
Executive summary
The Intel machine vision team worked with a Fortune 100 heavy equipment 
manufacturer to solve a long-standing issue in automated robotic welding: 
undetected welding defects. Unseen defects damage expensive assemblies, slow 
production, and—in worst-case scenarios—cause equipment to fail in the field, 
which can put customers’ projects and lives at risk.

To solve the problem, Intel created a deep learning AI algorithm that analyzes 
high-resolution weld video in real time to detect defects as they happen. When the 
system detects a defect, it stops the welding robot immediately, which limits the 
damage and makes repair easy and less expensive. Because it runs on off-the-shelf, 
Intel-based industrial PCs, the solution can expand its inspection capabilities and 
scale economically.

Introduction
Deep learning AI and machine vision are ramping into production in various industries 
like autonomous cars, factory automation, manufacturing, and healthcare imaging. 
Despite the progress, there are barriers. Hardware can be expensive, and data science 
expertise can be hard to find. The machine vision team at Intel is working to overcome 
both of those barriers by helping industries create AI solutions for new use cases using 
task-specific deep learning models running on standard industrial PCs.

Recently, a Fortune 100 heavy equipment manufacturer brought the team an 
expensive, long-standing quality-control problem: defective welds created by 
robotic welding machines. Solving the problem proved to be an ideal application  
of Intel® AI technologies, development tools, and computing hardware.

Industry background and challenges
Heavy equipment manufacturing—inching toward Industry 4.0
Like many industries, heavy equipment manufacturers face a shrinking pool of 
skilled workers, increasing material costs, and intense competition. Automation 
has helped manufacturers meet these challenges—as well as reduce waste and 
speed production—for decades. The rise of practical AI is bringing intelligence and 
autonomy to factory automation, transforming applications like materials handling, 
quality control, and inventory management. However, high-skill tasks—like 
welding—can be difficult to fully automate.

Robotic welding—fast, precise, and growing rapidly 
Robotic welders have been in service for decades, and today the manufacturing 
industry is adopting that technology at a rapid pace. Robotic welders have proven 
incredibly valuable in heavy equipment manufacturing due to the size and weight 
of the massive steel components that go into finished assemblies. Powerful robotic 
arms can position heavy pieces of steel accurately and move them through space 
as robotic welders join individual pieces into finished assemblies.
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However, robotic welders are not capable of detecting  
weld defects or inspecting the quality of their work. If 
something goes wrong during welding, the robot keeps 
welding until their programmed routine is finished. If a 
factory technician doesn’t catch the flaw, the part passes  
on to the next operation.

Quality control depends on skilled welders, but they are 
increasingly hard to find
A skilled welder can spot the signs of a bad weld as it happens. 
However, it can take decades of practice for a welder to build 
the necessary skills, which makes them a scarce resource that 
is in very high demand. Highly skilled welders tend to focus 
on complex assignments that robots simply cannot do. Skilled 
welders can monitor automated welding stations, but there 
often aren’t enough welders in a factory to monitor every 
welding cell. As a result, bad welds can go undetected.

Current inspection systems create too many false alarms 
and are equipment dependent
Some systems monitor fluctuations in voltage and amperage 
in hopes of detecting faulty welds as they happen. Electricity 
is a primary ingredient of arc welding, and in theory, 
analyzing electrical flux should be an elegant solution. In 
practice, however, these systems often overpredict defects 
and create constant false alarms. Many times, factory 
technicians turn the systems off rather than constantly 
stopping work to check a false positive. 

In addition, weld-monitoring and inspection systems based 
on inputs are invariably tied to specific welding equipment 
manufacturers. A system that works with brand A probably 

doesn’t work with brand B. This vendor lock-in can make it 
difficult and expensive to scale inspections systems across 
welding cells and factories that use a mix of welding equipment.

Detecting weld defects after the fact is expensive
Minute flaws can be detected with relatively inexpensive 
electromagnetic particle inspection techniques, but internal 
weld defects are practically invisible. Manufacturers must 
either x-ray the weld or physically cut the weld open to 
inspect it for defects, which destroys the part. The cost of 
pulling a sample off the production line and destroying it  
is clearly not an ideal inspection technique.

Lost time, wasted material, and production delays— 
the cost of defective welds compounds quickly
The steel components used in heavy equipment 
manufacturing are very expensive. An individual part can 
cost tens of thousands of dollars; a welded assembly can cost 
multiples of that. Major rework because of a bad weld can 
destroy a part. Many times, one defective weld can turn an 
entire piece costing tens of thousands of dollars into scrap.

Despite the cost, scrapping a bad weld early is the least-
expensive scenario, because the longer a defective weld goes 
undetected, the more expensive it gets. The value of the piece 
increases with each step of the manufacturing process. The 
cost of production delays increases drastically as components 
reach final assembly. Having a defective weld make it out of 
the factory and into the field is even more dire. If a customer 
catches a defect or, worse, experiences equipment failure, the 
costs to the bottom line and the brand can be catastrophic.
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The longer a weld defect goes undetected, the more it costs to fix

Automated arc welding is a rapidly growing market

 
Applications

Fastest-growing 
welding tech 

Compound annual 
growth rate  

(2019–2026)
Global robotic  
weld market

USD 10.8B 
 by 20261 8.7%1

Arc welding at

5.26 %2

Automotive, 
Shipbuilding, Heavy 

Manufacturing, 
Aviation and more

Assemblies increase in value as they move through the manufacturing process, progressively raising the cost of repairing defects.
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The solution—automated weld defect detection 
in real time
Using AI to detect defects and stop the weld before it’s  
too late 
Detecting welding defects as they happen is an ideal 
application of machine vision and deep learning AI. With the 
right camera and computing hardware, a trained AI model 
can keep a constant, tireless watch on the weld and halt the 
robot the moment a defect occurs. In fact, deep learning AI 
can analyze video data at frame rates that far exceed the 
limits of the human eye. 

Designing for scale: How one AI solution can detect 
multiple defects
Machine vision can be used to detect any defect that can be 
seen and captured on video. The visual data captured during 
welding holds clues to multiple defects, including welds 
that don’t penetrate deep enough, welds that burn through 
the material, or welds that crack. For the heavy equipment 
manufacturer, one defect in particular was causing expensive 
delays, rework, and scrapped materials: porosity.

Porosity: Anatomy of a defective arc weld
Gas metal arc welding (GMAW)—also known as metal 
inert gas (MIG) welding—is a specific type of arc welding 
that is often used in automated robotic welding. GMAW/
MIG welders use a consumable, wire-fed electrode, and 
high-voltage electricity to create an arc that generates over 
2,500° Fahrenheit. This intense heat creates a molten pool of 
metal—what welders call “the puddle.”

GMAW/MIG welders flood the molten puddle with an inert 
shielding like argon, helium, or carbon dioxide to protect the 
puddle from the air, which is critical. If atmospheric gases like 
oxygen, nitrogen, or hydrogen get absorbed into the puddle, 
they leave behind holes as the weld cools. These holes create 
porous welds that are far weaker than a good weld.

In general, shielding gasses do an excellent job protecting 
the weld, but the margin for error is very slim. Exposure to as 
little as 1 percent air can make the interior of the weld porous. 
At 1.5 percent air, the pores will break through the surface of 
the weld.2 Something as simple as opening a door or moving 
a forklift past a welding station can disturb the shielding gas 
enough to cause porosity.

Porosity can also be caused by moisture, contaminants, improper 
voltage, bad weld angles, and many more difficult-to-measure 
variables. Fortunately, all these different causes of porosity 
result in the same signs at the welding head—sparks, flares, and 
sputtering debris that can be analyzed using machine vision.

Assembling the prototype
The concept faces reality 
In principle, detecting weld porosity as it happens is  
relatively straightforward. It requires a video camera that  
can capture the footage, a PC that can process the footage 
and run the AI workload, plus an algorithm that can 
accurately recognize porosity as it happens.

In practice, bringing machine vision into a welding cell 
presents many challenges. The welding environment is 
hostile. Factory temperatures can range from 50° to 90° 
Fahrenheit. Weld bed temperatures range from more than 
2,500° Fahrenheit at the puddle to 500° Fahrenheit in the near 
vicinity. Welding creates smoke, fumes, sparks, and molten 
pieces of metal that splatter the work area, a very demanding 
environment for cameras and computer hardware.

For the prototype, Intel engineers chose an Intel-based 
industrial PC built for use in factories and a rugged,  
high-resolution arc-viewing camera specifically  
designed for welding.

Integrating camera and robotic welder 
AI is not as adaptable as a skilled human eye. Any unexpected 
change—a shift in lighting, camera angle, or framing—can 
confuse even the most well-trained deep learning model. 
To succeed, the weld-monitoring system had to eliminate or 
control as many of these variables as possible. Installing the 
camera inches from the welding tip eliminated or controlled 
all of these concerns.

The ruggedized camera is mounted so that the arc and the 
puddle take up nearly the entire frame. Since the camera 
moves with the welding tip, the system maintains a fixed frame 
of reference no matter how the welding arm or the workpiece 
moves. The camera uses a customized filter to account for 
the brightness of the weld arc. Shadows, bright sun, and the 
sparks of nearby welders are virtually undetectable in the 
filtered images, which means environmental conditions don’t 
affect the solution’s accuracy or performance.

The camera can be installed on any robotic welder, anywhere 
in a factory, under any lighting conditions, and the system 
will always capture the same high-quality coverage of the 
weld. The solution is robot and environment-agnostic, which 
makes it easy to scale.

Shielding gas and 
electrode supply

Shielding gas 
protects weld

Welding arc melts 
electrode and 
workpiece

Wire-fed
electrode

2,500° molten metal
(the puddle)

Metal 
piece #1

Welding tip

Metal 
piece #2

Arc welding basics

Arc welding joins metal parts with high-voltage electricity that 
heats the joint to the metal’s melting point. An inert shielding gas 
protects the molten metal from oxygen, which can cause defects 
in the weld.
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The AI analytics pipeline
Creating task-specific logic for detecting weld porosity 
Welding creates many visual cues—sparks, bursts of superheated gas, debris—
that may or may not indicate the weld is becoming porous. For example, at 
start-up, the weld’s arc is unstable and looks a lot like a porous weld, but that 
appearance quickly changes as the arc stabilizes. Traces of oil can cause flares. 
Impurities in the steel can cause showers of slag. These signs could confuse an 
AI-based system, causing it to stop the weld at every event, creating multiple false 
alarms and numerous delays.

The key variable that separates a porous weld from a random flare is time. A 
single flare is safe to ignore. A continuous series of flares over an extended period 
indicates a porous weld. To create a system that can detect porosity with a high 
degree of confidence, Intel data scientists used two deep learning models that 
work simultaneously. There is an image classifier model that detects individual 
flares and sparks, and a temporal features fusion model that keeps a running 
average of events and decides when to stop the weld.

To balance the risk of potential false alarms against damage to the workpiece, the 
temporal fusion model monitors events over 16 image frames—just over a half 
second at 30 frames per second. If the image classifier detects a flare or spark, 
the temporal fusion model notes it. If the image classifier detects ongoing signs of 
porosity over any 16 frames of video, the temporal fusion model stops the weld.

A single anomaly 
can be ignored.

A series of anomalies indicates 
the weld is becoming porous.

Welding arc

Rugged welding 
camera in a 
fixed mount

Getting a close look at a 2,500° weld

Ambient lighting 
doesn’t affect 

weld video

Dark filter reduces
intensity of arc,
blocks ambient light

Camera captures a fixed 
view of the weld no matter 

how the robot moves

The solution meets the key 
criteria for welding inspection 
at scale
• Real-time defect detection and 

robot actuation
• Environment and weld 

equipment agnostic
• Scalable per workload
• Powerful Intel® processors and 

accelerators
• Cloud agnostic
• Powerful Intel compute
• Applicable to greenfield and 

brownfield sites

The system uses a rugged welding camera focused on the arc to capture real-time video of the weld as it progresses.
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Hardware and software components
The solution uses off-the-shelf ruggedized hardware and an expandable 
design so that it can scale easily to multiple welding robots across multiple 
factories, including welding equipment and robots made by different 
manufacturers. It uses a standard industrial PC running on an Intel® Core™ 
i7 CPU with integrated Intel® UHD graphics. The PC includes an Intel® 
Movidius™ Myriad™ X VPU accelerator card that increases the number of 
video channels and throughput for deep learning inference workloads. 
The software stack includes the pretrained OpenVINO™ weld detection 
model and inference engine, plus a model manager and middleware 
running on a Linux operating system.
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Data ingestion

USB2/GigE 
vision camera

The complete solution at work
1

Action based 
on insights4

Inference 2

Real-time
defect detection 3

Intel-based
industrial PC

Porosity detected:
1. Weld and robot halted
2. Technician alerted

OpenVINO inference
engine/deep learning model

Solution configuration and architecture overview

Frame streamer
30 FPS 640 x 512

Data bus

Visualizer
Watch the results

in real time

Modbus/OPC UA client
Send Boolean to stop

the welding arm
PLC

Inference engine
Weld Porosity Detection model
Image resized to 224x224

USB/GigE 
ruggedized

cameras

Industrial PC
Intel® Core™ i7 processor,
Intel® Movidius™ Myriad™ X VPU

Solution components
• OpenVINO™ toolkit weld detection model and 

inference engine
• OpenVINO™ model manager
• Intel® Core™ i7 CPU industrial PC
• Intel® Movidius™ Myriad™ X VPU accelerator card
• Rugged welding camera
• Third-party robotic controller
• Third-party middleware
• Linux OS

AI training
Training the models for performance and accuracy 
The team used the Intel® Distribution of OpenVINO™ toolkit to train a PyTorch-
based image classifier and temporal fusion model then combine them in a 
single analytics pipeline. The pipeline recognizes the specific signs of three 
welding states: no weld, good weld, and porous weld. After retraining on 
approximately 100 sample videos, initial tests showed that the solution was 
able to detect porous welds as they occurred with over 97 percent accuracy. 
Additional testing showed that it maintained 97–99.7 percent accuracy.4

Model retraining 
and performance details

Training  
data set: 

~100 
videos

20 seconds 
each @ 30 FPS, 
approximately 
67,000 frames

Three 
annotated 

classes: 
No 

weld
Good 
weld

Porous 
weld

Model 
accuracy  

for all three 
welding 
classes

Up to 
99.77%3

The solution combines welding cameras with a standard industrial PC (IPC). The IPC uses deep learning AI to monitor welds in real time. 
The system integrates with industrial control systems via standard communications protocols.

Because the system monitors and analyzes welds in real time, it can stop the welding robot within a half-second of detecting a defect. 
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Conclusion
Deep learning AI and machine vision have the power to solve 
previously unsolvable problems and reinvent processes across 
industries and sectors. Many of the perceived barriers to 
putting AI into production—the cost of data science and R&D 
or the need for expensive AI appliances—can be overcome 
with creative engineering, off-the-shelf deep learning models, 
and standard industrial PCs. We are near,or at, the tipping point 
where AI becomes a tool we can use practically anywhere.

Intel is working with end customers, systems integrators, 
software vendors, and OEMs to extend AI-based defect 
detection beyond heavy equipment manufacturing to 
welding applications in marine, aviation, automotive, and 
construction applications. As the solution reaches new 
verticals and use cases, new models can be trained to detect 
additional welding defects and drive increasing autonomy  
for robotic arc welding processes.

Next steps
Have a challenge that smart machine vision could overcome? 
Contact us. 
The Intel machine vision team is actively looking for new 
challenges that push the boundaries of what AI can do on  
Intel® architecture (AI on IA). If you have an unsolved problem,  
we want to hear about it. Whether you’re a business owner, 
manufacturing expert, systems integrator, developer, or device  
manufacturer, please contact your Intel adviser or contact 
the machine vision team.

Learn more about Intel® machine vision technology ›

Go deeper

The weld porosity solution is available for download in 
the OpenVINO Model Zoo, and you can run it in a Jupyter 
Notebook on Intel® DevCloud for the Edge. 

Read the weld porosity solution documentation ›

Download the weld porosity solution from intel.com ›

Run the weld porosity solution Jupyter Notebook on Intel 
DevCloud for the Edge ›

Evaluate the weld porosity solution on Amazon Web 
Services ›

Read the solution brief from ADLINK ›

Learn about the cameras used in the solution ›

Read the weld porosity case study ›

As discussed above, porosity is only one kind of weld defect. 
Because the solution captures video of the welding process  
in real time, it can be used to detect any type of defect with  
a visual signal. It can potentially be trained for different welding 
techniques like laser welding or tungsten inert gas (TIG) welding.

Adding a new capability is as simple as training a model on 
a new type of defect and integrating it with the solution’s 
analytics pipeline. Models can be trained to detect the signs 
of poor wire feed, silicate contamination, cracks, undercuts, 
excess spatter, burn throughs, and more. Since the solution 
looks at visual outputs (sparks, spatter, the size of the puddle) 
rather than welding inputs (voltage, gas flow, wire feed rates), 
it can be paired with practically any welding robot. The 
solution can work with equipment from any manufacturer 
and operate in virtually any environment, making it agnostic 
and easily deployable at any welding site.

The hardware components are designed to scale as well. 
Each industrial PC can support multiple high-definition 
camera input streams and consolidate multiple workloads. 
This uniform, open standard approach simplifies expansion, 
upgrades, and failover support. If there is a hardware failure 
anywhere the factory, welding cell workloads can shift to 
a neighboring industrial PC because the architecture is 
identical, and the compute is there.

Adding new capabilities is relatively straight forward as well.  
New models can be trained to recognize different types 
of welding defects and added to the solution, extending 
its detection capabilities to new use cases. If an individual 
system needs more computing power or more video 
channels, plug-and-play accelerators can add it quickly.

Designed for scale: Weld porosity is just the beginning
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