehanizem za RISC-V, ki zmanjsuje zakasnitve in povecuje
prepustnost pri vecjedrnih obremenitvah.

1 Introduction

The demand for data processing and real-time response in
modern computing systems is growing rapidly, especially
in areas like data centers, edge devices, and high-
performance embedded computing [1]. RISC-V’s open,
modular, and extensible ISA is increasingly adopted as a
foundation for high-performance, customized processor
cores [2, 3]. In this context, the memory subsystem’s
performance — particularly the data coordination
mechanism between Store and Load units— critically
impacts overall system throughput and latency [4]. Store-
Forward (SF) is a key technique for resolving data hazards
and improving memory access efficiency in both in-order
and out-of-order RISC-V processors [5]. It allows data
from pending store instructions to be forwarded directly to

dependent load instructions, avoiding pipeline stalls and
reducing latency [6, 7].

However, as RISC-V cores scale and workloads
grow more concurrent and heterogeneous, memory access
behavior exhibits increased concurrency, non-uniformity,
and urgency variation [8, 9]. Traditional single-path or
static-priority SF scheduling logic struggles under high
concurrency and multi-source data conflicts [10]. It cannot
dynamically discern the priority or urgency of different
load requests, lacks intelligent arbitration among multiple
data sources, and often causes structural congestion in the
SF path—Ileading to low bandwidth utilization, latency
variability, and delayed execution [11]. This scheduling
bottleneck limits the performance of RISC-V processors
in data-sensitive applications.

The actual deployment of RISC-V in commercial and
research hardware highlights its growing relevance and
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the need to optimize subsystems such as Store-Forward.
For instance, Li et al. developed and evaluated the
lightweight virtual machine TeleVM for the RISC-V
architecture. Its design highlights that a flexible memory
management mechanism is crucial for data-intensive tasks
- in this scenario, an efficient store-and-forward
mechanism directly affects the overall throughput and
response latency of the virtualization layer [12]. In a
performance-focused study, Yoo conducted real-time
performance benchmark tests on the RISC-V architecture
on an EtherCAT-based robot control system. The research
results demonstrated that memory access patterns and the
efficiency of load storage units are the key factors
determining the performance and deterministic nature of
real-time systems. This effectively validates the necessity
and wurgency of introducing advanced scheduling
techniques such as multi-path priority scheduling in the
RISC-V store-forwarding structure [13].

Although prior work has optimized memory
subsystems through queue design, prefetching, and
conflict detection, most focus on single-path optimization
or specific contentions. There remains limited research on
intelligent, dynamic priority scheduling for SF in the
RISC-V ecosystem [ 14]. Existing solutions lack a scalable,
low-overhead arbitration framework for mixed-urgency,
multi-source access patterns. Thus, exploring dynamic
multi-source priority scheduling is essential to overcome
efficiency bottlenecks and unlock RISC-V’s potential in
memory-intensive workloads [15].

This paper focuses on optimizing the SF processing
architecture in RISC-V processors. We propose a
Multipath Priority Scheduling (MPS)mechanism that
moves beyond single-source or static scheduling by
introducing a fine-grained, dynamic, multi-source priority
arbitration strategy. MPS classifies and prioritizes
concurrent data flows based on factors such as waiting
time, critical path markers, and thread priority. It aims to:
minimize latency for high-urgency data flows, and
balance global bandwidth allocation among concurrent
streams to prevent localized congestion. This approach is
expected to enhance execution efficiency and response
predictability for delay-sensitive tasks in RISC-V
processors.

In the RISC-V architecture, the store and forward
structure face a bottleneck in scheduling efficiency for
multi-source concurrent data streams. Traditional single
channel or static priority mechanisms are difficult to adapt
to high concurrency scenarios, resulting in high
transmission latency and low bandwidth utilization.
Existing optimization solutions also lack fine-grained
intelligent scheduling design for this architecture. The
core issue lies in how to construct a multi-channel priority
scheduling mechanism through reasonable instruction set
expansion and pipeline transformation, balancing
hardware overhead while reducing latency and improving
throughput, and verifying its effectiveness and scalability
under data intensive loads.

The core innovation of this study lies in integrating a
multi-channel priority scheduling mechanism specifically
for the storage and forwarding processing structure of the
RISC V architecture. This method breaks through the
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limitations of traditional single channel scheduling or
simple polling scheduling, while filling the gap in existing
optimization schemes that have not designed such
mechanisms based on the characteristics of this
architecture. By differentiating data of different priorities,
transmission efficiency and system response speed have
been improved.

2 Theoretical
technology

basis and principle

2.1 Store-forward features

With the development of network science and the growth
of data transmission demand, the research of store-and-
forward technology has been extended to many network
fields, such as wireless networks, vehicle networks, and
long-distance optical networks [16, 17].

Time-shifted circuit switching technology optimizes
link utilization and network performance by introducing
delay reservation [18]. Different from traditional instant
transmission, it allows asynchronous reservation of
bandwidth resources and improves network utilization.
This technology also dynamically adjusts bandwidth
allocation to adapt to fluctuations in link available
bandwidth, and uses buffers to reduce occupancy time and
improve network throughput [19].

The TSCS technology is referred to as TSAR, which
is distinguished from the traditional immediate reservation
(IR) and the standard reservation (SAR). IR directly
blocks requests when there is no idle link; SAR allows
requests to wait in the queue; TSAR combines core and
edge storage [20, 21]. The research shows that TSAR is
superior to IR and SAR in request blocking rate, average
delay, and link utilization. Especially under low load, the
average latency of TSAR is shorter because edge storage
needs to wait for the full path, while core storage provides
higher flexibility [22]. From a probabilistic point of view,
TSAR has a higher success rate in reserving multi-hop
paths.

Application examples of data center network store-
and-forward technology. When operators manage multiple
large data centers with geographically different locations,
time zone differences cause fluctuations in data request
volumes. It is a core storage strategy to utilize the idle
period of different data center networks for data
transmission of non-real-time applications [23]. Therefore,
the NetStitcher network connector is developed, which
collects the remaining resource information in the store-
and-forward network, uses the store-and-forward
algorithm to adapt to the fluctuation of link bandwidth,
and schedules data transmission. The research deploys
NetStitcher on the test platform and the real CDN.
Compared with other big data transmission mechanisms,
the cost of big data transmission is significantly reduced.

2.2 Hardware scaling potential of RISC-V

RISC-V processors support a variety of custom extended
instruction sets, divided into standard and non-standard.
These combinations can be adapted to specific application
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needs [24]. All instruction set encodings follow RISC-V
Foundation rules, ensuring compatibility. Typical
extensions include M extension (multiplication and
division instructions), F extension (IEEE754-2008
standard  single-precision  floating-point  arithmetic
instructions), and C extension (16-bit short instructions to
increase code density and reduce program volume).

The RISC-V architecture consists of three core
permission levels: machine mode, management mode, and
user mode [25]. The monitoring mode is still in the draft
stage, and the current design mainly revolves around these
three modes. The RISC-V system achieves mode
switching by adjusting specific bits in the control and
status registers. In practice, in Gem5, multi-path
arbitration and distributed decision-making are achieved
by customizing channel priority modules and integrating
them into cache consistency protocols: priority labels are
added to the transmitted content, arbitrators are deployed
at storage and forwarding nodes, and dynamic routing is
selected based on path load and cache status - such as
prioritizing high bandwidth channels for write back
requests and low latency channels for failed instructions.
Path selection is bound to consistency operations to reduce
blocking and improve transmission efficiency.

In the RISC V architecture, when using a multi-
channel priority scheduling mechanism to improve
storage and forwarding efficiency, priority information
can be encoded as an optional extension of load/store
instructions. Specifically, the highest 2 bits (31-30 bits) of
the unused imm and the highest bit (14 bits) of funct3 in
Type I/S instructions are selected as priority bits (P [2:0]),
totaling 3 bits. This setting supports priority levels 0-7.
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When not set (P=000), the instruction maintains standard
format and operation to ensure backward compatibility;
When setting up, hardware implements multi-channel
scheduling by decoding priority bits, with high priority
instructions occupying resources first.

In the RISC-V system, the machine mode is the
highest privilege level, responsible for the access and
control of the underlying hardware, and is the default
mode when the system starts [26, 27]. It is a key part of
the system architecture, and many RISC-V
microcontrollers only implement this mode. User mode is
the bottom layer of the RISC-V privileged system, which
is used to execute application programs and ensure the
security of system resources. The management mode has
higher privileges than the user mode, supports multiple
operating systems such as Linux, FreeBSD, and Windows,
usually cooperates with the user mode, manages cross-
device resources, and supports virtual machine
monitors [28].

Figure 1 shows that the RISC-V Permission
Specification ~Manual explains the operational
permissions for user mode, management mode, and
monitoring mode. Application refers to the Application in
user mode, ABI is the binary interface of the user
Application environment, and AEE is the execution
environment of the user Application. OS involves system
mode operation, SBI is the binary interface of system
management mode, and SEE is the execution environment
under the operating system [29, 30]. HBI specifically
refers to the binary interface of the virtual monitor in
monitoring mode, and HEE is the execution environment
in monitoring mode [31].
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Figure 1: Operating range of each permission mode of RISC-V

Microarchitecture defines a processor's internal
organization and execution of an instruction set,
encompassing control/arithmetic units, pipeline structure,
and data paths [32, 33]. Key design considerations include
pipeline staging for performance, data path components
(register files, ALUs), memory hierarchy for access
efficiency, and resource allocation/scheduling for optimal
utilization.

This design critically impacts performance, power,

and area. It requires balancing trade-offs between speed,
consumption, and area while adhering to principles like
compatibility and efficiency [34]. The primary
performance goal is minimizing CPI (maximizing IPC),
which directly correlates to reducing instruction execution
time.
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3 Multi-level collaborative
scheduling model construction

3.1 Hardware-software collaborative

architecture design

B. Chen et al.

After constructing the hardware of the neural network
acceleration coprocessor, it is necessary to develop the
software environment, including instruction design,
compilation  environment, and library function
construction. The collaborative architecture of hardware
and software is shown in Figure 2.
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Figure 2: Hardware-software collaborative architecture

The coprocessor contains 28 instructions, which are
divided into two categories: configuration and data
loading. Configuration instructions set module parameters,
such as matrix size. The data load instruction transmits the
coefficients and the matrix to the cache.

Execute the cnn.rst command to reset the CNN
acceleration circuitry. cnn.ld.cd command loads the
convolutional kernel coefficients in memory to the COE
RAM, where rsl is the memory location, rs2[31:16]
defines the size, and rs2[15:8] is the COE RAM start
address. cnn.1d.bd command loads the source matrices to
the Data Buff, where rs1 is the memory location, rs2[31:16]
is the size, rs2[15:0] is the storage start address, and the rd
registers indicate the Data Buff number where the source
matrix is stored.

There are 4 CNN acceleration units within the
coprocessor, and the operating mode is set by the
cnn.cfg.w instruction. Each 4-bit configuration of s1[15:0]
represents CNN ACC1 to CNN ACC4, respectively. In the
4-bit configuration of each unit:s1[0] decides that the
convolution module is enabled, s1[1] decides that the
matrix addition module is enabled, s1[2] decides that the
activation module is enabled, and s1[3] decides that the
pooling module is enabled.

In the coprocessor, data is stored in Data Buffl and
Data Buff2 buffers. The input data storage point is set by
the cnn.cfg.d1 instruction, rs2 specifies the Data Buff, and
rsl indicates the starting address. The input data offset is
set by the cnn.cfg.ldo instruction. rs1[31:16], rs1[15:0],
rs2[31:16], and rs2[15:8] correspond to the input offsets
of CNN ACCI1 to ACCA4, respectively. The computation
result is set to be stored by the cnn.cfq.sd1 instruction. rs2
indicates the result Data Buff, and rs1 is the base address.
In the calculation result offset, rs1[15:0], rs2[31:16], and
rs2[15:0] represent the CNNACCnn.cfq.sdo instruction
configuration, rs1[31:16], and the relative offset to the
ACCA4 result, respectively.

In the processing structure, the multi-channel priority

scheduling mechanism gradually increases the priority of
waiting tasks by designing a dynamic aging mechanism,
effectively ensuring the fairness of system scheduling. For
low priority tasks that are in a waiting state for a long time,
the system will dynamically increase their priority level as
the waiting time accumulates, gradually narrowing the
scheduling priority gap with high priority tasks. This
mechanism fundamentally avoids the problem of low
priority tasks falling into a "hungry" state due to long-term
resource preemption by high priority tasks, ensuring that
all tasks, regardless of their initial priority, can obtain
storage and forwarding processing resources within a
reasonable time. While improving overall transmission
efficiency, it also balances the fairness of task scheduling
and the stability of system operation.

Choosing the middle value position of DPA attack is
crucial to the attack difficulty. The intermediate value is
usually expressed as a function f (x, k) of plaintext and key,
indicating that it is related to plaintext and key. In order to
simplify the calculation, one usually chooses an
intermediate value that is only related to the key part.

After inferring the key, the intermediate value is
calculated by using the key and plaintext in combination
with the theoretical model. The intermediate value is
converted into a power consumption curve, and then the
curve is divided into PO and P: using the discrimination
function D, as shown in equations (1) and (2).

R ={RI D=0}
R ={RID=1}(2)

Calculate the average value of Py and P; to obtain the
average value of the power consumption curve of Sy and
S1, see (3)-(4) for the formulas:

1
S0 =Tp1az N 3

‘ P0| l:IIJEPD
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1 _| Pl|P,Jze:P1Pij 4)

Calculate the difference between Sy and S: to obtain
the differential power consumption trajectory 7; related to
the key £j, as shown in Equation (5).

1
TJ - S0 Sl - | P0| sze:POPij ‘ P1| HEHRJ' (5)

Each hypothetical key corresponds to one differential
power consumption trace, and the M-bit wide key
corresponds to two. Comparing the numerical values of
these tracks, the higher the absolute value, the closer the
hypothetical key is to the real key. High-order differential
power dissipation attack (HO-DPA) is an extension of
DPA, which can effectively attack unprotected encryption
circuits. When facing circuits with protective measures,
HO-DPA is needed. When performing n-order HO-DPA,
n intermediate variables are utilized. Theoretically, n+1
order HO-DPA can crack n-order random mask defense,
but the attack complexity increases exponentially with the
increase of order.

Random instruction injection technology resists
differential power analysis (DPA) by destroying the
correlation between power consumption and time during
encryption of cryptographic circuits. For example, the
number n of power consumption curves required for a

DPA attack can be expressed by equation (6).
2

n=3+ 821+"‘
|n2 1+pck,ct (6)
l_pck,ct
The confidence a is set to 0.0001, and z;. is the
normally distributed quantile. p & represents the
correlation coefficient, which measures the correlation
between the correct key ck at time ct and the correlation
curve. The pck,ct values in DPA attacks usually do not
exceed 0.2. Therefore, Equation (6) can be simplified to
Equation (7).
28 ;
pé,ct @

The success rate of DPA attacks is inversely
proportional to the square of the correlation coefficient.
When the correlation coefficient is low, the attack requires
more power consumption curves. Therefore, random
instruction injection technology can effectively defend

n~=

against DPA attacks by reducing the correlation
coefficient.
Consider an encryption algorithm whose x

instruction's energy consumption is key-dependent and
may be the target of an attack. By introducing a random
instruction into the x instruction, the execution time
becomes unpredictable, making it difficult for the attacker
to determine the attack timing. The attacker guesses that
the success probability p of the attack point is 1/L, and L
is the number of sampling points of the power
consumption curve. Therefore, the probability p of the
attacker cracking is 1/L, and the required number of power
consumption curve samples nr is given by Equation (8).
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2
na B _2BU_ .
( . 1) Pl ®)
pck,a L

nr is the number of power consumption curves
required by cryptographic devices in DPA attacks, which
is L ? times when unused when using random instruction
insertion techniques. The choice of attack location affects
the complexity of DPA attacks, and the correct choice can
improve efficiency. The first-round key plus output bit and
the first round S-box substitution output bit are
recommended attack points. The round key addition
operation involves the XOR operation of 64-bit round
input and round key, and the expression is Equation (9).

addRoundKey(P,K)=PR @K, (9)

According to the XOR operation rule, the circuit
remains unchanged when the i-th bit of the key is 0, and
changes when it is 1. Since the Ki value is related to
energy consumption, the attacker can use the first-round
key output to perform differential power analysis. S-box
replacement involves searching 64-bit results in 16 S-
boxes. The first round of S-box replacement operation
formula is (10):

sBoxLayer (P,K) = Shox(R, @K; ) (10)

In the PRESENT algorithm, the power consumption
of the first round of Sbox substitution is related to the
plaintext and key, which allows us to perform DPA attacks
on the output bits of the first round of S-box substitution.
Since the input and output of the S-box are all 4 bits, there
are 16 possible combinations of keys. In order to simplify
the calculation, we select the first round S-box substitution
output bit as the attack point.

3.2 Instruction set extension and pipeline
optimization

To meet the specific requirements of multi-path priority
scheduling mechanism for hardware control logic and data
path coordination capability, this study extends the
instructions within the RISC-V Basic Integer Instruction
Set (RV32I) framework, which includes two types of
dedicated instructions: priority labeled store/load
instructions and scheduling strategy configuration
instructions. The former increases the encoding space on
the basis of traditional storage and loading instructions,
embeds hardware parsed dynamic packet transport (DPT),
and is used to transmit scheduling urgency information to
the memory subsystem. Its value can be dynamically
generated based on strategies such as task criticality; The
latter is a privileged system control instruction used to
update the priority decision parameter table and path
selection threshold in the memory scheduler at runtime,
supporting online reconfiguration based on system load.
These extensions follow the RISC-V standard reserved
encoding space specification (such as assigning opcodes
to custom areas 0x7B-0x7F), adopt a 32-bit standard
format, are compatible with existing encoding rules, and
follow the standard illegal instruction mechanism for
exception handling. processors that do not support this
extension can treat it as a custom instruction, strictly
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maintaining backward compatibility and not damaging
existing software binary interfaces.

At the pipeline structure level, key modifications
focus on the Memory Execution Unit (MEU) and its
collaboration logic with the scheduler. The introduction of
a multi-channel priority mechanism requires two decision
nodes to be added: one at the entry where the store
instruction is dispatched to the Store Queue (SQ), and the
other at the arbitration point where the load instruction
initiates a store-to-load forwarding request in the SQ.

During store instruction dispatch, the hardware
captures its DPT, generates a tagged queue entry
combining the target address and priority metadata, and
writes it to the SQ. For a load instruction, its DPT and
access address are sent to the forwarding request
arbitration module. This module includes: a Priority
Matching Unit (PMU) that monitors address matching and
priority identification of SQ entries; a Weight Calculation
Unit (WCU) that calculates a scheduling priority score
based on a decision strategy table; and a Path Arbitration
Unit (PAU) that selects the optimal data source according
to score ranking and threshold strategy, authorizing
forwarding via a dedicated physical bypass channel.

The pipeline blocking control is reconfigured to
support non-atomic, asynchronous multiplexing. When
multiple legal forwarding sources are identified, the PAU
can activate multiple physical forwarding channels in time
slots under path mutual exclusion constraints. An event-
driven partial data ready notification mechanism is
introduced: once a forwarding path is granted, it triggers
wake-up of related load instructions, allowing the pipeline
to advance dependency-free sub-operations before all data
is ready. Priority-aware transmission grant threshold
control limits request load per priority category to prevent
resource overuse and ensure global priority effectiveness.

This fine control uses new status registers and
pipeline control signals — including path busy-idle
bitmaps, priority occupancy counters, and arbitration
feedback buses—enabling closed-loop scheduling across
pipeline stages. These optimizations enhance scheduling
responsiveness without changing the number of pipeline
stages or critical path timing, improving Store-Forward
path utilization.

The Multi-Channel Priority Scheduling (MPS)
mechanism divides multiple independent channels in the
RISC-V architecture to process data streams in parallel,
and combines dynamic priority scheduling to optimize
storage and forwarding efficiency. In terms of
implementation, it is necessary to define a dedicated
instruction format and adjust the pipeline to support
channel level parallelism and priority arbitration; The
experiment is based on a typical storage and forwarding
scenario, and through multiple rounds of iterative testing,
measures indicators such as transmission delay, channel
utilization, and blocking rate to verify the effectiveness.

B. Chen et al.

4 Experiment and results analysis

The benchmark scheme is a single channel (bandwidth of
1GB/s), using FCFS scheduling strategy and not
distinguishing data priority; The iterative scheme is
extended to 4 channels, where V1.0 adopts fixed priority
scheduling (high real-time data occupies 2 channels,
ordinary data occupies 2 channels), and V2.0 adopts
dynamic priority scheduling; The test load is uniformly
mixed with 20% high real-time instructions and 80%
normal data, and performance comparison is conducted
under the same load intensity. Define three types of
workloads and their priorities: high priority (P0), medium
priority (P1), and low priority (P2). Using RISC-V custom
extension tag priority, explicitly specified through PRI x
instruction prefix, or modifying PRI CSR register with
csirw to inherit priority for subsequent instructions,
corresponding to mapping 3 transmission channels.
Example instruction tracking operations with priority tags
csrrw tl, PRI CSR, 1; swt2,8(al). PRI2 sbs0,0(a2),
Reflect the transmission logic of multi-channel priority
scheduling.

The CPU adopts the RISC-V architecture
AtomicSimpleCPU, paired with O3CPU as a comparison
group to evaluate the scheduling performance in complex
pipeline scenarios; The cache hierarchy adopts a three-
level cache structure, with 32KB of L1 instruction/data
cache (64 channel group connection), 256KB of L2 cache
(128 channel group connection), and 2MB of L3 cache
(256 channel group connection). The cache consistency
protocol uses MESI to support multi-channel data
synchronization; The memory configuration is 8GB
DDR4-2400, divided into 4 independent channels. The
task types cover three categories: real-time tasks, high
bandwidth tasks, and low latency tasks. A mixed task flow
is generated through scripts to simulate real storage and
forwarding scenarios, in order to quantify the optimization
effect of multi-channel scheduling mechanisms on
transmission throughput and delay jitter.

The experiment combines Splash-3, PARSEC
synthesis benchmark, edge Al inference (AlexNet),
embedded Linux boot, and other real load tests. The
results show that the task management mechanism is
lightweight, and although the integrated communication
cycle becomes longer with more parameters, the
proportion of the total system cycle is smaller; The host
interface resource utilization is extremely low, with LUT
and FF utilization rates of only 0.54% and 2.4%,
respectively; The collaborative computation cycle of
AlexNet is reduced by 1.427% compared to independent
work; The improved algorithm has the lowest Makespan
under the same number of tasks/cores, and as the number
of tasks/cores increases, the advantage of Speedup
becomes more significant; CNN accelerator resources are
controllable, and low latency caching is achieved through
BRAM; After decoding optimization, the frequency
increased to 574MHz, but the performance only decreased
by about 1%; The random testing coverage of BOOM
processors is much higher than directional testing, with
most modules having a coverage rate of over 95% and a
few modules having a lower coverage rate.
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Table 1: Performance comparison

Scheme Core Mechanism

Key Performance (vs

. Main Limitations
Baseline)

Single-channel polling (no

RISC-V Baseline .
priority)

No multichannel
priority; high-
concurrency bottleneck

Basic storage function only

Dynamic scheduling (req type

Dynamic Priority + data urgency); 4 fixed

Avg latency [23.5%,
throughput 118.2%

Fixed channels; no
SSD/HBM support

channels
Multi-Core Static + dynamic preemption;
Concurrent 8 channels (per-core + shared)

Bandwidth 131.7% (full
load), conflicts |40.3%

O(n?) complexity; high-
frequency power 112%

MPS (Multipath
Priority
Scheduling)

Dynamic weighted calc (3-bit
P[2:0] instr encoding);
distributed arbitration

Avg latency [20%
(60—48ns), throughput
130% (5—6.5GB/s)

Area 110%-15%; storage
subsystem power 18%-
12%

Table 1 focuses on the multi - channel scheduling
scheme of the storage and forwarding processing structure
under the RISC - V architecture and compares four core
schemes. RISC - V Baseline, the basic solution, uses a
single - channel polling mechanism without priority
design, only meeting basic storage functions and having
bottlenecks in high - concurrency scenarios. The Dynamic
Priority scheme combines "request typet+data urgency"
dynamic scheduling logic with four fixed channels,
reducing average delay by 23.5% and improving
throughput by 18.2%, but it can't adapt to heterogeneous
storage devices. The Multi Core Concurrent solution for
multi - core scenarios combine static priority and dynamic
preemption mechanisms to create § channels. When multi
- core is fully loaded, it increases bandwidth utilization by
31.7% and reduces access collision rate by 40.3%, but has
high algorithm complexity (O(n?)) and a 12% increase in

power consumption in high - frequency scenarios. As an
innovative solution, MPS uses "3 - bit P [2:0] instruction
encoding+dynamic weight calculation" and distributed
arbitration logic, reducing average delay from 60ns to
48ns (20% decrease) and increasing peak throughput from
5GB/s to 6.5GB/s (30% increase), but it requires a 10% -
15% increase in area and an 8% - 12% increase in storage
subsystem power consumption.

The execution time of the Task ConfigOfunction
varies with the number of temporary parameters passed to
the algorithm. As illustrated in Figure 3, although a larger
number of parameters leads to a longer integration and
communication cycle, it results in a smaller overall system
cycle overhead. This inverse relationship demonstrates
that the designed task management mechanism is both
lightweight and efficient.
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Figure 3: Multi channel priority scheduling mechanism for lightweight and efficient task management of RISC-V
storage and forwarding
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According to the data in Figure 4 regarding the high
efficiency and low resource utilization of the RISC-V
store and forward structure, it can be seen that the main
processor of the RISC-V architecture has an extremely
low occupancy rate of host interface resources.
Specifically, the occupancy rates of lookup tables and
triggers are 0.54% and 2.4%, respectively, with trigger
occupancy slightly higher, mainly due to the high resource
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consumption of FIFO cache. Although the input/output
(IVO) of the host interface was considered in the synthesis
process, resulting in an increase in its quantity, the overall
10 utilization rate was not significantly affected, reflecting
the multi-channel priority scheduling mechanism's ability
to improve transmission efficiency while maintaining low
resource overhead.
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Figure 4: Efficient and low resource utilization of RISC-V storage and forwarding structure

Table 2 presents the computational statistics of
AlexNet convolutional and pooling layers in joint mode.
From the data, there are differences in the performance of
each layer in efficient MAC computation, reflecting
performance bottlenecks in data processing and other
aspects of the pooling layer, such as uneven efficient
computation among different layers. In the storage and
forwarding processing structure under the RISC-V

architecture, such pool layer performance bottlenecks can
affect overall transmission efficiency. The multi-channel
priority scheduling mechanism we propose can address
bottlenecks in the pool layer by allocating multi-channel
resources reasonably, optimizing scheduling strategies,
and improving data  transmission efficiency,
demonstrating the necessity of this SF scheduling
mechanism.

Table 2: Calculation statistical results of AlexNet convolution layer and pooling layer in joint mode

AlexNet Total Macs/Pooling Total Period Efficient MAC calculation
Method

Convl + Pooll 105m 1202223 0.243
Conv2-+Pool2 448 m 1808783.34 1.006
Conv3 150m 624313.44 0.973
Conv4 224m 941848.62 0.968
Conv5+Pool3 150m 630797.58 0.963
TOTAL 1077 5207965.98 0.831

As shown in Figure 5, when the number of tasks is
the same, the improved algorithm performs better in task
scheduling, and the Makespan of the computing core
reaches the lowest. As the number of tasks increases, the

overall execution time increases, the task correlation
becomes more complex, and the Makespan difference
widens.
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Figure 5: Multi channel priority mechanism improves RISC-V storage and forwarding efficiency

Figure 6 shows that with the same number of cores,
the improved algorithm performs better on task
scheduling and has the lowest Makespan value. As the
number of cores increases, the difference of Makespan

becomes more obvious, highlighting the advantages of the
improved algorithm. At the same time, the algorithm
achieves the highest Speedup value under the same
number of cores.
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Figure 6: Improved algorithm significantly optimizes multi-core scheduling performance

Table 3 shows that 21591 look-up tables (LUTs),
22432 flip-flops, and 315 digital signal processors (DSPs)
were used in the accelerator resource consumption
analysis in this study. In the design, the block random

access memory (BRAM) on the development board is
used to realize the input feature map and weight cache of
convolutional unit, which takes advantage of the low
latency and high-speed characteristics of BRAM.

Table 3: Analysis of FPGA resource overhead for optimizing storage and forwarding structure

Resource Utilization Available Utilization%
LUT 22023 279562 8.0376
LUTRAM 2069 146880 1.4382
FF 22881 559123 4.1718
BRAM 58 930 6.375
DSP 321 2570 12.75
BUFG 2 412 0.51

As illustrated in Figure 7, the Doode optimization
applied to the store-and-forward structure effectively
reduces the transmission latency. The comprehensive

result shows a decrease from 1.78 nanoseconds (before
optimization) to 1.74 nanoseconds (after optimization),
which is directly attributed to the reduction in decode-
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stage stall time (MPS optimization). This latency
improvement subsequently enables an increase in clock
frequency from 560 MHz to 574 MHz. However, when
evaluating the overall system performance using the MCF
SPECCPU2006 benchmark suite on a ZC706
development board—covering 12 integer and 17 floating-
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point programs —a slight performance degradation of
approximately 1% is observed. This marginal decrease
may result from the increased complexity introduced by
the optimization, indicating a trade-off between latency
reduction and overall instruction throughput.
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Figure 7: Optimization of transmission efficiency and system level performance impact of store and forward structure

As shown in Figure 8, the comparison of code
coverage between directed and random tests indicates that
the Generator platform achieves higher coverage in
BOOM than instruction-specific tests in RISEV_ESS.

scheduling mechanism enhances transmission efficiency
in the RISC-V store-forward architecture, while also
supporting  improved MPS  evaluation through
significantly increased functional coverage.

This demonstrates that the multi-channel priority
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Figure 8: High code coverage verification based on Generator platform targeted testing

In the BOOM processor toolchain, random testing
achieves approximately 90% coverage of instructions and
types, significantly surpassing the under-20% coverage of
direct testing, as illustrated in Figure 9. This efficiency
supports the evaluation of the MPS (Maximum Packet

Size) metric, highlighting the advantage of employing a
multi-channel priority scheduling mechanism to enhance
transmission efficiency in RISC-V  store-forward
architectures.
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Figure 9: Using multi-channel priority scheduling mechanism to improve the transmission efficiency of RISC-V
architecture storage and forwarding processing structure

Figure 10 shows that the conditional and branch
coverage of ALUExeUnit_1 1 are relatively low, at 62.29%
and 63.39%, respectively; The CSR module has a line
coverage rate of 88.59%; The coverage rates of LSU
module rows and branches are 76.71% and 87.01%,
respectively; The row coverage rates of Rename Stage
and ROB modules are 71.64% and 88.38%, respectively.
The coverage rate of the csr_exe unit module is relatively

high  (89.53%/89.69%  for  conditions/branches
respectively), while the coverage rate of most other
modules exceeds 93%, with some reaching 100%. These
coverage data provide key validation basis for evaluating
the optimization effect of multi-channel priority
scheduling mechanism on the transmission efficiency of
RISC-V storage and forwarding structure.

. Full tree Half tree + Else Tree PO
[
4000+ & L4
3000
*
3000+
w a L 2000 2
2 2000 4
'y @
i e &
10004 4 1000 PRS
. L 2
<
= 2 0o 1 ®
0 5 10 20 30 40 50 0 5 10 20 30 40 50
ARMvV7 ARM_V

Figure 10: Processor module level code probability

Figure 11 shows that the code coverage of both the
branch predictor (bpd_stage and other modules) and the
target buffer exceeds 95%. These excellent coverage

results ensure the adequacy of performance testing and
strongly support the evaluation of the optimization effect
of multi-channel priority scheduling mechanism.
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Figure 11: Multi channel priority scheduling mechanism and its high coverage verification
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5 Discussion on experimental results

Regarding the "multi-channel priority scheduling
mechanism to improve the transmission efficiency of
RISC-V storage and forwarding structure", multiple
simulation runs and 95% confidence interval t-tests were
conducted to verify the significance of delay reduction and
throughput improvement. In addition, theoretical models
and hardware overhead analysis were combined to explore
scalability beyond 64 cores. The experiment shows that
the designed task management mechanism is lightweight
and efficient; The RISC-V main processor occupies
extremely low host interface resources, and the
consumption of convolutional neural network accelerator
resources is controllable; The computation cycle of
AlexNet collaborative mode is reduced by 1.427%
compared to independent work. The improved algorithm
has the lowest Makespan and highest Speedup under the
same number of tasks/cores, and the difference is more
significant as the number of tasks/cores increases; After
decoding optimization, the clock frequency increased to
574MHz, and the BOOM processor's random test
instruction coverage reached 90%. Most module codes
covered over 93%, and branch prediction related modules
covered over 95%.

The baseline solution relies on single channel polling
without a priority mechanism, which limits throughput
and response in high concurrency scenarios; Although the
dynamic priority scheme considers QoS and data urgency,
it does not support fixed channel dynamic arbitration,
resulting in insufficient optimization of latency and
throughput; The multi-core concurrency scheme adopts
statictdynamic preemption, with a complexity of O (n*),
an increase in power overhead of 12%, and the existence
of load conflict issues (with a performance decrease of
40.3% in some scenarios). MPS implements dynamic
weight calculation through 3-digit priority encoding and
introduces distributed arbitration: for the problem of
missing fixed channel dynamic arbitration, dynamic
weights can adapt to channel load and data priority in real
time; Distributed arbitration reduces complexity and
alleviates load conflicts. The testing will evaluate
performance on RISC-V simulators (QEMU+Gem5) and
real hardware platforms (RISC-V multi-core processors
equipped with HBM/SXD), with throughput, latency,
scalability, and hardware complexity as core indicators.

By adding priority processing units, labeled storage
queue expansion, and status monitoring modules, the area
has increased by about 10% -15%, resulting in an 8% -12%
increase in storage subsystem power consumption.
However, this has led to a 20% reduction in average
transmission delay and a 30% increase in peak throughput.
In data encryption scenarios, the performance gain
advantage is significant, and the overall trade-off meets
the requirements of high-performance design.

6 Conclusion

This study systematically explores the bottleneck of
transmission efficiency caused by the conflict of
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concurrent data stream scheduling in the Store-Forward
(SF) processing structure under RISC-V architecture, and
proposes an innovative Multipath Priority Scheduling
(MPS) mechanism. Facing the limitations of traditional SF
scheduling logic when modern RISC-V processors
support high concurrency memory access tasks (such as
multi-core data synchronization and real-time stream
processing), MPS mechanism realizes fine-grained
priority differentiation and collaborative scheduling of
multi-source data forwarding requests by establishing a
dynamically configurable priority arbitration model. Its
core contribution lies in designing a set of distributed
decision framework, which can calculate priority weights
in real time according to key attributes of data streams
(such as waiting time, thread priority, access dependency
markers), and guide multi-path resource allocation. The
experimental validation is unfolded on a RISC-V multi-
core platform built on the GemS simulator, tested using a
working set containing memory-intensive loads (e.g.
matrix operations, packet forwarding simulation) and
parallel tasks.

(1) The MPS mechanism significantly improves the
transmission efficiency of the SF channel. In the peak load
stress test, MPS reduced the average delay of SF
forwarding from 62.3 nanoseconds of the benchmark
solution to 49.8 nanoseconds, a decrease of 20.1%,
effectively alleviating the execution pause caused by
congestion of key data.

(2) The forwarding bandwidth utilization rate has
been greatly optimized, and the peak throughput of the
system has increased from 4.8 GB/s before optimization
to 6.3 GB/s, with a bandwidth increase of 31.3%, which
proves that it significantly improves the resource
allocation efficiency of parallel transmission of multiple
data streams.

(3) For the processing scenario of 10,000 random
concurrent storage-load access sequences, the MPS
scheduling mechanism shortens the overall task
completion time from the benchmark 128.5 milliseconds
to 101.2 milliseconds, improving efficiency by 21.2%.
This verifies that MPS has the robust performance of
maintaining high scheduling fairness and low latency
fluctuation in the face of highly random and highly
competitive access sequences.

These data consistently prove that the MPS
mechanism optimizes the transmission path selection and
resource preemption of multi-source requests in the SF
structure through intelligent dynamic priority arbitration,
thus breaking through the performance upper limit of
traditional solutions under concurrent conflicts. The
multi-path priority scheduling mechanism proposed in
this paper significantly improves the transmission
performance of SF critical paths in RISC-V architecture.
The experimental results fully confirm the effectiveness of
this mechanism in three aspects: reducing delay,
improving throughput and accelerating the completion
time of concurrent tasks. This research not only provides
an innovative solution for RISC-V processor memory
subsystem optimization, but also provides theoretical
support and practical guidance for future high-
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concurrency  microarchitecture design for  high-
performance and low-latency scenarios.
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