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ABSTRACT
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The aim of this thesis is to design operator-friendly interfaces for Valmet Automation Oy’s
process optimization product. The research focuses on identifying and reconciling the interface
needs of pulp mill operators.

The theoretical framework covers user interface (Ul) design principles and best practices, with
an emphasis on human factors at workplace and the following ergonomics. It also introduces
pulp mill processes and explains how it is managed using process control systems. From this
technical background, the thesis transitions into a deeper exploration of user experience (UX)
and interface design. Special attention is given to how human factors and ergonomic principles
can enhance operator performance and well-being through thoughtful interface design. The
theoretical section also outlines the ideal Ul design process and how established guidelines can
be applied in industrial contexts.

The empirical part of the thesis was conducted as an interview study involving a key user group
across pulp mills Globally. Pulp mill operators who are the primary end users. Insights from the
group were used to guide the design process.

Based on the theoretical findings and interview data, new user interface concepts were used for
the Valmet DNA Ul DCS - system. The design work was carried out in collaboration with project
stakeholders. As an outcome, several interfaces for fiber line were created including washing,
batch cooking, continuous cooking, oxygen stage, bleaching and steam/combustion manager.
These were tailored for operators and the operator interface includes only the essential
elements of the high-level control system to support decision-making and day-to-day operations.
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1 INTRODUCTION

User interfaces for operators in industrial automation systems are critical enablers of both
operational efficiency and safety. In the context of modern pulp and paper industry, where
competition among system providers continues to intensify by the day, delivering a user
experience that is both intuitive and performance-enhancing has become a key
differentiator. A well-designed user interface not only improves user satisfaction but also
contributes to operational safety and efficiency. When essential information is clearly
presented in the liking of the people using the system operators are able to make decisions
with greater confidence and are more likely to learn the control system effectively and

quickly.

As part of the Industry 4.0 breakthrough, automation systems are increasingly extending into
mobile platforms, offering more flexible work environments and enabling various forms of
remote interaction. However, this evolution introduces new challenges for user interface
design. Interfaces must now be optimized for multiple device types, ensuring usability across

both desktop and mobile environments.

This thesis was conducted in Valmet Automation Oy and explores how a the best Distributed
Control System (DCS) in the market for pulp mills should be designed to meet the needs of
pulp mill operators. The study presents theoretical foundations related to user experience
(UX) and user interface (Ul) design, particularly within industrial contexts. Key research
questions addressed include: What are the specific interface requirements of pulp mill
operators? How should the design process for such interfaces be structured? And how can

the differing needs of multiple user groups be reconciled within a unified interface solution?

To address these questions, an interview-based empirical study was conducted involving
pulp mill operators for several mills. The findings were then used to inform the design of a
new interface for the fiber line DCS. In addition to presenting this design, the thesis provides
a general reference framework for applying human-centered design methodologies in the

development of DCS interfaces.



1.1 Goal

Valmet’s automation solutions aim to deliver not only technological excellence but also an
intuitive and safe operator experience in increasingly digitalized industrial environments. The
evolution of automation and Advanced Process Control (APC) has shifted the control room
from a mechanical supervision task to a cognitively intensive decision-making environment.
Operators now manage model-predictive controllers, multivariable processes, and dynamic

optimization systems where usability directly influences both process efficiency and safety.

The goal of this thesis is to analyze and improve the usability of Valmet DNA (Dynamic
Network of Applications) APC applications within fiber processing operations of integrate
milll. The study examines how information visualization, interaction logic, and interface
layout influence the operator’s ability to understand and control complex process
phenomena—such as causticizing, washing, and bleaching—under the Valmet DNA

platform.

Through a combination of human-centered design (HCD) principles and empirical usability
testing, the research seeks to identify user experience bottlenecks and propose
improvements that enhance cognitive ergonomics, situational awareness, and decision

support for control-room personnel.

In addition to usability findings, the thesis aims to contribute to Valmet's product
development process by creating a structured evaluation framework for APC interfaces. This
framework integrates heuristic evaluation, user testing, and qualitative operator interviews
into Valmet's ongoing development of DNA Ul and related control applications. The long-
term objective is to establish a repeatable, evidence-based usability methodology for future

APC and optimization tools across pulp and paper industry applications.
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1.2 Research Questions

The thesis focuses on the intersection of human factors engineering, advanced process
control, and user experience design in control-room environments. To address this

intersection, the following research questions guide the study:

1. How effectively do Valmet DNA Ul APC applications support operator cognition,

situational awareness, and decision-making in mill operations?

This question explores how visualization, information flow, and feedback mechanisms
contribute to or hinder the operator’s ability to understand and manage multivariable control

systems in real time.

2. Which usability evaluation methods are deemed most appropriate for assessing

control-room APC interfaces in industrial automation contexts?

The focus here is on identifying which human-centered design and evaluation techniques—
such as heuristic analysis, usability testing, or contextual interviews can provide actionable

feedback in safety-critical process environments.

Together, these research questions aim to connect the technical layer of automation design
with the cognitive layer of human—system interaction, ensuring that Valmet’'s next-generation

automation products are both high-performing and human-centered.

1.3 Structure

The thesis follows a logical progression from process-engineering background to usability

evaluation and human-centered redesign. Its structure is outlined below.

Chapter 1 — Introduction

Presents the motivation, research goals, and questions of the study, outlining the need for
human-centered evaluation in integrate mill APC control environments.
11



Chapter 2 — Advanced Process Control in Integrate mill Operations

Provides theoretical background on APC and Model Predictive Control (MPC) principles. It
explains the pulp and board making processes and situates APC’s operational and

economic benefits within this industrial context.

Chapter 3 — Distributed Control Systems for a Pulp Mill

Describes the role of DCS in pulp-mill automation, with a focus on Valmet DNA architecture.
Subsections introduce function-block programming, UX integration within control

applications, and the DNA Ul interface layer.

Chapter 4 — User Experience for the Mill Operator

Defines UX and its communicative mechanisms, exploring operator interaction patterns,

mental models, visualization strategies, and usability attributes in industrial interfaces.

Chapter 5 — Ergonomics for Users in the Interface Design

Discusses cognitive, perceptual, and sensory limitations relevant to HMI (Human-Machine
Interface) design. The chapter translates psychological and ergonomic principles into

actionable design criteria for control-room environments.

Chapter 6 — Designing the Layout: From Heuristics to Human-Centered Industrial Interfaces

Connects usability heuristics and design guidelines to the practical layout of APC and DCS

interfaces. Emphasis is placed on consistency, readability, and cognitive efficiency.

Chapter 7 — Human-Centered Design and Process Models

Introduces human-centered design frameworks nternational Organization for
Standardization (ISO) 9241-210 and -220) and explains how analysis, design, prototyping,
and evaluation phases are applied in Valmet's APC development context.

Chapter 8 — Evaluation and Testing of UX Design
12



Describes the methods used in this study, including surveys, interviews, thematic analysis,

heuristic evaluation, and usability testing with real control-room operators.

Chapter 9 — Interview-Based User Research

Presents results from qualitative operator interviews, highlighting recurring themes such as
workload management, interface navigation, and situational awareness during APC

operations.

Chapter 10 — Research Conclusions and Thesis Results

Summarizes findings, discusses implications for Valmet DNA APC design, and proposes
design improvements and interface prototypes—including new tuning and operator

interfaces.

Chapters 11-13 — Summary, References and Python Module

Now we have established the importance of user-centered interface design in pulp-mill
automation and defines the goals, research questions, and structure of the thesis. We have
now been introduced to the cognitive demands placed on operators, the role of APC
systems in modern mill operations, and the need for usability methods that enhance
decision-making and situational awareness. The chapter outlines how the thesis evaluates
Valmet DNA APC applications through interviews, heuristic analysis, and human-centered

design frameworks to improve interface clarity, efficiency, and safety.
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2 ADVANCED PROCESS CONTROL IN INTEGRATE
MILL OPERATIONS

Valmet’s advanced process controls (represent the highest level of automation hierarchy in
integrate mill operations, functioning as supervisory optimization systems for complex multi-
input, multi-output (MIMO) processes. These applications are typically built upon model-
predictive control (MPC) frameworks combined with state-estimating soft sensors, which
together form a dynamic optimization layer above conventional proportional—integral—
derivative (PID) loops. The fundamental advantage of MPC-based APCs lies in their ability
to predict future process behavior and simultaneously consider multiple interacting
variables, constraints, and performance targets (Agachi, Cristea, & lonescu, 2017, pp. 32—
42; Qin & Badgwell, 2003).

In the context of pulp manufacturing, APC systems are deployed across the integrate mill to
stabilize and optimize key subprocesses: brown-stock washing, oxygen delignification,
bleaching, causticizing, lime-kiln and mechanical pulping operations. Each of these units
exhibits significant dynamic coupling changes in one stage can alter chemical balance, pH,
and alkali consumption in subsequent sections so a coordinated control strategy is essential.
Valmet’s DNAe and Valmet APC platforms integrate multiple MPC layers under a unified
control environment, allowing site-wide optimization of both quality (kappa number,
brightness, causticity) and economic objectives such as steam, chemical, and energy

consumption (Valmet Automation, 2023).

2.1 Model-Predictive Control Principles

MPC-based controllers operate by continuously solving a constrained optimization problem
over a finite prediction horizon. The controller predicts the future states of the process using
a linear or nonlinear model derived from plant-data identification or first-principles modeling.
Based on these predictions, the MPC computes the optimal sequence of manipulated-
variable adjustments that minimize deviations from quality targets while respecting process
and actuator constraints (e.g., valve limits, temperature bounds). Only the first control action

14



is implemented before the optimization is recalculated in the next control interval a structure

known as receding-horizon control (Camacho & Bordons, 2012).

Because of their optimization-oriented formulation, MPCs are best suited for higher-level
supervisory control where the interactions between variables are strong and the economic
consequences of suboptimal operation are substantial. In the pulp industry, where
processes are inherently nonlinear, exhibit long time delays, and depend heavily on
feedstock variability, MPC-based APCs can maintain quality targets that would be

impossible to hold by manual or PID-based control alone (Agachi et al., 2017).

2.2 Fiberline Context and Causticizing Subprocess

Within the chemical recovery and fiberline systems, the causticizing plant plays a critical role
in regenerating the white liquor required for kraft cooking. The process converts sodium
carbonate in the green liquor originating from smelt dissolving after the recovery boiler into
sodium hydroxide through reaction with slaked lime. The core reactions are highly
exothermic, multivariable, and involve several nonlinear dependencies among temperature,
residence time, lime quality, and liquor alkalinity (Biermann, 1996; Tran & Vakkilainen,
2008). Operationally, causticizing encompasses several interlinked stages including smelt
dissolving and green-liquor clarification, where dregs are removed to prevent scaling and
downstream contamination. Slaking and causticizing reactions, which define the sodium
hydroxide yield and thereby the white-liquor strength and lime-mud separation and washing,

followed by lime reburning in the kiln for chemical recovery.

Each stage introduces control challenges, such as maintaining optimal temperature and
solids content in the dissolver, balancing lime feed against green-liquor alkalinity, and
avoiding over-liming that leads to scale formation. The overall objective is to achieve the
desired causticizing efficiency (CE %) and white-liquor total titratable alkali (TTA) with

minimum variability.
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2.3 APC Implementation in Fiberline

Valmet’'s Causticizing APC employs an MPC architecture with integrated soft sensors for
estimating CE %, TTA, and residual carbonate levels based on online process signals such
as temperature, flow, and conductivity. The controller dynamically manipulates lime-slaker
feed rate, green-liquor temperature, and retention time to maximize white-liquor quality while
minimizing energy consumption and maintenance caused by scaling. The predictive model
anticipates process delays of up to 90 minutes typical for the reaction sequence, enabling

earlier corrective action compared with feedback-only control (Valmet Automation, 2022).

Beyond the traditional cooking, Valmet's mill-wide APC portfolio includes washing and
bleaching optimizers, which employ the same predictive-control principles. In brown-stock
washing, MPC stabilizes washer-displacement ratio, filtrate solids, and dilution factor to
reduce soda loss and bleaching-chemical demand. In bleaching, MPC manages chlorine-
dioxide, hydrogen-peroxide, or oxygen dosing relative to incoming pulp kappa number and
flow, coordinating reactor pH, temperature, and chemical ratios. These modules are
interconnected so that disturbances in one unit such as changes in washing efficiency or
digester alkali are automatically compensated downstream (Lindqvist et al., 2019; Valmet
APC Brochure, 2023).

2.4 Mechanical pulping context and subprocesses

In thermo-mechanical (TMP) and chemi-thermo-mechanical pulping (CTMP), wood chips
are softened (steam/alkaline pre-treatments in CTMP), then mechanically comminuted in
one or more pressurized refiners. The product quality emerges from a tightly coupled set of
unit operations: chip pre-heating and impregnation (CTMP), primary/secondary refining,
latency removal, fractionation (screens/cleaners), and reject re-refining. Key state variables
include chip temperature and moisture, specific refining energy (kWh/t), plate gap and
differential pressure, rotational speed, stock consistency, latency temperature, and
reject/accept ratios; quality responses span freeness/Schopper-Riegler, shive content, light-
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scattering/brightness, fiber length distribution, tensile/SCT proxies, and fines content
(Biermann, 1996). The physics are nonlinear and history-dependent: energy splits across
external and internal fibrillation, cutting, and fines generation; responses exhibit long delays
(latency chest) and strong interactions among energy, temperature, and consistency.
Downstream fractionation adds its own dynamics (screen AP, capacity, blinding tendencies)
and selectivity trade-offs between cleanliness (shive removal) and yield. These features
make TMP/CTMP a classic MIMO target for supervisory optimization rather than single-loop
tuning alone (Qin & Badgwell, 2003; Camacho & Bordons, 2012).

2.5 APC implementation in mechanical pulping

An MPC-based APC for mechanical pulping typically coordinates energy, quality, and
stability across the refining—fractionation train. Soft sensors estimate unmeasured quality
variables in real time—e.g., freeness/SR, shive index, tensile proxy, and brightness—from
combinations of motor load, plate gap, temperature, specific energy, and vibration,
complemented by laboratory feedback for bias-correction (Qin & Badgwell, 2003; Agachi et
al., 2017). The controller manipulates setpoints such as primary/secondary refiner specific
energy (or plate gap at fixed load), dilution water, refiner speed where available, latency-

chest temperature, and screening rejects rate to:
- hold quality proxies at targets with minimum variability
- minimize specific energy per tonne at equal quality

- maintain operating constraints (plate temperature, vibration, screen AP) that protect

plates and baskets.

Because true process dead times extend through latency and screening loops, the prediction
horizon must span tens of minutes, and move suppression must respect equipment rate
limits. Practical implementations also embed constraint-handling around trips and wear
(e.g., capping load when vibration rises) and feed-forward from furnish/wood mix and chip
moisture to pre-empt quality swings. In mills producing peroxide-brightened mechanical

pulp, the APC can hand off stabilized incoming freeness/consistency and temperature to the
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brightening stage, lowering peroxide consumption and improving final brightness uniformity
(Biermann, 1996; Camacho & Bordons, 2012).

2.6 APC for a triple-layer board machine (stock preparation,
screening/cleaning, approach flow)

Triple-layer board machines compound the control challenge by running three furnish
systems (top/middle/bottom) with distinct roles—e.g., cleaner, brighter top; bulkier middle
(often recycled/mechanical); and strong/supporting bottom. Across stock preparation, APC
coordinates refining intensity/specific energy by ply, fractionation setpoints (screen loads,
cleaner rejects), and chest consistencies/flows to deliver stable furnish ratios and
cleanliness to the approach flow. Quality-cost trade-offs are explicit: maintain SCT/bending
stiffness proxies and surface formation while minimizing energy and chemical usage. Soft
sensors and lab integration convert unit-operation signals into ply-level proxies for freeness,
shives/stickies risk, and fines fraction, enabling the optimizer to keep each ply inside its

design window.

In approach flow, an MPC layer supervises machine-chest level, thick/thin-stock blending,
fan-pump loop, air removal, and temperature to stabilize headbox pressure and consistency
before sheet formation. On top of that, dilution profiling and CD/MD basis-weight control act
as fast inner loops, while the supervisory APC manages slower inventory and quality
variables (ply ratios, ash/retention conditions) that feed those loops. For multi-ply forming,
the controller balances ply basis-weight setpoints and retention/chemistry conditions
(cationic demand, retention aid, starch) so that top-side printability and bottom-side bonding
targets are met simultaneously. Integration with wet-end analyzers (charge, conductivity,
turbidity) and white-water consistency allows proactive responses to contamination or
stickies excursions from recycled streams—e.g., temporary screening load shifts or

chemistry dose trims—before formation quality degrades.

Operationally, the APC provides grade-change choreography: sequencing
level/flow/consistency transitions, ramping refining energy and chemistry per recipe, and
enforcing permissives to avoid sheet breaks. It also coordinates constraints that couple
plies—for instance, limiting middle-ply specific energy ramps if total steam demand or
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vacuum limits would be exceeded. The result is a layered control architecture in which unit-
level controllers (refiners, screens, cleaners, headbox) retain fast authority, while the APC
sets optimal, constraint-aware targets to minimize variability and operating cost across the
three-ply system (Qin & Badgwell, 2003; Agachi et al., 2017; Smith, 2019; Valmet
Automation, 2023b).

Net effect. When the mechanical pulping APC delivers stable
freeness/cleanliness/temperature, and the board-machine APC holds ply ratios, approach-
flow stability, and CD/MD profiles, the combined system reduces chemical and energy
consumption, improves runnability and formation, and tightens end-product stiffness and
surface properties—benefits consistent with modern MIMO control literature and industrial
APC experience (Qin & Badgwell, 2003; Camacho & Bordons, 2012; Agachi et al., 2017;
Lindqvist et al., 2019).

2.4 Economic and Operational Benefits

From an operational-economics viewpoint, the introduction of APCs to mill processes
delivers measurable benefits. Stabilized white-liquor quality improves digester performance,
reducing cooking-chemical variability and over-consumption of sodium hydroxide and
sodium sulfide. Improved washer control lowers energy usage in evaporation and bleaching
stages. According to Valmet's field studies, typical performance improvements include 2—4
% reduction in active-alkali consumption, 3-6 % gain in pulp yield, and up to 5 % steam

savings in the mill (Valmet Case Studies, 2022).

Moreover, predictive stabilization reduces the frequency of manual operator interventions,
enabling operators to focus on higher-level diagnostics rather than constant adjustment. In
plants with advanced performance-monitoring systems such as Valmet Performance
Center, APC data are continuously transmitted to cloud analytics for benchmarking and
remote optimization, forming a closed feedback loop for continuous improvement (Valmet
2023; Korpela & Johansson, 2021).

The ongoing trend in mill automation is toward coordinated APC networks that span the
entire chemical and mechanical cycle from digester to bleaching and recovery. Integration
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of causticizing, white-liquor, and lime-kiln APCs allows optimization of chemical balance and
energy usage holistically rather than by unit. Additionally, the increasing incorporation of
machine-learning-enhanced soft sensors enables adaptive modeling for variables such as

lime reactivity and mud dryness that are difficult to measure online (Zhao et al., 2021).

Future developments point toward hybrid MPC frameworks where first-principles process
models are augmented by data-driven components, providing both physical interpretability
and adaptive accuracy. Such systems are expected to further reduce chemical consumption
and CO, emissions by dynamically balancing energy streams and reagent efficiencies
across the entire mill (Valmet R&D Reports, 2024).

This chapter outlines the role of Valmet’s advanced process controls as supervisory MPC-
based systems that optimize complex pulp- and paper-mill operations. It describes MPC
principles, the dynamics of key subprocesses such as causticizing, washing, bleaching,
mechanical pulping, and triple-layer board production, and explains how integrated soft
sensors and predictive models stabilize quality while reducing energy and chemical use. The
chapter also highlights the mill-wide benefits of coordinated APC networks, including
improved efficiency, reduced variability, lower CO, emissions, and enhanced operator
workload. Emerging trends such as hybrid MPC and machine-learning-enhanced soft

sensors are presented as future directions.
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3 DISTRIBUTED CONTROL SYSTEMS
FOR A PULP MILL

The following chapter provides an overview of the automation architecture that supports
pulp-mill operations, focusing on DCS and the Valmet DNA platform. It explains how DCS
technology enables reliable, real-time control for complex chemical and mechanical
processes and how Valmet DNA builds upon this foundation with modular engineering tools,
standardized function-block logic, and modern, human-centered operator interfaces. The
chapter establishes the technical and conceptual basis for understanding how control logic,
optimization layers, and user interfaces interact to support safe, efficient, and scalable mill

operations.

3.1 DCS systems

DCS constitutes the technological foundation of modern pulp-mill automation. It provides a
decentralized and highly reliable platform for controlling large-scale, continuous processes
that operate under tight safety and quality constraints. In a pulp mill, hundreds of unit
operations ranging from chip conveying and digesting to bleaching, evaporation, and
causticizing are controlled through this distributed network of autonomous but
interconnected controllers. By allocating control tasks across independent nodes rather than
relying on a single centralized unit, a DCS improves system availability, scalability, and fault
tolerance, which are essential in facilities that operate continuously for months without
interruption (Qin & Badgwell, 2003; Smith, 2019).

The functional organization of a DCS can be interpreted through the framework of the IEC
62264-1 standard, which separates industrial activities into five levels of automation. At the
top, enterprise-level systems (Level 4) manage business planning and resource scheduling,
while manufacturing-execution systems (Level 3) coordinate production workflows and

performance analysis. Levels 2 and 1 correspond to the DCS domain, where regulatory and
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supervisory control are executed, and Level O represents the physical process itself sensors,
actuators, and process equipment. Within this hierarchy, the DCS acts as the real-time
decision layer that continuously receives signals from field instruments and manipulates
valves, pumps, and drives to maintain process conditions within defined limits.
Communication between these levels relies on redundant industrial networks such as
Profibus, Profinet, or Foundation Fieldbus, which guarantee data integrity and resilience

against single-point failures (Valmet Automation, 2023).

The DCS integrates controllers, servers, and operator stations into a unified environment. In
Valmet's DNA platform, for example, each process controller typically handles thousands of
input and output channels, executing deterministic control cycles in the millisecond range.
The resulting architecture ensures that the various subsystems of the pulp mill such as
digester temperature control, oxygen-delignification flows, bleaching sequences, and
evaporation balance remain synchronized. This modular design also allows progressive
system expansion as new process lines or optimization modules are added without

compromising overall stability (Valmet Automation, 2022).

Historically, automation in the pulp and paper industry evolved from pneumatic and analog
instruments toward microprocessor-based systems in the late 1970s. The earliest
centralized Direct Digital Control (DDC) architectures soon revealed their limitations in
scalability and reliability. The introduction of distributed control in the 1980s transformed
process industries by assigning independent processing capability to each control node.
This distributed logic corresponded naturally with the physical segmentation of a pulp mill,
where the digester, washers, and bleaching plant each required specialized, localized
control. Over the following decades, the DCS became a fully integrated automation platform
capable of supporting open communication standards, data historians, and remote

connectivity for performance monitoring (Blevins et al., 2003; ISO/IEC 30141, 2018).

In the context of pulp production, the DCS assumes responsibility for supervising the
interdependent chemical, mechanical, and thermal subprocesses that convert raw wood
chips into pulp. Within the mill, the system regulates cooking-liquor circulation, chip level,
and alkali concentration to achieve the desired kappa number. Downstream, it coordinates
washer operation, filtrate recycling, and dilution control to optimize yield and minimize soda

losses. In the bleaching plant, it controls oxidant dosing and reactor pH to achieve stable
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brightness with minimal chemical consumption. Beyond the integrate mill, the DCS extends
to the chemical-recovery cycle, where it maintains the balance between the recovery boiler,
evaporators, and causticizing process. Each of these subsystems comprises tens or
hundreds of interdependent control loops whose stability relies on the deterministic timing
and redundancy of the DCS (Vakkilainen & Tran, 2020).

A particular strength of a modern DCS lies in its integration capability with APC systems.
While the DCS handles the regulatory layer keeping temperatures, flows, and pressures
within operational limits APC applications operate above it as supervisory optimizers.
Typically built upon MPC frameworks, these applications use dynamic process models and
state-estimation algorithms to predict system behavior and compute optimal setpoints for
multiple interacting variables (Agachi et al., 2017). For example, an APC system in the
digester may optimize cooking temperature, alkali charge, and retention time to achieve
uniform pulp quality at minimum chemical cost, while the DCS executes these optimized
setpoints and ensures stable control. Similarly, bleaching APCs adjust chlorine-dioxide and
peroxide dosages based on predicted pulp brightness and incoming kappa number,
coordinating chemical consumption with environmental and quality targets (Lindqvist et al.,
2019).

Designing a DCS for a pulp mill follows a structured engineering process. The project begins
with requirement specification, which defines the control philosophy, interlocks, and safety
functions for each unit. This is followed by hardware engineering, where cabinet layouts,
power supplies, and field I/O are designed in accordance with IEC 61511 functional-safety
requirements. The software phase employs standardized programming languages
described in IEC 61131-3 Function Block Diagram, Sequential Function Chart, or Structured
Text selected for their clarity and reusability. Function Block Diagram programming is
especially prevalent in pulp mills due to the repetitive nature of flow and pressure loops, its
graphical representation simplifies both debugging and future maintenance. After factory
acceptance testing, the control applications are downloaded to the distributed controllers,
validated on-site, and tuned in cooperation with process engineers to match actual mill

dynamics (Heikkinen & Juurinen, 2022).

From an operational perspective, the human—machine interface (HMI) forms the visible layer

of the DCS. Modern operator environments, such as the Valmet DNA Ul, follow the ISA-101
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and ISO 9241-210 guidelines for clarity and situational awareness. Color conventions, trend
displays, and alarm hierarchies are standardized to support rapid decision-making.
Operators can oversee multiple areas digester, washer, bleach plant, and causticizing from
a single console, navigating seamlessly between overview screens and detailed process
diagrams. Given the scale and continuous nature of pulp production, human-factor
engineering plays a decisive role in maintaining safety and efficiency. Poorly designed
displays or alarm floods can lead to cognitive overload, whereas harmonized DCS interfaces

enable predictive and proactive process management (Johansson & Lampinen, 2021).

Reliability remains a non-negotiable property of DCS architecture in pulp mills. Redundant
controller pairs, dual power supplies, and duplicated network paths protect against hardware
failures. Should one controller or communication channel fail, its standby counterpart
immediately assumes control without process disturbance. The DCS also provides built-in
alarm handling, sequence control, and historian data acquisition, forming the data backbone
for performance analysis and traceability. As industrial automation becomes increasingly
interconnected, cybersecurity has emerged as a new reliability dimension. The IEC 62443-
3-3 standard outlines measures such as network segmentation, authentication control, and
encrypted communication between process and business domains. These safeguards are
vital in modern mills, where integration with corporate IT systems and remote-service

connections exposes automation networks to new risks (IEC 62443-3-3, 2013).

The continuing evolution of DCS technology is closely linked with the Industry 4.0 paradigm.
Contemporary platforms incorporate edge computing capabilities that allow real-time
analytics and anomaly detection directly at the controller level, reducing dependence on
centralized servers. The integration of DCS data with cloud-based services such as Valmet’s
Performance Center facilitates remote diagnostics, benchmarking, and predictive
maintenance across multiple mills (Korpela & Johansson, 2021). The future trajectory of
pulp-mill automation points toward hybrid architectures that combine the determinism of
traditional DCS control with the adaptability of data-driven, machine-learning models. These
developments will enable autonomous optimization of chemical consumption, energy

balance, and product quality across the entire mill, from digester to bleaching and recovery.

Ultimately, the Distributed Control System is the cornerstone of pulp-mill automation. It

provides the real-time control environment, safety infrastructure, and integration framework
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upon which higher-level optimization and digital-service systems are built. The cooperation
between robust distributed control and intelligent supervisory algorithms ensures not only
process stability and efficiency but also environmental compliance and long-term
sustainability. As pulp and paper mills pursue carbon-neutral operation and greater digital
autonomy, the DCS will continue to evolve from a static control backbone into an intelligent,

networked ecosystem linking field-level reliability with enterprise-level intelligence.

3.2 Valmet DNA

Valmet DNA (Dynamic Network of Applications) functions as the foundational automation
and information platform upon which the control applications examined in this study are
developed, deployed, and evaluated. The Valmet DNA system is composed of modular
subsystems including HMI’'s, alarm and event servers, information-management
components, programmable controllers, and redundant backup infrastructure. These
components are interconnected via a deterministic and redundant industrial Ethernet
network that ensures high availability and fault tolerance properties critical to pulp- and
paper-mill operations, where downtime incurs significant economic loss (Vakkilainen & Tran,
2020). The modular nature of Valmet DNA supports both vertical scalability integration with
enterprise systems and advanced analytics and horizontal scalability, allowing expansion to
new process areas such as bleaching, chemical recovery, or power-plant control (Valmet
Automation, 2022).

Historically, Valmet DNA'’s lineage can be traced to the Damatic system, first commissioned
in 1979 at Enso-Gutzeit's Pankakoski mill in Finland. As one of the world’s earliest
distributed control systems (DCS), Damatic represented a paradigm shift away from
centralized analog instrumentation. The original design objectives emphasized operator
efficiency, multi-room collaboration, fault tracking, and modular extensibility objectives that
still underpin Valmet’'s design philosophy (Johansson & Lampinen, 2021). The evolution
from Damatic Classic through Damatic XD to the modern DNA architecture reflects not only
technological progression but also an increasing focus on human-centered design, cognitive
ergonomics, and visual consistency, in line with the recommendations of ISO 9241-210 on

human-system interaction (1ISO, 2019).

By 2014, more than 4500 Valmet DNA systems had been deployed globally across pulp and

paper, energy, marine, and chemical industries (Valmet Automation, 2014). This widespread
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adoption demonstrates both the platform’s scalability and its adaptability to varying process
complexities. The present study focuses on the core components most relevant to user-
experience evaluation: the Valmet DNA Ul, the DNA Explorer environment for navigating
system hierarchies, the Function Block CAD (FbCAD) engineering tool for logic
development, and the underlying controller infrastructure that executes the compiled

automation logic in real time.

3.2.1 Function Block Programming and Visual Logic Abstraction

At the heart of Valmet DNA’s engineering environment lies a domain-specific visual
language known as Function Block Language (FBL), implemented through the FbCAD
toolset. FBL was originally developed during the late 1980s as a response to customer
demand for graphical, easily maintainable control-logic documentation that would be
intelligible to process engineers without extensive programming backgrounds (Heikkinen &
Juurinen, 2022). Its syntax and graphical conventions mirror those of piping-and-
instrumentation diagrams (P&IDs), providing immediate familiarity for automation specialists

working in pulp and chemical industries (Blevins et al., 2003).

The FBL environment is divided into two conceptual layers: an engineering layer for logic
design, verification, and documentation, and a runtime layer for deterministic execution on
distributed controllers. Once designed, FBL logic is translated by a dedicated compiler into
Automation Language (AL) files, which are then converted into byte-code executables
executed by DNA controllers. This separation of concerns allows large-scale systems to be
engineered and maintained efficiently. In a typical integrated pulp and paper mill, the Valmet
DNA environment may encompass 5000—10 000 FBL programs, interfacing with 15 000 field
I/O points and managing well over 100 000 individual control blocks (Valmet Automation,
2022).

To streamline programming, Valmet DNA employs a template-based control-logic paradigm,
in which reusable templates encapsulate control strategies for standard field devices such
as pressure transmitters, temperature loops, or motor drives. Engineers instantiate these
templates by parameterizing setpoints, scaling constants, and interlocks, ensuring functional
consistency across the entire plant. This design methodology aligns with the IEC 61131-3
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standard, which defines Function Block Diagram (FBD) languages for programmable
controllers (IEC 61131-3, 2013). The template approach supports both knowledge reuse
and maintainability, reflecting established software-engineering principles of modularity and
abstraction (Magar & Vyatkin, 2016).

From a systems-engineering perspective, FBL’s visual abstraction enhances traceability and
collaboration. Engineers, maintenance staff, and process specialists can simultaneously
interpret and modify control logic, facilitating interdisciplinary work between automation and
process domains. Such transparency is particularly advantageous in pulp-mill environments,
where troubleshooting often involves cross-disciplinary teams addressing chemical,

mechanical, and control issues concurrently.

3.2.2 Control Applications and UX Integration

Control applications developed within the FBL environment represent the highest
abstraction layer of Valmet DNA’s real-time automation hierarchy. These applications
combine elementary function blocks logical, arithmetic, and sequencing elements with
composite structures representing motors, valves, and measurement groups. Each
application instance integrates alarm and event management, historical data logging, and
interlocking logic, ensuring coordinated control across complex process units such as

digesters, washers, and bleaching towers (Valmet Automation, 2023).

From a user-experience perspective, these applications constitute the primary interface
layer between human operators and process automation. They define how information is
perceived, acted upon, and contextualized in daily operations. Research in cognitive
ergonomics has shown that operator workload, situational awareness, and error frequency
are highly sensitive to feedback responsiveness, color-coding schemes, and information
density (ISO 9241-210, 2019; Endsley, 2018). Inconsistent design or unclear state feedback
can lead to increased cognitive load, slower decision-making, and reduced process safety.
Therefore, template-based control applications must be evaluated not only for functional

correctness but also for usability, consistency, and visual hierarchy.

Valmet's design philosophy integrates UX considerations directly into the engineering

process. Graphical elements such as bar graphs, process indicators, and alarm banners are
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standardized to ensure uniform interpretation across process areas. In practice, this
integration of UX and control engineering enables operators to transition between process
areas without re-learning visual conventions, thereby improving overall efficiency and

reducing training time.

3.2.3 Valmet DNA User Interface (DNA Ul)

The Valmet DNA Ul, launched in 2019, marks a major leap in Valmet’'s human—machine-
interface evolution. It is a modern, web-based platform designed to unify process data,
alarms, and control functionality within a single responsive environment. Built upon
contemporary web technologies and service-oriented architecture, DNA Ul supports cross-
platform compatibility, enabling access from desktop workstations, tablets, and mobile
devices (Valmet Automation, 2023). Its role-based authentication and authorization system
ensures that users view process data appropriate to their responsibilities, thereby

strengthening both usability and cybersecurity.

Unlike legacy operator displays often static and densely packed DNA Ul emphasizes clarity,
minimalism, and navigational consistency. Information is structured using clear visual
hierarchy and adaptive layout principles derived from ISO 9241-210’s human-centered
design framework. Navigation through complex process areas is facilitated by DNA Explorer,
which presents the plant’s hierarchical model in a tree-structured view, allowing users to

locate relevant units, loops, and interlocks efficiently.

In terms of cognitive ergonomics, DNA Ul aims to reduce operator fatigue and information
overload by standardizing color palettes and applying consistent semantic mapping between
alarms and process states (Korpela & Johansson, 2021). Responsive interaction design
enables fast alarm acknowledgment and direct access to underlying control applications.
For field engineers, the interface supports maintenance workflows, live trend visualization,
and integration with Valmet's Performance Center, which provides remote monitoring and
expert support.

From a research perspective, DNA Ul provides an ideal environment for investigating user-
centered design in industrial automation. Its layered structure combining visual logic

(FbCAD), runtime data, and HMI interaction makes it a rich testbed for examining how
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information presentation and interaction design influence operator decision-making and
situation awareness in high-reliability settings. The present study evaluates how DNA Ul and
associated control-application templates meet the diverse needs of user groups, including
field operators, automation engineers, and process supervisors. The analysis considers
usability metrics, visual hierarchy, and task-flow efficiency, building upon established
frameworks in industrial UX research (Endsley, 2018; ISO 9241-210, 2019; Johansson &
Lampinen, 2021).

We have now outlined the role of the DCS as the core automation layer in pulp production,
emphasizing its distributed architecture, redundancy, and integration with field
instrumentation and APC systems. It then describes the Valmet DNA platform, detailing its
modular control environment, function-block engineering methodology, and the DNA Ul
interface used by operators. The chapter brings forth how engineering tools, standardized
templates, and HCD principles combine to create a consistent and reliable control
ecosystem. Together, these elements form the technical backbone for real-time control,

operator interaction, and mill-wide optimization.
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4 USER EXPERIENCE FOR THE MILL OPERATOR

UX in industrial control environments represents the interface between human cognition and
automated systems. In pulp and paper mills, where operators oversee interconnected
processes such as bleaching, refining, and recovery, UX has direct consequences for safety,
efficiency, product quality, and mental workload. The operator’s cognitive model of the
system determines not only how effectively they respond to alarms and deviations, but also
how confidently they manage stable operation during long shifts (Endsley, 2018;
Heimbdirger, 2010).

From a design perspective, industrial UX must balance clarity, robustness, and efficiency
qualities that differ markedly from consumer UX. In continuous process industries such as
pulp production, operator interfaces are not merely tools for control but extensions of
Situational awareness. The experience must therefore be both functional and trustworthy,
supporting rapid comprehension and error prevention under varying cognitive loads (ISO
9241-210, 2019; McKay, 2013).

4.1 User Experience and Communication

ISO defines user experience (UX) as the “user’s perceptions and responses resulting from
the use and/or anticipated use of a product, system, or service” (ISO 9241-11:2018). In high-
stakes industrial applications such as pulp-mill control rooms, UX plays a pivotal role in
maintaining safety, process stability, and operator well-being. Well-designed interfaces not
only facilitate task execution but also influence learnability, trust, and decision accuracy

(Saariluoma, Jokinen, & Kujala, 2010).

UX extends beyond the Ul itself. While the Ul constitutes the visible layer of interaction, UX
encompasses the entire system of perception and action including system responsiveness,
alarm feedback, task structure, and even the emotional tone of operator—system
communication (McKay, 2013). In this context, the pulp-mill control environment represents
a sociotechnical ecosystem in which operators, engineers, and algorithms communicate
continuously. As Saariluoma et al. (2010) emphasize, UX in expert domains must account

for both cognitive ergonomics and the symbolic interpretation of technical representations.
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4.1.1 Communication as a Core UX Mechanism

Effective communication between the operator and the control system is at the heart of
successful industrial UX. In Valmet DNA or comparable DCS platforms, this communication
is mediated through graphical process displays, alarms, color codes, and feedback
messages, all of which must form a consistent and predictable dialogue with the user. Fluent,
context-aware communication reduces operator stress and error likelihood while reinforcing

system trust (Heimburger, 2010).

Industrial UX studies (e.g., Rosenzweig, 2015; McKay, 2013) highlight that operators
interpret interface behavior as a form of dialogue. When this dialogue becomes confusing
due to excessive alarms, inconsistent terminology, or delayed feedback users may develop
cognitive fatigue or distrust the system’s intelligence. Therefore, design principles supporting

effective user—system communication include:

- Interface-Centered Interaction: Treating the interface as a conversational partner that

offers relevant feedback and visual cues (Norman, 2013).

- Clarity and Brevity: Using concise, domain-appropriate language that conveys intent

without ambiguity.

- Purposeful Design: Ensuring that each visual element serves a communicative function

rather than aesthetic redundancy.

- Respectful and Intelligent Feedback: Providing informative responses that reinforce

operator confidence, e.g., confirming accepted actions or highlighting invalid operations.

- Intuitive Visual Language: Using consistent color, typography, and motion to convey

meaning quickly.

When communication is intuitive and bidirectional, operators experience transparency, a
feeling that they can “see through” the system to the underlying process (Endsley, 2018). In

contrast, opaque communication leads to hesitation and inefficient operation.
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4.1.2 Intuitive Communication and Mental Models

Operator interaction is guided by mental models internal cognitive representations of how
the system behaves (Saariluoma et al., 2010). These models are shaped by past
experience, training, and culture. In pulp-mill control rooms, mental models often develop
around the logic of physical processes (flows, tanks, and valves), and thus intuitive design

must mirror these real-world analogies.

Cultural and experiential factors influence how operators interpret icons, alarms, and colors.
For example, while red universally signals danger, the interpretation of green or yellow may
differ between regions or departments (Rosenzweig, 2015). Aligning interface design with

users’ existing schemas minimizes learning curves and error rates.

McKay (2013) outlines eight principles of intuitive Ul design, each directly relevant to
industrial systems: discoverability, understandability, affordance, predictability, efficiency,
responsive feedback, forgiveness, and explorability. In pulp operations, “forgiveness”
translates to reversible control actions such as safe-stopping sequences while
“predictability” ensures operators can anticipate cause-and-effect chains. An interface is
considered intuitive when operators can effectively use it without consulting manuals or

supervisors, even in abnormal conditions (McKay, 2013; Norman, 2013).

4.2 Interaction Design in Automation Systems

Interaction design governs how users navigate and act within the system’s digital
environment. In process industries, it determines how quickly and accurately operators can
monitor and influence the plant. Designing interaction methods requires understanding
operator workflows, environmental constraints (noise, lighting, and fatigue), and control

philosophy (manual vs. automatic operation).

According to Shneiderman (2005), effective interaction design in industrial systems must
prioritize simplicity, predictability, and feedback responsiveness. In pulp mills, where
operators monitor multiple process screens simultaneously, visual clutter and inconsistent
navigation models can cause critical delays. Therefore, interaction mechanisms must
minimize cognitive load by adopting consistent patterns for alarms, process groups, and
navigation trees (Johnson, 2014).
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4.2.1 Action Categorization and Optimization

Shneiderman (2005) classifies user actions based on frequency and importance:

- Frequent actions (e.g., acknowledging alarms, changing setpoints) should be instantly

accessible through direct buttons or keyboard shortcuts.

- Occasional actions (e.g., adjusting PID tuning) may require additional confirmation or

hierarchical navigation to prevent accidental changes.

- Rare actions (e.qg., startup or emergency shutdown) should involve multi-step safeguards

and confirmation dialogs.

In complex processes such as bleaching or evaporation, operators execute recurring
sequences valve alignment, temperature stabilization, and flow verification. These can be
optimized using automated routines or “macro” sequences, reducing manual effort and
ensuring procedural compliance. Research on human reliability in process plants confirms

that automation of repetitive tasks enhances safety and consistency (Leva et al., 2017).

4.2.2 Navigation Principles

Navigation within multi-layered interfaces is a cognitive challenge. In distributed control
systems such as Valmet DNA Ul, users move between process overviews, detail displays,
and trend views. To maintain orientation, interfaces should employ consistent navigation

metaphors (tree hierarchies, breadcrumbs) and predictable link behavior (Johnson, 2014).
Good navigation relies on:

Consistent visual indicators for clickable elements.

Descriptive and unambiguous headings.

Clear affordances distinguishing between monitoring and control elements.

Integrated search and help tools to support novices.
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In pulp mills, navigation efficiency is closely linked to incident response time. During upset
conditions, operators must rapidly switch between process areas (e.g., from the digester to
the recovery boiler) without cognitive disorientation. Clear navigation structures therefore

serve as a safety mechanism as much as a usability feature.

4.3 Visualization in Industrial Interfaces

Visualization transforms complex numerical data into meaningful patterns, enabling
operators to detect anomalies intuitively. In pulp-mill control rooms, visualization determines
how effectively staff can track process stability, energy consumption, or brightness control.
Proper use of charts, color codes, and spatial layout accelerates decision-making and

reduces training needs (Johnson, 2014).

In modern DCS systems, the challenge lies not in displaying data but in displaying the right
data at the right time. Poorly designed graphics can obscure critical information, while overly
detailed displays may lead to cognitive overload (Heimbirger, 2010). Thus, the designer’s

task is to balance abstraction and precision.

4.3.1 Layout and Reading Patterns

Human visual scanning follows predictable trajectories. Studies in visual ergonomics identify
several reading patterns: the Z-pattern, F-pattern, and Gutenberg Diagram (Johnson,
2014).bln process displays, the top-left corner is a natural entry point for vital parameters
such as flow or temperature. Central regions attract the longest fixation time and should
display status indicators or alarms. Bottom-right corners can contain trend plots or
secondary information. Aligning visual elements with these natural attention flows minimizes
search time and increases comprehension, particularly under stress. In control rooms with
multiple monitors, display grouping and peripheral cues help maintain spatial memory and

orientation (Endsley, 2018).
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4.3.2 Iconography

Icons in industrial systems translate physical operations into visual metaphors. Piping
symbols, pump icons, and tank outlines exploit users’ prior knowledge from process
schematics. Functional icons should remain visually consistent across all screens and
ideally be accompanied by tooltips or labels for clarity (Johnson, 2014). Standardized
industrial symbols such as ISA S5.1 ensure uniform understanding among multidisciplinary

teams.

4.3.3 Transitions and Animations

Animation, when used judiciously, enhances temporal comprehension by illustrating process
changes such as flow initiation or valve movement. However, excessive or continuous
motion leads to distraction. In DCS contexts, context-sensitive cues (e.g., blinking alarms,
fading process updates) should guide attention without overwhelming it (McKay, 2013).
Blinking red should indicate critical alarms only, while subtle color shifts can indicate process

transitions such as ramping temperature.

4.3.4 Typography

Typography in industrial HMIs must prioritize legibility and contrast. Sans-serif fonts (e.g.,
Helvetica or Roboto) are preferred for on-screen readability, with font sizes adapting
dynamically to screen resolution. Consistent alignment conventions left-aligned text for
descriptions, right-aligned numerical data support rapid scanning (Johnson, 2014). Effective
typography also conveys hierarchy: bold titles, normal text for parameters, and subdued

tones for background data.

4.3.5 Alarms and Error Visualization

Alarm visualization remains one of the most critical UX features in industrial systems. Poor
alarm design can create information floods during disturbances, causing operators to miss
vital warnings. Best practices derived from EEMUA 191 and ISA 18.2 recommend color-
coded severity (red = critical, yellow = warning, blue = advisory) and contextual grouping by

process area and time (Heimburger, 2010).
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Error messages should be actionable and instructive, e.g., “Flow transmitter FT-1030
disconnected — check signal cable,” instead of generic failure notices. Acoustical cues can
complement visual alerts but must be limited to prevent desensitization. Modern systems
also employ filtering, shelving, and prioritization to ensure that critical alarms remain visible

during overload situations (Endsley, 2018).

4.4 Managing User Errors

User errors in automation systems often reflect design deficiencies rather than operator
incompetence. These can be classified as mistakes (wrong decisions due to
misunderstanding), slips and lapses (unintentional execution errors), or violations

(deliberate rule-bending to bypass inefficiencies) (Reason, 1990; Shneiderman, 2005).

In pulp mills, where a single incorrect valve adjustment may cause safety incidents or
production losses, error-tolerant design is very important. Preventive mechanisms can for
example include predictive system behavior (e.g., disabling impossible actions),
confirmation dialogs for irreversible operations, visual indicators for process mode
(auto/manual), greying out inactive controls and implementing automated interlocks and
permissive checks (Heimburger, 2010). Automation does not eliminate errors it redistributes
them. Therefore, UX must support rapid detection and recovery. Operators should be able
to revert to safe states easily, and error messages should guide corrective action. In safety-
critical mills, error management is embedded into the Safety Integrity Level (SIL) framework
defined by IEC 61511, linking UX with system dependability.

4.5 Usability as a Component of UX

ISO 9241-11 (2018) defines usability as the “extent to which a product can be used by
specified users to achieve specified goals with effectiveness, efficiency, and satisfaction in
a specified context of use.” Usability thus forms the operational foundation of UX, focusing
on task success and performance metrics rather than subjective pleasure. In pulp mills,
usability translates into safe, efficient, and fatigue-resistant interfaces that sustain

performance over long shifts.
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According to Nielsen (1993), usability can be characterized by five attributes:

Learnability — the ease with which new users achieve competence.

- Efficiency — the level of productivity once proficiency is achieved.

- Memorability — how easily users regain proficiency after a break.

- Error tolerance — the degree to which systems prevent or recover from errors.

- Satisfaction — the user’s sense of comfort and acceptance.

While usability alone does not guarantee a positive experience, poor usability invariably
leads to frustration and mistrust. Usability evaluation in industrial systems often involves
heuristic evaluation, task analysis, and performance-based testing (Nielsen, 1993; Jokela et
al., 2003). In this study, usability serves as a measurable component of operator UX
quantified through error rates, task completion time, and subjective workload assessments
such as NASA-Task Load Index (TLX).

This chapter examines user experience in industrial control environments, emphasizing how
UX shapes operator cognition, situational awareness, safety, and process efficiency in pulp-
mill operations. It discusses communication, mental models, interaction design, navigation,
visualization, and alarm handling as core mechanisms that influence trust and decision-
making. Principles such as clarity, predictability, feedback, and cognitive ergonomics guide
effective Ul design. The chapter also covers error management, emphasizing prevention,
recoverability, and system transparency. Usability is framed as the measurable foundation
of UX, assessed through learnability, efficiency, error tolerance, and operator workload

within safety-critical mill environments.
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5 ERGONOMICS FOR USERS IN THE INTERFACE
DESIGN

The International Ergonomics Association (IEA) defines human factors (also referred to as
ergonomics) as ‘the scientific discipline concerned with the understanding of interactions
among humans and other elements of a system, and the profession that applies theory,
principles, data, and methods to design in order to optimize human well-being and overall
system performance.” In UX design particularly in industrial contexts such as pulp-mill control
rooms principles from cognitive psychology, human factors, and systems engineering are
essential (ISO 9241-11:2018; ISO 9241-210:2019). Although technology enables automation
and analytics, it ultimately serves human operators who make time-critical decisions under
uncertainty. In a well-functioning sociotechnical system, technical and human elements are
Jointly optimized so that tasks are allocated to the agent (human or automation) best equipped
to perform them, thereby reducing error, improving resilience, and sustaining performance

over long shifts (Heimbdirger, 2010, pp. 54-55; Vicente, 1999, Rasmussen, 1983).

5.1 Mind, Senses, and Work: Human Capacities that Shape Interfaces

Human limits in perception, attention, memory, and motor control strongly condition how
interactive systems should be designed. In control rooms, operators juggle alarm floods,
process trends, and interventions across multiple screens; poorly aligned Ul choices can
overload limited cognitive resources, increasing time-to-intervention and error likelihood
(Wickens et al., 2015; Endsley, 2018). Good ergonomics leverages human strengths pattern
recognition, contextual reasoning, and adaptive problem-solving while mitigating known
bottlenecks such as attentional capture and working-memory limits (Johnson, 2014, pp. 87—
121; Sweller, 2011). In practice, this means designing perceptually efficient displays,
predictable interactions, and error-tolerant controls that support situation awareness and
reduce cognitive load during both routine operation and upsets (Endsley, 2018; ISO 9241-
210:2019).
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5.2 Working Memory is Small: Design that Respects Cognitive Load

Working memory is the narrow “workspace” of human cognition. Contemporary research
places its capacity at roughly 3—5 chunks when dealing with meaningful, moderately complex
material, with performance highly dependent on chunking and prior knowledge (Cowan, 2000;
Johnson, 2014, pp. 87—101). In industrial Ul:

- Externalize state: Do not force operators to remember hidden parameters while
navigating; surface setpoints, modes, and interlocks near the controls they affect (Nielsen,
1993; Johnson, 2014).

- Chunk related elements: Group allied controls (e.g., valve set, pump pair, safety
permissives) and label them with concise headings to create stable perceptual “units.”

- Progressive disclosure: Show critical information by default; reveal detail on demand to
avoid clutter.

- Consistent mapping: Keep the same ordering, units, and color codes across screens to

strengthen memory cues and reduce “mode errors.”

Simple format choices (e.g., breaking long IDs into legible clusters, aligning decimals, using
consistent engineering units) measurably reduce memory load and speed visual search

especially during alarms or grade changes (Wickens et al., 2015; Johnson, 2014).

5.3 Attention is Fragile: Guiding Focus Without Distraction

Human attention is selective and easily captured by motion, luminance contrast, sound, and
biologically salient stimuli. That’s useful for alarms, but harmful when non-essential motion or

color fights for attention (Johnson, 2014, pp. 92-93). Design implications:

- Signal, don’t shout: Reserve blinking and red for highest-severity states (ISA-18.2/EEMUA
191 guidance). Overuse produces alarm fatigue and desensitization (EEMUA, 2013; ISA-
18.2, 2016).

- Minimize visual noise: Remove gratuitous animations and decorative gradients; prefer

calm, high-contrast palettes that increase legibility over long shifts (ISO 9241-210:2019).
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- Prioritize by task: Place primary controls and key KPIs in the operator’s central field of
view, push long-horizon trends or analysis panels to peripheral or secondary screens
(Endsley, 2018).

- Match temporal dynamics: For fast variables (pressure spikes), use immediate visual

salience, for slow variables (consistency drifts), use trend-based cues and thresholds.

- Multiple-resource theory suggests that distributing information across modalities (visual +

brief audio chime) can help when used sparingly and predictably (Wickens et al., 2015).

5.4 Seeing is Grouping: Sensory Thresholds and Gestalt in HMI

Vision is not merely seeing, it is grouping. Because the high-acuity foveal region is narrow
and most viewing is peripheral, operators rely on Gestalt principles proximity, similarity,
continuity, common region, figure—ground to segment dense displays into meaningful
structures (Wagemans et al., 2012; Johnson, 2014). Placing alarms near the equipment they
reference, bounding related controls within soft panels, using consistent shapes for similar
functions (valves vs. drives), and ensuring critical elements float cleanly from their
background via luminance contrast and whitespace all reduce search time and ambiguity.
Line routing that honors continuity orthogonal, non-crossing flows prevents visually induced
misreadings of process topology. Inclusivity belongs here as well: color must be a redundant
cue, never the sole carrier of meaning. Designing in grayscale first, then adding color as a
supplemental signal, yields displays that remain interpretable for users with color-vision
deficiencies and under variable lighting. In noisy or visually dense environments, multimodal
alarms (icon + color + brief tone) increase detectability without relying on a single sense
(Nielsen, 1993; EEMUA, 2013). Because fatigue compounds perceptual limits, eye-friendly
contrasts, moderate luminance, and typography that remains legible at distance paired with
genuine layout “breathing room” support sustained performance (Endsley, 2018; Johnson,
2014).
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5.5 Design for Real People: Building and Using Personas

Operator-centered design is not guesswork, it is grounded in structured representations of
who the users are and what they need. Personas evidence-based archetypes that summarize
demographics, goals, pain points, tasks, and constraints translate field research into
actionable requirements (Rosenzweig, 2015; Shneiderman, 2005). In industrial settings, a
single DCS/HMI ecosystem must serve multiple constituencies: console operators triaging
alarms and executing procedures, automation engineers configuring logic and diagnostics,
process engineers optimizing KPIs and grade changes, maintenance technicians managing
bypasses and calibrations and managers reviewing production and compliance. When
screens and workflows are reviewed against these personas, design choices become testable
hypotheses: can a novice acknowledge and investigate a medium-severity alarm without
getting lost? Can an expert reach a diagnostic trend from an alarm banner in two clicks?
Persona-anchored reviews improve cross-disciplinary alignment and accelerate usability
evaluation (Dantin, 2005; Jokela, Koivunen, & Kuutti, 2003; ISO 9241-210:2019).

5.6 From Principles to Screens: Practical Patterns for Industrial Ul

Translating principles into practice yields recognizable patterns. Layouts that follow natural
reading trajectories the Z- and F-patterns and the Gutenberg diagram place primary status at
the top left and central band, with secondary trends and logs in lower or peripheral regions
(Johnson, 2014). Navigation remains stable when a plant hierarchy tree, breadcrumbs, and
consistent “back” semantics are honored, and when search affords direct jumps to tag IDs or
physical assets. Iconography benefits from domain standards (e.g., ISA S5.1-style symbols)
reinforced with labels or tooltips at first exposure and optional hiding for experts. Typography
should be quietly disciplined: a legible sans-serif, left-aligned text, right-aligned numbers,
explicit units, and consistent significant figures. Transitions should be subtle and meaningful
valve open/close confirmations rather than decorative motion and blinking confined to the few
states whose immediacy justifies it (McKay, 2013; EEMUA, 2013). Alarm systems require
explicit philosophy and metrics: rationalization, prioritization, shelving, and flooding controls
per ISA-18.2/EEMUA 191 routine tracking of alarms per 10 minutes, standing alarms, and
time-to-respond as quality and UX indicators (EEMUA, 2013; ISA-18.2, 2016).
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5.7 Error is Information: Designing for Mistakes, Slips, and Violations

Human errors in automation are rarely “carelessness”; they are predictable outcomes of

cognitive limits and system design (Reason, 1990). A useful taxonomy distinguishes:

- Mistakes: wrong intention due to a flawed mental model (e.g., misinterpreting a mode).
- Slips/lapses: correct intention, incorrect execution (e.g., wrong valve clicked).
- Violations: deliberate deviations to circumvent friction (e.g., bypassing interlocks to speed

a task).

Design responses include constraint-based controls (disable impossible actions), confirmation
for irreversible actions, mode indicators (AUTO/MANUAL) adjacent to setpoints, greying
inactive elements, and interlocks/permissives that explain why an action is blocked
(Shneiderman, 2005; Heimbdurger, 2010). Error recovery should be forgiving: offer undo, safe-
stop, and clear, actionable messages (“FT-1030 signal lost check cabinet A1, terminal X3”). In
safety-instrumented functions, align Ul affordances with IEC 61511 so that safety integrity is
not undermined by interface shortcuts (Reason, 1990; ISO 9241-210:2019).

This section explains how human factors shape industrial UX, emphasizing the cognitive,
perceptual, and ergonomic limits that influence operator performance in pulp-mill control
rooms. It highlights constraints in working memory, attention, and visual processing, and
describes design strategies such as chunking, consistent mapping, controlled salience, Gestalt
grouping, and multimodal cues. The chapter also introduces personas for operator-centered
design and outlines practical Ul patterns for layout, navigation, typography, and alarms. Finally,
it addresses error types such as mistakes, slips, lapses, and violations and also presents
design principles that support error prevention, detection, and recovery in safety-critical

automation environments.
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6 DESIGNING THE LAYOUT: FROM HEURISTICS TO
HUMAN CENTERED INDUSTRIAL INTERFACES

In this chapter we examine how interface layout functions as the cognitive foundation of
industrial HMI. In pulp-mill environments, layout is not an aesthetic choice but a structuring
mechanism that shapes perception, situational awareness, and operator decision-making.
The chapter introduces the role of heuristics, interaction principles, and ergonomics in
creating interfaces that perform consistently across control rooms, touchscreens, and mobile
devices. As Industry 4.0 expands interaction modalities, layout design must support clarity,
predictability, and cognitive efficiency while adapting to diverse screens and workflows,

ensuring safe and intuitive operation under demanding industrial conditions.

The ISO standard 9241-110 (2020), Ergonomics of human—system interaction — Interaction
principles, defines a Ul as “a set of all the components of an interactive system that provide
information and controls for the user to accomplish specific tasks with the interactive system.”
In practice, a Ul is not merely a graphical display or control surface, it is the entire medium
through which human cognition meets machine intelligence. It encompasses informational,
physical, and sometimes verbal channels from touchscreens and keyboards to auditory

feedback and even gestural or eye-tracking inputs.

In industrial environments such as pulp mills, the Ul forms the critical bridge between process
automation and human decision-making. Operators rely on it to translate dynamic process
data into meaningful information, guiding actions that impact safety, product quality, and
efficiency. The layout, therefore, is not a cosmetic concern but a cognitive architecture a
designed environment that structures perception, thought, and control (Endsley, 2018;
Heimbdrger, 2010).

This thesis focuses specifically on display-based interfaces operated through traditional
controllers, touchscreens, or hybrid configurations. Although touch-based technologies have
existed since the 1980s, their adoption in heavy industry has historically lagged behind the
consumer domain due to concerns over durability, calibration stability, and operator gloves.
However, with the convergence of Industry 4.0 technologies, improved hardware robustness,
and the increasing prevalence of web-based control environments, touch and mobile

interfaces are now entering the industrial mainstream (Tokola, Niemi, & Vaatainen, 2016).



As interaction modalities diversify, layout design must evolve toward flexibility and
adaptability. The contemporary industrial interface must operate equally well on large, multi-
monitor control-room setups and compact, handheld tablets. This shift demands responsive
layouts that preserve usability, situational awareness, and performance consistency
regardless of device or resolution. In this context, the foundations of good interface design
clarity, consistency, and cognitive efficiency remain unchanged, but their implementation
requires modern interpretation (Johnson, 2014; 1ISO 9241-210, 2019).

6.1 Designing with Heuristics: From Principles to Practice

HCI research has long provided heuristic frameworks to guide interface design. Heuristics are
not rigid rules but experience-based design principles that capture common patterns of
human behavior and cognition. Among the most influential are Nielsen and Molich’s Usability
Heuristics and Shneiderman and Plaisant’s Eight Golden Rules, which together offer a

comprehensive framework for creating intuitive, efficient, and error-resistant interfaces.

In industrial contexts, where errors can lead to equipment damage or safety incidents, these
heuristics form the bedrock of design evaluation and iterative improvement. They provide
cognitive guardrails for ensuring that users remain oriented, informed, and in control, even
under high cognitive load or unexpected process states (Nielsen, 1994; Shneiderman, 2005;
Heimburger, 2010).

The enduring relevance of these heuristics lies in their psychological foundation. They
embody principles from cognitive psychology, human factors engineering, and information
design disciplines that have collectively shown that user performance depends as much on

perceptual clarity and feedback as on system reliability (Norman, 2013; Johnson, 2014).

6.2 Usability Heuristics by Nielsen and Molich

1. Visibility of System Status. The system should keep users informed about what is
happening through timely and context-appropriate feedback. In industrial control systems,
this principle translates to clear process states, updating indicators, and alarm

acknowledgments. (Nielsen, 1994)

2. Match Between System and the Real World. Interfaces should use domain-relevant
terminology, metaphors, and conventions that reflect operators’ mental models for

example, valve icons that correspond to actual equipment behavior.
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3. User Control and Freedom. Users must be able to undo or exit unintended actions. In a
DCS, this can mean safe “return to auto” or “cancel change” options to prevent irreversible

interventions.

4. Consistency and Standards. Visual and functional consistency enhances predictability.
Consistent color codes (e.g., red = fault, green = running) and aligned navigation models

reduce training time and error.

5. Error Prevention. Designing to prevent mistakes is more effective than handling them
later. For critical controls, confirmation dialogs and permissive logic are mandatory

safeguards (Reason, 1990).

6. Recognition Rather Than Recall. Essential commands and status information should be
visible and accessible, minimizing reliance on memory across screens or workflows
(Cowan, 2000).

7. Flexibility and Efficiency of Use. Expert users should have shortcuts and macros, while

novices require guided steps. The Ul must adapt to different skill levels.

8. Aesthetic and Minimalist Design. Information density should be balanced; every visual

element must serve a purpose. Clutter reduces efficiency and increases cognitive load.

9. Help Users Recognize, Diagnose, and Recover from Errors. Error messages must be
specific and instructive, allowing quick recovery. Abstract codes should be replaced with

meaningful text (e.g., “Level transmitter disconnected”).

10.Help and Documentation. Clear documentation, accessible online or contextually within

the Ul, supports users during training and troubleshooting (Nielsen, 1994; Nielsen, 2020).

The Eight Golden Rules of Interface Design by Shneiderman and Plaisant

1. Strive for Consistency. Uniform layout, icons, and terminology reduce cognitive

switching costs.

2. Seek Universal Usability. Interfaces should accommodate diverse user groups,

experience levels, and accessibility needs (ISO 9241-210, 2019).
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3. Offer Informative Feedback. Every user action should generate visible feedback;

response time must reflect task criticality (Shneiderman, 2016).

4. Design Dialogues to Yield Closure. Processes should have clear beginnings and

endings, such as confirmation of successful batch completion or alarm acknowledgment.

5. Prevent Errors. Critical actions should require confirmation. Preventive design reduces

incidents caused by inadvertent touches or misinterpretation.

6. Permit Easy Reversal of Actions. Undo functions promote exploration and confidence.

Operators should feel safe adjusting parameters, knowing they can revert.

7. Keep Users in Control. Predictable system responses reinforce trust. Users should never

feel the system behaves autonomously without transparency.

8. Reduce Short-Term Memory Load. Present relevant information in situ. Avoid forcing

users to remember parameters across views (Shneiderman & Plaisant, 2005).

Both frameworks emphasize error prevention, feedback, and cognitive transparency, which
are especially critical in process industries where decisions unfold in real time. These
heuristics continue to serve as diagnostic tools in heuristic evaluation a cost-effective usability
method where experts inspect a system against these principles to identify potential

breakdowns before user testing (Nielsen, 1994; Jokela et al., 2003).

6.3 Layout as Cognitive Infrastructure

Beyond heuristic compliance, effective layout design shapes how users perceive and interact
with complex data. A good layout functions as a map of meaning, directing attention through
visual hierarchy, contrast, and grouping (Johnson, 2014). For operators, clarity of layout
translates directly into situational awareness the ability to understand current process states,
anticipate changes, and act appropriately (Endsley, 2018).

Information architecture must therefore align with human perceptual tendencies. Eye-tracking
studies demonstrate that people scan displays following distinct visual paths, such as the Z-
pattern, F-pattern, or Gutenberg diagram, depending on screen density and task type

(Johnson, 2014; Wagemans et al., 2012). Critical information should occupy the upper left
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and central visual fields, while less time-sensitive or supplementary data should be placed
peripherally. This spatial prioritization mirrors the operator’s natural scanning rhythm and

reduces search time during alarms.

The principle of Gestalt grouping organizing visual elements by proximity, similarity,
continuity, and common region remains foundational in industrial Ul. Functionally related
components (e.g., a pump, valve, and associated transmitter) should appear together,
forming visually coherent clusters. Such design supports the operator’s mental model of the
physical plant, reinforcing the connection between virtual and real-world process structures
(Wickens et al., 2015; Johnson, 2014).

6.4 Modern Ul Trends and Industrial Adaptation

While fundamental design principles remain stable, technological evolution and user
expectations have redefined what good layout means in practice. The modern user expects
real-time visibility, remote accessibility, and personalized information delivery. This
expectation has carried over from consumer apps into industrial settings, pressuring legacy
systems to adopt web-based, responsive architectures (Tokola et al.,, 2016; Valmet
Automation, 2023).

One visible trend is the rise of digital dashboards compact, data-rich summaries that provide
real-time status across process areas. Dashboards condense complex process variables into
visual indicators, allowing supervisors to detect deviations at a glance. They are particularly
valuable in Industry 4.0 contexts, where operators may need to monitor systems remotely via
tablets or smartphones (ISO/TR 9241-100, 2020). However, small-screen environments
introduce new constraints: reduced precision, limited context, and higher risk of touch-based
“slips” (Nielsen, 2020). Consequently, designers increasingly adopt a mobile-first philosophy
building for the smallest screen first, then scaling upward.

Touch interfaces demand larger hit areas, increased spacing between actionable elements,
and clear visual affordances. Icons must visually communicate function and feedback (for
example, a button appearing pressed when touched). Yet, the convenience of touch must
never undermine control precision: in safety-critical contexts, command confirmation remains
mandatory. Designing for both desktop and mobile use thus involves a balance between
responsiveness and redundancy ensuring that essential information remains accessible,

even as layouts adjust dynamically.
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As systems evolve toward multimodal and context-aware interaction, future interface layouts
will likely integrate voice, gesture, or wearable inputs. In this hybrid paradigm, consistency,
feedback, and error tolerance remain the enduring design anchors. The ultimate challenge is
to ensure that as the medium changes, the human cognitive experience remains stable,
transparent, and empowering (Norman, 2013; ISO 9241-210, 2019).

No we have outlined how heuristic principles and HCD guide the creation of intuitive industrial
interfaces. It introduces key frameworks such as Nielsen’s heuristics and Shneiderman’s
Eight Golden Rules, emphasizing error prevention, feedback, consistency, and reduced
memory load. Layout is presented as cognitive infrastructure, shaped by visual hierarchy,
Gestalt grouping, and scanning patterns that support situational awareness. The chapter also
discusses modern trends such as including dashboards, responsive layouts, and touch-based
interaction where simultaneously highlighting the need to balance mobility with precision and
safety. Ultimately, effective layout design ensures clear communication, operational reliability,

and cognitively sustainable work in pulp-mill control environments.
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7 HUMAN CENTERED DESIGN AND PROCESS MODELS

HCD is examined as a structured, repeatable process for developing safe, usable, and
effective industrial interfaces. It highlights how systematic design methods transform
multidisciplinary insight into validated solutions, enabling engineers, designers, and operators
to collaborate around shared goals. Drawing on ISO 9241-210 and 9241-220, the chapter
explains how research, analysis, design, prototyping, and evaluation form an iterative cycle
that embeds human factors from the outset. In industrial automation, where technology is
mature but cognitive demands are high, HCD provides a critical framework for aligning system

functionality with real operator needs.

In UX and industrial system development, the design process serves as the backbone that
structures creativity into repeatable, verifiable practice. It converts intuition and technical
potential into an organized progression of research, synthesis, prototyping, and validation. A
well-defined process allows complex interdisciplinary teams as engineers, designers,
operators, and managers to move in synchrony, adhering to milestones and using common
vocabularies (Hartson & Pyla, 2012). When systematically implemented, design processes
also become mechanisms for organizational learning, creating institutional memory through

documentation, feedback loops, and cumulative design knowledge (ISO 9241-220:2019).

Design process models vary by domain software, industrial automation, service design but
most share a core cycle of pre-study, analysis, design, prototyping, evaluation, and iteration.
These stages can operate at multiple levels of abstraction: from conceptual architecture to
individual screen elements or interaction gestures. Importantly, process models differ in their
philosophical orientation. Technology-centered models emphasize performance, technical
innovation, and market speed, whereas human-centered approaches emphasize usability,
safety, and user satisfaction. In mature technology sectors such as automation, where
hardware and control algorithms are largely standardized, the human-centered perspective
has emerged as the key differentiator a source of both competitive advantage and workplace
wellbeing (Hartson & Pyla, 2012; Rosenzweig, 2015).
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7.1 From Users to Humans: The Human-Centered Design Process

The international standard ISO 9241-220:2019 defines HCD as “an approach to system
design and development that aims to make interactive systems more usable by focusing on
the use of the system, applying human factors, ergonomics, and usability knowledge and
techniques.” The term “human-centered” intentionally broadens the focus beyond the
immediate user to include the surrounding stakeholders maintenance staff, trainers, and even
organizational leadership whose work is affected by the system. In practice, the distinction
between “user-centered” and “human-centered” design is subtle but meaningful: the former
optimizes interface usability, the latter situates design within the full sociotechnical
environment (ISO 9241-210:2019; Gulliksen et al., 2003).

Human-centered design advocates collaboration between designers, engineers, and end
users throughout the development lifecycle. Instead of treating ergonomics as a late-stage
usability audit, HCD integrates cognitive and physical human factors from the very beginning.
For instance, an automation engineer developing a bleaching optimizer might define
functional requirements, but an HCD process ensures that operator cognition, alarm
perception, and workload distribution shape the solution’s interface and interaction patterns
(Heimburger, 2010). By embedding these perspectives early, costly post-implementation

redesigns are avoided and user acceptance rises (Rosenzweig, 2015).

Stakeholder participation lies at the heart of HCD. Techniques such as contextual inquiry,
participatory workshops, and workflow mapping enable the capture of tacit operator
knowledge skills and heuristics that are difficult to verbalize yet vital for safe operation (Vilpola
& Terho, 2008). Through interviews, collaborative sketching, and group evaluations,
designers build empathy and reveal mismatches between how a system is designed and how
it is actually used. Hartson and Pyla (2012) describe this as the “Design Process Wheel”: a
continuous, iterative cycle of understand — specify — design — evaluate that loops until both
functional and experiential quality goals are met. Each iteration deepens understanding,

producing not only better products but also richer models of human work.
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7.2 Analyze: Understanding Context and Constraints

The analysis phase anchors the entire design effort. Its purpose is to develop a
comprehensive understanding of users, their tasks, the physical and organizational context,
and the constraints under which they operate (Hartson & Pyla, 2012; Shneiderman, 2005). In
industrial automation, this often involves analyzing control-room environments, workflow

dependencies, and error scenarios.

Without a rigorous pre-study, design projects risk devolving into trial-and-error cycles that
never converge. Poorly understood user needs lead to misaligned requirements, late-stage
revisions, and diminished trust among stakeholders. Analysis methods therefore combine
qualitative field research semi-structured interviews, observations, and think-aloud sessions
with quantitative data from logs or surveys. In pulp-mill settings, field observations are
particularly valuable because operators possess extensive tacit knowledge: they recognize
process states by subtle sounds, rhythms, and visual cues that might escape formal

documentation (Heimburger, 2010).

To make sense of such qualitative material, designers employ thematic analysis, a structured
method for identifying recurring patterns and meanings in textual or visual data (Braun &

” o«

Clarke, 2006). Themes such as “alarm fatigue,” “communication gaps between shifts,” or
“data overload” guide the formulation of design objectives. Analysis does not end after the
initial phase; it recurs after every maijor iteration, functioning as a feedback mechanism that

ensures design decisions remain aligned with evolving user realities (Vilpola & Terho, 2008).

7.3 Design: From Insight to Concept

Once user needs are understood, the design phase transforms insights into concepts. Here,
abstract requirements crystallize into visual structures, information hierarchies, and
interaction flows. Early activities often include collaborative ideation, storyboarding, and
concept sketching, during which users and designers co-create future scenarios. This
participatory engagement fosters psychological ownership and significantly improves
adoption during deployment (Hartson & Pyla, 2012).
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Designing in industrial contexts must reconcile conflicting demands: high information density
versus clarity, automation versus human control, and efficiency versus safety. Conceptual
models, therefore, must mirror users’ mental models their internal representations of how
processes behave (Norman, 2013). When mental and system models align, learning is faster

and operational errors decrease.

The tangible outputs of this stage wireframes, control hierarchies, and layout drafts serve as
the blueprint for subsequent prototyping. Importantly, HCD treats these outputs as
hypotheses to be tested rather than finished artifacts. Each design element embodies

assumptions about user cognition that must be validated empirically (ISO 9241-210:2019).

7.4 Prototype: Making Ideas Testable

Prototyping operationalizes the philosophy of “fail early, learn fast.” By externalizing ideas into
manipulable forms, designers invite feedback and discovery that would otherwise remain
hypothetical. Prototypes vary widely in fidelity (how realistic they appear), scope (how much

functionality they include), and purpose (what they are intended to test).

Hartson and Pyla (2012) classify four primary prototype types that together form a

comprehensive toolkit:

Horizontal prototypes provide a broad overview of system features without functional

depth. They are ideal for early exploration of layout and navigation.

- Vertical prototypes dive deeply into one feature or workflow, allowing detailed usability

testing of complex interactions such as alarm acknowledgment or setpoint editing.

- T-prototypes combine breadth and depth by offering wide coverage with focused depth in

critical areas, supporting evaluation of both global coherence and local detail.

- Local prototypes isolate a single element such as a control dialog or color scheme to

compare alternative designs quantitatively or qualitatively.
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Selecting the right prototype type depends on project maturity, evaluation objectives, and
available resources. In industrial UX work, low-fidelity mock-ups drawn on paper can elicit
valuable insights from operators who might be intimidated by polished prototypes. Later, high-
fidelity simulations connected to real process data can test timing, visibility, and alarm
interaction under authentic cognitive load (Endsley, 2018; ISO 9241-210:2019).

7.5 Evaluate: Closing the Loop

Evaluation transforms design from assumption to evidence. It ensures that concepts, once
promising on paper, translate into usable, safe, and satisfying tools in practice. Evaluation is

not a single milestone but a recurring process integrated throughout development.

Early in the lifecycle, heuristic evaluation offers a cost-effective method for identifying usability
issues. Expert reviewers examine the interface against established principles such as
Nielsen’s heuristics or Shneiderman’s Golden Rules. This approach efficiently detects design
inconsistencies, unclear feedback, and violations of cognitive ergonomics (Nielsen, 1994;
Shneiderman & Plaisant, 2005).

Participatory or co-evaluation methods where designers and users jointly interpret results
offer especially rich insight. They promote shared understanding and direct the next iteration’s
priorities (Vilpola & Terho, 2008). The ultimate goal is alignment: a system that simultaneously
meets functional specifications, ergonomic principles, and the tacit expectations of those who

will live with it daily.

Although design process models may vary depending on the domain and application context,
most frameworks share foundational phases such as pre-study, analysis, design, evaluation,
and iteration. These phases are typically repeated at various levels of abstraction, including
information architecture, conceptual modeling, user interface page design, and detailed

interaction design.

UX design processes may be characterized by their underlying focus: either technology-
centered, where the emphasis is on technical innovation and market delivery, or human-
centered, where the design prioritizes human usability and ergonomics. These approaches
are not mutually exclusive but often coexist in practice, with HCD increasingly gaining
attention as competitive technologies mature and user satisfaction becomes a key
differentiator (Hartson & Pyla, 2012).
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Chapter 7 outlines the principles and phases of human-centered design for industrial
automation. It emphasizes the importance of understanding users, tasks, and context through
analysis methods such as interviews, observations, and thematic coding. Design concepts
are developed through participatory ideation and translated into prototypes of varying fidelity,
which enable rapid testing and refinement. Evaluation at this case including heuristic review
and co-evaluation with operators, so it ensures alignment between system behavior, human
cognition, and safety requirements. The chapter concludes that iterative, stakeholder-driven
HCD processes create more usable, accepted, and resilient systems than technology-

centered approaches alone, especially in complex pulp-mill environments.
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8 EVALUATION AND TESTING OF UX DESIGN

Now we focus on the evaluation and testing as essential mechanisms for validating UX in
industrial automation systems. Because designers and developers often become
desensitized to usability issues, structured evaluation provides an external lens that reveals
gaps in clarity, workflow logic, and error handling. The chapter outlines the methodological
continuum from qualitative discovery to quantitative measurement and highlights the need for
rigorous, ethically grounded evaluation in safety-critical environments such as pulp-mill
control rooms. Through surveys, interviews, heuristic inspection, and usability testing,
systematic evaluation ensures that design decisions translate into safe, efficient, and

cognitively sustainable operator experiences.

Designers and system developers are often so immersed in their own products that they risk
perceptual narrowing and optimism bias; what feels “clear” to the makers can be opaque to
operators under pressure. Systematic evaluation with customers, domain experts, and third-
party participants counteracts this bias by revealing breakdowns in comprehension, flow, and
error handling that insiders no longer notice. The scope and rigor of evaluation should scale
with the criticality of the system and the consequences of error: air-traffic control, medical
devices, and safety-instrumented industrial controls demand multi-year, multi-method
validation, whereas low-risk informational tools can be responsibly assessed with lightweight,
rapid methods (Shneiderman, 2005, pp. 140-141; ISO 9241-11:2018).

Methodologically, UX evaluation spans a qualitative—quantitative continuum. Qualitative
approaches (interviews, contextual inquiry, heuristic reviews, think-aloud protocols) surface
why users struggle, capturing expectations, mental models, and workarounds. Their strengths
are depth and discovery; their limits are subjectivity and smaller samples. Quantitative
approaches (task completion times, error rates, System Usability Scale (SUS), Usability
Metric for User Experience — Lite (UMUX-Lite), Use,Experience Questionnaire (UEQ), A/B
experiments, log analytics) provide measurable effect sizes, reliability estimates, and
statistical power at the cost of setup overhead and potential ecological validity gaps (Sauro &
Lewis, 2016; Tullis & Albert, 2013). The most robust strategy layers methods over time: begin
with exploratory, qualitative discovery to shape the solution; add structured, quantitative tests
as designs stabilize; and finish with field validation in the real operating context (O Broin,
2011; ISO 9241-210:2019).
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Two additional pillars elevate industrial UX evaluation. First, validity: do our measures capture
the construct of interest (usability under real workload)? Triangulate across converging
indicators e.g., time-to-acknowledge alarms, error recovery steps, NASA-TLX workload, and
SUS to mitigate single-measure bias (Shadish, Cook, & Campbell, 2002; Sauro & Lewis,
2016). Second, ethics and data protection: in operational plants, evaluation routinely touches
on personal performance and production data; plans must respect confidentiality, obtain
informed consent, and comply with frameworks such as General Data Protection Regulation
(GDPR) (Rubin & Chisnell, 2008).

8.1 Surveys

Surveys remain one of the most scalable instruments for capturing perceptions, satisfaction,
and perceived workload across roles and shifts. They can bracket the lifecycle pre-study
baselines, post-prototype feedback, and post-deployment pulse checks and complement
behavioral metrics with self-report (Shneiderman, 2005, pp. 150-162; Tullis & Albert, 2013).

To be trustworthy, surveys need:

- Clear objectives mapped to constructs (e.g., overall usability, learnability, trust, fatigue).

- Validated scales where possible: SUS (Brooke, 1996; Bangor, Kortum, & Miller, 2008),
UMUX-Lite (Lewis, Utesch, & Maher, 2013), UEQ (Schrepp et al., 2017), NASA-TLX for
workload (Hart & Staveland, 1988).

- Item discipline: avoid double-barreled questions; prefer 5—7 point labeled Likert items;
randomize item polarity sparingly (Sauro & Lewis, 2016).

- Pilot testing with 510 representative users to detect ambiguity and ceiling/floor effects.
In mill contexts, add role metadata (operator/engineer/maintenance), shift (day/night), and

unit (pulp/mechanical pulp/board machine) to enable stratified analysis. Where anonymity is

essential to candor, decouple identity from responses and report results in aggregates.
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8.2 Interviewing and Monitoring

Semi-structured interviews excel in early discovery, eliciting rich accounts of workflows,
constraints, and tacit expertise that surveys miss. Open prompts (“Walk me through your last

T

upset,” “Show me how you prepare for shift handover”) surface mental models and pain points
while allowing flexible probing (Rubin & Chisnell, 2008). Interviews benefit from artifact-based
prompts screenshots, trend prints, alarm logs to ground recollection in specifics (Tullis &

Albert, 2013).

Interviews are strongest when paired with contextual observation watching users in situ while
they work (Beyer & Holtzblatt, 1998). In industrial settings, much of what operators know is
tacit (recognizing a “healthy” soundscape, anticipating a drift from subtle trend shapes).
Observation reveals workarounds, tool ecologies, and communication patterns (e.g.,
whiteboards, radios) that should shape the interface. Be explicit about observer purpose to
reduce Hawthorne effects; keep sessions brief and repeat over shifts to capture variability
(Vilpola & Terho, 2008, pp. 14-21).

Ethically, inform participants that the system is under evaluation, not personal competence.
Recordings (audio/screen/video) require consent; store and process them per policy and law
(Rubin & Chisnell, 2008).

8.3 Analysis of Qualitative Data

Rich qualitative material warrants systematic analysis. Thematic analysis (Braun & Clarke,

2006) provides a transparent, six-phase path from raw transcripts to design-ready insights:

- Familiarization (immersion and initial notes),

- Code generation (label meaningful segments),

- Theme development (cluster codes into candidate themes),

- Review themes (coherence within themes; coverage across the dataset),
- Define & name (sharpen scope; choose clear labels),

- Report (build a narrative linking themes to research objectives).

57



Credibility improves with investigator triangulation (two analysts coding a subset and
reconciling differences) and reporting inter-rater reliability (e.g., Cohen’s; Landis & Koch,
1977). Traceability, quotations tied to theme exemplars helps stakeholders trust results. In
mills, recurrent themes often include alarm flooding, navigation disorientation, cognitive
overload during upsets, and handover friction; mapping these to concrete Ul requirements

speeds consensus.

8.4 Heuristic Evaluation

Heuristic evaluation is a fast, high-leverage inspection method where experts review an
interface against established principles (e.g., Nielsen’s 10 heuristics; Shneiderman &
Plaisant’s Eight Golden Rules) to flag violations and risks (Nielsen, 1993; Shneiderman &
Plaisant, 2005). It is especially valuable early, before expensive prototyping, and again before

release as a quality gate.

Empirically, a single evaluator finds roughly 10-50 % of issues aggregating 3—-5 evaluators

captures up to ~80 % (Nielsen & Molich, 1990). To maximize value it is important to:

- Provide scenario prompts (normal operation, alarm triage, grade change), not just free
browsing.

- Review through personas (novice operator, expert engineer, maintenance) to surface role-
specific friction (Dantin, 2005).

- Use severity ratings (frequency x impact x persistence) to prioritize fixes (Nielsen, 1994).

- Consolidate findings across evaluators to de-duplicate and resolve contradictions.

Limitations are real: experts can over- or under-predict user pain, and inspection can yield
false positives. Heuristics therefore complement, not replace, empirical user testing (O Broin,
2011; Sauro & Lewis, 2016).

8.5 Usability Testing

Usability testing empirically measures how well representative users accomplish
representative tasks with the system. Done well, it links human cognition to design choices

and quantifies improvement across iterations (Rubin & Chisnell, 2008; Sauro & Lewis, 2016).

Protocols. Begin when a prototype affords functional interaction (paper, clickable wireframes,
high-fidelity mockups, or instrumented builds). Define tasks that reflect real work (e.g.,
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“‘Acknowledge a medium-severity alarm and find its cause,” “Change a setpoint and verify
interlocks”). Use think-aloud to expose reasoning (Ericsson & Simon, 1993), but consider
retrospective think-aloud or co-discovery for high-workload tasks to avoid performance
distortion (Rubin & Chisnell, 2008). Always pilot the protocol.

Measures. Combine behavioral (task success, time on task, errors, backtracks), attitudinal
(SUS, UMUX-Lite, UEQ), and workload (NASA-TLX). In control-room contexts, add time-to-
acknowledge, time-to-stabilize, and number of screens visited. Capture screen/video logs for
later path analysis. For advanced studies, add eye-tracking (scan paths, dwell times) and

physiological proxies (heart-rate variability) where feasible (Poole & Ball, 2006).

Sample sizes. The “five-users” heuristic is efficient for formative testing when issues are
abundant and obvious; later summative tests aimed at precise benchmarks require larger
samples and power analysis (e.g., to detect a 20 % time reduction with a =.05) (Sauro &
Lewis, 2016). Balance statistical purity with operational constraints; in industrial settings, three
short formative rounds of 5—8 users each often outperform a single large test (Rapid lterative
Testing and Evaluation (RITE) approach; Medlock et al., 2002).

Ecology. Lab tests maximize control but can under-represent situational stressors (noise,
interruptions, multi-screen environments). In-situ field tests and shadowing during live
operation increase ecological validity; A/B deployments and telemetry-based experiments
(e.g., controlled rollout of a new alarm view) extend evaluation to production with safeguards
(Kohavi et al., 2007).

Debrief. Conclude sessions with structured debriefs: short post-task ratings, SUS/UMUX-Lite,
and open prompts (“What surprised you?” “What would you change first?”). Remind
participants the system, not they, is being tested to encourage candor.

Now we have presented a comprehensive framework for UX evaluation in industrial contexts,
emphasizing the value of combining qualitative insight with quantitative rigor. It details
methods such as surveys, interviews, contextual observation, thematic analysis, heuristic
evaluation, and usability testing, explaining how each contributes to understanding operator
performance, workload, and cognitive fit. The chapter stresses the importance of
triangulation, ecological validity, ethics, and confidentiality in real plant environments.
Ultimately, evaluation is shown as an iterative, multi-method process that transforms design
assumptions into evidence-based improvements, ensuring that industrial interfaces support

safe, efficient, and trustworthy operation.
59



60



9 INTERVIEW-BASED USER RESEARCH

This study employed semi-structured interviews to investigate the user experience of DCS
from the end-user perspective in two different mills. Two participant groups were interviewed:
both were control room operators at a board mill in who serve as the primary end-users of the
APC systems but the first group was located in Europe and the second in USA. The primary
goal was to understand the operators’ preferences for interaction with control interfaces, their
expectations and how they want to use the interfaces. From this the operators were asked to
draw their own interfaces and explain why they would like the interfaces to be this way, so we

can learn how to design the optimal interfaces in the future projects.

All interview data were analyzed using thematic analysis, and the resulting themes are
presented in Tables 1 and 2. These findings formed the basis for designing new interface
concepts for the strength control system and are intended to serve as design references in

ongoing and future projects.

9.1 Operator Interviews

Five board mill operators participated in interviews in each location during a three-day mill
visit with a 2,5 hour time slot, supported by written feedback gathered from colleagues during
shift work. All the interviews were conducted live in the process operator room and they
included an operator and their shift supervisor. For conversation and design support, interview

questions were prepared.

Interviewer helped draw the designs if needed to a powerpoint slide.

Questions for the operators (Table 1) revealed a clear preference for simplicity, clarity, and
minimal cognitive load in interface design. Operators emphasized the importance of process
visibility through well-organized trends, easily interpretable process states, and minimized
page switching. Graphs were identified as critical tools for diagnosing process behavior and
validating control method changes. Additionally, feedback highlighted the undesirability of
redundant or overly similar display pages, which can dilute the salience of essential process

information.

Despite limited verbal feedback in interviews an anticipated challenge in industrial field

research the findings reinforce the need for role-specific Ul simplification. The interviews
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suggest that operators value consistency, contextual information, and seamless workflows

over aesthetic or technical design complexity.

Future iterations of this research would benefit from extended observation in situ during
control room operations. This would allow richer data collection through contextual inquiry, as

many operator insights stem from tacit knowledge not easily articulated in interviews.

Participants noted that Ul modifications are typically performed with low effort and are often
based on legacy designs or ad-hoc adaptations. Communication with operators during
commissioning is limited, although valuable colleague feedback is often received after some
operational experience. Notably, historical data visualizations and trend charts were
universally acknowledged as critical for both engineers and operators during process

monitoring and optimization.

Theme and a "wake-up” question about the theme

Theme Question of the theme

Outcomes Where do you look first if you are only nearly making the spec

Workflow Which process values you watch as proxies for strength

Data sources Online- and lab-measurement disagree, which one do you
believe

Controlling the process Is there too risky controls that you want to avoid?

Pain points What signals usually precede problems by 10-30minutes

Targets and limits What is the “golden roll” — setup

Scenarios to design What variables must land first to protect strength?

Preferences for | What trend horizons help you?

visualization

Collaboration and | What should be noted at the shift change?

handover

Trust and transparency What justification do you want for recommendation?

Constraints What hard limits are there?

Wishlist What would magic button for strength do?

Table 1. Questions for the operators
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The interview study revealed operators strong preference for simple, clear, and low-cognitive-
load interfaces. Process visibility, well-structured trends, and reduced page switching
emerged as key requirements. Operators valued consistency, contextual cues, and role-
appropriate information rather than aesthetic complexity. Trend charts and historical data
were universally viewed as essential for diagnosing process behavior. Interviews also
exposed workflow challenges, legacy-driven Ul modifications, and limited communication
during commissioning. Although verbal feedback was concise, the themes identified—
workflow, trust, pain points, constraints, and visualization needs truly form a foundational
guideline for designing next-generation strength-control interfaces and highlight the value of

deeper contextual observation in future work.
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10RESEARCH DISCUSSIONS AND THESIS RESULTS

As This study presents redesigned user interfaces for advanced process control (APC) in a
board mill. These designs have been implemented within an ongoing industrial project and
were validated through heuristic evaluation in collaboration with project stakeholders. Due to
confidentiality constraints, specific system configurations and real-time process data are not

disclosed in this thesis.

The APC system is integrated into the Valmet DNA platform, operated via the Valmet Ul a
web-based HMI framework. The control room configuration includes multiple operator
workstations equipped with large-format wall displays, extended desktop monitors, and tablet
devices. The system is designed to be operated via keyboard and mouse as well as via touch

inputs from tablets, allowing both stationary and mobile use.

The Valmet Ul adopts a high-performance HMI philosophy, emphasizing visual clarity and
reduced cognitive load through contrast-reducing grayscale design. This approach enhances
the operator’s ability to focus on relevant information by avoiding visual clutter and improving
the saliency of alarms. The Ul includes both dark and light themes, which automatically adjust
interface element colors, optimizing usability across different lighting conditions, such as

during night shifts.

Unlike its predecessor (DNA Operate), the new Ul prevents critical data from being obscured
by eliminating floating windows. Instead, the layout supports multiple concurrently visible
pages that are arranged side-by-side without overlap. These are scalable and reorderable,
facilitating task-specific interface configurations. The Valmet Ul connects directly to the

distributed control system, enabling real-time visualization of process data.

In addition to new designs, selected legacy interfaces in DNA Operate were modernized to

reflect human-centered design principles established in this study.
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10.1 Design of the New Interfaces

Operators and the study conductor have decades of experience regarding pulp and board —
making. Also we all had some opinions of how the Ul should look. Fortunately the operators
have big screens so there is room for all the possible details that might be required for the
interface without making the page look too full. | conducted the study and sketched the

possible DNA Ul — screens from what the operators wanted.

10.1.1 Operator Control Interface

The interface development began with a focused analysis of the pulp and board process.
followed by user interviews where we discussed and sketched possible alternatives for the
screens. We found out that legacy interfaces were frequently overloaded with measurements

and excessive color contrast, contributing to user fatigue and increased cognitive load.

Interviews with pulp mill operators revealed that their interaction with APC interfaces is
primarily episodic mainly when initiating or adjusting control modes. This contrasts with
continuous use of standard process displays. As such, the operator interfaces must
emphasize clarity and simplicity, while ensuring visibility of key process indicators and control

mechanisms.

Given the divergent needs between end-users and support personnel, this study recommends
the implementation of role-specific interfaces. Control tuning and operator display pages
should be designed separately to avoid overloading either group with irrelevant data. This
separation enhances usability by tailoring the content, layout, and interaction methods to the

tasks and contexts of each user group.
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From these findings we were able to come to a conclusion with figure 1.

Shives Brightness Tensile SCT MDJCD

Freeness Scott Bond

Figure 1. First draft from operators for combined APC — page for pulp and board

In cases where comprehensive main process displays already exist, operators interact with
the APC interface only when adjusting control strategies. For such use, a minimalist interface
is sufficient displaying key measurements, control state indicators, and concise trend views.
However, in installations lacking detailed process overviews, the APC page may serve as the

primary operational interface for the causticizing area.

In these cases, interface complexity must be minimized by limiting displayed elements to
essential information. The page hierarchy should follow a modular structure: a main process
overview page, supported by unit-level pages and component-level diagnostic views. This

structure promotes intuitive navigation and minimizes task-switching demands.
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Graphs are emphasized as the central component of the operator interface, providing visual
access to recent process history. This supports decision-making by enabling operators to
assess the impact of previous control actions and process disturbances.

From the first iteration of the design, the operators wanted to bring a larger scope to the

screens in figure 2.

Brightness Tensile SCT MD/CD

Freeness refining Scott Bond Burst prediction

Freeness BM1 Burst Past 24h Burst BM1

Figure 2. Second draft with more detailed process parameters

We had several fiber measurements at the mills so with this graph we could more accurately
show how the fiber and the predictions would be changing throughout the process from pulp
and mechanical pulp mill to board mill. For myself it started to get a bit crowded, but the

operators felt it was easier to use since you could see more information with one glance.

We tested a lot of process-modelling graphs to be able to test out different process model
outlooks before starting to bring the ideas to Valmet design team. The code we eventually
ended up with a lot of trial and error and help from Valmet Microsoft co-pilot is listed as “full

Python module in Appendix A.”
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10.1.2 DNA Interface design for plant-wide view

Eventually we wanted to start developing the screens for the final Valmet DNA Ul — for the
mechanical pulp mill. In Valmet DNA the control hierarchy is important as the top level
provides a plant-wide dashboard view displayed in big wall monitors. We decided that in this
project we would design those from the mechanical pulping mill to the board machine. We
would then leave the more detailed process area displays, unit level controls and device

diagnostics out of this scope.

10.1.3 BCTMP-mill view

For mechanical pulping, the main thing would be to make pages as clear as possible for the
users by applying the design principles that have been discussed in this thesis in figure 3.
The design needs to be light but informative and the operator needs to know from the symbols
and figures what is going on in the process. The symbols for the different process stages are
simultaneously unique but tied to the process they are connected to. The large refiners in the
1st stage refining look like refiners but big ones and the smaller 2" stage Low Consistency

(LC)-refiners look like refiners but smaller ones.

Impregnation 1_st stage HC refining MC bleaching
Ch'psk ( ] Washing 1
7 0.000 unit 0.000 unit
HC bleaching
™) 0.000wnt Y] 0.000 unt
i 0.000 unit
Washing 2 Washing 3 2.nd stage LC refining 7
] i | 0.000unt | 0.000 unit Screening
J J 0.000 unit |
- P I 3 L 0.000 unit
0.000 unit 0.000 unit — =
J
Reject LC refining Gelectcicario
! 0.000 unit
: 0.000 unit 0.000 unit
Thickening Washing4

| 0.000 unit |

0.000 writ |
< ToBM.

Figure 3. BCTMP — mill plant view, unit values for MAPQ, Peroxide, pH and Brightness

(Valmet Internal)
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10.1.4 Stock preparation plant view

For the stock preparation, meaning where the different kind of fibers are mixed before board
machine. In this area it is very important to know the fiber properties so we know how to mix
the fibers in the most efficient way. Stock preparation also drives both quality and cost, so
also the people in the headquarters and purchasing might be interested in seeing the values

of these screens.
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Figure 4. Stock preparation — plant view with unit values for MAPQ and WEM (Valmet Internal)

10.1.3 Approach flow view

Approach flow view must give a stable overview of the headboxes. What kind of grammage is
there and what are the consistency/ash — targets. This area truly connects the fiber producing
mill to the board producing mill and the information is easily lost in this part of the process. The
measurements must be in good condition so we can follow the fiber through these processes
so that we can determine where and how the fiber is changing and how we can stabilize it or

manipulate it even more.
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Figure 5. Approach flow — plant view with values for MAPQ and RMS5 for brightness.

The redesigned APC interfaces prioritize clarity, reduced cognitive load, and role-specific
functionality based on operator interviews and process analysis. Operators highlighted the
need for simplified screens, strong trend visibility, and minimized page switching. Early drafts
explored minimalist and extended layouts, with operators favoring broader process visibility
even at the cost of screen density. These insights guided the development of plant-level
dashboards and mechanical-pulping views within the Valmet DNA Ul, incorporating process-
specific symbols, modular hierarchies, and clear layout patterns. The resulting designs
modernize legacy displays, support operator decision-making, and create a coherent

foundation for future APC interface development.
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11 CONCLUSION

This thesis set out to examine how operator interfaces for APC and board-machine operations
should be designed within the context of pulp-mill automation, with a particular focus on the
Valmet DNA platform. As outlined in the introduction, the motivation for this work stems from
the increasing cognitive demands placed on modern control-room operators, the growing
complexity of APC systems, and the role of UX as a competitive differentiator in industrial
automation. The introduction emphasized that a well-designed user interface contributes
simultaneously to safety, operational efficiency, and user satisfaction—outcomes that are
especially critical in continuous, high-throughput process industries such as pulp and paper.
In response to these needs, the thesis sought to understand operator requirements, analyze
the design process, and produce concrete interface concepts grounded in human-centered

design principles.

The overarching goal of the research was twofold, first and foremost to analyze and improve
the usability of Valmet DNA APC applications used in fiber-line and board-machine operations
and second to develop a structured, repeatable approach for integrating HCD, usability
evaluation, and operator feedback into the development of future DNA Ul and APC interfaces.
This goal reflected the bigger shift described in the introduction away from automation as
purely a technological system and toward automation as a sociotechnical environment in
which human cognition, ergonomic constraints, and decision-making processes must be

explicitly addressed.

The thesis was guided by two research questions, each of which is shown here. The first
research question asked: How effectively do Valmet DNA Ul APC applications support
operator cognition, situational awareness, and decision-making in mill operations? The
second research question asked: Which usability evaluation methods are most appropriate
for assessing control-room APC interfaces in industrial automation contexts? These questions
were derived directly from the challenges identified in the introduction as the growing cognitive
complexity of mill operations, the need to adapt interfaces to multi-device environments, and
the importance of designing tools that meet the needs of operators, engineers, and

supervisors while maintaining safety and performance.
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Both questions were addressed through a combination of theoretical analysis, empirical user
research, and applied design work. In answering the first research question, the thesis
examined operator cognition, situational awareness, and workload through the lens of UX
theory (Chapters 4 and 5), usability heuristics (Chapter 6), HCD-frameworks (Chapter 7) and
direct operator interviews (Chapter 9). Across these chapters, a clear picture
emerged:,current APC interfaces are used episodically rather than continuously, meaning
operators rely on them primarily during startups, upsets, transitions, and grade changes rather
than during stable running. As the interview results demonstrated, operators preferred
concise overviews, minimal page switching, unambiguous AUTO/MANUAL states, consistent
symbol conventions, and strong trend visualization to support short-term process reasoning.
They also emphasized that legacy interfaces often contained excessive measurements,
redundant pages, overly vivid color schemes, and inconsistent layout structures that
increased mental workload and made it more difficult to interpret the state of a multivariable

process quickly.

These insights allowed the thesis to evaluate how effectively current interfaces supported
cognitive processes. The analysis revealed that, while Valmet DNA provides a powerful
technical platform, operator performance is hindered when visual hierarchy, trend
accessibility, or interaction logic is misaligned with operators’ mental models and task flows.
The redesigned APC interfaces presented in Chapter 10 directly respond to these issues by
adopting clearer information hierarchy, reducing cognitive load, separating tuning pages from
operator pages, minimizing visual clutter through grayscale high-performance HMI
philosophy, and providing modular page structures that allow operators to maintain context
while exploring detail. Thus, the first research question was answered by demonstrating that
operator cognition and situational awareness can be significantly improved through role-
specific layouts, consistent information structures, and better trend integration design choices
explicitly derived from operator feedback and cognitive-ergonomic principles.

The second research question was addressed through the evaluation of usability methods
suitable for industrial automation. Chapters 7 and 8 reviewed the methodological landscape,
emphasizing the unique constraints of mill environments like safety, shift-based work, tacit
knowledge, and the episodic nature of APC interactions. The thesis established that no single
method is sufficient and that industrial UX evaluation must combine qualitative and
quantitative techniques to capture both operator reasoning and performance outcomes. Semi-
structured interviews (Chapter 9) proved effective for uncovering mental models, pain points,
and workflow priorities, especially when supported by sketching and contextual prompts.

Thematic analysis provided a systematic means of translating these qualitative insights into
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design requirements. Heuristic evaluation, as described in Chapter 8, offered a practical, high-
leverage method for early-stage feedback and was used effectively to validate the redesigned
interfaces with project stakeholders. Finally, although full usability testing with operators
during live mill operation was beyond the scope of this thesis, the evaluation framework
presented outlines how future testing could incorporate performance metrics such as task

success, error recovery time, and trend-interpretation accuracy.

Thus, the second research question was answered by demonstrating that a layered
evaluation approach—combining interviews, thematic analysis, heuristic reviews, and role-
based scenario walkthroughs—is most appropriate for safety-critical industrial UX work.
These methods provide actionable insights while respecting operational constraints and

ensuring that evaluation results meaningfully reflect real operator needs.

In addition to addressing the research questions, the thesis produced concrete design
outcomes. The redesigned APC interfaces for pulping, board-machine strength control, stock
preparation, and approach flow demonstrate how theoretical principles can be
operationalized into practical HMI solutions. These designs employed multi-level navigation
patterns (overview — unit — detail), consistent iconography, modular process structures, and
strong trend integration. The work also modernized selected legacy displays, replacing
floating windows, inconsistent color schemes, and redundant pages with cleaner, more
cognitively efficient layouts. These design artifacts form a foundation for future development
and illustrate how collaborative operator co-design can meaningfully reshape interface

outcomes.

As noted in the introduction, the long-term objective of this thesis was to contribute to Valmet's
product-development methodology by establishing a repeatable, evidence-based framework
for incorporating human-centered design into APC interface development. The results support
this objective by outlining the analysis, design, prototyping, and evaluation practices that can
be embedded into future projects, thereby enhancing the usability, safety, and acceptance of
Valmet DNA Ul-based solutions.
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In conclusion, the thesis fulfills the objectives set out in the introduction by clarifying operator
needs, demonstrating the relevance of human-centered design in industrial automation, and
producing user-validated interface concepts. The research confirms that operator cognition and
situational awareness can be significantly strengthened through Ul simplification, consistent
information architecture, and robust trend-based visualization. It further shows that a
systematic usability-evaluation framework—rooted in interviews, heuristic evaluation, and
iterative refinement—is essential for developing APC interfaces that truly support the complex
decision-making demands of modern pulp-mill operations. Ultimately, the contributions of this
thesis provide a practical foundation for future APC design efforts and support Valmet’s broader
goal of delivering automation systems that are not only technologically advanced but also

deeply aligned with the needs and capabilities of the people who operate them.
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13 APPENDIX 1: FULL PYTHON MODULE

HEHFHIEHHH

process_plots.py
Minimal plotting helpers for process modelling and APC work
Deps: numpy, matplotlib (no seaborn)

This module provides a small set of Matplotlib-based plotting utilities that are
handy when analysing industrial process data (e.g., pulping/board machines).
Each function draws a single figure (no subplots) to keep analysis steps simple
and readable. Functions are intentionally dependency-light and avoid styling
beyond labels/grid for clarity in control-room and engineering contexts.

import numpy as np

import matplotlib.pyplot as plt

from mpl_toolkits.mplot3d import Axes3D #
projection="3d"

def

def

_ensure_1d(a):

Ensure input array is 1D.

What it does:

Converts any array-like input into a 1D NumPy array. This keeps plotting
functions robust against inputs like pandas Series/DataFrames or lists
with shapes that Matplotlib may not accept directly.

Returns:
np.ndarray: 1D array view of the input.

return np.asarray(a).reshape(-1)

plot_trend(t, y, title="Trend", xlabel="Time", ylabel="Value"):

Time trend of a single variable.

What it does:

Draws y vs. t. Useful for quick health checks, drift detection, and
validating pre/post change behaviour in process variables (e.g., refiner

load, consistency, headbox pressure).

Typical questions answered:

- Is the variable stable? Are there steps/drifts/cycles?
- Do interventions show up at expected times?

Args:

t (array-like): Time vector (numeric or convertible).
y (array-like): Signal samples at times t.

title, xlabel, ylabel (str): Labelling.

Returns:

None (shows the figure).
# Coerce to 1D in case of awkward shapes
t, y = _ensure_1d(t), _ensure_1d(y)

# Create a clean figure with a single axes
fig, ax = plt.subplots()

# Enables

via
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# Line plot of the signal
ax.plot(t, y)

# Titles/labels for readability
ax.set(title=title, xlabel=xlabel, ylabel=ylabel)

# Light grid helps reading values and slopes
ax.grid(True)

# Render on screen
plt.show()

def plot_xy(x, vy, title="X-Y scatter (with regression)"”, xlabel="X", ylabel="Y",
add_regression=True):

XY scatter with optional least-squares regression line.

What it does:
Plots Y versus X (e.g., quality proxy vs. specific energy) and, if requested,
overlays a simple linear fit for quick sensitivity estimates.

Typical questions:
- Is there a linear relationship (direction/strength)?
- Rough slope/intercept for first-cut economic trade-offs?

Args:
X, y (array-like): Sampled pairs.
add_regression (bool): If True, draw y = m x + b.

Returns:
None (shows the figure).

X, y = _ensure_1d(x), _ensure_1d(y)
fig, ax = plt.subplots()

# Scatter points show spread and potential nonlinearity/outliers
ax.scatter(x, y, alpha=0.8)

# Optionally add a simple linear regression line
if add_regression and len(x) > 1:
m, b = np.polyfit(x, y, 1) # least-squares line
xs = np.linspace(np.min(x), np.max(x), 200)
ax.plot(xs, m * xs + b, linestyle="--")
# Put the fit equation inside the axes for quick reference
ax.text(0.02, 0.98, f"y = {m:.3g}x + {b:.3g}",
transform=ax.transAxes, va="top", ha="left")

ax.set(title=title, xlabel=xlabel, ylabel=ylabel)
ax.grid(True)
plt.show()

def plot hist(y, bins=30, title="Histogram", xlabel="Value"):

Histogram of a variable (distribution shape & spread).

What it does:
Shows the empirical distribution (with density normalization). Great for
checking normality assumptions, tails, or multi-modality before fitting models
or setting alarm thresholds.

Args:
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def

def

y (array-like): Samples.
bins (int): Number of bins (granularity).

Returns:
None (shows the figure).

y = _ensure_1d(y)
fig, ax = plt.subplots()

# density=True scales bars to integrate to 1, useful for comparing sets
ax.hist(y, bins=bins, density=True, edgecolor="black", alpha=0.8)

ax.set(title=title, xlabel=xlabel, ylabel="Density")
ax.grid(True)
plt.show()

plot_lag(y, lag=1, title=None):

Lag plot: y(t-lag) vs y(t) to visualize serial dependence.

What it does:
If points line up along a diagonal band, the signal is autocorrelated.
Widely used to judge whether AR-type models may be appropriate.

Args:
y (array-like): Time series samples.
lag (int): Shift between axes.

Returns:
None (shows the figure).

y = _ensure_1d(y)

# Basic argument checking avoids confusing empty plots
if lag <= 0 or lag >= len(y):
raise ValueError("lag must be in [1, len(y)-1]1")

fig, ax = plt.subplots()

# Plot pairs (y[t-lag], y[t])
ax.scatter(y[:-lag], y[lag:], alpha=0.8)

ax.set(title=title or f"Lag plot (lag={lag})",
xlabel=f"y(t-{lag})", ylabel="y(t)")

ax.grid(True)

plt.show()

plot_acf(y, max_lag=50, title="Autocorrelation"):

Autocorrelation function (ACF) estimate up to max_lag.

What it does:
Computes an unbiased ACF and displays it as a stem plot. Helps pick
model orders, window sizes, and understand process memory.

Args:
y (array-like): Time series.
max_lag (int): Largest lag to display.

Returns:
None (shows the figure).
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y = _ensure_1d(y)

# Demean the signal; otherwise lag-0 dominates and biases others

y =y - np.mean(y)
n = len(y)

# Unbiased ACF: normalize by number of overlapping terms (n - k)
acf = np.array([np.sum(y[:n - k] * y[k:]) / (n - k) for k in range(max_lag + 1)])

# Normalize so acf[@] =1
acf = acf / acf[0]

fig, ax = plt.subplots()

ax.stem(range(max_lag + 1), acf, use_line_collection=True)
ax.set(title=title, xlabel="Lag", ylabel="ACF")
ax.grid(True)

plt.show()

def plot_corr_heatmap(X, labels=None, title="Correlation heatmap"):

Correlation heatmap for multivariate features.

What it does:
Visualizes Pearson correlations among features (columns of X). Useful for
feature selection, multicollinearity checks, and discovering coupled loops.

Args:
X (array-like, shape [n_samples, n_features]): Data matrix.
labels (list[str] or None): Optional feature names.

Returns:
None (shows the figure).

X = np.asarray(X)

# Column-wise correlation (rowvar=False means columns are variables)
C = np.corrcoef(X, rowvar=False)

fig, ax = plt.subplots()

# Heatmap with fixed vmin/vmax so *1 extremes are visually comparable
im = ax.imshow(C, interpolation="nearest", vmin=-1, vmax=1)
ax.set(title=title)

# If labels are given, use them on both axes for readability
if labels:
ax.set_xticks(range(len(labels)))
ax.set_xticklabels(labels, rotation=45, ha="right")
ax.set_yticks(range(len(labels)))
ax.set_yticklabels(labels)

# Colorbar shows the numerical scale
cbar = plt.colorbar(im, ax=ax)
cbar.set_label("Pearson r")

plt.tight_layout()
plt.show()
# - Process-specific visuals ----------
def plot_step_test(t, u, y, title="Step test (input & output)"):

Step-test visualization with input overlay.



def

What it does:
Overlays a normalized input 'u' (e.g., step in setpoint/valve) and the
process output 'y' on twin axes. Great for eyeballing FOPDT/SOPDT
behaviour before identification and for verifying whether a step was
clean enough to model.

Args:
t (array-like): Time vector.
u (array-like): Input (manipulated variable).
y (array-like): Output (controlled variable).

Returns:
None (shows the figure).

Notes:
- Input is normalized to [@, 1] for visibility against 'y'.
- Use this figure to judge delay (0), time constant (t), and gain (K).
# Make sure all vectors are same length and 1D
t, u, y = _ensure_1d(t), _ensure_1d(u), _ensure_1d(y)
if not (len(t) == len(u) == len(y)):
raise ValueError("t, u, y must have the same length")

fig, ax1 = plt.subplots()

# Plot the output on the primary y-axis

axl.plot(t, y)

axl.set(xlabel="Time", ylabel="Output y", title=title)
axl.grid(True)

# Add a secondary y-axis for the normalized input

ax2 = axl.twinx()

u_norm = (u - np.min(u)) / (np.max(u) - np.min(u) + le-12) # avoid divide by zero
ax2.step(t, u_norm, where="post", linestyle="--", alpha=0.9)

ax2.set(ylabel="Input u (normalized)")

plt.show()

plot_pareto(labels, values, title="Pareto chart"):

Pareto chart (descending bars + cumulative % line).

What it does:
Orders contributors by magnitude and overlays the cumulative share, a
common format for root-cause analysis (e.g., variance contributors to CD
basis weight, causes of downtime, chemical cost drivers).

Args:
labels (list[str]): Category names.
values (array-like[float]): Magnitudes per category.

Returns:
None (shows the figure).
labels = list(labels)
values = np.asarray(values, dtype=float)

# Sort categories by descending contribution
order = np.argsort(values)[::-1]

labels = [labels[i] for i in order]

vals = values[order]

# Compute cumulative percentage line
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def

cum = np.cumsum(vals) / np.sum(vals) * 100.0
fig, ax1 = plt.subplots()

# Bars for absolute contributions
axl.bar(range(len(vals)), vals)
axl.set_xticks(range(len(vals)))
axl.set_xticklabels(labels, rotation=45, ha="right")
axl.set_ylabel("Value")

axl.set _title(title)

axl.grid(True, axis="y")

# Secondary axis for cumulative percentage

ax2 = axl.twinx()

ax2.plot(range(len(vals)), cum, marker="o0", linestyle="--")
ax2.set_ylabel("Cumulative (%)")

ax2.set_ylim(o, 100)

plt.tight_layout()
plt.show()

plot_response_surface(x, y, z, title="Response surface",
xlabel="x1", ylabel="x2", zlabel="Response"):

3D response surface for two-factor experiments or soft-models.

What it does:
Visualizes how a response changes over two inputs (e.g., refiner plate gap
and consistency vs. a quality proxy). Helps spot interactions and nonlinear
regions where linear models underperform.

Args:
X, y (2D arrays): Meshgrid coordinates (use np.meshgrid to build).
z (2D array): Response values at each (x, y) point.

Returns:
None (shows the figure).

Tips:
- Build X1, X2 via: X1, X2 = np.meshgrid(x1l, x2).
- Ensure X1.shape == X2.shape == Z.shape.
# Convert to arrays and check shapes match
X, Y, Z = np.asarray(x), np.asarray(y), np.asarray(z)
if X.shape != Y.shape or X.shape != Z.shape:
raise ValueError("x, y, z must be the same 2D shape (meshgrid inputs).")

# Create a 3D axes and render the surface

fig = plt.figure()

ax = fig.add_subplot(111, projection="3d")
ax.plot_surface(X, Y, Z, linewidth=0, antialiased=True)

# Axis labels/titles
ax.set(title=title, xlabel=xlabel, ylabel=ylabel, zlabel=zlabel)

plt.show()

-------- Demo with synthetic data ----------

# Run this file directly to see example figures and to verify your environment.

if __name__ ==

__main__":
# Set a seed so the demo is repeatable
np.random.seed(0)
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# ---- Synthetic time series with a step in input u ----

t = np.linspace(@, 600, 601) # seconds sampled once per second
u = np.zeros_like(t)

u[t >= 100] = 1.0 # a step at t=100 s

# Simple first-order-with-dead-time (FOPDT) output y
K, tau, theta = 1.5, 80.0, 40.0 # gain, time constant, delay
y = np.zeros_like(t, dtype=float)
for i, ti in enumerate(t):
# After the delay, the response starts rising exponentially
if ti > theta:
dt = ti - theta
y[i] = K * (1 - np.exp(-dt / tau))

# Add small Gaussian noise to mimic sensor noise
y += 0.03 * np.random.randn(len(y))

# ---- Basic plots demonstrating usage ----
plot_trend(t, y, title="Process output trend", xlabel="Time (s)", ylabel="y")
plot_step_test(t, u, y, title="Step test: input (u) vs output (y)")

# XY scatter with regression (e.g., energy vs. freeness proxy)

x = np.linspace(0, 10, 100)

y Xy = 2.2 * x + 1.0 + 0.8 * np.random.randn(100)

plot_xy(x, y_xy, xlabel="Specific energy (kWh/t)", ylabel="Freeness proxy")

# Distribution, lag, and autocorrelation to assess serial dependence
plot_hist(y, bins=25, title="Output distribution"”, xlabel="y")
plot_lag(y, lag=5)

plot_acf(y, max_lag=60)

# Correlation heatmap (e.g., for a feature matrix before modelling)
X = np.column_stack([

Y, # output

np.roll(y, 5), # lagged output (feature engineering)
np.random.randn(len(y)),# an unrelated noise feature

(u - u.mean()) # centred input

1)
labels = ["y", "y(t-5)", "noise", "u"]
plot_corr_heatmap(X, labels=labels, title="Feature correlation")

# Pareto of variance contributors (illustrative)

causes = ["Refiner gap", "Consistency", "Temp", "Screen AP", "Additive flow"]
vals = [38, 24, 18, 12, 8]

plot_pareto(causes, vals, title="Pareto of variance contributors™")

# 3D response surface for two-factor experiment or surrogate model
x1 = np.linspace(@, 1, 490)
x2 = np.linspace(9, 1.5, 40)
X1, X2 = np.meshgrid(x1l, x2)
# Example quadratic with interaction (toy model)
Z=3+2*X1l-1.2* X2+ 0.8 * XL * X2+ 0.2 * X1 **2
plot_response_surface(X1, X2, Z,
xlabel="Plate gap (norm.)",
ylabel="Consistency (norm.)",
zlabel="Quality proxy")
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