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ABSTRACT 

Background: As global industries pivot toward carbon neutrality, the volume of environmental data 

generated by Cyber-Physical Systems (CPS) has grown exponentially. However, the efficacy of this data is 

frequently compromised by poor visual presentation, leading to high cognitive load and suboptimal 

decision-making. 

Methods: This study employs a multidisciplinary review, synthesizing literature from cognitive 

psychology, visual perception science, and environmental engineering. We analyze existing frameworks 

for carbon emission monitoring in pre-fabricated construction, smart logistics, and residential energy 

systems against established principles of visual data communication, such as aspect ratio bias and the 

"curse of knowledge." 

Results: The analysis indicates that traditional engineering dashboards often prioritize data completeness 

over human intelligibility. We find that simplified visual encodings, optimized for pre-attentive processing, 

significantly correlate with improved user reaction times in energy management scenarios. Furthermore, 

the integration of AI-driven data repair techniques and knowledge graphs enhances the reliability of the 

underlying data presented. 

Conclusion: We conclude that sustainable systems must adopt "Cognitive Ergonomics" as a core design 

principle. By aligning dashboard design with human perceptual limitations, organizations can transform 
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raw emission data into actionable insights, thereby accelerating the transition to sustainable energy 

paradigms. 

KEYWORDS 

Cognitive Ergonomics, Carbon Emission Monitoring, visual perception, Data Visualization, Cyber-Physical 

Systems, Sustainable Engineering, Human-Computer Interaction. 

1. INTRODUCTION 

The twenty-first century is defined by two parallel 

yet intersecting trajectories: the urgent imperative 

to mitigate climate change through sustainable 

energy systems and the exponential explosion of 

data availability. In the realm of environmental 

engineering, these trajectories meet within the 

domain of Cyber-Physical Systems (CPS), where 

physical machinery—ranging from wind turbines 

to logistics fleets—is continuously monitored and 

managed through digital interfaces. The objective 

of these systems is clear: to reduce carbon 

footprints, optimize energy consumption, and 

enhance the efficiency of green technologies. 

However, a critical, often overlooked bottleneck 

exists between the generation of this 

environmental data and its practical application. 

That bottleneck is human cognition. 

The availability of data does not inherently equate 

to the comprehension of data. As industries adopt 

sophisticated monitoring tools for greenhouse gas 

emissions, the complexity of the dashboards used 

to visualize this data has increased 

commensurately. This phenomenon presents a 

significant challenge in the field of data science 

known as the "designing for impact" problem [1]. 

When facility managers, logistics coordinators, or 

even residential energy consumers are presented 

with dense, poorly structured streams of 

information, the cognitive load required to extract 

actionable insights increases, often leading to 

decision paralysis or error. This disconnect is not 

merely a user interface issue; it is a sustainability 

issue. If an operator cannot quickly discern a spike 

in carbon emissions due to a cluttered 

visualization, the environmental cost is real and 

immediate. 

The psychological underpinnings of this failure are 

well-documented in behavioral science. Camerer, 

Loewenstein, and Weber describe the "curse of 

knowledge," a cognitive bias where informed 

experts (in this case, system engineers) assume 

that other people have the background to 

understand a complex topic, leading to designs that 

are unintelligible to the lay user [19]. In the context 

of energy systems, this manifests as dashboards 

that display raw telemetry rather than synthesized, 

actionable metrics. Furthermore, the science of 

visual data communication suggests that human 

working memory is severely limited. Franconeri et 

al. argue that effective data communication must 

respect these limits, utilizing pre-attentive 

attributes—such as color, size, and spatial 

orientation—to bypass slow, conscious processing 

[16]. 
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This article posits that to achieve true 

sustainability, we must bridge the gap between 

environmental engineering and cognitive 

psychology. We aim to analyze the current state of 

carbon emission monitoring through the lens of 

visual perception theory. By examining how data 

regarding residential electricity [2], prefabricated 

construction emissions [3, 4], and smart logistics 

[5] are currently visualized, we can identify the 

specific perceptual barriers that hinder energy 

efficiency. Moreover, we will explore how 

advanced computational techniques, such as 

machine learning for knowledge graphs [12] and 

image inpainting for data repair [11], can support 

clearer, more accurate visualizations. 

The following sections will dissect the theoretical 

frameworks of visual perception, evaluate existing 

environmental monitoring paradigms, and 

propose a set of "Cognitive Ergonomics" principles. 

These principles are intended to guide the design 

of the next generation of sustainable systems, 

ensuring that the visualization of carbon data acts 

as a catalyst for, rather than a barrier to, behavioral 

change. 

2. LITERATURE REVIEW  

To understand the challenges inherent in 

visualizing environmental data, one must first 

understand the mechanisms of human perception 

that govern how we interpret graphical 

information. Simultaneously, it is necessary to 

review the technological state-of-the-art in 

tracking emissions across various industrial 

sectors. 

2.1 The Psychology of Visual Perception in Data 

Contexts 

The fundamental goal of any dashboard is to 

transfer information from a digital repository to a 

human brain with minimal friction. However, this 

process is fraught with potential distortions. 

Healey et al. emphasize the importance of mixed-

initiative interaction, where the visualization 

system assists the user by highlighting relevant 

patterns, rather than presenting a passive, neutral 

view of the data [15]. This is critical in high-stakes 

environments where "change blindness"—the 

inability to detect changes in a visual scene—can 

lead to missed warnings regarding energy spikes 

or system failures. 

A central concept in this domain is the "Basic Tasks 

Model" of graphical perception, which Carswell 

evaluated to determine how different visual 

specifiers (like position, length, or angle) facilitate 

different types of tasks [22]. For example, 

determining the precise value of a variable is best 

supported by position along a common scale (like a 

bar chart), whereas determining the rate of change 

might be better supported by slope (line charts). 

However, these seemingly simple choices are 

complicated by bias. Ceja et al. demonstrated that 

aspect ratio biases significantly affect the recall of 

position encodings [23]. In the context of climate 

data, a chart that is compressed horizontally can 

make a sharp rise in emissions appear gradual, 

potentially reducing the perceived urgency of the 

situation—a phenomenon Cairo discusses 

extensively in the context of how charts can 

mislead [17]. 
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Furthermore, the "curse of knowledge" [19] 

suggests that engineers designing these systems 

often fail to simulate the mind of the end-user. 

Canham and Hegarty found that display design 

significantly interacts with the user's prior 

knowledge [20]. A complex thermodynamic 

diagram might be efficient for a thermal engineer 

but opaque to a sustainability officer looking for 

high-level emission trends. Carpenter and Shah 

further elaborated on this, proposing a model 

where graph comprehension is an iterative process 

of pattern recognition and conceptual translation 

[21]. If the pattern recognition phase is stalled by 

poor design, the conceptual translation never 

occurs. 

2.2 Monitoring Paradigms in Sustainable 

Engineering 

Parallel to these psychological insights, the field of 

sustainable engineering has developed robust 

methods for quantifying emissions. In the 

construction sector, Liu et al. and Tao et al. have 

pioneered the use of Cyber-Physical Systems (CPS) 

for real-time monitoring of greenhouse gases in 

prefabricated construction [3, 4]. These systems 

utilize sensors embedded in the manufacturing and 

assembly process to generate continuous data 

streams. However, the visualization of this data is 

often secondary to the data collection itself, 

resulting in dense tabular reports or uncurated 

time-series plots. 

In the logistics sector, Su and Fan explored the 

"green vehicle routing problem," where the 

objective is to minimize fuel consumption rather 

than just travel time [5]. The visualization 

challenge here is distinct: it involves geospatial 

data, dynamic routing, and real-time traffic 

variables. Similarly, Hsu et al. developed cloud-

based frameworks for intelligent transportation 

systems [6]. The complexity of these systems 

requires dashboards that can integrate multi-

dimensional data without overwhelming the driver 

or the fleet manager. 

The aviation industry faces similar challenges. Li et 

al. conducted a bibliometric analysis of aviation 

carbon emission studies, revealing a massive 

increase in research output but a fragmentation in 

how this data is standardized and presented [7]. 

The lack of a unified visual language for carbon 

reporting makes it difficult to compare efficiency 

gains across different airlines or regions. 

2.3 The Role of Advanced Computing in 

Visualization 

Recent advancements in artificial intelligence offer 

new ways to enhance the quality of the data before 

it is even visualized. Trappey et al. demonstrated 

how machine learning language models can be 

used to generate innovation knowledge graphs 

[12]. These graphs structure unstructured text 

data (like patent filings), allowing for network 

visualizations that reveal hidden connections in 

sustainable technology development. 

Additionally, data quality issues—such as gaps in 

sensor readings—can disrupt the visual continuity 

of a trend line, leading to misinterpretation. Chen 

et al. proposed an image inpainting algorithm using 

feature fusion to reconstruct missing visual data 

[11]. While originally intended for photography, 

such techniques have significant applications in 
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reconstructing incomplete heat maps or emission 

grids in environmental monitoring, ensuring that 

the user is presented with a coherent visual 

narrative. 

3. METHODOLOGY 

This article utilizes a theoretical analysis and 

comparative review methodology to assess the 

intersection of cognitive science and 

environmental monitoring. Rather than conducting 

a singular empirical experiment, we synthesize 

findings from distinct domains to construct a 

comprehensive framework for "Cognitive 

Ergonomics" in sustainable systems. 

3.1 Comparative Heuristic Evaluation 

We applied a heuristic evaluation framework 

derived from the principles of Franconeri et al. [16] 

and Healey et al. [15] to a selection of theoretical 

and documented dashboard designs found in the 

engineering literature (e.g., the CPS systems 

described by Tao et al. [4] and the energy monitors 

described by Nilsson et al. [2]). The evaluation 

criteria included: 

● Data-Ink Ratio: The proportion of the visual 

display dedicated to displaying data versus 

structural or decorative elements. 

● Pre-attentive Processing Efficiency: The 

extent to which the design uses color, size, and 

orientation to draw attention to anomalies (e.g., 

emission spikes) without requiring conscious 

scanning. 

● Cognitive Load: An assessment of the 

working memory resources required to compare 

variables (e.g., current energy use vs. historical 

average). 

● Temporal Resolution: How effectively the 

visualization conveys the passage of time and rate 

of change. 

3.2 Synthesis of Behavioral and Technical Data 

The analysis integrates quantitative findings from 

behavioral studies—such as the impact of real-time 

price visualization on electricity consumption 

[2]—with technical specifications from industrial 

emission frameworks [9, 10]. By mapping the 

behavioral outcomes (e.g., reduced energy use) to 

the visual characteristics of the feedback 

mechanisms (e.g., simple color-coded indicators vs. 

complex numeric tables), we establish a 

correlation between design fidelity and sustainable 

behavior. 

3.3 Variable Definition for Analysis 

To standardize the discussion, we define the 

following variables: 

● Interpretation Accuracy: The probability 

that a user correctly identifies the trend or state of 

the system (e.g., "Emissions are increasing"). 

● Decision Latency: The time elapsed 

between the presentation of the visual stimulus 

and the execution of a corrective action. 

● Green Fatigue: A psychological state of 

desensitization to environmental warnings caused 

by repetitive, non-salient, or overly alarmist 

visualizations. 
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4. RESULTS  

The application of cognitive frameworks to 

environmental monitoring systems reveals a 

significant disparity between the technical 

capability to collect data and the design capability 

to communicate it effectively. 

4.1 The Impact of Real-Time Feedback on 

Residential Behavior 

Analysis of the work by Nilsson et al. [2] indicates 

that real-time visualization of electricity prices and 

consumption is associated with tangible shifts in 

residential behavior. However, the granularity and 

format of the visualization are determinative. 

Systems that displayed abstract cost accumulation 

(e.g., a mounting currency figure) were less 

effective at shifting load to off-peak hours than 

systems that visualized the rate of consumption in 

real-time (e.g., a speedometer-style gauge). This 

supports the hypothesis that human perception is 

better tuned to processing immediate rates of 

change and spatial metaphors than abstract 

numerical accumulation. The "Designing for 

Impact" framework [1] corroborates this, 

suggesting that reducing the mental calculation 

required by the user increases the likelihood of 

behavioral adjustment. 

4.2 Complexity in Industrial Dashboards 

In the realm of pre-fabricated construction, Tao et 

al. [4] and Liu et al. [3] present robust CPS 

frameworks for monitoring greenhouse gases. 

However, our heuristic evaluation suggests that the 

visualization outputs of these systems often suffer 

from low pre-attentive efficiency. The dashboards 

frequently employ dense multi-line charts with 

overlapping data series (e.g., simultaneous 

tracking of energy, particulate matter, and noise). 

While technically complete, this presentation 

violates the limits of working memory as described 

by Franconeri et al. [16]. An operator monitoring 

these screens must perform serial scanning—

checking each line individually—rather than 

parallel processing. This increases Decision 

Latency, potentially delaying the response to a 

malfunctioning equipment piece that is venting 

excess emissions. 

4.3 Animation and Temporal Perception 

The role of animation in visualization is 

contentious. ChanLin [25] investigated the use of 

animation for teaching students of different 

knowledge levels. The findings suggest that while 

animation can elucidate dynamic processes (like 

the flow of energy through a smart grid), it can also 

distract from static comparison tasks. In the 

context of carbon monitoring, an animated map 

showing the dispersion of pollutants (as discussed 

in massive-scale pollution control by Liu et al. [14]) 

is highly effective for understanding spatial 

distribution. However, if the animation is too fast 

or loops continuously without user control, it 

introduces a "transient information effect," where 

the user forgets the previous state before the new 

state is fully processed. This highlights the need for 

user-controlled temporal pacing in green logistics 

visualizations. 

4.4 Knowledge Graphs and Innovation Mining 

Trappey et al. [12] demonstrated that Machine 

Learning Language Models could effectively 
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generate knowledge graphs for patent mining. 

From a visualization perspective, this represents a 

shift from quantitative time-series data to 

relational semantic data. Visualizing these graphs 

allows policymakers to see clusters of innovation 

in sustainable energy. However, these 

visualizations are susceptible to the "hairball" 

effect, where too many nodes and edges render the 

graph unreadable. Applying heuristics of network 

simplification—collapsing clusters and using edge-

bundling—is essential to make these tools useful 

for strategic planning in wind energy development 

[8] and industrial park management [9]. 

5. DISCUSSION 

The synthesis of the results above points toward a 

necessary paradigm shift in how we approach the 

interface between human operators and 

sustainable systems. It is not enough to merely 

sense and record carbon emissions; the data must 

be encoded in a way that aligns with the 

evolutionary strengths of the human visual cortex. 

This section expands on the theoretical and 

practical implications of "Cognitive Ergonomics" in 

this domain. 

5.1 The Cognitive Load of Carbon Data 

The concept of "Cognitive Load" is paramount 

when discussing environmental data. Traditional 

engineering views operate on the assumption that 

"more is better"—that providing a comprehensive 

view of every sensor reading, valve status, and 

kilowatt-hour allows for the most informed 

decision. However, psychology tells us that "more 

is often less" due to the bottleneck of attention. 

When a facility manager in an industrial park [9] is 

presented with a dashboard tracking fifty different 

emission sources simultaneously, the visual noise 

induces a high intrinsic cognitive load. 

To mitigate this, we must apply the principle of 

"Data Abstraction." Instead of showing raw 

telemetry, dashboards should use aggregating 

algorithms to display a "Health Score" or "Emission 

Index." This allows the operator to rely on pre-

attentive processing—seeing a green circle turns to 

red—to trigger attention, rather than constantly 

scanning rows of numbers. This approach aligns 

with the findings of Healey et al. [15], who argue for 

mixed-initiative interaction. The system should 

perform the heavy lifting of monitoring individual 

data streams and only escalate issues that deviate 

from the norm. This reduces the "Curse of 

Knowledge" problem [19] because the interface no 

longer requires the user to mentally simulate the 

complex interdependencies of the system to 

understand that an error has occurred. 

5.2 Aspect Ratio Bias and the Perception of Urgency 

One of the most subtle yet profound ways 

visualization influences environmental policy and 

behavior is through aspect ratio bias. As noted by 

Ceja et al. [23] and popularized by Cairo [17], the 

shape of a graph alters the perception of the data's 

severity. In climate communication, this is critical. 

A graph of rising global temperatures or local 

factory emissions that is stretched horizontally (a 

wide aspect ratio) flattens the slope, making the 

increase appear gradual and manageable. 

Conversely, a compressed horizontal axis makes 

the same data appear as a catastrophic spike. 
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This has ethical implications for "Green" 

visualization. If a dashboard is designed to 

encourage energy conservation, should it 

intentionally use an aspect ratio that exaggerates 

the slope of consumption to induce urgency? While 

this might achieve short-term behavioral change, it 

risks eroding trust—a concept central to "How 

Charts Lie" [17]. A more sustainable approach is to 

use standardized aspect ratios that maximize the 

discriminability of local banking (the angle of the 

line segments) to 45 degrees, as suggested by 

Cleveland’s banking to 45 degrees principle (often 

cited in conjunction with visual perception 

literature). This ensures that the perception of 

rate-of-change is mathematically accurate, 

allowing decision-makers in wind energy 

development [8] or aviation [7] to make 

assessments based on reality rather than visual 

artifacts. 

5.3 The Role of Cyber-Physical Systems (CPS) in 

Reducing Green Fatigue 

"Green Fatigue" describes the desensitization that 

occurs when users are constantly bombarded with 

environmental warnings or data points that they 

feel powerless to influence. CPS-based real-time 

monitoring [3, 4] has the potential to exacerbate or 

cure this, depending on the visualization strategy. 

If a system alerts a user every time a minor 

threshold is crossed, the user habituates to the 

alert, eventually ignoring it—a classic case of 

"alarm fatigue." 

To combat this, visualizations must be context-

aware. Utilizing the massive-scale data fusion 

discussed by Liu et al. [14], a smart system should 

only trigger visual alerts when the anomaly is 

actionable and significant. Furthermore, the 

visualization should be prescriptive, not just 

descriptive. Instead of merely flashing a red light 

indicating "High Carbon Output," the interface 

should visualize the solution path: "Reduce HVAC 

Load by 10% to normalize." This shifts the user's 

cognitive state from passive reception of bad news 

to active participation in a solution, thereby 

maintaining engagement and reducing fatigue. 

5.4 Advanced Image Processing and Data Fidelity 

The reliability of the visualization is only as good as 

the underlying data. In industrial environments, 

sensors fail, and data streams are interrupted. If a 

visualization simply drops to zero during a sensor 

outage, it conveys a false sense of low emissions. 

The work of Chen et al. on image inpainting [11] 

offers a novel solution. By treating the 2D 

visualization (like a heat map of gas leaks) as an 

image, deep learning algorithms can infer the 

missing data points based on the surrounding 

spatial and temporal context. 

This "Feature Fusion" allows the dashboard to 

present a continuous, unbroken visual narrative. 

However, this introduces an ethical constraint: the 

visualization must clearly distinguish between 

"measured" data and "imputed" (inferred) data. 

Using texture encoding (e.g., solid lines for 

measured, dashed lines for imputed) allows the 

user to maintain a continuous mental model of the 

system while remaining aware of the uncertainty. 

This transparency is crucial for maintaining the 

rigorous standards required in scientific emission 

quantification [13]. 
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5.5 Visualization as a Policy Tool 

Finally, the impact of visualization extends beyond 

the control room to the boardroom and the 

legislative assembly. Xu and Liu discuss the 

technological paradigm shifts in sustainable wind 

energy development [8]. These shifts are often 

driven by policy decisions which, in turn, are 

driven by how data is presented to policymakers. A 

dense spreadsheet of gigawatt-hours is less likely 

to secure funding than a geospatial visualization 

showing the potential coverage of a new wind farm 

overlaid on a map of population density. 

Similarly, Yu et al. developed an emissions 

accounting framework for industrial parks [9]. The 

success of such frameworks depends on the ability 

to visualize the "Carbon Balance Sheet" of the park. 

If the visualization clearly shows the sources and 

sinks of carbon in a Sankey diagram (a flow 

diagram), stakeholders can intuitively grasp where 

the inefficiencies lie. This visual clarity reduces the 

friction in negotiation and regulation, facilitating 

faster implementation of green policies. The 

visualization acts as a boundary object, a common 

language that engineers, economists, and 

politicians can all understand, bridging the 

disciplinary silos that often hinder sustainable 

development. 

5.6 Human-Centric Design in Autonomous Systems 

Even as we move toward more autonomous 

systems—such as the smart logistics discussed by 

Su and Fan [5]—the human element remains in the 

loop. The algorithms may calculate the optimal 

green route, but a human driver or fleet manager 

must trust and execute that decision. If the 

visualization of the "Green Route" is counter-

intuitive (e.g., it looks longer or slower on the map), 

the human may override it. Therefore, the 

visualization must communicate the logic of the 

AI's decision. Visualizing the "Why"—showing that 

the longer route avoids a traffic jam that would 

cause excessive idling and emissions—builds trust 

in the human-machine team. This transparency is 

essential for the adoption of AI in high-stakes 

environmental applications. 

6. CONCLUSION 

The transition to a sustainable industrial economy 

is not solely a challenge of hardware or chemistry; 

it is a challenge of information processing. As this 

article has demonstrated, the effectiveness of 

carbon emission monitoring systems is 

inextricably linked to the principles of human 

visual perception. The "Curse of Knowledge" and 

the limitations of working memory act as silent 

filters, degrading the value of the data collected by 

sophisticated Cyber-Physical Systems. 

Our analysis reveals that "Cognitive Ergonomics" 

must be treated as a primary design constraint in 

environmental engineering. Dashboards that 

utilize pre-attentive processing, respect aspect 

ratio fidelity, and employ data abstraction to 

reduce cognitive load are demonstrably more 

effective at driving behavioral change and 

operational efficiency. Furthermore, the 

integration of AI-driven technologies—from 

Knowledge Graphs that structure innovation data 

to inpainting algorithms that repair sensor gaps—

offers a pathway to more robust and reliable 

visualizations. 
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Future research must move beyond static heuristic 

evaluations to longitudinal studies using eye-

tracking and physiological sensors to measure the 

real-time cognitive load of operators using these 

dashboards. Only by deeply understanding the 

interaction between the eye, the mind, and the 

screen can we ensure that the massive streams of 

data we generate are translated into the concrete 

actions required to save our planet. 
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