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ABSTRACT 

The exponential growth of environmental data, driven by IoT sensors and satellite monitoring, presents a 

critical challenge in sustainability science: the "insight gap" between data availability and cognitive 

comprehension. While Digital Twins and GIS-enabled systems offer granular details on carbon emissions 

and air quality, the efficacy of these tools is often compromised by suboptimal visual design that ignores 

human cognitive limitations. This article synthesizes recent findings in visual perception psychology with 

advanced environmental monitoring frameworks to propose a model of "Cognitive Efficiency" for 

sustainability dashboards. By integrating literature on spatiotemporal aggregation, decluttering protocols, 

and interactive animation, this study examines how design choices influence decision-making in carbon 

capture and household low-carbon practices. The analysis suggests that while high-fidelity Digital Twins 

are essential for technical precision, simpler, decluttered visualizations utilizing strategic aggregation are 

more effective for rapid risk assessment and behavioral modification. We identify a dichotomy between 

"exploratory" and "explanatory" environmental visualizations and argue that the failure to distinguish 

between them leads to cognitive overload. The paper concludes by outlining design principles that align 

information visualization (InfoVis) with geovisualization (GeoVis) to maximize the communicative impact 

of sustainability data. 
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INTRODUCTION 
 

The contemporary pursuit of global sustainability 

is increasingly defined by data. From the localized 

monitoring of air quality in urban centers to the 

optimization of carbon capture and storage (CCS) 

infrastructure, the volume of environmental 

metrics required to manage ecological transitions 

is vast. However, the mere accumulation of data 

does not guarantee effective management. As 

environmental systems become more complex, the 

interface between the data and the human 

decision-maker—the dashboard—becomes the 

locus of action. Recent scholarship suggests that 

the limiting factor in climate action is often not the 

lack of data, but the cognitive bottleneck involved 

in processing it. 

The psychological mechanisms governing visual 

perception play a definitive role in how 

environmental risks are assessed and acted upon. 

The literature indicates that visual clutter, 

improper aggregation of time-series data, and 

poorly implemented animation can obscure critical 

trends, leading to "change blindness" or 

misinterpretation of urgency [1]. This disconnect is 

particularly problematic in the context of 

sustainability, where stakeholders ranging from 

city planners to individual households must 

interpret complex spatiotemporal datasets to make 

decisions that have long-term ecological 

consequences. 

This article explores the intersection of cognitive 

psychology and environmental informatics. We 

posit that current dashboard designs often 

prioritize technical capability over cognitive 

efficiency. By examining the integration of 

Information Visualization (InfoVis) and 

Geovisualization (GeoVis) [2], we analyze how 

digital twins and IoT-based monitoring systems 

can be optimized for human consumption. We 

draw upon diverse applications, from campus 

sustainability in Saudi Arabia [5] to air quality 

regionalization in China [4], to demonstrate that 

the design of the visual interface is as critical as the 

accuracy of the underlying sensors. 

The narrative is structured to first establish the 

theoretical underpinnings of visual perception in 

data-dense environments. We then evaluate 

specific visualization methodologies—such as 

decluttering, animation, and risk formatting— 

against the requirements of environmental 

monitoring. Finally, we discuss the implications of 

these findings for the design of next-generation 

sustainability tools, arguing for a shift from "data- 

comprehensive" to "cognitively-optimized" 

systems. 

METHODOLOGY 

To address the challenges of visualizing 

multidimensional environmental data, this study 

employs a Comparative Design Synthesis 

approach. This methodological framework 

involves a critical cross-examination of two distinct 

bodies of literature: (1) cognitive science research 

focused on visual processing, attention, and data 
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communication, and (2) applied environmental 

engineering research focused on GIS, IoT, and 

emission tracking. 

Theoretical Framework: The Cognitive Efficiency 

Model 

We define "Cognitive Efficiency" in this context as 

the ratio of actionable insight derived to the mental 

effort expended by the user. This model draws 

heavily on the work of Ajani et al., who emphasize 

"decluttering" as a primary mechanism for 

focusing attention [10]. In our analysis, we apply 

this principle to the dense datasets inherent in 

environmental studies, such as the real-time CO2 

monitoring systems described by Ming et al. [7]. 

The synthesis seeks to identify where high data 

density (common in engineering dashboards) 

conflicts with the limited working memory of the 

human operator. 

Selection of Case Archetypes 

Rather than conducting a singular empirical 

experiment, we analyze established visualization 

archetypes found in the reference literature. We 

categorize these into three distinct domains: 

1. Macro-Scale Strategic Planning: Systems 

designed for optimizing large-scale infrastructure, 

such as the SimCCS tool for carbon capture and 

storage [6]. 

2. Meso-Scale Urban Monitoring: GIS-enabled 

Digital Twins and regional air quality monitors [3], 

[4]. 

3. Micro-Scale Behavioral Feedback: 

Visualizations designed for household or 

individual behavioral change [8]. 

Evaluative Criteria 

For each domain, we evaluate the visualization 

strategies based on three psychological 

parameters derived from the literature: 

● Temporal Coherence: How well does the 

system convey changes over time without 

overwhelming the user? This draws on Abukhodair 

et al.’s work on animated trend visualization [9] 

and Albers et al.’s research on time-series 

aggregation [12]. 

● Spatial Clarity: To what extent does the 

integration of map-based data (GeoVis) support or 

hinder the interpretation of abstract metrics 

(InfoVis) [2]? 

● Risk Salience: How effectively does the 

format present risk probabilities and reductions, a 

crucial factor in environmental policy adoption 

[11]. 

This methodological approach allows us to 

transcend technical specifications and evaluate the 

"human-in-the-loop" performance of sustainability 

systems. By mapping cognitive principles directly 

onto environmental use cases, we aim to isolate 

specific design variables—such as aggregation 

level, animation speed, and color encoding—that 

statistically predict higher comprehension rates. 

 

 
Results: The Friction Between Data Density and 

Perception 
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The synthesis of the selected literature reveals a 

persistent tension between the engineering desire 

for comprehensive data representation and the 

psychological requirement for simplicity. The 

results indicate that while complex systems like 

Digital Twins provide superior data fidelity, they 

frequently suffer from lower cognitive efficiency 

unless specific mediation strategies are employed. 

The Decluttering Paradox in Spatial Estimation 

Analysis of spatial estimation tools, such as those 

used for campus sustainability by Adenle and 

Alshuwaikhat [5], suggests that "completeness" in 

data representation is often inversely related to 

"focus." Ajani et al. demonstrate that removing 

visual "chart junk" and reducing signal-to-noise 

ratios significantly improves data communication 

[10]. However, in the context of CO2 spatial 

estimation, stakeholders often equate the amount 

of data visible with the accuracy of the model. 

Our review finds that successful systems employ 

progressive disclosure. For instance, Park and 

Yang’s GIS-enabled Digital Twin [3] succeeds not 

by showing all data points simultaneously, but by 

allowing users to toggle between macro-level 

aggregation and micro-level inspection. This aligns 

with the "Visual Information Seeking Mantra" 

(Overview first, zoom and filter, then details-on- 

demand). When dashboards fail to "declutter" 

initially, users exhibit delayed reaction times to 

critical anomalies, such as spikes in air quality 

index (AQI) values described in regionalization 

studies [4]. 

Animation and the Illusion of Continuity 

The application of animation to environmental 

trends yields mixed results. Abukhodair et al. 

provide evidence that interactive animation 

control can improve exploratory data analysis [9]. 

In the context of air quality monitoring, where 

phenomena are inherently dynamic and wind- 

driven, animation theoretically offers a superior 

mental model compared to static snapshots. 

However, the results of our synthesis indicate a 

caveat: unguided animation often leads to high 

cognitive load. When tracking spatiotemporal 

characteristics of air quality [4], users watching an 

animated heatmap may miss subtle, localized 

changes while focusing on the larger moving 

masses—a phenomenon known as change 

blindness. The most effective systems utilize 

"anchoring," where static reference points or 

summary statistics remain visible while the 

geospatial data animates. This hybrid approach 

leverages the benefits of motion for trend 

recognition while mitigating the loss of context. 

Integration of InfoVis and GeoVis Components 

Jern and Franzen’s work on integrating 

information visualization (abstract charts) with 

geovisualization (maps) serves as a critical 

baseline [2]. Our analysis confirms that keeping 

these two components distinct but linked (linked 

brushing) is superior to overlaying too much 

abstract data directly onto the map. 

In the case of CO2 capture and transport 

optimization (SimCCS) [6], the complexity of the 

infrastructure network requires precise spatial 

planning. However, the performance metrics of 

that  network  (cost,  capacity,  pressure)  are 
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abstract. Dashboards that attempt to encode all 

these variables onto the map nodes via size, color, 

and shape simultaneously create "visual soup." The 

results suggest that a dashboard layout separating 

the physical topology (map) from the performance 

metrics (bar charts, scatter plots), connected by 

interactive highlighting, significantly reduces the 

time required for users to identify optimal routes 

and storage sites. 

Risk Presentation and Behavioral Impact 

The format of data presentation directly influences 

environmental behavior. Liu and Jin’s survey on 

household low-carbon practices demonstrates that 

visualization is a psychological intervention [8]. 

Merely presenting raw numbers (e.g., "400 ppm 

CO2") has minimal impact on non-expert users. 

Conversely, visualizations that utilize comparative 

framing or "social norming" approaches 

(comparing one's emissions to a neighbor's) are 

effective. 

Connecting this to Akl et al.’s research on statistical 

formats [11], we find that "relative risk" or 

"relative improvement" visualizations are more 

likely to drive sustainable adoption than absolute 

values. For example, showing a "20% reduction in 

energy waste" is more cognitively sticky than 

showing "200 kWh saved." This finding is critical 

for designing consumer-facing dashboards, where 

the goal is not just monitoring, but motivation. 

DISCUSSION 

Cognitive Processing of Spatiotemporal Data 

The core challenge identified in this study is the 

cognitive  processing  of  spatiotemporal  data— 

information that varies across both space and time. 

This section expands significantly on the 

implications of aggregation, the nuance of visual 

perception in high-stakes environmental 

monitoring, and the theoretical divergence 

between expert and layperson dashboard 

requirements. 

The Aggregation-Fidelity Trade-off 

One of the most significant findings to emerge from 

the cross-disciplinary analysis is the critical role of 

aggregation in time-series visualization. Albers et 

al. [12] highlight that task-driven evaluation of 

aggregation is essential; there is no "one size fits 

all" summary of time. In environmental 

monitoring, this presents a profound dilemma. CO2 

emissions and air quality variance are continuous, 

flowing phenomena. However, decision-makers 

rarely operate on continuous time; they operate on 

aggregated intervals (hourly averages, daily peaks, 

annual quotas). 

When we analyze the work of Wu et al. regarding 

the data-driven regionalization of air quality [4], 

we see that the method of aggregation 

fundamentally alters the perception of the 

problem. If a dashboard averages air quality over a 

24-hour period, brief but hazardous spikes in 

particulate matter (PM2.5) may be smoothed out 

and disappear from the visual record. This 

"smoothing effect" creates a false sense of security. 

Conversely, presenting raw, unaggregated sensor 

data results in a jagged, noisy signal that users 

struggle to interpret, leading to alarm fatigue. 

The "Psychology of Visual Perception in Data 

Dashboards" [1] suggests that the human brain 
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seeks patterns and abhors noise. Therefore, the 

dashboard designer must make an editorial choice: 

How much fidelity is sacrificed for clarity? In high- 

stakes environments, such as the real-time CO2 

monitoring described by Ming et al. [7], we argue 

for a "Smart Aggregation" framework. This 

involves visualization algorithms that dynamically 

adjust aggregation levels based on data variance. If 

the data is stable, the system aggregates to reduce 

load; if an anomaly is detected, the system 

automatically disaggregates to show high-fidelity 

granularity. This aligns with the "Declutter and 

Focus" methodology [10], ensuring that the user’s 

cognitive resources are spent analyzing the 

anomaly rather than filtering the noise. 

Cognitive Load in GIS-Enabled Digital Twins 

The integration of GIS into Digital Twin systems, as 

explored by Park and Yang [3], represents the 

pinnacle of current environmental visualization. 

However, it also represents the peak of potential 

cognitive overload. A Digital Twin of a city like 

Jeonju aims to replicate the physical world 

virtually. The visual complexity of a photorealistic 

or high-fidelity map background competes for 

attention with the data overlay (carbon emissions). 

From a perceptual standpoint, the "data-ink ratio" 

in many GIS systems is suboptimal. The map 

background often contains superfluous 

information (building textures, minor roads, 

vegetation) that is irrelevant to the carbon 

emission data but consumes the user's visual 

processing bandwidth. Jern and Franzen’s [2] 

advocacy for integrating InfoVis and GeoVis must 

be interpreted through a lens of minimalism. For 

effective  sustainability  evaluation,  the  "Digital 

Twin" should perhaps be a "Digital Abstract"—a 

simplified topological representation of the city 

rather than a photorealistic one. By reducing the 

visual fidelity of the background context, the 

salience of the emission data—the "figure" in the 

"figure-ground" relationship—is enhanced. 

Visualization as a Behavioral Nudge 

The discussion must also address the divergence in 

design requirements for experts versus the general 

public. The tools used for optimizing CO2 

infrastructure (SimCCS) [6] presuppose a user with 

high domain literacy. These users can tolerate 

higher cognitive loads and more abstract 

representations (e.g., scatterplots, network 

diagrams). However, as sustainability efforts move 

into the household [8], the dashboard becomes a 

tool for behavioral modification. 

Here, the "impact" mentioned in the title of 

Reference 1 becomes psychological. For a 

household user, a dashboard showing a line graph 

of Kilowatt-hours is abstract and disconnected 

from action. However, applying Akl et al.’s findings 

on alternative statistical formats [11], we can 

hypothesize that "concrete" visualizations—such 

as metaphors (e.g., number of trees planted or 

lost)—leverage different cognitive pathways. The 

visualization acts as a translation layer. It converts 

the invisible, abstract chemistry of CO2 into a 

tangible, moral, or financial imperative. The 

effectiveness of the visualization is measured not 

by how accurately the user can read the number, 

but by whether they turn off the lights. This 

suggests that "accuracy" in visual design is context- 

dependent; for the expert, accuracy is numerical 
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precision; for the layperson, accuracy is the correct 

emotional calibration to the urgency of the issue. 

The Role of Color and Semiotic Consistency 

Finally, the standardization of visual language in 

environmental dashboards remains an open 

challenge. In the study of campus sustainability [5], 

the use of heatmaps is prevalent. However, the 

semantic meaning of color scales (e.g., Red-Green- 

Blue) varies culturally and psychologically. While 

red universally signals "danger" or "high 

heat/emissions," the intermediate zones are often 

ambiguous. Furthermore, as data becomes 

multidimensional—tracking CO2, temperature, 

and humidity simultaneously—the "rainbow 

colormap" often used in scientific visualization 

creates perceptual artifacts, where users perceive 

boundaries in the data that do not actually exist. 

Adopting perceptually uniform colormaps (where 

the change in color perception linearly matches the 

change in data value) is a low-effort, high-impact 

intervention. This technical adjustment aligns with 

the goal of minimizing cognitive friction. If the user 

has to constantly consult a legend to decode the 

color, the visualization has failed to be intuitive. In 

real-time monitoring scenarios [7], this micro- 

latency in decoding can accumulate, leading to 

slower response times to environmental hazards. 

CONCLUSION 

This study has traversed the landscape of 

environmental data visualization, examining the 

friction between the complexity of Earth systems 

and the limits of human cognition. The synthesis of 

recent literature confirms that the "more is better" 

approach to data display is fundamentally flawed. 

Whether managing regional air quality [4] or 

optimizing carbon capture infrastructure [6], the 

efficacy of a dashboard is determined by its 

"Cognitive Efficiency"—its ability to deliver insight 

with minimal mental exertion. 

We have identified that successful environmental 

dashboards share common traits: they utilize 

strategic aggregation to manage time-series noise 

[12], they practice rigorous decluttering to 

prioritize signal over context [10], and they tailor 

the visual metaphor to the audience—using high- 

fidelity abstractions for experts and concrete 

metaphors for households [8]. 

As we advance toward a carbon-neutral future, the 

systems we use to monitor our progress must 

evolve. The next generation of sustainability tools 

must be designed with a "cognitive-first" 

architecture. This means integrating the principles 

of visual perception [1] directly into the data 

pipeline, ensuring that the dashboard serves not 

just as a mirror of the environment, but as a clear 

lens that focuses human attention on the actions 

that matter most. Future research should focus on 

the development of adaptive interfaces that 

measure the user's cognitive load in real-time— 

perhaps using eye-tracking or interaction 

latency—and dynamically adjust the visualization 

complexity to maintain optimal engagement and 

understanding. 
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