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Executive Summary

• Visual system is the compute bo/leneck of autonomous machine
systems and a lucra1ve accelera1on target.
• Analyze algorithm blocks in ORB-based vision system.
• Present an energy-efficient quad-camera visual hardware architecture
on FPGA pla@orm. Several op;miza;on techniques are proposed.
• Our FPGA design achieves up to 5.6x speedup and 34.6x energy
efficiency improvement.
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Autonomous Machines
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System Compute Time Profiling

• Three localiza/on systems:
• SLAM (Simultaneous 

Localiza/on and Mapping)
• VIO (Visual-Iner/al 

Odometry)
• Registra/on

[Gan et al, HPCA 2020]

• Profiling Framework
• Frontend: visual feature matching
• Backend: Localiza/on op/miza/on

• Profiling Results
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• Profiling Framework
• Frontend: visual feature matching
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• Profiling Results

Visual Frontend is a lucra/ve accelera/on target
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Visual Frontend: Overview

Feature
Extrac1on

Feature
Matching

Vision Frontend
• Feature Extrac/on: extract feature descriptors from input images
• Feature Matching: obtain disparity and depth informa/on
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Visual Frontend: Feature Extraction

Feature
Matching

Feature Extrac/on (ORB)
• oFAST (Feature from Accelerated Segment Test): feature detec/on
• BRIEF (Binary Robust Independent Elementary Features): feature descrip/on

Feature Extrac*on
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Visual Frontend: Feature Matching

Feature Matching
• Stereo Matching: matches feature points in a stereo image pair 
• Rec/fica/on: SAD (Sum of Absolute Differences) rec/fica/on -> depth informa/on

Feature Extraction Feature Matching
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Execu.ve Summary

• Visual system is the compute boLleneck of autonomous machine
systems and a lucra1ve accelera1on target.
• Analyze algorithm blocks in ORB-based vision system.
• Present an energy-efficient quad-camera visual hardware
architecture on FPGA plaKorm. Several op;miza;on techniques are
proposed.
• Our FPGA design achieves up to 5.6x speedup and 34.6x energy
efficiency improvement.
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Hardware Architecture: Overview
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Hardware Architecture: Overview
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Hardware Synchroniza.on Interface
• SoQware synchroniza/on

leads to variable delay
among 4 input images

• A direct IO architecture

• Hardware synchroniza/on
step:
• Trigger generator for

camera and IMU
• Unified /me tag
• Synchronized & stable

/me lag
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Frame-Mul.plexed Visual Frontend
• Feature extraction: 7.28ms

Feature matching: 14.59ms

• Two camera channels share 
one feature extractor 

• Two identical hardware
modules process two
stereo cameras in parallel

• Pipeline
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Hardware Architecture: Feature Extractor
Feature Extractor
Module:
• Image Resizing
• FAST Detection
• Orientation

Computing
• Image Smoothing
• Descriptor Computing

Design Traits
• Orienta/on compu/ng:

word length op/miza/on
• Descriptor compu/ng:

synchronized two-stages shiQing
line buffers
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Hardware Architecture: Feature Matcher
Feature Matcher
Module:

• Search Region
Decision

• Distance Compu/ng
and Compare

• Correc/on and
Disparity Compu/ng

Design Traits
• Image pyramid-multiplexed

scheme
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Executive Summary

• Visual system is the compute bottleneck of autonomous machine
systems and a lucrative acceleration target.
• Analyze algorithm blocks in ORB-based vision system.
• Present an energy-efficient quad-camera visual hardware architecture
on FPGA platform. Several optimization techniques are proposed.
• Our FPGA design achieves up to 5.6x speedup and 34.6x energy
efficiency improvement.
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Evalua.on Results

Hardware Pla6orm: Xilinx Zynq Ultrascale+ XCZU9EG MPSoC
Opera*ng Frequency: Feature extrac/on: 203MHz

Feature matching: 230MHz
Total Resources: 274K LUTs, 548K FF, 912 BRAMs, 2520 DSPs
Resource Consump*on:

• Evaluate on two different image resolu/ons: 640x480 and 720x1280
• FE consumes over 2/3 of frontend resource -> FE-mul/plexing
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Evaluation Results
Accuracy Analysis

Performance and Power Evaluation

Accelerator
Comparison

CPU/GPU
Comparison
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Conclusion

• We iden&fy that vision frontend is the unified compute bo1leneck of various
localiza&on systems.
• We propose an ORB-based real-6me and energy-efficient visual system for

autonomous machines on FPGA pla>orm.
• We present a hardware synchroniza6on scheme to support mul&-image 

channels and IMU for reliable localiza&on. 
• Several op&miza&on techniques, including frame-mul6plexing, parallelisms, 

and pipelines are exploited to reduce accelerator latency and energy.
• Compared with Nvidia TX1 and Intel i7, our design achieves 5.6× and 3.4×

speedup in frame rate, and 3× and 34.6× improvement in energy efficiency. 
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Thank You
Email: zishenwan@gatech.edu
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