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ABSTRACT: Aerospace testing systems are crucial for the successful launch of spacecraft, responsible for conducting 
comprehensive health checks. As system devices grow increasingly complex, modern aerospace testing systems face high-
concurrency challenges with over 2,000 channels. To address this, this paper proposes an FPGA (Field-Programmable Gate 
Array) architecture to replace the CPU (Central Processing Unit) for implementing the core task module—the real-time 
decision-making subsystem. First, a parallel logic architecture based on an FPGA is proposed. Leveraging experimental data, an 
adaptive mapping function between FPGA resources and the number of logic instances is fitted to address the matching issue 
between the quantity of parallel logic units and FPGA resources. Second, a hash mapping algorithm based on MurmurHash3 is 
designed to achieve the mapping between data channels and parallel logic units, thereby mitigating hash polarization and ensuring 
the balanced distribution of input signals across logic channels. Finally, a register rule writing algorithm based on modulus 
division is developed to guarantee the balanced allocation of decision rules in distributed registers. Additionally, a fast retrieval 
algorithm based on binary search is designed to enable efficient and rapid access to distributed registers. Test results show that the 
FPGA-based real-time decision-making system can automatically adapt to the FPGA resource structure, achieving a reduction in 
processing latency by more than 20 times and an increase in throughput by over 4 times compared to CPU systems, significantly 
enhancing the real-time processing capability of aerospace testing systems.
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�   Introduction
The aerospace testing system1,2 is the ground-based core 

system in aerospace engineering, responsible for the integrated 
testing and launch control of carrier rockets and spacecraft. It 
spans the entire lifecycle of spacecraft, from design and manu-
facturing to launch, ensuring the safety and reliability of space 
missions through high-precision measurement and teleme-
try technologies. With advancements in modern aerospace 
technology, testing systems face significant  high-concurren-
cy challenges during mission execution. Modern aerospace 
missions require comprehensive real-time health sensing 
and monitoring of various aspects, including structural in-
tegrity, vibration, shock, thrust, combustion, leakage, power 
supply, equipment performance, and atmospheric conditions. 
As spacecraft systems become increasingly complex, real-time 
parallel processing of over 2,000 objects is required. The data 
generation rate from test objects can reach millions of sampling 
points per second, and the identification and anomaly detec-
tion of these signals must be completed within milliseconds. 
This poses significant performance challenges to the testing 
system.

The traditional testing system architecture, centered around 
the CPU, struggles to meet the requirements of high concur-
rency. The CPU is constructed based on the Single Instruction 
Stream Single Data Stream (SISD) paradigm,3,4 with limited 
Instruction-Level Parallelism (ILP), which severely hampers 
its ability to handle multiple tasks in parallel.5,6 Additional-
ly, the "memory wall" phenomenon is particularly prominent 
in CPUs,7,8 as their shared bus architecture results in memory 

access delays accounting for over 60% of the total processing 
time, significantly reducing the overall system efficiency. CPUs 
also exhibit notable limitations in real-time scheduling. Un-
der a polling scheduling mechanism, the response time for 
2000 channels can extend to several seconds, failing to meet 
the needs of testing subsystems for high-speed real-time data 
processing. To address these issues, we employ an FPGA to 
replace the CPU for real-time control and decision-making 
functions. Leveraging its exceptional parallel processing capa-
bilities, an FPGA can execute multiple independent operations 
simultaneously, effectively meeting high concurrency demands. 
For instance, in spacecraft telemetry, tracking, and command 
(TT&C), an FPGA can simultaneously process orbital data 
for hundreds of targets, achieving a Query Per Second (QPS) 
in the millions, whereas traditional CPU architectures, con-
strained by core count and cache size, typically achieve a QPS 
only in the tens of thousands to hundreds of thousands.

This paper presents the design and implementation of a re-
al-time decision-making function for a testing system based 
on an FPGA, which meets the requirements for real-time 
detection of a large volume of concurrent data. The main con-
tributions are as follows:

1. Designed and implemented an FPGA-based real-time 
decision logic system.

2. Design and completion of a mapping algorithm for hard-
ware resources and the quantity of parallel logic units.

3. Designed a mapping algorithm for signal channels and 
logic instances, employing the MurmurHash3 algorithm to ef-
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fectively resolve hash polarization issues and enhance parallel 
performance.

4. Devised a register parallel access algorithm and a fast 
lookup algorithm, enabling high-speed reading of registers.

5. Based on actual sample data, designed and conducted 
system experiments, demonstrating a 25-fold reduction in pro-
cessing delay and a 4.5-fold increase in throughput compared 
to CPUs, significantly improving processing performance.

�   Methods
Motivation: 

Figure 1 illustrates the architecture of a traditional CPU-
based spacecraft testing system, depicting the process by which 
the CPU processes signals and accomplishes real-time deci-
sion-making. This system primarily consists of a CPU core 
processing unit, a data acquisition subsystem, signal processing 
and interface circuits, a communication management module, 
a real-time decision-making module, a display and recording 
subsystem, as well as auxiliary circuits such as power supply and 
clock circuits. Among these components, the CPU core pro-
cessing unit serves as the "brain" of the entire testing system, 
responsible for executing real-time decision-making functions. 
These functions involve real-time processing of received com-
mands, such as fault diagnosis and state estimation. Based on 
the processing results, the system generates decision-making 
information in real time. However, due to the limitations of 
the CPU architecture, the CPU core processing unit struggles 
to meet high-concurrency, low-latency processing require-
ments, thereby becoming a bottleneck in the system.

Figure 2 depicts a system architecture where an FPGA is 
employed to replace the CPU for executing real-time deci-
sion-making functions, illustrating the process by which the 
FPGA accomplishes real-time decision-making. The CPU 
generates decision rules offline and transmits them to the 
FPGA, which then performs real-time decision-making. Le-
veraging parallel logic, the FPGA can simultaneously conduct 
computations on dozens to hundreds of logic units, meeting 
high-concurrency and low-latency requirements through paral-
lel processing. The generation of the decision model is handled 
by the CPU, which then distributes the model to the FPGA's 
cache, serving as the basis for real-time decision-making. This 
paper primarily focuses on the design and implementation of 
an FPGA-based real-time decision-making system. For rele-
vant design content regarding model generation, please refer 
to the paper on lightweight model design.

FPGA Decision-Making Logic System Design:
The fundamental idea behind the design of the deci-

sion-making logic is centered around distributed logical 
decision-making units, with connections to message input, 
memory access, and result output. To achieve high system 
performance, a multi-channel input method is employed for 
message input, while a distributed Register is utilized for 
memory access. System performance is enhanced through 
maximized parallelization.9

Figure 3 illustrates the architecture of an FPGA-based 
decision-making logic system, including five modules: the 
message scheduling module, signal recognition module, de-
cision-making logic module, decision rule register module, 
and CPU interface module. The message scheduling module 
consists of three FIFO (First-In-First-Out) queues, serving 
as channels for the input of data signals. Data is extracted 
from these three FIFO queues using a polling method to en-
sure fair processing of all queues. After passing through the 
FIFO queues, the data is submitted to the signal identification 
module for information parsing and extraction. Subsequently, 
based on the monitoring object to which the signal belongs, a 
hash algorithm is employed to map the message to a specific 
decision-making logic unit within the decision-making logic 
module. It is important to note that due to varying data vol-
umes generated by different monitoring objects, conventional 
hash mapping can lead to polarization effects. Therefore, data 
analysis and algorithm adjustments are required to mitigate 
the hash polarization effect.

The decision-making process of the decision-making logic 
unit is as follows:

1. The CPU pre-generates decision rules through offline 
training and writes the trained decision rules into a temporary 
register.

2. The decision-making logic retrieves the decision rule 
corresponding to the current data signal from the temporary 
register via a read enable signal.

3. The decision-making logic compares the current signal 
data with the decision rule to obtain a decision result

The read efficiency of register rules is a critical factor af-
fecting system performance. We employ a parallel design and 
memory access optimization algorithm to enhance register 
access efficiency. Additionally, since the data in temporary 
registers is pre-written, there are no write operations during 
real-time decision-making. Therefore, the read process of the 
decision logic on the registers does not require locking and will 
not contaminate the register data.
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Figure 1: CPU-based Processing 
Architecture.

Figure 2: FPGA-based Processing 
Architecture.

Figure 3: Architecture of the Decision-Making Logic System.
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In summary, based on the above FPGA system design, we 
need to address three key issues:

1. Channel mapping algorithm to determine the correlation 
between the number of logic units and the available system 
resources.

2. Hash polarization algorithm to ensure uniform mapping 
of data traffic from input channels to the logic unit array.

3. Register fast hit and parallel access algorithms to achieve 
high-performance Register reads.

Mathematical Relationship for Number of Logic Units and 
FPGA Resources:

Different FPGA models vary in their available hardware 
resources. The number of decision-making logic units in an 
FPGA is constrained by its available hardware resources. 
FPGA hardware comprises various resources such as Look-Up 
Tables (LUTs), Flip-Flops (FFs), and Block RAMs (BRAMs), 
and it is essential to identify the key resource constraints that 
impact the decision-making logic process. This paper employs 
an experimental approach to determine the influence factors 
of different resources. Specifically, simulations and syntheses 
were conducted at a frequency of 250 MHz using Verilog on a 
Xilinx Virtex-7 XT series FPGA chip with the Vivado 2023.1 
software.

Table 1 shows the consumption of LUT, FF, and BRAM 
resources by the FPGA decision-making logic. It can be ob-
served that the logic algorithm requires a very small proportion 
of LUT and FF resources, accounting for no more than 10% of 
the chip's total resources. The primary resource demand comes 
from BRAM, which accounts for nearly 70%.

We conducted further tests on the resource utilization rate 
of BRAM.

Figure 4 illustrates the number of logical instances generated 
by BRAM under different resource utilization rates. The ver-
tical axis represents the BRAM resource utilization rate, while 
the horizontal axis denotes the number of decision-making 
units. Through function fitting, it is found that there is a linear 

relationship between the number of decision model instances 
and the BRAM resource utilization rate.

Figure 5 illustrates the direct relationship between  BRAM 
resources and generated decision-making logic units. Typically, 
we need to reserve some space on the FPGA for additional 
functionalities

As the design scale increases, the number of logic units 
grows, and the corresponding requirements for cache, data 
width, and buffer resources also increase. From experimental 
observations, they exhibit an approximately linear relationship. 
To establish this linear relationship, we derive a linear model 
and perform fitting using the least squares method:

Let y be the number of BRAMs and t be the number of 
logic units. The objective is to derive the model:

y = kt + b
The goal of the least squares method is to minimize the sum 

of squared errors:

By taking partial derivatives of the system of equations and 
setting them to zero:

By solving the equations, the linear function is derived as:

Therefore, for a specific Field-Programmable Gate Array 
(FPGA) model, the number of decision logic instances is ap-
proximately one-fiftieth of the total BRAM resources.

Hash Mapping Algorithm for Parallel Unit and Input Chan-
nel:

The system needs to simultaneously monitor signals from 
more than 2,000 different objects, while the number of par-
allel decision-making units in the FPGA is far less than the 
number of signal objects. Therefore, a hash algorithm10,11,12 is 
employed to achieve a uniform mapping from the test objects 
to the decision-making unit array.

UnitNo = OnjNo % UnitNum
By using the aforementioned formula, test objects can be 

evenly distributed across the decision-making unit array. For 
instance, with 2,000 objects and 40 decision-making units, 
each unit will be allocated 50 objects.
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Figure 4: The Relationship Between Unit Instances and Performance Under 
the Same BRAM.

Figure 5: The Relationship Between Total BRAM Resources and the 
Number of Logic Units.

Table 1: Proportion of Hardware Resource Consumption by Judgment Units.
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MurmurHash3 effectively disrupts the regularity of input 
data through a confusion step, uniformly distributing monitor-
ing object identifiers with potential correlations into the hash 
space. Based on MurmurHash3, our algorithm is as follows:

1. Set the hash seed as seed_i, and define constants C1, C2, 
C3, and C4.

2. Load the data block k1 and initialize the hash value h1 
with the seed. Then, perform the following operations on k1 
and h1:

The key steps of the algorithm include: 
‌Multiplication Confusion‌: Multiply the current data block by 

a pre-selected constant to produce nonlinear mixing. 
‌Rotation Diffusion‌: Use cyclic shift operations to diffuse 

high-order bits into low-order positions. ‌
XOR Merge‌: Perform XOR operations on intermediate re-

sults to further enhance the avalanche effect. 
‌Final Mixing‌: Introduce data length information and per-

form final multiplication, shift, and XOR operations to ensure 
all input bits influence the final hash value. 

The algorithm is highly hardware-friendly, as its multipli-
cation, shift, and XOR operations are efficiently supported by 
FPGAs. The constant selection is flexible, allowing adjust-
ments based on actual resource and performance requirements. 
In the FPGA implementation, the process is structured as a 
multi-stage pipeline, with each stage processing one data block 
and sequentially performing the confusion, rotation, and merge 
operations. The key function rotl32(x, r) (32-bit cyclic left shift 
by r bits) directly utilizes FPGA routing resources, avoiding 
bit loss in software shifts. Through pipelining, the module can 
complete the hash computation for one object identifier per 
clock cycle. Figure 8 shows that this algorithm effectively dis-
perses high-traffic objects, which were originally concentrated 
in a few units. The optimization significantly improves the load 
distribution balance among the units, eliminating performance 
bottlenecks caused by a few overloaded units. This provides 
a crucial balanced load foundation for real-time processing of 
2,000 concurrent signal streams.

The hash algorithm achieves an even distribution of test 
objects, but due to varying signal periods generated by each 
object and differing amounts of data carried by each signal, 
there are significant disparities in the signal data volumes pro-
duced by different objects.

Figure 6 reveals significant disparities in the data volumes of 
different detection objects, resulting in a severe imbalance in 
the data traffic handled by the decision-making units. Figure 7 
illustrates the data volumes allocated to four decision-making 
units using the hash algorithm based on the data in Figure 6, 
showing a typical polarization phenomenon. Therefore, it is 
necessary to optimize the hash algorithm to achieve a balanced 
distribution of data volumes.

Currently, mainstream polarization-optimized hashing 
algorithms include CityHash,13 FNV,14 SipHash,15 Murmur-
Hash3,16 CRC3217 (32-bit Cyclic Redundancy Check), etc. 
Among them, CityHash is optimized for big data hashing and 
offers good performance, but its hash distribution uniformity 
is not ideal. FNV is suitable for simple hash tables but has 
a relatively high collision rate. When processing input data 
with strong regularity, the hash distribution may not be uni-
form enough, leading to hash polarization issues. SipHash is 
suitable for HashMaps. Although it performs well in terms 
of hash distribution uniformity, its design focus is more on 
security rather than performance. MurmurHash3 excels in 
hash distribution uniformity and can effectively address hash 
polarization problems. Its design takes into account both per-
formance and distribution uniformity, making it suitable for 
scenarios requiring efficient and uniform hash computations. 
CRC32 is primarily used for error detection; it is extremely 
fast but prone to collisions. Given that object mapping is a 
static deployment process rather than a runtime operation, and 
the primary consideration is the requirement for distribution 
uniformity, the MurmurHash3 algorithm is thus selected.
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Figure 6: Data Volume of Objects.

Figure 7: Data Volume of Decision-Making Units.

Figure 8: Balanced results using the MurmurHash3 algorithm.

ijhighschoolresearch.org



	 47	

Figure 12 shows the experimental results regarding the 
BRAM resource utilization rate versus the number of deci-
sion-making units. As the BRAM utilization rate increases, 
the number of instantiated decision-making modules rises lin-
early, which aligns with the pattern identified in this paper. 
To facilitate further functional expansion of the modules in 
subsequent stages, we have chosen to instantiate 40 relevant 
modules, reserving 30% of the space for expanded function-
alities.

Figure 13 depicts the traffic distribution of the first 20 de-
cision logic units, with a total data volume of 16,526,469. By 
employing the MurmurHash3 algorithm, the average devia-
tion can be reduced to 30.1%, demonstrating a relatively good 
load-balancing effect.

Figure 14 illustrates the number of rules allocated to the 
first 20 modules within the register module. The register par-
allelization algorithm results in a maximum deviation of only 
1.44% and an average deviation of merely 0.5%, indicating 
that the algorithm employed for accessing and determining 
logical rules in the register module achieves a relatively good 
load-balancing effect.

Figure 15 shows the number of read operations sent from 
the decision-making module to the register module. The data 
indicates an average deviation of 28.11%, with a relatively even 
I/O distribution.

FPGAs adopt a hardware-based parallel pipeline design, 
where the entire process from instruction entry into the FPGA 
to execution completion is accomplished in parallel and in real 
time by hardware. In contrast, CPUs employ a time-slice-
based serial instruction scheduling mechanism, which requires 
the operating system to perform a large number of polling 

Register Access Algorithm Design:
To enhance system efficiency and prevent register access 

from becoming a bottleneck, the design of register access 
needs to minimize the number of lookups and maximize 
access speed as much as possible. To this end, this paper opti-
mizes register access efficiency from two aspects: optimizing 
lookup algorithms and improving parallel access.

High-Speed Cache Matching Algorithm:

Table 2 displays a portion of the data from this sample set. 
In this set, each object varies in terms of data volume, decision 
logic, and signal type. The following presents a performance 
test conducted based on these samples.

Performance Evaluation:
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Table 2: Segment of the Test Sample Set.

Figure 12: Linear relationship.

Figure 14: Segment of Register Data Distribution.

Figure 15: Distribution of Register I/O Traffic.

Figure 13: Traffic Distribution of Unit Array.
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scheduling operations. The shared bus mechanism adopted by 
CPUs also greatly reduces the overall efficiency of the system, 
especially in high-concurrency environments where the ineffi-
ciency becomes more prominent.

Table 3 presents the comparative results of system latency. 
The data analysis is as follows: 

1. The message scheduling module comprises protocol poll-
ing, message reception, and message transmission, totaling 4 
clock cycles. 

2. The signal identification module includes message recep-
tion, CRC verification, header separation, type retrieval, type 
comparison, and hash processing. Among these, hash process-
ing is the most time-consuming, taking a total of 5 clock cycles 
from message reception to state machine processing and then 
transmission. 

3. In the decision logic unit, signal reception, retrieval of 
temporary register data, signal comparison, and signal trans-
mission together take 7 clock cycles. 

4. The CPU interface module involves receiving abnormal 
signals, transmitting abnormal signals upward, and sending the 
latest prediction signals to the temporary register module, to-
taling 2 clock cycles. 

During FPGA system simulation, the total latency from 
data input to data output is 7 clock cycles. With a primary 
frequency of 250 MHz, the system latency time is 35ns. The 
latency time for the CPU to process a single message is signifi-
cantly longer than that of the FPGA. This is because the CPU 
needs to fetch and execute instructions one by one to complete 
its tasks, typically requiring multiple instructions for a single 
operation, such as loading operations from memory, executing 
arithmetic instructions, and storing results back into memory. 
In contrast, the FPGA can utilize pipeline design to allow data 
to enter the processing unit every clock cycle, producing results 
sequentially after 7 clock cycles, thereby demonstrating signifi-
cantly superior processing efficiency compared to the CPU.

Table 4 presents the throughput comparison results between 
the FPGA and CPU. In this context, throughput refers to 
the maximum amount of message data that the anomaly pro-
cessing module can handle per unit time. To achieve optimal 
throughput performance, the system instantiates the anomaly 
processing module to the maximum extent possible to elimi-
nate queuing time. It can process 64-bit data per clock cycle, 
resulting in a final throughput of up to 64 * 250 * 10⁶ = 16 
Gbps. 

Unlike FPGAs, which can be customized with a large num-
ber of parallel processing units for specific tasks, CPUs process 
a single message by executing a series of instructions. Taking a 

modern high-performance CPU with a clock frequency of 3.0 
GHz as an example, it can execute 1.5 instructions per clock 
cycle, yielding an instruction throughput rate of 3.0 * 10⁹ * 1.5 
= 4.5 * 10⁹. The data throughput rate is calculated as (4.5 * 10⁹ 
/ N * 8) bps, where N represents the number of instructions 
required per 1B of data. In this system operation, processing 
8B of data requires no fewer than 100 instructions, meaning N 
is not less than 10. Therefore, the maximum CPU throughput 
is 3.6 Gbps. 

The above experiments demonstrate that the FPGA sys-
tem effectively leverages the advantages of parallel processing. 
It can adaptively generate logic instances of decision-mak-
ing units based on the available FPGA resources, resulting in 
relatively balanced loads among decision-making units and 
balanced I/O among cache units. Compared to the CPU, the 
FPGA system reduces processing latency by a factor of 25 and 
increases throughput by approximately 4.5 times.

�   Conclusion 
This paper proposes a high-performance decision-making 

functional design based on an FPGA for spacecraft testing 
systems. This design identifies a linear relationship between 
available resources and the number of logic units, addressing 
the issue of adaptive logic resource generation. A hash algo-
rithm based on MurmurHash3 is devised to achieve balanced 
distribution of semaphores across parallel logic units. Addition-
ally, cache mapping and rapid lookup algorithms are designed 
to enable high-speed access to parallel caches. Experimental 
validation demonstrates the effectiveness of this system design 
in handling high-concurrency requirements. 

Future work will further explore online learning and col-
laborative mechanisms between FPGAs and CPUs. We can 
implement online learning from two aspects: interface design 
and task strategy. A synchronous message interface is adopted 
between the CPU and FPGA to standardize their operation 
timing. Two synchronization processes are defined:

1. Data synchronization from the FPGA to the CPU, includ-
ing synchronization start and synchronization end messages.

2. Rule writing from the CPU to the FPGA, including write 
start and write end messages.

When receiving a data synchronization task, the CPU al-
locates an independent cache and creates a dedicated session 
context to ensure reliable synchronization. When receiving a 
rule-writing task, the FPGA suspends decision-making and 
instructs the front-end signal acquisition unit to pause trans-
mission. The system resumes operation only after writing is 
completed, ensuring decisions are based on the latest rules and 
avoiding misjudgment. These strategies effectively improve the 
robustness and intelligence of the system.
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Table 3: System Latency.

Table 4: Comparison of System Throughput.
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