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• Top-Performing Open-Source Processor

• Vision: “Linux of Processors” for Industry & Academia 

 Code on GitHub

  > 6.7K stars     
  > 820 forks

XiangShan: Open-source High Performance Processors 

2022 IEEE 
Micro

Top Picks 12
Research PlatformIndustrial Partners
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XiangShan Laptop
@ISCAS

XiangShan on GPU
@InnoSilicon

Fedora on XiangShan
@Fedora-V Force8-core XiangShan

@LanXin Computing
Gaming on 2nd Gen

 XiangShan Chip

XiangShan: Powering Desktop, GPU SoC, Server …

4-core XiangShan
@SpacemiT

2nd Gen 
XiangShan Chip

1st Gen 
XiangShan 

Chip
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Open-source Demands Agile Verification

• Highly configurable ISA
• Rapid code iterations 
• 1,400+ bugs uncovered in XiangShan (2025)

917
(65%)

490
(35%)

Bugs Report 
(2025@XiangShan)
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The Era of Verification

Multi-Level Verification

Industrial-Grade Processor

FPGA
Prototype

Integration
Test, IT

Unit
Test, UT

System
Test, ST
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The Era of Verification

Multi-Level Verification

Industrial-Grade Processor

FPGA
Prototype

Integration
Test, IT

Unit
Test, UT

System
Test, ST

Checking under real-world cases

56%
44% ST

Others

Covering 56% bugs of XiangShan
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This Work: Fast & Debug-friendly System Test

System
Test, ST

Speed Debugging

13.8 MHz@FPGA
Hardware-Accelerated

RTL Simulation

Instruction-level Checking
Per-Instruction Comparison

with Reference Model

DiffTest-H

Practical & Effective
151 bugs uncovered in XiangShan
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Co-simulation: Instruction-level Debugging

• DiffTest[1]: Instr-by-Instr Comparison of Architectural State (DUT vs. REF)

Design Under Test
(DUT)

Reference Model
(REF)

Initial State Initial State
Equal

Next State Next State

Instruction
Commit

Instruction
Commit

Compare

Match: No-Bug Mismatch: Bug !

[1] Xu et al. Towards Developing High Performance RISC-V Processors Using Agile Methodology. (MICRO 2022)

Well debugging, but what about speed?
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Software-based Co-simulation

• Based on RTL Simulator:
• Verilator, VCS: only KHz-scale speed (limited by RTL simulation)
• Even with optimizations[1,2,3], still limited at KHz-scale

~10KHz

CPU Processor
（DUT）

Reference
（REF）

~100MHz

HW/SW 
Communication

[1] Chen et al. GSIM: Accelerating RTL Simulation for Large-Scale Designs. (DAC 2025)
[2] Wang et al. Repcut: Superlinear parallel rtl simulation with replication-aided partitioning. (ASPLOS 2023)
[3] Zhou et al. Khronos: Fusing memory access for improved hardware RTL simulation. (MICRO 2023)

CPU Processor
（DUT）
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Hardware-accelerated Co-simulation

• Based on Emulator/FPGA:
• Emulator/FPGA: DUT at 1~100 MHz, up to 10,000× speedup
• Reference Model (software): ~100 MHz

CPU Processor
（DUT）

Reference
（REF）

~100MHz1~100MHz

HW/SW 
Communication

Overall Speed

5~100KHz
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Speed GAP: HW/SW Communication

Ideal: DUT Speed
Up to 10,000× 

Speedup  
 

Emulator: 1 MHz
  FPGA:  100 MHz

Reality: Co-sim Speed
Less than 20× 

Speedup
  

 Emulator: < 10 KHz
    FPGA:  < 100 KHz

GAP: HW/SW
Communication

98%~99.8% of co-sim time
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What is HW/SW Communication?

• Example: DiffTest[1] (XiangShan@MICRO 2022 )
• 32 types of architectural events
• 1 event trigger 1 communication
• ~15 communications, ~1.2 KB data per cycle

REFDUT

Process

Startup

Transfer

3 stages in each 
 communication

[1] Xu et al. Towards Developing High Performance RISC-V Processors Using Agile Methodology. (MICRO 2022)

Verification Events
Instruction 

Commit
Register
Updates

Exceptions & 
Interrupts...

①
②
③  

①
②
③  

①
②
③  

...
Cycle 1

Cycle 2

Cycle 3
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How to optimize 3-stage communication?

Focus on Startup & Transfer
Process latency is hidden by Async Transmission

Packing
(Less Startups)

① ① ··· ① REFDUT

Process

Startup

Transfer

3 stages in each 
 communication

Fusion
 (Less Data Transfer)

Instruction 
Commit

Register
Updates

Exceptions & 
Interrupts

①
②
③  

①
②
③  

①
②
③  

...

...
Cycle 1

Cycle 2

Cycle 3



Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS) 1414

Toward Fast & Debug-friendly Communication 

1

2

Cycle 1

Cycle 2

1

2
Different Valid Events

Diverse Event Length

• Challenge 1: Packing Under Structural Diversity
— 170× Length Diversity + Per-cycle Event Variation



Institute of Computing Technology, Chinese Academy of Sciences (ICT, CAS) 1515

Toward Fast & Debug-friendly Communication 

1

3
2

Checking 
Order

Cycle 1
Cycle 2
Cycle 3

• Challenge 1: Packing Under Structural Diversity
— 170× Length Diversity + Per-cycle Event Variation

• Challenge 2: Fusion Under Order Constraints
— Same-type Fusion vs. Cross-type Ordering?
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Toward Fast & Debug-friendly Communication 

1

3
2

Cycle 1
Cycle 2
Cycle 3 Fusion

Where is the Bug?

• Challenge 1: Packing Under Structural Diversity
— 170× Length Diversity + Per-cycle Event Variation

• Challenge 2: Fusion Under Order Constraints
— Same-type Fusion vs. Cross-type Ordering?

• Challenge 3: Debugging after Fusion
— Instr-level Debugging vs. Fusion Detail Loss?
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DiffTest-H Overview
A Semantic-aware, Hardware-accelerated Framework

Toward Fast & Debug-friendly Communication

Challenge 1 (Frequency)
Packing Under Structural Diversity 

Challenge 2 (Data Volume)
Fusion Under Order Constraints 

Challenge 3 (Debuggability)
Debugging after Fusion

Batch: Structure-wise Packing

Squash: Order-decoupling Fusion

Replay: Instruction-level Debugging
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Batch: Packing under Structural Diversity

Now: Structure-wise Packing
Packing with length & type
No bubble, Less frequency

1 1

2

3

60% 
Bubbles

Cycle 1

Cycle 2

Cycle 3

1

2

3

Prior: Fixed Space
Padding invalid space with bubbles

60% Bubbles, 1.67× Frequency

1 1 2

3

1

2 3

HW Pack: Offset from length
SW Unpack: Extract by type

No bubble

Diverse Length & Type
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Squash: Order-decoupling Fusion

Prior: Order Constraints
e.g. Exception after specific instrs

Frequent Fusion Breaks

Instructions
(Fusible)

Exceptions
(Non-fusible)

1
2

1

33
2

Checking 
Order

Cycle 1

Cycle 2

Cycle 3

Now: Order-decoupling Fusion
Decouple fusion & checking order

Better fusion ratio, Less Data

1

3

2

1

2

3

Checking
(SW Reorder)

1

3
2

Transmission
(HW Schedule)

Continue
Fusion

Transmit
with 

Order
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Replay: Instruction-level Debugging

Prior: Where is the Bug?
K instrs in 1 fused check
Hard for bug localization

Now: Instr-level Debugging
Per-instruction replay

Localize bug to single instr

···
1

n-k

n
···

Bug 
Range

Fusion
(K instrs in 
1 check)

Buffering

Replay

n-k

n
···

Per-instr
Checking

notify
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DiffTest-H Workflow
Accelerated Co-simulation:
①Monitor: Capture DUT events
③Squash: Fusion for less data 
④Batch: Packing for less frequency
⑤Nonblock: Overlap SW latency 
⑥Check: Compare DUT vs. REF

Debugging on Error:
②Buffering: Backup unfused events
⑦Replay: Recheck unfused events
⑧Report: Bug localization

Software

Hardware
Packed Data

④ Batch

② Buffering

Replay 
Buffer

⑦
Replay

4-5

54

① Monitor 

32
53 421

Instruction 
Commit

Exception &
Interrupts

1-5
③ Squash

32

⑤ NonBlock

4-5321-2 3

⑥ Step & Check

54

⑧ Bug Report

Acceleration Debugging
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Performance Evaluation

1
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NutShell XiangShan 
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XiangShan 
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Verilator PLDM(Base) PLDM(DiffTest-H) FPGA(Base) FPGA(DiffTest-H)
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ee

d 
/ K

Hz
XiangShan: 13.8 MHz@FPGA, 2,300× faster than Verilator

79× 77× 74×

130× 138× 123×
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Optimization Breakdown

• Frequency: Batch reduces by 43x
• Process Latency: NonBlock overlaps with async
• Data Volume: Squash reduces by 47x

1

10

100

1000

10000

NutShell
(PLDM)

XiangShan
(PLDM)

XiangShan
(FPGA)

Baseline +Batch +NonBlock +Squash

REFDUT

Process

Startup

Transfer
Sp

ee
d 

/ K
Hz
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Optimization Breakdown

• Frequency: Batch reduces by 43x
• Process Latency: NonBlock overlaps with async
• Data Volume: Squash reduces by 47x

1

10

100

1000

10000

NutShell
(PLDM)

XiangShan
(PLDM)

XiangShan
(FPGA)

Baseline +Batch +NonBlock +Squash

REFDUT

Process

Startup

Transfer
Sp

ee
d 

/ K
Hz

74×-138× speedup, 98.0%-99.8% overhead reduction
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 Comparison: Fast & Debug-friendly

• 13.8× faster than FPGA SOTA
• 32 verification event with 1.2KB size, Instruction-level Debugging

Platform Work Checking
Types

Checking Size 
B/cycle Co-sim Speed

Emulator
IBI-Check[1] 2 7 80 KHz

This work 32 1200 478 KHz

FPGA
Fromajo[2] 7 24 1 MHz

This work 32 1200 13.8 MHz

[1] Chatterjee et al. Checking architectural outputs instruction-by-instruction on acceleration platforms. (DAC’12)
[2] Zhang et al. Integrating a High-Performance Instruction Set Simulator with FireSim to Co-simulate Operating System Boots.  (ASPLOS ’23 Workshops)
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Bug Discovery: 151 Bugs Uncovered in XiangShan

• In the past 6 months, uncover 151 Bugs in XiangShan
• Over 780+ lines change with 19 Pull Request

Memory hierarchy 
& coherence

Exception & 
Interrupts

Vector Control
Logic
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DiffTest-H Summary

• DiffTest-H: Semantic-Aware, Hardware-Accelerated Framework
• 13.8 MHz@FPGA, Instruction-level Debugging
• Deployed in XiangShan, with 151 bugs uncovered
• Open-Source @github/OpenXiangShan/difftest

Batch 
Structure-wise Packing

Squash
Order-decoupling Fusion

Replay
Instruction-level Debugging 

Thanks for Your Attention

GitHub Repo
DiffTest-H


