A Structured Framework for Measurement Uncertainty in Bulk

Gain-in-Weight Batching Systems in Feed Manufacturing SCADA

Abstract

Bulk Gain-In-Weight (GIW) batching systems present a metrological challenge absent from

isolated weighing operations.

When multiple ingredients are dosed sequentially onto a single weighing platform, each
measurement is taken against an accumulated platform load rather than an empty reference.
The uncertainty associated with each dosing event is therefore dependent on the delivered
ingredient weight, but on the total accumulated load at the time of measurement — and grows

with each successive ingredient in the sequence.

Current SCADA implementations for bulk GIW batching are not known to incorporate an explicit

measurement uncertainty model.

Without it, two critical operational functions are absent: pre-dosing feasibility assessment, which
would identify whether a formula's ingredients are compatible with the weigher's metrological
capability before production begins, and process-level uncertainty tagging, which would enable

metrologically complete batch histories and support reliable aggregated reporting.

This paper identifies this architectural absence as the core problem and proposes a

GUM-consistent conceptual framework to address it.

The framework defines uncertainty evaluation from instrument resolution, process repeatability,
and accumulated platform load; propagates uncertainty through the cumulative batching

sequence; and integrates it into SCADA architecture to support both operational functions.

Field observation, structured practitioner inquiry across multiple facilities, and quantitative
analysis of production records — where an ingredient recorded as compliant within £2 kg
tolerance carries a combined expanded uncertainty of +4.49 kg — confirm the gap and motivate

the framework.



1. Introduction

Animal feed manufacturing relies on precise ingredient dosing to ensure product consistency,

nutritional compliance, and process efficiency.

In modern feed mills, dosing operations are typically controlled and recorded by Supervisory
Control and Data Acquisition (SCADA) systems. A common configuration is the bulk GIW
batching system, in which multiple ingredients are weighed and accumulated sequentially within
a single batch receiver. The resulting measurement records form the basis for production
control, quality verification, regulatory compliance, and historical manufacturing reports [1, 2].

Bulk GIW batching presents a metrological characteristic that distinguishes it from isolated

weighing operations.

Each ingredient is dosed onto a platform that already carries the accumulated weight of all
previously dosed ingredients. At the moment of measurement, the load cell responds to the total
accumulated platform load — not to the delivered ingredient weight alone. Consequently, the
uncertainty associated with each dosing event is dependent on the accumulated platform load at
the time of measurement and grows with each successive ingredient in the sequence. This

behavior is inherent to the system architecture.

Despite this characteristic, current SCADA implementations for bulk GIW batching are not
known to incorporate an explicit measurement uncertainty model. The absence of such a model

creates a gap at two points in the manufacturing process.

Before production begins, the system cannot evaluate whether a formula's ingredients are
compatible with the metrological capability of the assigned weighers — a feasibility assessment
that must account not only for requested ingredient quantities, but also for their positions within

the dosing sequence.

Implementing uncertainty based on weigher capacity uniformly across all ingredients preserves
reliability but unnecessarily restricts operational flexibility. Implementing it based solely on
requested ingredient quantity improves flexibility but underestimates actual uncertainty for later
ingredients in the sequence — where accumulated platform load dominates. In current practice,
the former approach is typically adopted — applying maximum uncertainty uniformly to maintain
reliability at the cost of flexibility.



During and after production, uncertainty is neither evaluated at individual dosing events nor
propagated through the cumulative sequence, leaving manufacturing records without the
information required to assess, reconstruct, or report metrological traceability.

Although measurement uncertainty is recognized as an essential component of a complete
measurement result [6, 7], neither current regulatory frameworks nor industry reporting
standards require its inclusion in batch production records [1, 2]. The dosing reports examined in
this study conform fully to established requirements. The gap identified here is therefore not a
deviation from standard practice — it is a structural absence at the level of the standards and

systems themselves.

This paper identifies the missing uncertainty model as the root architectural problem and
proposes a GUM-consistent conceptual framework to address it [6, 7]. The framework defines
uncertainty evaluation at individual dosing events from instrument resolution, process
repeatability, and accumulated platform load; propagates uncertainty through the GIW batching’s
dosing sequence; and integrates uncertainty information into SCADA architecture to support
pre-dosing feasibility assessment and process-level uncertainty tagging throughout

manufacturing records.

The remainder of this paper is organized as follows. Section 2 reviews relevant literature.
Section 3 identifies the research gap. Section 4 presents the methodology and proposed

framework. Section 5 presents results and discussion. Section 6 presents conclusions.

2. Literature Review

2.1. Measurement Uncertainty in Weighing Systems

Measurement uncertainty is a fundamental concept in metrology, defined in the Guide to the
Expression of Uncertainty in Measurement (GUM) as a parameter associated with the result of a
measurement that characterizes the dispersion of values that could reasonably be attributed to
the measurand [6]. The GUM establishes that a measurement result is only complete when
accompanied by a statement of its uncertainty — a single numeric value without uncertainty

information provides an incomplete representation of the measurement [6].



In the context of weighing instruments, measurement uncertainty arises from multiple sources,
including instrument resolution, repeatability, environmental influences, and calibration
uncertainty. The relationship between these sources and the overall uncertainty of a weighing
result is governed by the law of propagation of uncertainty, which defines how individual
uncertainty components combine into a combined standard uncertainty [6].

Legal metrology frameworks establish maximum permissible errors (MPE) as the basis for
instrument verification and calibration acceptance criteria. OIML R 61-1 defines MPE as the
extreme value of measurement error permitted by specifications or regulations for a given
measuring instrument or measuring system, expressed in automatic gravimetric filling
instruments as the maximum permissible deviation of each fill from the average value of all fills
in a test sequence [5]. However, as noted by Mettler Toledo, the MPE defined in legal metrology
frameworks represents a threshold for instrument approval, not a direct measure of

measurement uncertainty in process applications [9].

The relative MPE of a weighing instrument follows a hyperbolic relationship with applied load,
becoming disproportionately large when the dosed quantity represents a small fraction of the
weigher's capacity [9]. This characteristic has direct implications for ingredient dosing
applications, where assigning an ingredient amount below a certain percentage of weigher
capacity results in a relative measurement uncertainty that may exceed the required formula

tolerance.

The concept of minimum weight addresses this directly. OIML R 61-1 governs automatic
gravimetric filling instruments and defines a rated minimum fill as the value of the mass of the fill
below which weighing results may be subject to errors exceeding the required limitations —
establishing a formal metrological basis for minimum load requirements in automatic filling
applications [5]. This concept establishes a metrological basis for minimum load requirements in
weighing applications, connecting instrument uncertainty characteristics to process quality

requirements.

2.2. Bulk Gain-In-Weight Batching in Manufacturing

Automated batch weighing systems are widely used in manufacturing industries, including
animal feed production, pharmaceutical manufacturing, and food processing. In sequential batch
weighing — referred to in industry as gain-in-weight batching — multiple ingredients are dosed

one at a time into a single weigh hopper, with the controller monitoring the cumulative weight of



each successive ingredient addition [3].

NIST Handbook 44 Section 2.22 describes automatic bulk weighing systems as systems
adapted to the automatic weighing of a commodity in successive drafts of predetermined
amounts, automatically recording and accumulating the net weight of each draft [3]. While this
classification explicitly excludes batching systems, it establishes the regulatory recognition of
successive accumulative weighing as a distinct metrological category requiring specific technical

requirements.

In manufacturing metrology, the accuracy of measurement data has direct implications for
process control and conformity assessment. Imkamp et al. note that measurement uncertainty
plays a major role in conformity assessment — the judgment as to whether a measurement
result does not exceed specification limits — and that uncertainty must be considerably lower
than the tolerance for a meaningful conformity statement to be made [8]. This principle is
particularly significant in batch manufacturing contexts where ingredient quantities must fall

within specified formula tolerances.

2.3. Measurement Uncertainty in Industrial Manufacturing Systems

The integration of measurement uncertainty into manufacturing reporting systems remains an
underdeveloped area in production metrology. Imkamp et al. observe that GUM application has
so far prevailed only in the field of calibration standards and reference measuring instruments,
with simplified procedures frequently used in production environments that may lead to different

results in practical application [8].

A complete measurement result requires three components — the best estimate of the
measured value, the unit, and the associated measurement uncertainty [8]. In current industrial
practice, digital weighing systems typically report measurement results as single numeric
values, transmitting only the weight value through their output interfaces without any associated
uncertainty information. This design characteristic means that downstream systems — including
SCADA implementations — receive no uncertainty data to record, process, or incorporate into
reports.

GUM explicitly states that no calibration is complete without the determination of estimated
measurement uncertainty [6]. Furthermore, the determination of measurement uncertainty
enables the identification of the minimum weight — a critical parameter for ensuring that

weighing results fall within process tolerance requirements [5]. The absence of uncertainty



information in production reporting therefore represents not merely an omission of
supplementary data, but a fundamental gap in the metrological completeness of manufacturing
records.

The development of measurement models consistent with GUM principles provides a structured
basis for evaluating and propagating uncertainty through complex measurement processes [7].
JCGM GUM-6:2020 specifically addresses the development and use of measurement models,
providing the methodological foundation for extending uncertainty evaluation beyond single

measurement events to multi-stage measurement processes [7].

2.4 Batch Reporting Requirements in Industrial Practice

Batch production records in manufacturing industries are governed by a combination of
regulatory requirements and industry guidance. These frameworks define the minimum content
that a compliant batch report must contain, establishing the operational standard against which
industrial reporting systems are evaluated.

In the pharmaceutical and food manufacturing sectors, FDA 21 CFR 211.188 specifies that
batch production and control records shall include complete information relating to the
production and control of each batch, including weights and measures of components used in
the course of processing [1]. This regulation establishes the legal minimum for batch record
content in FDA-regulated manufacturing environments and is widely referenced as a benchmark

for good manufacturing practice across industries.

In the animal feed manufacturing sector, the Kansas State University Feed Manufacturing Guide
specifies that each batch report should include time and date, formula name and number,
ingredient names, ingredient lot numbers where applicable, ingredient quantities, theoretical and
actual weight of ingredients added, storage location, and operator identification [2]. The guide
further specifies that deviations from specification should not exceed 1% for ingredients with
greater than 5 Ib inclusion and 2% for ingredients less than 5 Ib — establishing the tolerance
thresholds against which dosing compliance is evaluated in feed manufacturing practice.

Neither framework includes measurement uncertainty as a required element of the batch
production record. The absence of uncertainty representation in industrial batch reports
therefore reflects the current state of established reporting standards rather than a deviation
from them. This distinction is significant: it indicates that the metrological gap identified in this

study is not an implementation oversight within any specific manufacturing system, but a



structural absence at the level of the standards and regulations that govern batch reporting

across industries.

3. Research Gap

Measurement uncertainty is a well-established concept in metrology, and internationally
accepted methods for its evaluation and propagation are provided by GUM and GUM-6 [3, 4].
Previous studies have recognized the increasing digital integration of measurement systems
within manufacturing environments and the importance of uncertainty information for reliable
interpretation of measurement results [8]. Imkamp et al. observed that the practical application
of GUM has so far prevailed primarily in calibration standards and reference measuring
instruments, while simplified procedures are frequently employed in production environments
[8]. Furthermore, they emphasized that a complete measurement result requires three
components: the best estimate of the measured value, the associated unit, and the associated

measurement uncertainty [8].

Despite these developments, limited attention has been given to the implementation of
measurement uncertainty within bulk GIW batching systems operating under SCADA-based
manufacturing architectures. Existing literature provides methods for evaluating uncertainty at
the instrument level [6, 7], discusses the role of uncertainty in manufacturing metrology [5], and
establishes the relationship between weighing uncertainty and minimum weight concepts [6].
However, to the best of the author's knowledge, no literature was identified that specifically
addresses the evaluation, propagation, recording, and reporting of measurement uncertainty
within SCADA-based bulk GIW batching systems [1, 2].

The architecture of bulk GIW batching systems introduces an additional challenge absent from
isolated weighing applications: the uncertainty associated with each dosing event depends not
only on the requested ingredient quantity, but also on its position within the dosing sequence. As
accumulated platform load increases with each successive ingredient, the uncertainty
associated with later dosing events grows accordingly. Current practice addresses this by
applying the highest uncertainty estimate — derived from weigher capacity — uniformly across
all ingredients, preserving reliability at the cost of operational flexibility. A model that evaluates

uncertainty dynamically based on actual sequence position would enable both goals to be



pursued simultaneously.

In the industrial system investigated in this study, measurement uncertainty is not embedded
within the SCADA implementation. Individual dosing records, batch histories, and aggregated
production reports contain only reported weight values without any associated uncertainty
information [1, 2]. Consequently, uncertainty cannot be propagated through the cumulative
dosing process nor reconstructed from historical production records, creating a disconnect

between reported values and the metrological capability of the underlying measurement system.

This study addresses that gap by proposing a GUM-consistent conceptual framework for bulk
GIW batching systems, integrating uncertainty evaluation at individual dosing events,
uncertainty propagation through the cumulative batching sequence, and incorporation of
uncertainty information into SCADA data records and manufacturing reports. Beyond
metrological completeness, the framework provides a basis for dynamic feasibility assessment
— enabling the system to evaluate ingredient compatibility against weigher capability at the

sequence level, improving operational flexibility without compromising reliability.

4. Methodology

4.1. Field Observation and Practitioner Inquiry

Problem identification in this study was based on three complementary evidence sources:
structured practitioner inquiry across multiple facilities, structural analysis of the SCADA dosing
database, and review of applicable regulatory and industry reporting standards.

Structured informal inquiries were conducted with colleagues across multiple operational roles
— including production, quality control, PPIC, automation, and plant management personnel —
across several animal feed manufacturing facilities. These inquiries were conducted through
direct communication in May 2026 and focused on two operational parameters in active use

within the investigated system.

The first parameter — a maximum permissible error of 0.2% applied as the calibration and
accuracy test standard — was consistently confirmed across all facilities contacted. This
parameter is universally accepted and not subject to operational dispute. However, no
respondent was able to identify a formal documented source for its adoption, and its



metrological basis within the bulk GIW batching context has not been formally established.

The second parameter — minimum dosing limits — presents a more complex operational
picture. While applied consistently as a national internal standard across facilities, this
parameter is actively and recurrently challenged by production personnel, for whom the
constraint limits flexibility in ingredient-to-weigher assignment. Quality control personnel
consistently defend the parameter on the basis that values below the limit compromise
measurement reliability. Neither side has been able to articulate a formal metrological argument
either supporting or opposing the limit, and the parameter has remained in this contested state
for more than two decades without formal resolution. One respondent described the minimum
dosing limit as a "rule of thumb," while another attributed the 0.2% accuracy standard informally

to quality control practice without reference to any formal document or standard.

Structural analysis of the SCADA dosing database was conducted to examine whether
uncertainty information is captured at the system level. The dosing transaction record structure
was examined for the presence of uncertainty-related fields alongside standard process fields
including weigher identifier, ingredient identity, requested weight, delivered weight, deviation,
and tolerance status. No uncertainty-related fields were identified, confirming that the system

was not designed to capture, store, or propagate measurement uncertainty information.

Review of applicable regulatory and industry reporting standards — including FDA 21 CFR
211.188 [1] and the KSU Feed Manufacturing Guide [2] — established the minimum required
content of batch production records in the investigated manufacturing context. Neither
framework includes measurement uncertainty as a required element, confirming that the
absence of uncertainty information in the investigated system reflects the current state of

applicable standards rather than a deviation from them.

4.2. Metrological Analysis and Framework Derivation

Following problem identification, a metrological analysis was conducted to establish the formal
relationship between the observed operational parameters and internationally recognized

uncertainty frameworks.

The 0.2% maximum permissible error applied as the calibration standard for dosing weighers
was examined within the context of OIML legal metrology requirements applicable at two levels.
At the instrument level, OIML R 76-1 establishes that the absolute value of the maximum

permissible error is not constant across the weighing range but increases with applied load —



expressed as multiples of the verification scale interval across defined load thresholds [4]. At the
system level, OIML R 61-1 governs automatic gravimetric filling instruments and defines a rated
minimum fill as the value of the mass of the fill below which weighing results may be subject to

errors exceeding the required limitations — establishing a formal metrological basis for minimum

load requirements in automatic filling applications [5].

Taken together, these frameworks establish that MPE represents not merely a pass/fail
calibration threshold, but a parameter directly connected to the actual measurement uncertainty
of each individual weighing event, and that the load-dependent nature of this relationship has

direct implications for minimum dosing requirements in automatic gravimetric systems.

For a dosing weigher operating with a 0.2% MPE, the measurement uncertainty applicable to
any weighing event is dependent on the load present on the weighing platform at the time of

measurement — not on the delivered ingredient weight alone.

This derivation reveals a critical distinction in how the uncertainty factor is applied within bulk
GIW batching systems. Because each ingredient is dosed onto an already-loaded platform, the
load present at the time of measurement is not the delivered ingredient weight alone, but the
accumulated gross weight of all previously dosed ingredients combined with the current
ingredient. Consequently, the effective uncertainty associated with each dosing event is
dependent on the accumulated platform weight, not on the individual ingredient quantity

reported in the dosing record.

This finding provides a metrological basis for the minimum dosing limits observed in practice.
When an ingredient quantity represents a sufficiently small fraction of the accumulated platform
weight, the associated uncertainty may approach or exceed the allowable formula tolerance for
that ingredient — rendering the dosing result metrologically unreliable despite appearing
acceptable in the computerized report. The minimum dosing limits can therefore be understood
as practical approximations of the threshold below which this condition occurs, consistent with
the rated minimum fill concept in OIML R 61-1 [5] and the minimum weight concept described in
industrial weighing practice [9].

The analysis further identifies that this uncertainty is neither evaluated nor recorded at the
individual dosing event level within the observed SCADA implementation. As a result,
cumulative uncertainty cannot be reconstructed from existing manufacturing records, consistent

with the structural gap identified in Section 4.1.



The metrological framework derived from this analysis forms the basis for the conceptual
proposal presented in Section 4.3.

4.3. Conceptual Framework Development

Building on the metrological derivation presented in Section 4.2, a GUM-consistent conceptual
framework is proposed for sequential cumulative dosing systems [7, 8]. The framework
addresses four interconnected elements: the evaluation of measurement uncertainty at each
individual dosing event based on instrument characteristics and operating conditions; the
propagation of uncertainty through the cumulative dosing sequence; the integration of
uncertainty information into SCADA dosing records at the point of measurement; and the
presentation of uncertainty information within both detail batch reports and aggregated

production reports.

The framework establishes a metrological structure through which uncertainty information can
be preserved throughout the measurement lifecycle, from individual dosing events to
manufacturing reports. Particular attention is given to uncertainty sources relevant to industrial
dosing systems, including instrument resolution, linearity effects, environmental influences, and
dosing algorithm behavior. By identifying these sources and their points of interaction within the
measurement process, the framework provides a basis for uncertainty-aware manufacturing

reporting.

This paper presents the framework at a conceptual level and focuses on establishing the
metrological need for uncertainty integration within SCADA-based sequential cumulative dosing
systems. The detailed mathematical formulation of uncertainty evaluation and propagation,
experimental validation of the proposed approach, and implementation within industrial SCADA

environments are identified as directions for future research.

5. Results and Discussion

5.1. From Load Cells to Database.

Before discussing the main topic of measurement uncertainty in sequential cumulative weighing
systems, it is important to briefly review how weighing data are generated and transferred within

computerized dosing systems.

In industrial weighing systems, load cells are commonly used to convert applied mass into



low-level electrical signals, typically in the microvolt range. These signals are subsequently
amplified, processed, and interpreted by digital weighing indicators [5].

In the system under study, digital indicators communicate with programmable logic controllers
(PLCs) through various communication methods, including analog signals, digital I/O, serial
communication, or Ethernet-based protocols. The PLC records ingredient weight data within
internal registers throughout the dosing process. After completion of a dosing batch, the
recorded data are commonly transferred to computer systems or databases for report

generation and production tracking purposes.

In some PC-based architectures, the computer system may directly communicate with digital
weighing indicators and control the process through remote I/O systems without intermediary
PLC processing.

Throughout this measurement and communication chain, multiple stages of signal conversion,
transmission, and data interpretation may exist between the original physical mass and the final
computerized report representation. Depending on system architecture and implementation
quality, inaccuracies or signal interpretation deviations may potentially occur at several stages

within the data acquisition process.

The use of digital load cells and fully digital communication methods, such as serial or
Ethernet-based communication protocols, may reduce potential signal conversion errors

compared to analog transmission methods.

Modern dosing systems increasingly utilize fully digital Ethernet-based communication
architectures, reducing potential signal conversion and transmission errors. However, in older
industrial systems, analog transmission between digital weighing indicators and PLC analog
input modules may still be used. In such configurations, additional uncertainty may arise from
analog-to-digital conversion, signal scaling, electrical interference, and calibration

inconsistencies within the measurement chain.

5.2. The Uncertainty in Concrete Number

The following report was extracted from the production system under investigation. It is a real
example of a dosing report generated for a production batch. To protect the company’s
intellectual property, material names have been anonymized, and the Req. and Dlv. Values have
been slightly modified. However, the modifications were intentionally limited so that the



proportional relationship between deviation and tolerance remained unchanged.

The same type of uncertainty-related issue discussed later in this paper exists within this actual

production report example (all weights are in kg).

It is also important to note that the dosing report examined in this study conforms to established
batch reporting requirements, including those specified in FDA 21 CFR 211.188 [1] and industry
guidance such as the KSU Feed Manufacturing Guide [2]. The absence of measurement
uncertainty information therefore reflects not a deviation from standard practice, but the current
state of the standard itself.

Material Name Weigher | REQ | DLv |DEV |TOL | || &
Material A WA 12| 121] 1] 4| 0] o
Material B WA 82| 82| 0| 5| 0| 0
Material C Wi 18| 120] 2| 2] 0] o
Material D WA 18| 17| 1| 2] 0] o
Material E WA 32| 133] 4] 2] 0] o
Material F W2 33| 362| 1| 2] 0] 0
Material G W2 329 320 0| 2| 0| 0
Material H W2 20| 241 4| 5[ 0| 0

Table 1. Sample of a detailed batch report.
Weigher = Dosing Weigher
Req. = Requested amount by Formula.
Dlv. = Recorded delivered amount by the computer system.
Dev. = Deviation/difference between Requested and Recorded Delivery (Dev = Req - DIv).
Tol. = Allowed tolerance by the system. Often smaller than the allowed tolerance by formula.
TM = Time Alarm number throughout the process.

TL = Tolerance Alarm throughout the process.

At first glance, the computerized dosing report shown above appears to provide precise and

reliable information regarding ingredient delivery accuracy. Each ingredient is represented by



exact numerical values, including requested quantity, delivered quantity, deviation, and tolerance

status.

Operationally, ingredients with delivery differences remaining within the configured tolerance
limits are generally interpreted as successfully dosed materials. However, this kind of report
hides uncertainty, and in sequential cumulative weighing systems this uncertainty could become

bigger than the applied tolerance can accommodate.

5.3. First Source of Uncertainty: Digital Weigher Resolution

Digital weighing systems present measurement results as clean and definite numerical values.
At first glance, such representation appears to eliminate reading ambiguity commonly
associated with analog instruments, such as parallax error. However, digital weighing systems

still possess inherent limitations, one of the most fundamental being measurement resolution.

In digital weighing systems, resolution refers to the smallest increment — referred to as the
scale interval d — by which the displayed measurement value can change [5]. In the dosing
system under investigation, macro ingredient weighers operate with a display resolution of 1 kg,

meaning measurements are presented in discrete 1 kg increments.

As a consequence, every displayed measurement inherently contains uncertainty associated
with the resolution limit itself [6]. The displayed value does not necessarily represent the exact
physical mass, but rather the nearest representable increment permitted by the system
resolution. Under GUM conventions, resolution contributes a Type B uncertainty component
evaluated as a rectangular distribution with standard uncertainty [6]:

u(res) =d/ (2V3)
For the dosing weighers under investigation, where d = 1 kg:
u(res) = 1/ (2v3) = 0.289 kg

Applying a coverage factor k = 2 for approximately 95% confidence, the expanded uncertainty
attributable to resolution alone is:

U(res) = 2 x 0.289 = £0.577 kg

This value is present in every dosing event, for every ingredient, regardless of dosed quantity or

accumulated platform load. It is invisible in the computerized dosing report, as no uncertainty



information is recorded alongside the delivered weight values.

In the dosing report extracted from the system under investigation, Material C shows a recorded
deviation of -2 kg within an allowed tolerance of +2 kg — with no tolerance alarm triggered
(TL=0), and therefore interpreted operationally as a successful dosing event. However, applying
the resolution uncertainty derived above, the actual physical deviation corresponding to the

displayed value may exist within the range:
-2+ 0.577 kg = -2.577 kg to -1.423 kg

The lower bound of this range, -2.577 kg, already exceeds the allowed tolerance of +2 kg.
Material C therefore cannot be confirmed as compliant from the dosing report alone — a

conclusion that is entirely invisible within the current reporting system.

This finding is based on resolution uncertainty only, representing a single uncertainty source.
The following section introduces a second, structurally more significant source of uncertainty
inherent to sequential cumulative dosing systems — one that grows with each successive

dosing event and cannot be recovered from existing production records.

5.4. Second Source of Uncertainty: Dosing System Repeatability

In addition to resolution limitations, digital dosing systems introduce a second source of
uncertainty arising from the interaction between dosing algorithm behavior and actual

manufacturing conditions.

In industrial dosing systems, a typical dosing sequence involves waiting for a stable empty
platform reading, initiating material feed toward a target weight adjusted by inflight correction,
waiting for a stable delivered weight reading, and recording the measurement result before
proceeding to the next ingredient. The accuracy and consistency of this process depend not
only on instrument characteristics but also on the stability evaluation method implemented within
the dosing algorithm and the real-time environmental conditions present during operation.

Factors such as machine vibration, airflow disturbances, pneumatic pressure fluctuations, and
mechanical resonance may influence weighing stability during the dosing process. Dosing
algorithms must therefore balance measurement stability against production throughput
requirements — a compromise that introduces process-induced variability into the delivered

weight values recorded by the system.



Under GUM conventions, repeatability is evaluated as a Type A uncertainty component, derived
from repeated observations of the dosing process under nominally identical conditions [6]:

u(rep) =s/vn

where s is the experimental standard deviation of repeated delivered weight measurements and

n is the number of observations.

Repeatability testing was conducted across several dosing weighers within the facility under
investigation. Due to practical constraints, direct repeatability testing on the primary macro
dosing weighers was not available at the time of this study. The repeatability uncertainty value
applied here was therefore derived from testing conducted on a comparable dosing weigher
within the same facility, using the highest observed standard deviation across available test data
as a conservative estimate. Due to confidentiality requirements, the full test reports cannot be
included in this publication; however, the derived uncertainty value is applied in the combined

uncertainty evaluation presented in this study.

From the most conservative repeatability test available, the standard deviation of delivered
weight measurements was s = 0.111 kg across n = 5 repeated observations, yielding:

u(rep) = 0.111 / V5 = 0.050 kg

Like resolution uncertainty, repeatability uncertainty does not vary with accumulated platform
load. It reflects the consistent behavioral characteristics of the dosing algorithm and process
environment, contributing a fixed uncertainty component to every dosing event regardless of

ingredient sequence or platform load condition.
The expanded repeatability uncertainty at k = 2 is:
U(rep) = 2 x 0.050 = +0.100 kg

Combined Uncertainty: Sources 1 and 2

With two independent, fixed uncertainty components now established, the combined standard
uncertainty from resolution and repeatability can be evaluated using the GUM law of

propagation of uncertainty [6]:
u(cl,2) = V(u(res)? + u(rep)?)

= v(0.2892 + 0.0502)



= v(0.0835 + 0.0025)

=10.0860

=0.293 kg

The corresponding expanded combined uncertainty at k = 2 is:
U(c1,2) =2 x 0.293 = +0.587 kg

This value represents the baseline uncertainty present in every dosing event, attributable solely
to instrument resolution and process repeatability — both of which are constant regardless of
ingredient sequence or accumulated platform load. In this particular example, resolution
dominates the combined figure, contributing 0.289 kg of the 0.293 kg standard uncertainty total,
with repeatability contributing only marginally.

This relationship, however, is not universal. Depending on environmental conditions, mechanical
design, installation quality, and dosing algorithm implementation, repeatability uncertainty may
equal or exceed resolution uncertainty in other weigher configurations or operating
environments. The specific proportion between the two sources will vary by system. The
fundamental point remains: combining two independent uncertainty sources always results in a
larger combined uncertainty than either source alone — and neither source is visible in the

computerized dosing report.

Returning to Material C from the dosing report under investigation — REQ = 118 kg, DLV = 120
kg, DEV = -2 kg, TOL = +2 kg — the expanded combined uncertainty from Sources 1 and 2
alone places the actual deviation within the range:

-2 + 0.587 kg = -2.587 kg to -1.413 kg

The lower bound of -2.587 kg exceeds the allowed tolerance of +2 kg. Material C therefore
cannot be confirmed as compliant based on these two uncertainty sources alone — before the
third and most structurally significant source is introduced.

5.5. Third Source of Uncertainty: Accumulated Platform Load in Sequential Cumulative

Dosing

The first two sources of uncertainty — resolution and repeatability — are fixed components that

remain constant regardless of ingredient sequence or platform load condition. The third source



of uncertainty is fundamentally different in nature: it grows with each successive dosing event

and is structurally inherent to sequential cumulative dosing systems.

In industrial weighing systems, load cells function as measuring transducers that produce an
electrical output signal in response to the total force applied to the load receptor [5]. This output
signal represents the entire load present on the platform at the time of measurement — it cannot
distinguish between previously accumulated material and the ingredient currently being dosed.
The weighing indicator converts this total signal into a displayed weight value, from which the
delivered ingredient weight is inferred by the dosing system as the difference between the

current and previous platform readings.

The maximum permissible error of a dosing weigher is defined as a proportion of the load —
expressed as 0.2% in the system under investigation. This proportional nature means that the
absolute permissible error band is not constant but widens linearly with increasing platform load.
At a 200 kg platform load, the permissible error is £0.4 kg. At 500 kg, it is £1.0 kg. At 1,000 kg, it
is £2.0 kg. At 2,000 kg, it reaches 4.0 kg.

This behavior is consistent with load cell operating principles, in which signal output is
proportional to total applied load, and is often observed across dosing weigher installations
throughout the author's experience in industrial feed manufacturing automation. It is further
consistent with the characterization of relative MPE behavior described in weighing instrument

practice, where the absolute error tolerance scales linearly with the measured load [5][9].

However, it is important to note that, in the case that the last periodic calibration linearity record
exists, the actual observed linearity behavior should be the reference, rather than deriving it
mathematically through written MPE.

It is not impossible that, through various mechanical conditions, the actual reading behavior

differs from the theoretically linear response that is derived from MPE.

5.6. The Misapplication in Bulk GIW Batching

In a Bulk GIW batching system, each ingredient is dosed onto a platform that already carries the
accumulated weight of all previously dosed ingredients. At the moment each dosing event is
measured, the load cell output — and therefore the measurement uncertainty — is proportional
to the total accumulated platform load, not to the individual ingredient weight being delivered.

This distinction is critical. The dosing report records only the delivered ingredient weight and



evaluates its deviation against a fixed tolerance. It does not account for the fact that the
uncertainty associated with that measurement is governed by the total platform load at the time
of measurement. As the dosing sequence progresses and the platform load increases, the
uncertainty associated with each successive dosing event grows — yet the report applies
identical tolerance evaluation to every ingredient regardless of its position in the dosing

sequence.

This represents a structural misapplication of tolerance evaluation in sequential cumulative
dosing systems: the uncertainty grows with each dosing event, but the reporting system treats

all events as metrologically equivalent.
Quantification: Applying MPE-Derived Uncertainty to Material C

Returning to the dosing report under investigation, the dosing sequence on Weigher W1

proceeds as follows:

Ingredient Delivered (kg) Accumulated Platform Load (kg)

Material A 121 121
Material B 872 993
Material C 120 1113

Table 2. Between the reported amount and the real measured amount by the digital weigher.

At the moment Material C is dosed, the platform carries an accumulated load of 993 kg from
Materials A and B. The total platform load at the completion of Material C dosing is

approximately 1,113 kg.

Applying the 0.2% MPE to the accumulated platform load at the time of Material C

measurement:
u(load) = 0.2% x 1,113 = 2.226 kg

This uncertainty component alone already exceeds the allowed tolerance of +2 kg for Material
C. Unlike the resolution and repeatability components derived previously, this uncertainty is not
fixed — it is specific to Material C's position in the dosing sequence and the accumulated load

present at that moment.

5.6.1. Combined Uncertainty: All Three Sources

With all three independent uncertainty sources now established, the combined standard



uncertainty for Material C is evaluated using the GUM law of propagation of uncertainty [6]:
u(combined) = V(u(res)? + u(rep)? + u(load)?)

=/(0.2892 + 0.0502 + 2.2262)

=v(0.0835 + 0.0025 + 4.955)

=+5.041

=2.245kg

The expanded combined uncertainty at k = 2 is:

U(combined) = 2 x 2.245 = +4.490 kg

Applying this to Material C's recorded deviation of -2 kg:

Actual deviation range = -2 £ 4.490 kg = -6.490 kg to +2.490 kg

The dosing report records Material C as compliant — deviation -2 kg within tolerance +2 kg, no
alarm triggered. The combined uncertainty evaluation reveals that the actual delivered quantity
may deviate from the requested amount by up to +4.490 kg, a range more than twice the

allowed tolerance. This result is entirely invisible in the computerized dosing report.

It is also important to take into account the common practice within the industry, where process
tolerance is always set lower than the tolerance of the formula itself. Thus, failing to comply with
process tolerance doesn't immediately mean it fails to comply with the formula tolerance.

However, as we will later see, the actual uncertainty in a Bulk GIW Batching system would
increasingly grow as it doses a later ingredient. A problem of uncertainty that uniquely existed in
this particular dosing system.

5.6.2. The Progressive Nature of Platform Load Uncertainty: Materials D and E

The uncertainty associated with platform load does not stop at Material C. As the dosing
sequence continues on Weigher W1, Materials D and E are dosed onto an already heavily
loaded platform, carrying progressively larger load-dependent uncertainty components.



Ingredient | Delivered | Accumulated | u(load) | u(combined) | U DEV | TOL Actual
(kg) Load (kg) (kg) (kg) (xkg) | (kg) | (zkg) | Range (kg)
Material A 121 121 0.242 0.364 | 0.728 1 4 |0.272 to
1.728
Material B 872 993 1.986 1.997 | 3.994 0 51 -3.994 to
+3.994
Material C 120 1,113 | 2.226 2.245 | 4.49 -2 2 | -6.490 to
+2.490
Material D 117 1,230 2.46 2.478 | 4.955 1 2 | -3.955to
+5.955
Material E 133 1,363 | 2.726 2.742 | 5.483 -1 2 | -6.483 to
+4.483

Table 3. Detailed batch report, with uncertainty factor calculated based on actual weigher reading.
Material D: REQ=118, DLV=117, DEV=1, TOL=42

At the moment Material D is dosed, the platform carries 1,230 kg. Applying 0.2% MPE:
u(load) = 0.2% % 1,230 = 2.460 kg

u(combined) = v(0.2892 + 0.0502 + 2.4602) = v6.138 = 2.478 kg

U(combined) = 2 x 2.478 = +4.955 kg

Actual deviation range = 1 + 4.955 = -3.955 kg to +5.955 kg

Reported as compliant. Cannot be confirmed as compliant.

Material E: REQ=132, DLV=133, DEV=-1, TOL=%2

At the moment Material E is dosed, the platform carries 1,363 kg. Applying 0.2% MPE:
u(load) = 0.2% % 1,363 = 2.726 kg

u(combined) = v(0.2892 + 0.0502 + 2.7262) = V7.517 = 2.742 kg

U(combined) = 2 x 2.742 = +5.483 kg

Actual deviation range = -1 £ 5.483 = -6.483 kg to +4.483 kg

Reported as compliant. Cannot be confirmed as compliant.

The pattern is unambiguous: as the dosing sequence progresses and the accumulated platform
load increases, the expanded uncertainty grows with each successive ingredient. Materials C,

D, and E — all reported as compliant with no tolerance alarms — cannot be confirmed as



compliant once measurement uncertainty is properly accounted for. The dosing report presents
five ingredients on W1 as successfully dosed. The uncertainty analysis reveals that three of

them are metrologically unverifiable from the report alone.

This cascading effect is unique to sequential cumulative dosing systems. It does not arise in
single-event weighing applications, and it cannot be detected, quantified, or reported by a
SCADA implementation that records only delivered weight values without an embedded

uncertainty model — consistent with the structural gap identified in Section 3.

5.6.3. Reference Chain Uncertainty in Bulk GIW Batching

Beyond the uncertainty associated with the accumulated platform load, Bulk GIW Batching
systems introduce an additional and structurally distinct source of uncertainty — one that arises
from the nature of how each ingredient's delivered weight is determined.

In a sequential cumulative dosing system, the delivered weight of each ingredient is not
measured directly as an isolated quantity. Instead, it is calculated as the difference between two
successive platform readings: the reading captured immediately after the current ingredient
stabilizes, and the reference reading captured immediately before dosing of that ingredient
began. This reference reading represents the accumulated platform load from all previously

dosed ingredients.

Both readings — the reference before dosing and the final reading after dosing — contain their
own measurement uncertainty, arising from resolution, repeatability, and platform load conditions
at the time each reading is taken. Under GUM conventions, when a quantity is determined as
the difference between two uncertain measurements, the uncertainty of both input readings

propagates into the derived result [6]:
u(Delivered) = V(u(reading after)2 + u(reading before)?)

This formulation reveals that the uncertainty of each ingredient's delivered weight is not
determined by the final platform load alone, but by the combined uncertainty of two successive

platform readings — each evaluated at its respective load conditions at the time of capture.

Consequently, the combined uncertainty for ingredients dosed beyond the first position in the
sequence is systematically larger than estimates based on the final platform reading alone.

To illustrate this, consider Material C from the table above. Under the correct metrological

treatment, its delivered weight is determined by two platform readings: the reference reading at



993 kg immediately before dosing begins, and the final reading at 1,113 kg when dosing

completes. Each reading carries its own load-proportional uncertainty. At 993 kg, u(ref) = 1.997

kg; at 1,113 kg, u(load) = 2.245 kg. The combined uncertainty of Material C's delivered weight is

therefore:

u(combined) = v(1.9972 + 2.2452) = v/(3.988 + 5.04) = v9.028 = 3.004 kg

U(combined) = 2 x 3.004 = +6.008 kg

This is notably larger than the +4.490 kg reported in the preceding section, which accounted

only for the final reading uncertainty. The difference — 1.518 kg — represents the contribution of

the reference reading uncertainty, silently omitted from the original calculation.

Applying this correction across the full dosing sequence yields the following revised uncertainty

values:
Ingredient Delivered | Acc. u(ref. u(acc. u(ref+ [ U DEV | TOL | Actual
(kg) Load (kg) | combined) | combined) | acc) (xtkg) | (kg) | (ztkg | Range
(kg) (kg) (kg) ) (kg)
Material A 121 121 0 0.364 | 0.364 | 0.728 1 4 10.272to
1.728
Material B 872 993 0.364 1.997 2.03 | 4.059 0 51 -4.059 to
+4.059
Material C 120 1,113 1.997 2.245| 3.005 | 6.009 -2 2| -8.009 to
+4.009
Material D 117 1,230 2.245 2478 | 3.344 | 6.688 1 2| -5.688 to
+7.688
Material E 133 1,363 2478 2742 | 3.696 | 7.392 -1 2]-8.392to
+6.392

Table 4. Detailed batch report with uncertainty from reference weight and actual reading weight.

From Material B onward, every ingredient faces exactly two uncertainty sources — its reference

reading and its final reading. The uncertainty does not compound indefinitely through the

sequence; each ingredient's evaluation resets at its own reference reading. However, because

both readings are taken at progressively higher platform loads, the combined uncertainty grows

systematically with each successive ingredient — reaching +7.392 kg for Material E, against a

tolerance of £2 kg.

There are two simple solutions to prevent the above problems.

First, position the smallest ingredient early in the sequence. Second, implement the highest

measurement uncertainty, calculate at a load equal to the weigher capacity, throughout all

ingredients.




However, both simple solutions have an impact on daily operational production.

In reality, the largest bulky material is often chosen to be dosed first in the sequence. This
decision is made because bulky large material could act as a buffer against mechanical gaps.
Preventing the loss of smaller ingredients. While applying the highest measurement uncertainty

indiscriminately may hamper operational flexibility.

Therefore, a more elegant solution is desirable. The paper proposes a dynamic, pre-calculated
measurement uncertainty for each ingredient in a formula, before the formula is released for

production.

5.7. Implications of Missing Measurement Uncertainty Model in Planning and Evaluating

Production Process.

The absence of embedded uncertainty information has implications at two distinct levels of
manufacturing reporting. At the batch level, it affects ingredient compliance assessment and
formula conformity decisions. At the aggregated level, it undermines inventory reconciliation,

material consumption reporting, and production performance evaluation.

Each is examined in turn.

5.7.1. Less Flexibility in Planning the Production Process

As already mentioned in Section 4.1. Minimum dosing parameters often become a debate
between the QC division and the production division. It sits between several principles that
become the foundation of Industrie 4.0: Fast, Accurate, Reliable, Flexible, and Holistic [8].

A strict minimum dosing parameter that is defined by the highest measurement uncertainty of
the weigher is reliable, but often time cause problem in operational production planning. Existing
weighers in the factory might not be available for certain ingredients in the formula, leading to
manual preparation of that ingredient. This is the dynamic trade-off between speed, reliability,

and flexibility.

As we can see from Section 5.6.3, without assigning an ingredient to another weigher, it is
possible to achieve measurement uncertainty below the allowed tolerance by changing the
sequence of an ingredient within the formula. At the same time, by knowing the potential



measurement uncertainty of each sequence, it is now possible to calculate the highest process

tolerance that still conforms to the formula tolerance.

As such, the implementation of measurement uncertainty within the Bulk GIW Batching SCADA

system increases reliability while maintaining flexibility.

5.7.2. Unreliable Detailed Process Report

This distinction has significant implications for manufacturing report interpretation. A dosing
report that appears to present precise delivered weight values for each ingredient is, in the
absence of recorded reference uncertainties, presenting quantities whose metrological basis
cannot be fully reconstructed. The delivered weight of each ingredient is a derived quantity — a
difference between two uncertain readings — and without both readings preserved with their
associated uncertainties, the uncertainty of the derived quantity cannot be determined from the
report alone [6][7].

This condition is consistent with the data completeness requirement established in OIML R 61-1
Section 5.9, which specifies that stored measurement data shall contain all relevant information
necessary to reconstruct an earlier measurement [5]. In the system under investigation, the
absence of reference reading uncertainty from the recorded data structure means this
reconstruction requirement cannot be satisfied for any ingredient beyond the first in a dosing

sequence.

The practical consequence is that the longer the dosing sequence and the heavier the
accumulated platform load, the less recoverable the uncertainty of individual ingredient
deliveries becomes from the printed report alone — yet the report presents all delivered
quantities with identical implied precision regardless of their position in the sequence.

5.7.3. Loss of Uncertainty Traceability in Aggregated Reports

The preceding analysis addressed measurement uncertainty in the context of individual batch
dosing records and formula compliance. A separate but equally significant problem arises at the
level of aggregated manufacturing reports, where the operational consequences of unmodeled
uncertainty manifest in a different context — one affecting inventory management, material

reconciliation, cost calculation, and overall manufacturing performance assessment.

Within practical manufacturing operations, detailed batch dosing reports are commonly reviewed

primarily by production and quality control personnel, particularly when quality anomalies or



process deviations are detected. Other operational departments — including warehouse
management, accounting, finance, and managerial functions — typically rely more heavily on
aggregated manufacturing reports rather than individual batch-level dosing records. Common
examples include total raw material usage per recipe, total raw material consumption across

production periods, and total finished product output.

Finished product reporting may often be cross-verified against bagging machine output records,
allowing relatively direct estimation of production quantity and material shrinkage. Raw material
consumption reporting, however, relies much more heavily on computerized dosing data derived
directly from the Bulk GIW Batching system process. At the aggregated reporting level,
delivered material quantities are represented only as accumulated totals, with no visibility into
individual dosing sequences, batch-level weighing conditions, or the sequence-dependent

uncertainty associated with each dosing event.

As a consequence, the information required to reconstruct effective measurement uncertainty is
no longer available within the aggregated report structure [5]. The original accumulated platform
load conditions, ingredient sequence positions, and uncertainty states associated with each
dosing event cannot be traced from summarized consumption figures alone. While a rough
generalized uncertainty estimate may still be possible, the sequence-dependent nature of
uncertainty in the Bulk GIW Batching system means that a single uniform error margin applied
across all materials becomes metrologically misleading [6].

This problem is compounded within total raw material usage reports, where materials originating
from different dosing sequences, different weighing conditions, and different accumulated
platform load states are combined into single summarized consumption values. The uncertainty
associated with early-sequence ingredients — dosed onto lightly loaded platforms — differs
fundamentally from that of late-sequence ingredients dosed onto heavily accumulated platforms.
Aggregating these into a single figure without uncertainty weighting produces a consumption

report whose implied precision cannot be supported by the underlying measurement process [8].

The practical consequence is that aggregated manufacturing reports may be used to assess
material shrinkage, reconcile inventory, or evaluate production efficiency against targets — while
the uncertainty embedded in the underlying dosing data remains unquantified and invisible. As
Imkamp et al. observe, a complete measurement result requires the best estimate of the
measured value, its unit, and the associated measurement uncertainty [8]. Aggregated
production reports as currently structured satisfy only the first two requirements, presenting



consumption figures as deterministic quantities with a level of implied certainty that exceeds the
actual metrological traceability of the dosing process [1][6].

This represents a structural limitation of the current reporting architecture — not an operational
error, but a consequence of the absence of an embedded uncertainty model within the SCADA
implementation. Without uncertainty information recorded at the individual dosing event level, it
cannot be propagated, aggregated, or presented at any higher reporting level, regardless of the

sophistication of the reporting system built above it [6][7].

5.8. Proposed Solution

The analysis presented in this study indicates that the absence of an embedded measurement
uncertainty model within the SCADA architecture that is investigated in this study causes three

distinct problems that are related to how the Bulk GIW Batching system operates.

While the dosing system records weight values throughout the manufacturing process, it lacks
the capability to evaluate, store, propagate, and report the uncertainty associated with those
measurements. Consequently, uncertainty information is lost at the point of measurement and

cannot be reconstructed from historical production records.

To address this limitation, a conceptual framework is proposed in which measurement
uncertainty is treated as an integral process parameter rather than as a calibration-related
attribute existing outside the manufacturing information system. The framework is based on a
hybrid uncertainty evaluation approach combining multiple uncertainty contributors relevant to

industrial dosing systems.

First, uncertainty associated with instrument resolution is incorporated as a Type B uncertainty
component. Resolution represents an inherent limitation of the measurement system and

contributes directly to the uncertainty of every dosing event [7].

Second, uncertainty associated with operational performance is evaluated through statistical
analysis of dosing accuracy under normal operating conditions. This component encompasses
factors such as dosing algorithm performance, process variability, and other operational
influences affecting the ability of the system to achieve the requested target weight. Because

these effects are derived from observed system behavior, they constitute a Type A uncertainty



contribution [7].

Future implementations may incorporate automated estimation of operational uncertainty
through the plant SCADA system. By periodically collecting verification measurements and
maintaining a historical record of dosing performance, the statistical component of uncertainty
could be continuously updated using current operational data. Such an approach would provide
a dynamic estimate of Type A uncertainty that reflects the actual performance of the dosing
system, rather than relying solely on infrequent studies or historical evaluations. This concept is
consistent with emerging Industry 4.0 approaches in manufacturing metrology, where
measurement systems increasingly incorporate continuous performance monitoring and

automated assessment of measurement quality [8].

Third, uncertainty associated with load-dependent instrument behavior is evaluated through
periodic calibration and verification activities conducted at multiple points throughout the
weighing range [4, 5]. By characterizing instrument performance at incremental percentages of
capacity, a load-dependent uncertainty function can be established, allowing uncertainty to be
evaluated as a function of accumulated platform weight rather than as a single constant value.
The combination of these uncertainty contributors enables each dosing weigher to be
associated with a quantified expanded uncertainty appropriate to its operating condition [6, 7].

Once available, this information can support several functions within the manufacturing process.

The first application is the evaluation of compatibility between a dosing system and a production
formula. A dosing system should be capable of achieving uncertainty levels that remain
acceptable relative to the tolerance requirements of all ingredients within the formula. In the Bulk
GIW Batching systems, this assessment must consider not only the requested quantity of an
ingredient, but also its position within the dosing sequence, since accumulated platform weight

may influence the uncertainty associated with a given dosing event.

In example we have formula below, assign to weigher with resolution of 1 kg, Capacity : 1500 kg
and MPE : 0.2%.

Ingredient Request Accumulated Load
(kg) (kg) TOL (kg)
Material A 120 120
Material B 875 995 10
Material C 120 1,115
Material D 115 1,230 3




Material E 130 1,360 5

Without measurement uncertainty in the SCADA, we put it against the highest possible

measurement uncertainty.
u(combined) = V(0.2892 + 0.0502 + 32) = ¥9.09 = 3.01

U(combined) = 6.02

Ingredient Request Accumulated Load
(kg) (kg) TOL (kg) |U(at cap.)
Material A 120 120 4 6.02
Material B 875 995 10 6.02
Material C 120 1,115 4 6.02
Material D 115 1,230 3 6.02
Material E 130 1,360 5 6.02

Against measurement uncertainty at capacity, only Material B can be assigned to this weigher,
but if the SCADA has measurement uncertainty model and apply it based on total load during

each sequence:

Ingredient Delivered | Accumulated Load u(combined TOL
(kg) (kg) utotal) (kg) | ) (kg) U (kg)
Material A 120 120 0.38 0.38 0.76 4
Material B 875 995 2.01 2.05 4.09 10
Material C 120 1,115 2.25 3.02 6.03 4
Material D 115 1,230 248 3.35 6.69 3
Material E 130 1,360 2.74 3.69 7.38 5

Now, Material A and B can be assigned to this weigher and even further, user can try to change

the sequence to assign as many material as possible into the weigher.

Delivered Accumulated Load u(combined TOL

Ingredient (ko) (kg) u(total) (kg) | ) (kg) u (kg)




Material D 115 115 0.37 0.37 0.74 3
Material A 120 235 0.55 0.67 1.33 4
Material C 120 355 0.77 0.95 1.89 4
Material E 130 485 1.01 1.27 2.54 5
Material B 875 1,360 274 2.92 5.83 10
Above example demonstrate the flexibility that can be achieved when Bulk GIW Batching
SCADA System have the measurement uncertainty model embed in them, without
compromising the system reliability.
The SCADA also can help the user to calculate process tolerance that still conform to the
formula tolerance and keep respecting the calculated measurement uncertainty.

Ingredient Delivered | Accumulated Load u(combine TOL |[Suggested

(kg) (kg) u(total) (kg)| d) (kg) U (kg) |TOL (kg)

Material D 115 115 0.37 0.37 0.74 3 2
Material A 120 235 0.55 0.67 1.33 4 2
Material C 120 355 0.77 0.95 1.89 4 2
Material E 130 485 1.01 1.27 2.54 5 2
Material B 875 1,360 274 2.92 5.83 10 4

The SCADA could even calculate the real time measurement uncertainty at the end of every
ingredient dosing process and recalculate the next ingredient’s tolerance. Give early warning
when the next ingredient’s new calculated tolerance no longer feasible for the existing weigher
under said Bulk GIW Batching System SCADA.

User then might have options to relegate the next ingredient to manual hand add or alternative
weighers within the system, whichever alternatives available.

The second application is uncertainty-aware process execution. During automatic dosing,
uncertainty information can be evaluated and propagated throughout the cumulative batching
sequence, allowing each dosing event to be recorded together with its associated uncertainty. In
this manner, uncertainty becomes a traceable characteristic of the manufacturing process rather

than an external assumption applied after production has been completed [8].

The third application is uncertainty-aware manufacturing reporting. By incorporating uncertainty



information into both detailed batch records and aggregated production reports, manufacturing
data can be presented in a form that more accurately reflects the metrological capability of the
underlying measurement system. Such reporting improves transparency and reduces the risk of
false interpretation arising from deterministic presentation of inherently uncertain measurement

results [8].

The implementation of uncertainty-aware dosing presents significant practical challenges. In the
Bulk GIW Batching systems, uncertainty depends not only on ingredient quantity but also on
cumulative platform load, dosing sequence, and instrument operating condition. As a result,
manual evaluation and application of uncertainty information would be impractical in routine

manufacturing operations.

For this reason, the proposed framework recommends that uncertainty evaluation, propagation,
recording, and reporting be incorporated directly into SCADA functionality. By embedding
uncertainty calculations within the system architecture, uncertainty information can be generated
automatically during planning, at the point of measurement, propagated throughout the
cumulative dosing process, and preserved within manufacturing records without imposing

additional operational burden on users [7].

Such integration would transform measurement uncertainty from a calibration-related concept
into an operational parameter available throughout production planning, dosing execution, and

manufacturing report interpretation [8].

6. Conclusion

Measurement uncertainty is a fundamental component of a complete measurement result [6][8].
However, uncertainty information is generally absent from SCADA-based sequential cumulative
dosing systems, where only deterministic weight values are recorded, processed, and reported.
As a result, manufacturing reports present dosing outcomes with an apparent level of precision

that cannot be fully supported by the underlying measurement system.

This study identified a metrological consequence that is unique to the Bulk GIW Batching
systems. Unlike isolated weighing operations, individual dosing events in a sequential dosing
process are not independent measurements. Each dosing event contributes to an accumulated
platform weight that serves as the reference condition for subsequent dosing operations.

Consequently, when uncertainty is not evaluated and recorded at individual dosing events, the



omission propagates throughout the cumulative batching sequence. By the time manufacturing
data are compiled into batch histories and aggregated production reports, the uncertainty

associated with the process can no longer be reconstructed from the recorded data.

Through field observation, practitioner inquiry, and literature analysis, this study demonstrated
that current reporting practices [1, 2] provide no mechanism for evaluating, storing, propagating,
or reporting measurement uncertainty within the dosing process. The analysis further showed
that long-established operational parameters, including maximum permissible error requirements
and minimum dosing limits, can be interpreted within a common metrological framework based
on measurement uncertainty, providing a previously undocumented explanation for their

practical application.

To address the identified gap, a GUM-consistent conceptual framework [6, 7] was proposed in
which uncertainty is evaluated at individual dosing events and preserved throughout the
cumulative dosing process, enabling uncertainty information to remain associated with

manufacturing data from measurement through reporting[8].

The principal contribution of this work is the identification of uncertainty propagation as an
inherent metrological challenge in the Bulk GIW Batching systems and the establishment of a
conceptual framework through which that challenge can be addressed. Future research should
focus on the development of quantitative uncertainty models, experimental validation using
industrial data, and implementation of uncertainty-aware functionality within operational

SCADA environments.
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