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Introduction

Manufacturing has long relied on statistical process control (SPC) to optimize production
processes, though these methods have inherent limitations. Sampling-based data
collection paints an incomplete and potentially inaccurate picture of actual production
processes. It can also impede real-time feedback controls used to optimize operations in
real time.

Machine vision, in contrast, captures real-world data about physical products and processes, including detailed
geometric measurements made with subpixel accuracy, surface quality assessments, positional data, color and
contrast variations, and other characteristics. Vision systems also reveal temporal trends across production runs. By
pairing vision data with sophisticated analytics, manufacturers have already experienced demonstrable benefits,
revealing correlations between process parameters and quality outcomes that statistical methods might otherwise
miss. The ability to capture, store, parse, and analyze vision data will only accelerate as it advances in pace with
artificial intelligence (Al), the Industrial Internet of Things (lloT), and cloud-based technologies.

Today, several technical challenges have impeded vision-based analytics from delivering their full potential for
improving throughput, yields, and quality in complex, changing, or distributed manufacturing processes. Key
challenges among them include:

- Data volumes: A single production line might generate terabytes of vision data daily, requiring significant
storage and processing capabilities.

«+ Integration complexity: Integrating vision data with data from other real-time sources such as lloT sensors,
Al tools, and cloud platforms is difficult for legacy manufacturing execution systems (MES) and enterprise
resource planning (ERP) platforms.

« Processing limitations: The real-time processing requirements of manufacturing operations often conflict with
the computational demands of analyzing massive datasets.

Though these challenges deserve consideration, none presents an insurmountable barrier to leveraging vision data
more effectively for process optimization. The following pages explore the factors that manufacturers must consider
and address along this journey.
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Before Step One
Before manufacturers commit to grooming their vision data into analytics for process optimization, it helps to consider
certain potential challenges early.

. If possible, leverage vision analytics in small pilot projects aimed at improving specific processes. For
instance, a pilot project might focus on reducing defects in a particular assembly line by using vision data to
adjust machine parameters in real time.

« Converting vision data into a source for analytics must balance the data’s immediate operational priorities with
future analytical objectives to minimize disruption and ensure ROI.

- Different data architectures are geared for different businesses. Select one that is scaled—and scalable—
accordingly to existing operational and analytical capabilities.

« Selection of software analytics platforms also must accommodate current capabilities and grow with future
requirements.

- Organizational readiness extends beyond technological considerations. Successful implementation requires
cross-functional collaboration between quality, production, IT, and engineering teams.

a ZEBRA TECHNOLOGIES




WHITE PAPER
OPTIMIZING MANUFACTURING PROCESSES WITH MACHINE VISION ANALYTICS

Capturing and Tailoring Machine
Vision Data

Several types of machine vision data readily provide low-hanging fruit for supporting
process optimization. Systems that measure part dimensions, assess surface quality, or
track temporal data all offer insights into upstream process variations, tool wear, and a
host of other variables.

Three-dimensional imaging data introduces additional data sources for advanced analytics, such as form and

fit analysis, assembly simulation, and flush and gap verification. For example, the automotive industry deploys
3D imaging to ensure that body panels align correctly to reduce both assembly time and aerodynamic drag.
Nonvisible as well as multispectral and hyperspectral imaging methods multiply potential data sources further,
revealing variations in material composition, stress patterns, or surface contamination. The agriculture sector, for
example, uses hyperspectral imaging to assess crop health by detecting chlorophyll levels in leaves.

The Role of Vision Software

Machine vision software able to perform more than measurement and inspection tasks can significantly enrich
analytical datasets by incorporating measurement confidence or environmental conditions. Similarly, the ability of
deep learning tools to identify subtle patterns in vision data that correlate with manufacturing operations can further
enhance the value of process optimization analytics.

Cloud-based vision platforms that aggregate data from multiple production lines or facilities enable analysis of
enterprise-wide production operations. This capability substantially improves the potential for new analytics for
process optimization, such as tolerance stacking, which correlates vision data across multiple manufacturing
operations to predict assembly outcomes before final production.
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Key Considerations for Aggregating Data
Implementing vision analytics for process optimization requires careful planning and execution to be successful.

« Assess existing infrastructure such as network capacity, data storage capabilities, and processing resources
to ensure it has the capacity to handle current and future vision analytics workloads.

- Leveraging vision data for analytics requires multidisciplinary expertise bridging machine vision, data analysis,
and manufacturing processes. Organizations may need to invest in training existing personnel or consult with
specialized third-party experts.
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« Integrating data from diverse hardware and software platforms can be made simpler if sourced through a
single supplier able to ensure seamless interoperability and compatibility across platforms while providing
unified support and development roadmaps.

h

e T

T

E ZEBRA TECHNOLOGIES




WHITE PAPER
OPTIMIZING MANUFACTURING PROCESSES WITH MACHINE VISION ANALYTICS

Storing, Structuring, and Processing
Vision Data

Analytics, in general, benefits from large, overlapping, multivariate datasets. For example,
combining data from machine vision, barcode, RFID, and other data sources enhances
image data with traceability for specific parts, batches, or process conditions. This enables
manufacturers to correlate quality outcomes with material origins, production history, and
environmental conditions. Storing and accessing large volumes of richer data, however,
introduces a host of considerations, including:

« Integrating data from multiple sources: Different data sources often use incompatible formats, timestamps,
or measurement units that require custom middleware or the use of industrial data platforms designed for
multisource integration.

- Data storage and recall: High-resolution machine vision systems on busy production lines can generate
hundreds of gigabytes daily. Cloud storage can accommodate such data volumes as well as cross-facility
analytics. But manufacturing operations that demand low-latency data to support real-time process control
often require local storage.

« Security compliance: Cloud storage poses security and compliance considerations, particularly for
manufacturers in regulated industries that restrict offsite storage of production data.

Hybrid approaches can offer a more balanced option. Edge computing platforms can process critical data locally—
to enable real-time analytics while reducing data transmissions to the cloud—while selectively uploading relevant
datasets for deeper analysis.

An automotive manufacturer implementing vision analytics for its engine block machining process, for example, might
store critical dimensional measurements locally for immediate process feedback, while uploading complete vision
datasets to the cloud each night for trend analysis and predictive maintenance.

The key to successful data storage strategy lies in understanding which analytical applications require real-time
access versus those that can benefit from batch processing.
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Physical Versus Statistical Data Considerations

The real-world nature of vision data allows more accurate tracking of correlations between different dimensional
characteristics that might share a common root cause. But this tendency toward correlation requires vision data to be
structured differently than traditional SPC datasets.

SPC of manufacturing data assumes there are no correlation data points. That is, data points are expected to be
independent of one another. The diameter of one part, for example, should not in theory correlate with the diameter
of the next. But data points collected by machine vision systems often do exhibit autocorrelation, meaning values
collected closer together in a series are more similar than values collected farther apart.

Imagine a scenario in which a machine vision system is inspecting the diameter of pizza shells to ensure they stay
within threshold. If the process gradually drifts out of tolerance, favoring larger diameters, then the vision system will
detect the change over time but raise flags only after diameters exceed a certain volume.

To accommodate autocorrelation patterns in vision data, analytic platforms need to apply architectures that preserve
its temporal relationships and measurement correlations. This often means organizing data in matrices that capture
relationships between measurements, time sequences, and process conditions to identify patterns across multiple
variables simultaneously.
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Parsing Value and Analyzing Data

Machine vision data offers a new source for analytics to enable more proactive process
adjustments and corrections, predict assembly outcomes, and recommend process
adjustments before parts reach final assembly.

Consider a medical device manufacturer producing insulin pen components at multiple facilities and using vision
systems at each facility to capture dimensional data on different components: reservoirs, dosing dials, and needles. By
aggregating all vision data through cloud-based analytics, the manufacturer can predict how dimensional variations
from each facility will interact during final assembly.

If analytics show that reservoir diameters are trending toward the upper tolerance limit while dosing-dial dimensions
are approaching the lower limit, the system can recommend process adjustments at each facility to ensure proper fit
and function in the final assembly.

This proactive approach prevents costly quality issues and reduces waste by optimizing component dimensions
before they reach final assembly, delivering substantial improvements in both quality and efficiency.

Vision analytics can also detect characteristic patterns in dimensional data that are unique to a particular
manufacturing process—a so-called “process signature.” In addition to ensuring products emerged from an authentic
source, process signature analysis enables rapid identification of process deviations, tool wear, or setup errors that
might be otherwise invisible to statistical monitoring methods.
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Current Analytics Platform Landscape

The market for analytics platforms designed specifically to leverage machine vision data for process optimization
is only just emerging. Most vision suppliers still focus on inspection and quality control applications rather than
comprehensive process analytics. However, two platform categories are beginning to bridge this gap.

« General manufacturing analytics are beginning to introduce capabilities for handling vision data alongside
other industrial data sources. These platforms typically provide data integration tools and visualization
dashboards that can accommodate vision measurements, though they may require custom configuration.

« Industrial Al platforms can be trained to focus on pattern recognition and predictive analytics using vision
data. Such platforms might incorporate machine learning algorithms trained to identify subtle correlations
between vision measurements and process performance.

Though dedicated vision analytics platforms remain an emerging technology, manufacturers can still achieve
significant benefits by combining vision data capabilities with existing industrial analytics platforms, particularly for
pilot projects and initial implementations.
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Leveraging Data to Improve
Manufacturing

Though vision analytics are still evolving, they have already enabled proven methods to
improve manufacturing processes.

Integrated with closed-loop process controls, for example, vision analytics can help a production line automatically
adjust process parameters based on real-time quality measurements. While a valuable first step, the true potential

of vision analytics emerges in complex applications such as tolerance stacking, where optimization must coordinate
dimensional characteristics across multiple manufacturing stations simultaneously. Such enterprise-scale techniques
require sophisticated analytics that can model how variations at different stations might affect final assembly
performance and then recommend coordinated adjustments across the entire production network to optimize overall
outcomes.

Predictive maintenance scheduling can also draw from vision data trends to optimize equipment maintenance
intervals. Additionally, root-cause analysis can benefit from the measurement data captured by vision systems by
correlating it with process conditions, material batches, equipment status, and operator actions to isolate the source of
processing issues and determine corrective actions.

Lastly, supplier quality management would also benefit from vision analytics. Complete dimensional and quality
data for incoming materials enables manufacturers to provide detailed feedback to suppliers while identifying which
suppliers consistently meet specifications. This data-driven approach strengthens supplier relationships while
improving incoming material quality.
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Technical Barriers and Emerging Solutions
Several technical challenges limit further integration of vision analytics with manufacturing process control, though
emerging technologies are introducing potential progress.

Processing latency remains a significant issue, particularly for high-speed production environments or particularly
complex calculations, such as those required for Al inspections or tolerance stacking applications. Edge computing
platforms can address this challenge by providing local processing capability, enabling complex analytics to be
performed closer to the production line while reducing network dependence.

Network bandwidth limitations also constrain real-time application of analytics, especially when vision data must be
transmitted to centralized analytical platforms. However, 5G networks are beginning to offer enhanced bandwidth and
reduced latency, while advanced data compression methods and selective data transmission strategies help optimize
network utilization for critical applications.

The complexity of integrating vision analytics within existing manufacturing systems is another challenge. Many
manufacturers operate legacy process control systems that lack native capabilities for handling vision analytics
inputs. Custom integration development can be expensive and introduce reliability concerns. Fortunately, industry
initiatives on integration standards and the development of middleware platforms promise to simplify system
connectivity and reduce integration complexity.

Another challenge is data synchronization across multiple systems, which requires stringent timing controls. However,
modern lloT platforms with built-in synchronization capabilities and standardized communication protocols are making
multisystem coordination more reliable and manageable.

Despite the challenges, the convergence of edge computing, improved networking infrastructure, and standardized
integration tools are collectively helping to counter barriers to implementing comprehensive vision analytics for
process optimization.
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The Analytics Advantage

Machine vision analytics represents a transformative opportunity for manufacturing
process optimization, offering capabilities that extend far beyond either traditional vision
capabilities or statistical analytics approaches. The comprehensive real-world physical
data generated by modern vision systems enables manufacturers to understand process
behavior with unprecedented detail, identify optimization opportunities that sampling-
based methods would miss, and implement real-time process improvements that enhance
quality, throughput, and efficiency.

The benefits extend across multiple operational dimensions. Quality improvements result from proactive process
control rather than reactive corrections. Efficiency gains come from optimized process parameters and reduced waste.
Maintenance optimization reduces both planned and unplanned downtime. Supply chain improvements result from
better supplier feedback and incoming material qualification.

However, successful implementation requires careful consideration of technical, organizational, and strategic factors.
Infrastructure investments in data storage, network capacity, and processing power may be substantial. Integration
complexity with existing systems can introduce implementation challenges and ongoing maintenance requirements.
Organizational changes in roles, responsibilities, and decision-making processes require careful management.

The journey toward comprehensive vision analytics implementation should be approached systematically, beginning
with pilot projects that demonstrate value while building organizational capabilities. Success requires cross-functional
collaboration between quality, production, IT, and engineering teams, supported by appropriate training and change
management initiatives.
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Prepare Now. Succeed Later.

The evolution towards smart automated manufacturing environments makes vision analytics increasingly
essential for competitive success. As manufacturing becomes more connected, automated, and data
driven, the ability to leverage comprehensive process data for optimization becomes a key differentiator.
Early adopters of advanced capabilities such as real-time tolerance stacking will be particularly well-
positioned to implement more consistent quality controls and manufacturing efficiencies across different
production lines, facilities, and even suppliers.

Forward-thinking manufacturers should begin mapping out vision analytics capabilities now, even if full
implementation might take several years. The learning curve for effective implementation is substantial,
and early adopters will gain valuable experience that translates into competitive advantages as the
technology matures and becomes more widespread.

The integration of machine vision hardware, software, and analytical platforms from unified suppliers
can significantly reduce implementation complexity while providing coordinated development roadmaps
and support. This approach enables manufacturers to focus on operational improvements rather than
technical integration challenges, accelerating time-to-value and reducing implementation risks.
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