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Introduction



High-Level Synthesis

⚫ C/C++ → hardware description languages

⚫ Front-end

⚫ Intermediate representation (IR) generation

⚫ Bitwidth reduction, loop unrolling, etc

⚫ Back-end

⚫ Resource allocation, scheduling, binding

⚫ Register-transfer level (RTL) code generation

⚫ Directives to tune latency/resource
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Motivation: Scheduling in HLS
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• Scheduling
---> Assigning operations to clock cycles 
based on timing.

• Current Practice
---> Relying on fixed latency estimates 

• Consequence
---> suboptimal scheduling or failed 
design targets.



Related Work
➢ Initial Efforts [1, 2]:

Focused on high-level metrics (Area), but lacked timing precision.
➢ ML/GNN-based HLS Prediction [3, 4, 5]:

Advancement: Predicted Critical Path (CP) delays directly from HLS.
Limitation: Coarse-grained; no explicit mapping to physical STA metrics (like path-level 
slack).

➢ Netlist & Layout-Level Prediction [10, 11, 12, 13]:
Advancement: High accuracy using GNNs/Transformers.
Limitation: Too late; requires post-synthesis, limiting early-stage design exploration.
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Challenges
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1. Structural Gap (Mapping Ambiguity)

•HLS-to-Gate Disconnect

•Information Loss

•no feedback

2. Multi-Dimensional Complexity

•Physical Factors

•layout-dependent effects (e.g., 

interconnect delays)

•process variations

•Design structure

•architectural decisions 

•physical implementation

HLS

Netlist

no direct
mapping

RTL



Preliminaries



Basic Concepts
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1. Timing Path：
Signal propagation route from a Source to a 
Destination endpoint.

2. Endpoint：
Typically Registers or I/O Ports.

3. Data Delay：
Gate Delay + Wire Delay

4. Static Timing Analysis(STA)：A stimulus-
independent method to verify timing

Slack = Required Arrival Time - Arrival Time



Problem Formulation

Problem 1. (Data delay of timing path estimation)

Problem 2. (CP and WNS estimation)

• 𝑯: HLS Design (Input Space)

• 𝑽:Synthesized HDL Code

• N: Gate-level Netlist (Ground 

Truth Source)

• 𝒑𝒊 ∈ 𝑯: A specific timing path 

sampled from the HLS stage.

Note: Ground truth is obtained from STA reports on Netlist  via our proposed two-stage back-anotation



Methodology



HLS-Timer Framework
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Contribution

➢Graph Construction with 4 
Augmentation Strategies

➢Dataflow-driven Recursive Path 
Sampling

➢Two-phase Timing Back-annotation

➢Hierarchical GNN-Transformer 
Estimation Model



Graph Construction
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Efficient Graph Construction Flow via Low-Coupling Enhancement Strategies

1.Register Insertion 2.Interface Refactoring 3.Submodule Expansion 4.Direction Rebuilding



Timing Path Sampling
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Dataflow-driven Recursive Path Sampling

➢ Objective

➢ Systematic extraction of timing paths 

from HLS-specific graphs.

➢ Strategy

➢ Iterative Frontier Expansion (based on 

DFS).



Example
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Process：
1. Initialization: Start from I/O ports.

2. Traversal: Execute DFS to capture paths 

from the current frontier.

3. Update: Set new endpoints as start 

nodes for the next round.

4. Termination: Stop when no new start 

nodes are discovered.



Two-phase Back-annotation
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RTLHLS IR Netlist

Phase 1: 

Netlist to RTL (Bit-level to Word-level)

•The Challenge: Netlist are bit-level, while RTL uses word-level.

•Mapping Strategy: Inspired by STA timing propagation.

•The "Maximum" Principle:

Objective: Achieve precise timing label 
alignment from Gate-level STA to HLS IR.



Two-phase Back-annotation
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RTLHLS IR Netlist

Phase 2: 

RTL to HLS IR (Name Mapping)

•Bridging the Gap: Leverages HLS  front-end and back-end binding information.

•Consistency: IR nodes maintain names largely consistent with original C code.

•Bidirectional Mapping: Establishing links between IR-level operations and their 

synthesized RTL component names.



Hierarchical Estimation Model
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 Node Feature

➢ as shown in TABLE III

 Tasks/Labels

➢ Path-level：Data delay

➢ Design-level：CP、WNS

 Dataset

➢ Synthetic: 12,653 HLS-compliant C 

programs (automated generation).

➢ Real-world: 39 designs from 

MachSuite and PolyBench/C.



Hierarchical Estimation Model
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 Model

➢ GNNs: GCN、GAT、
GIN、GraphSAGE

➢ Transformer

➢ MLP



Evaluation



Experiments Settings
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• Framework & Tools: Python/PyTorch implementation using Vitis & Vivado 2022.1 for ground-

truth labeling.

• Model Architecture: Hybrid 2-layer GNN + 2-layer Transformer (4 heads) with a 64-64-1 MLP.

• Dataset Strategy: 80/10/10 split (Train/Val/Test); real-case benchmarks used specifically for 

generalization testing.

• Training Profile: Optimized via Adam for 100 epochs.

• Baseline: DAC221

• Evaluation Metrics: R, R², MAPE

1Wu, H. Yang, Y. Xie, P. Li, and C. Hao, “High-level synthesisperformance prediction using gnns: Benchmarking, modeling, 

andadvancing,” DAC, 2022



Evaluation
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Path-level Performance
• As shown in Table IV, our method achieves 

state-of-the-art performance in fine-
grained data delay regression.

Design-level Performance
• Higher Accuracy: Outperformed baseline 

in CP (Critical Path) estimation (6.79% 
MAPE vs. 7.68%).

• 50% Training Time Reduction: Achieved 
through our lightweight architecture 
compared to the baseline's deep model.

• Multi-task Support: Simultaneous 
prediction of WNS metrics (9.97% MAPE), 
which the baseline does not support.



Evaluation

23

• Extensive evaluation on 20 diverse 
real-world cases (spanning linear 
algebra, stencil computation, and 
data streaming) to validate practical 
robustness.

• Consistent accuracy across 
diverse benchmarks with 
minimal deviation from post-
synthesis ground truth.

• Zero-overhead timing estimation: 
Direct path-level prediction for any 
Vitis-HLS compliant design.



Conclusion



Conclusion
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⚫ This paper introduces HLS-Timer, the first fine-grained path-level timing prediction 

framework for HLS designs.

⚫ HLS-Timer accurately predicts timing path data delays by leveraging local and global 

information through novel graph construction and back-annotation.

⚫ Experimental results show its high accuracy, efficiency, and portability, positioning it 

as a promising tool for HLS timing optimization.

⚫ Future work will focus on 

⚫ enhancing prediction accuracy and 

⚫ using these capabilities to optimize HLS scheduling algorithms.
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