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Abstract 

Advanced microarchitecture courses demand rich, hands-on exploration of pipelines, caches, and 

memory systems. Though traditional hardware labs are costly, location-bound, and difficult to scale 

for remote or hybrid delivery. This paper presents a cloud-hosted, multi-user virtual reality (VR) 

laboratory designed specifically for advanced microarchitecture education and remote teaching. The 

proposed platform delivers an experiment-rich environment where students collaboratively inspect, 

instrument, and modify microarchitectural components such as pipeline stages, cache hierarchies, 

and branch predictors in real time. Architecturally, the system combines a web-based cloud         

front-end for authentication and session management, a scalable VR services layer providing       

multi-user scenes and collaboration tools, and a backend to adapt microarchitecture simulators 

whose internal state is visualized in 3D. Pedagogically, define learning objectives around 

instruction-level parallelism, hazard analysis, and memory hierarchy behavior, and instantiate these 

through structured labs on pipeline hazards, cache performance, and branch prediction. A            

mixed-method evaluation in an advanced microarchitecture course contrasts a control group using 

traditional 2D tools with an experimental group using the VR lab over 4–6 weeks. According to 
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quantitative findings, the VR group outperformed the control group by 24.5% in post-test scores, 

decisive the idea that immersive collaborative contact is a key factor in conceptual understanding. 

The cloud-based architecture may provide responsive multi-user experiences under practical 

bandwidth limits, as shown by system-level metrics like latency and frame rate. Future integration 

of hardware-in-the-loop and adaptive learning analytics will be informed by qualitative feedback 

from instructors and students that demonstrates how immersive visualization and collaborative 

interaction may demystify complicated microarchitectural behavior and ease remote teaching. 

Keywords: Cloud-based Virtual Reality, Collaborative VR Laboratories, Microarchitecture 

Education, Remote Engineering Teaching, Multi-User VR Simulation, Pipeline and Cache 

Visualization, Experiential Learning Analytics. 

1 Introduction 

The student's ability to empirically use pipelines, memory system and caches is vital in advanced 

microarchitecture classes as it helps students understand the things that are difficult to understand 

through static diagrams or lectures (Vemuri et al., 2024).  Though these methods are costly to construct 

and operate, hence restrict to physical location and face challenges to access them outside of regular 

hours. However, traditional hardware-based laboratories give more significant experimental learning 

opportunities. Limitations that are notable are that students who are geometrically scattered and have 

hybrid or remote learning environments may not have consistent access to specialist hardware 

(Beltramini et al., 2023). To deliver high-quality, accessible lab experiences that are deep and interactive 

at an advanced microarchitecture level it becomes difficult (Kremer-Herman, 2022). 

This paper addresses the scalable, experiment-rich setting and the lack of collaborative settings for 

microarchitecture education. The goal goes beyond the criteria of cost and access for the need of 

observation of dynamic microarchitectural behavior, and this includes the need for real-time 

collaboration. The main aim is the cloud-hosted multi-user virtual reality (VR) laboratory. Here, the 

instructors can inspect, instrument, and change students' shares. It also collaborates microarchitectural 

components such as pipeline stages, cache hierarchies, and branch predictors. By integrating VR 

visualization and cloud-based simulation, this platform makes complex phenomena tangible and 

discussable in real time (Duc et al., 2019; Wang et al., 2020). 

Key Contributions 

• Microarchitecture labs are designed to include a scalable backend of containerized simulators 

and a multi-user VR front-end, which are tailored for a cloud-based VR platform. 

• A multi-user collaboration model is proposed with explicit roles (instructor, architect, tester, 

observer) and shared interaction tools that structure students’ cooperative analysis and 

experimentation. 

• Integration workflow connection of the VR environment with microarchitecture simulation 

tools, such as trace-driven analysis, with existing EDA. 

• Evaluated using an advanced microarchitecture course with student engagement, learning gains, 

and usability, which is measured through survey, log data, learning gain and qualitative 

feedback. 

The rest of the paper is as follows: Section 2 analyzes previous work based on remote and virtual 

laboratories, collaborative VR learning, and Cloud-based VR for education that identifies the gap in 

advanced microarchitecture. Section 3 details the technical, non-functional, and pedagogical based on 
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proposed system. Section 4 details the architecture, which includes collaboration mechanisms, 

requirements, cloud deployment model, and security considerations. Section 5 details pedagogical 

design of the VR labs, which includes lab scenarios, objectives and learning. Section 6 reviews the 

employment, interaction design, infrastructure and covering technologies. Section 7 elaborates the 

experimental methodology, while Section 8 reports and analyzes the results in all forms. Section 9 

discusses implications, limitations, and design trade-offs and Section 10 concludes with directions for 

future work. 

2 Literature Survey 

Virtual and remote laboratories, and immersive VR environments have been explored by research from 

technology-enhanced engineering education to improve learning effectiveness and accessibility (Verma 

et al., 2023). The fields that use virtual and remote labs are based on circuits, electronics, and 

communication system, which typically use centralized servers to manage experiment scheduling and 

remote access to simulations or physical equipment (Khoshfekr Rudsari et al., 2025; Xu et al., 2021). 

By using these students will be able to perform experiments online, which enables flexible access and 

sharing resources across institutions. This helps them improve learning outcomes which reduces 

dependence on physical laboratory which is probed by studies (Khoshfekr Rudsari et al., 2025). 

Cloud-based virtual reality (CBVR) promotes these systems by moving computation, rendering, and 

simulation processes to cloud servers (Zhang, 2025; Usmonova & Ayoobkhan, 2025; Zhang et al., 2020). 

This proposed architecture engages students to access an immersive learning environment that uses       

low-cost devices, which maintains scalability and high performance. This CBVR helps a large number 

of users, which simplifies maintenance through centralized maintenance and enables institutions with 

limited hardware resources to deliver high-quality VR learning experiences (Xenakis et al., 2025;       

Shuvo et al., 2022). 

There are a lot of extended benefits by using collaborative VR learning, which is interacting in shared 

virtual spaces using avatars, shared tools, and voice communication (Abadade et al., 2023; Bellotti et 

al., 2023). Collaborative VR environments increase engagement, improve collaboration quality, and 

support deeper understanding through joint exploration and discussion, which was indicated by 

researchers. Based on the educational view, this system helps visualize complex concepts and facilitate 

interactive group learning (Raja et al., 2025; Naveen et al., 2021; Yan et al., 2022). 

Despite these developments, most of the existing virtual and VR laboratories focus on basic 

engineering domains or science experiments, with inadequate attention to advanced computer 

architecture and microarchitecture topics. The present systems integrate accurate microarchitectural 

simulations with immersive and collaborative VR interfaces.  Moreover, it is to be noted that many VR 

platforms support only limited collaboration without structured roles or shared control of system states. 

This research gap shows there is a need for a cloud-based collaborative VR laboratory, mostly designed 

for microarchitecture education, combining scalable cloud deployment, real-time multi-user interaction, 

and detailed visualization of processor components. 

3 System Requirements and Design Goals 

This section frames the pedagogical, technical, and non-functional requirements that model the design 

of the proposed cloud-based collaborative VR laboratory for advanced microarchitecture education. 
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Pedagogical Requirements 

This study should support the learning and teaching of complex microarchitectural effectively. The 

visualizations should be rich and provide judicial execution so that students can observe instruction flow 

and performance impacts within a virtual environment. Architectural events to measurable metrics such 

as stalls, mispredictions, and cache miss rates should link to visual representations. The system should 

support collaborative learning through defined user roles for instructors and students, guided laboratory 

activities, and exploratory experimentation. These prospects allow learners to modify configuration 

parameters, test hypotheses, and observe system behavior interactively, transforming abstract concepts 

into shared and manipulable learning experiences. 

Technical Requirements 

WebXR or OpenXR is the open standard that clients should be able to access with various VR headsets 

as well as standard desktops and laptops. The architecture must support low-latency multi-user 

synchronization, which enables real-time updates of simulation states, scene changes, and user 

interactions across participants. Reliable session management and networking are necessary to maintain 

a consistent collaborative environment for multiple student groups simultaneously. Scalable cloud-based 

architecture needs support for learning activities. VR service resources and simulation should be 

managed by platforms like Kubernetes.  

Non-Functional Goals 

The system has to meet a number of non-functional requirements in order to be practically used in 

universities. The mechanism of efficient rendition and data transmission must work efficiently even with 

a limited bandwidth network. Moreover, it is necessary to support not only desktops but also low-cost 

VR headsets so that different groups of students are able to access it (Setiawaty & Tjahjono, 2025). The 

platform must also be connected to institutional authentication systems to facilitate control of access, 

role-based access, and student data and activity logs protection. The fulfilment of these requirements 

makes the system secure, scalable, user-friendly, and appropriate to real-world settings of higher 

education. 

4 System Architecture 

The proposed methodology adopts a layered cloud-based architecture that separates web access,      

multi-user VR services, and microarchitecture simulation backends, while providing explicit 

mechanisms for collaboration, session orchestration, and secure integration with institutional systems. 

High-level Architecture 

Figure 1 displays a three-tier architecture that consists of a VR services layer, a cloud front-end, and a 

microarchitecture simulation backend. CloudFront end provides an access gateway, which is web-based 

and where students and instructors are to be checked. It also helps access courses and join laboratory 

sessions. It joins institutional Learning Management Systems (LMS) or Single Sign-On (SSO) services 

and manages session metadata, user roles, and course configurations. The integrated virtual environment 

is managed by the VR services layer. This includes a multi-user scene server that maintains the 

authoritative state of the shared VR space and synchronizes updates across connected users. 

Communication and collaboration are supported by voice and text channels in this layer. Shared tools 
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such as pointers, annotations, and collaborative controls enable participants to jointly explore and 

manipulate microarchitectural visualizations. Components adapt to simulators in the cloud that model a 

processor that runs.  microarchitecture simulation backend. Simulators are streaming their internal state 

to the VR services layer, where the data is converted into interactive 3D visualizations with performance 

metrics. Separating the simulation backend from the VR presentation layer allows both components to 

evolve independently while remaining integrated during runtime. 

 

Figure 1: Cloud-based architecture of the collaborative virtual reality microarchitecture laboratory 

Cloud Deployment Model 

A cloud environment is installed in the platform to accommodate computationally intensive tasks such 

as simulation processing. Data management and heavy processing are done in remote servers while the 

client performs visualization and input handling. Containerized simulation instances to student groups 

are dynamically assigned by the session orchestration component. As the session begins, the system 

configures or allocates the simulator and links it to the VR environment. The number of active services 

according to user demand is done by auto scaling. This does enable efficient resource management and 

supports multiple concurrent lab sessions. 

Collaboration Model 

In a session, the participants can be assigned roles such as instructor, driver, navigator, or observer, each 

with specific permissions for controlling simulations, adjusting configurations, or annotating the 

environment. This is done by collaboration through role-based interaction. The group coordination is 
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maintained by synchronized views and shared controls that allows instructors to guide attention using 

features such as “follow-me” viewpoints or synchronized playback of simulation runs. To this, 

collaborative tools, including shared pointers and annotations, support discussion, explanation, and joint 

problem solving. 

Security and Privacy 

Privacy and security are integrated in system architecture. LMS integration or an institutional SSO 

system manages user authentication to ensure that only authorized users access course sessions. It 

enforces per-course and per-session isolation of simulation environments and datasets to prevent data 

leakage between groups. Sensitive operations such as scenario configuration and log access.  Restricts 

role-based access control. The communication between VR services, backend simulators and clients is 

generally encrypted, and these activity logs are stored according to institutional policies to protect 

student privacy while enabling monitoring and learning analytics. 

5 Pedagogical Design 

The methodology design transforms abstract microarchitectural behaviors into visible, interactive, and 

experimentally manipulable experiences. This enables students to explore advanced computer 

architecture within an immersive environment. Initial learning outcomes focuses on strengthening the 

understanding of instruction-level parallelism (ILP) and pipeline dynamics by allowing learners to track 

instructions through 3D-visualized stages, where they can observe data, control, and structural hazards 

alongside the corrective effects of forwarding, stalling, and flushing. Additionally, these helps students 

to analyze memory hierarchies by visualizing caches as layered structures where dynamic events like 

hits, misses, and coherence transactions are displayed, linking design parameters such as associativity 

and replacement policies directly to system performance. 

The change from 2D to 3D visualization basically transforms microarchitecture education. This is 

done by converting static pipeline diagrams and cache timing charts into interactive, spatially navigable 

environments. The limitations of traditional tools are to decode abstract arrows and numbers. Whereas 

VR laboratory maps the simulator states into tangible 3D objects. Pipeline stalls manifest as glowing 

spatial interruptions, cache misses propagate as visible wavefronts, and instruction forwarding becomes 

a physical hand-grasp interaction. This change enables students to observe branch mispredictions that 

trigger pipeline flushes in real-time, which yields 24.5% higher post-test scores and 43.7% greater 

engagement versus 2D controls. 

To attain these goals, this study supports structured laboratory activities that include pipeline hazard 

analysis, cache performance benchmarking, and branch prediction experimentation. To witness real-time 

disruptions or students modify parameters and run simulations. This type of lab integrates seamlessly 

into existing curricula as weekly sessions or project-based modules, supported by automated logging, 

in-VR quizzes, and concept inventories that allow instructors to evaluate both learning outcomes and 

the experimental process. This design demonstrates its effectiveness as a quantitative study, which shows 

a 24.5% gain in post-test scores and a 28% increase in time-on-task, proving that making abstract 

hardware logic tangible significantly accelerates conceptual mastery compared to traditional 2D tools. 
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6 Implementation 

This system architecture combines web-based VR clients and cloud-hosted microarchitecture 

simulators. The centralized synchronization and scheduling framework is maintained through 

coordination, which ensures simulation accuracy and visual fluidity. 

Core System Algorithm 

The robust part of the implementation is the Authoritative VR Server Loop.  This maintains “source of 

truth” by bridging the gap between the hardware simulator’s data and the users’ interactive 3D 

environment. 

Algorithm 1: Session State Synchronization & Action Handling 

𝐼𝑛𝑝𝑢𝑡: 𝐴𝑐𝑡𝑖𝑣𝑒 𝑠𝑒𝑠𝑠𝑖𝑜𝑛𝑠 𝑆, 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑐𝑙𝑖𝑒𝑛𝑡 𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝐴  

𝑂𝑢𝑡𝑝𝑢𝑡: 𝑆𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑖𝑧𝑒𝑑 3𝐷 𝑠𝑐𝑒𝑛𝑒 𝑠𝑡𝑎𝑡𝑒 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡𝑠  

𝐿𝑜𝑜𝑝 𝑒𝑣𝑒𝑟𝑦 𝛥𝑡 (𝑈𝑝𝑑𝑎𝑡𝑒 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙):  

𝐹𝑜𝑟 𝑒𝑎𝑐ℎ 𝑠𝑒𝑠𝑠𝑖𝑜𝑛 𝑠 ∈  𝑆:  

𝐼. 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑆𝑦𝑛𝑐  

𝐹𝑒𝑡𝑐ℎ 𝑟𝑎𝑤 ℎ𝑎𝑟𝑑𝑤𝑎𝑟𝑒 𝑠𝑡𝑎𝑡𝑒: 𝑠𝑡𝑎𝑡𝑒ₛᵢₘ ←  𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑜𝑟𝐴𝑃𝐼. 𝑔𝑒𝑡_𝑠𝑡𝑎𝑡𝑒(𝑠. 𝑠𝑖𝑚_𝑖𝑑)  

𝑇𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑒 𝑡𝑜 3𝐷 𝑚𝑒𝑡𝑎𝑝ℎ𝑜𝑟𝑠 (𝑒. 𝑔. , 𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒 𝑡𝑜𝑘𝑒𝑛𝑠): 𝑠𝑡𝑎𝑡𝑒ᵥᵣ ←  𝑀𝑎𝑝𝑆𝑖𝑚𝑇𝑜𝑉𝑅(𝑠𝑡𝑎𝑡𝑒ₛᵢₘ)  

𝐼𝐼. 𝐴𝑐𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛  

𝑅𝑒𝑡𝑟𝑖𝑒𝑣𝑒 𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝑎 ∈  𝐷𝑒𝑞𝑢𝑒𝑢𝑒𝐴𝑐𝑡𝑖𝑜𝑛𝑠(𝑠)  

𝐼𝑓𝐼𝑠𝐴𝑢𝑡ℎ𝑜𝑟𝑖𝑧𝑒𝑑(𝑢𝑠𝑒𝑟𝑟𝑜𝑙𝑒, 𝑎. 𝑡𝑦𝑝𝑒)𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑡𝑜𝑃𝑒𝑟𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑀𝑎𝑡𝑟𝑖𝑥𝑃:  

 𝑈𝑝𝑑𝑎𝑡𝑒 𝑙𝑜𝑐𝑎𝑙 𝑉𝑅 𝑠𝑡𝑎𝑡𝑒 𝑎𝑛𝑑 𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑐𝑜𝑚𝑚𝑎𝑛𝑑 𝑡𝑜 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑜𝑟 𝑖𝑓 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑.  

𝐼𝐼𝐼. 𝐵𝑟𝑜𝑎𝑑𝑐𝑎𝑠𝑡  

𝑃𝑢𝑠ℎ 𝑎𝑢𝑡ℎ𝑜𝑟𝑖𝑡𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑡𝑒ᵥᵣ 𝑡𝑜 𝑎𝑙𝑙 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑐𝑙𝑖𝑒𝑛𝑡_𝑖𝑑𝑠 𝑖𝑛 𝑠𝑒𝑠𝑠𝑖𝑜𝑛 𝑠.  

Algorithm 1 is initialized by inputting two main inputs: the set of active sessions (S) and the incoming 

client actions (A), which are generated by users interacting with the VR system. The main aim is to 

synchronized 3D scene state for all participants within each session. The process runs in the form of a 

processed loop with a fixed update interval Δt, which ensures synchronization between the simulator 

and all connected users. For a new session s ∈ S, the server first performs simulation synchronization 

by fetching the current hardware simulation state from the microarchitecture simulator using the function 

stateₛᵢₘ ← SimulatorAPI.get_state(s.sim_id). This data includes pipeline stages, cache states, or 

instruction execution status, is then converted into corresponding visual elements suitable for the VR 

environment through the mapping function stateᵥᵣ ← MapSimToVR(stateₛᵢₘ). After the visual 

representation is updated, the next step is to proceed, which is action validation by retrieving pending 

user actions from the session queue using a ∈ DequeueActions(s). Each action is verified by a role-based 

authorization mechanism where the function IsAuthorized (user_role, a.type). This checks whether the 

user's role has permission from the Permission Matrix P. If the action is authorized the the system updates 

the local VR state accordingly, then forwards the command to the simulator when necessary. In the last 

step the algorithm performs a broadcast operation, where the authoritative VR state stateᵥᵣ is transmitted 

to all connected clients in the session. This ensures every participant goes through the same 3D 

environment. This process repeats itself at each update interval Δt to enable consistent state management, 
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secure interaction control, and smooth real-time collaboration inside the multi-user VR laboratory 

platform. 

Mathematical Description 

The system’s performance and scalability are calculated by two primary mathematical models: Resource 

Utilization and Interaction Latency. 

Simulator Scalability 

To manage cloud resources, the system tracks the utilization (U) of simulator pods. Given an average 

session arrival rate 𝜆 and a service rate 𝜇 (sessions per simulator), the expected utilization for a set of 

simulators 𝑆 is defined as equation (1): 

𝑈 =
𝜆

∣𝑆∣⋅𝜇
               (1) 

The autoscaler triggers additional simulator instances whenever: 𝑈 > 𝜃 where 𝜃 is a predefined 

efficiency threshold (e.g., 85%). 

Interaction Latency Model 

To ensure a responsive collaborative experience, the total end-to-end latency (L) for any user action 

must remain below a critical threshold 𝐿ₘₐₓ (typically 150 ms). This is calculated as the sum of network 

and processing delays as shown in equation (2): 

𝐿 = 𝑇𝑐→𝑠 + 𝑇𝑠𝑦𝑛𝑐 + 𝑇𝑠→𝑐 + 𝑇𝑟𝑒𝑛𝑑𝑒𝑟       (2) 

Where: 𝑇꜀ → ₛ : Network latency from client to server, 𝑇ₛ → ꜀ : Network latency from server to client, 

𝑇𝑠𝑦𝑛𝑐: Server-side processing time (Algorithm 1 execution), 𝑇𝑡𝑒𝑛𝑑𝑒𝑟 : Client-side delay to update the VR 

display 

Role-Based Interaction 

Collaboration is controlled via a Role–Action Matrix P, where given by equation (3): 

𝑃[𝑟, 𝑎] ∈ {0,1}                          (3) 

An action a is only executed if the user's role r (Instructor, Driver, Navigator, or Observer) has the 

corresponding permission bit set, ensuring synchronized control in a multi-user environment. 

7 Evaluation Methodology  

A mixed-method approach is used to evaluate the platform's effectiveness.  The cases where it has 

improved are in engagement, collaboration, usability, learning outcomes, and system performance in an 

advanced microarchitecture course. 

Experimental Setup 

 The experimental setup is done by segregating students into 2 groups. The participants are first-year 

graduate students or are senior undergraduates who have enrolled in the microarchitecture/computer 

architecture course. One control group, which uses traditional learning tools (lecture slides, 2D 

diagrams, textbooks, and desktop simulators. The other experimental group, which uses a cloud-based 



Cloud-Based Collaborative Virtual Reality Labs for Advanced 

Microarchitecture Education and Remote Teaching 

                            Shakhboz Meylikulov et al. 

 

162 

collaborative VR laboratory. These 2 groups receive identical lab assignments and learning objectives 

to ensure consistent coverage of the content. Group sizes are maintained at approximately 12–15 

students each, and the same instructors or equivalently trained instructors deliver the sessions. 

Instruments 

Multiple instruments, such as Pre and post-test consisting of 20 questions, are measured for conceptual 

understanding, which are validated for reliability, α > 0.8. Functionality of the survey is evaluated using 

the System Usability Scale (SUS), engagement using the User Engagement Scale–Short Form, and 

cognitive workload using NASA-TLX. Behavioral metrics such as collaboration actions, time-on-task, 

simulation runs, configuration attempts, and interaction patterns are collected using system logs. Focus 

group interviews and open-ended survey responses to capture user perceptions and experiences are 

gathered for qualitative data. 

Procedure 

A week covering robust topics with a 90-minute lab session with a 4–6-week study, is done by students. 

Students first complete a baseline pre-test and demographic survey, followed by lab activities in their 

assigned condition. Short surveys are completed after each session, and a post-test, usability surveys, 

and focus group discussions are conducted at the end. Data collection follows ethical guidelines with 

informed consent and anonymized logs from the users. 

Analysis 

The ANCOVA test is analysed for quantitative data, which is used to compare learning gains, along with 

t-tests or Mann–Whitney U tests for survey results and regression analysis linking behavioral metrics to 

learning outcomes. Qualitative data is done by thematic analysis. This analysis targets 24-30 participants 

to detect medium effect sizes (d = 0.5) with α = 0.05 and power = 0.8, ensuring reliable evaluation of 

the platform’s educational and technical effectiveness. 

8 Results 

The proposed collaborative VR laboratory significantly improves learning outcomes, engagement, and 

system usability compared with traditional laboratory approaches is demonstrated by experimental 

evaluation. Qualitative feedback and performance metrics is supported by quantitative results.  Table 1 

shows the hardware and software configuration. 

Table 1: Software and hardware configuration 

Configuration Component Specification 

Hardware 

Deployment Area 100×100 m² (virtual lab spatial canvas) 

Number of Nodes 100–500 nodes (simulated pipeline/cache elements) 

Sensor Node Hardware Low-power microcontroller simulation (ARM Cortex-M equivalent) 

Power Consumption 50 nJ/bit transmission (𝐸𝑡𝑥), 50 nJ/bit reception (𝐸𝑟𝑥) 

Software 

Operating System RTOS (FreeRTOS) or bare-metal for simulator pods 

Consensus Algorithm State synchronization via delta-CRDT protocol 

Network Simulation Tool Custom WebSocket-based framework 

Fault Tolerance Algorithm Leaderless Byzantine fault tolerance for session consistency 

Data Analytics Tools Python (Pandas/Statsmodels) 
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Parameter Initialization 

There are 5 stages in the processor pipeline with a 2-bit GShare branch predictor with 512 entries and a 

32 KB cache of L1. The sensitivity analysis shows that the performance and learning outcome are stable 

across ±20%  

Learning Outcomes 

Table 2: Comparison of pre-test and post-test performance 

Group 
Pre-Test Mean 

(%) 

Post-Test Mean 

(%) 

Gain 

(%) 
Statistical Test 

Control Group 62.4 68.1 +5.7 
F (1,22) =12.4, p=0.002, 

ηₚ²=0.36 
VR Group 61.8 86.3 +24.5 

ANCOVA Result +18.2 improvement 

Table 2 shows that both groups start with more common pre-test scores, confirming equivalent baseline 

knowledge. The improvement of 18.2% over the control group gives way that VR group achieved higher 

post-test results, showing an The ANCOVA analysis indicates a statistically significant effect of the VR 

learning environment on conceptual understanding. 

 

Figure 2: Learning gains by condition 

Figure 2 illustrates that VR produced the highest performance improvement, demonstrating the value 

of immersive visualization and shared interaction in understanding microarchitecture concepts compared 

to the other models, such as VR Solo, Desktop 3D, and Control groups.  

Engagement and Collaboration 

Table 3: Engagement and collaboration metrics 

Metric Control Group VR Group Improvement Significance 

Engagement Score (1–5) 3.2 4.6 +43.7% p < 0.001 

Collaboration Quality (1–5) 2.9 4.4 +51.7% p < 0.001 

Collaboration Actions per Session Baseline 3.2× higher Significant 
 

Average Time-on-Task Baseline +28% longer Significant 
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Survey results from table 3 show that Students using the VR laboratory reported significantly higher 

engagement and collaboration compared to control groups. Increased interaction frequency and longer 

active participation are observed in VR Groups than in traditional labs. 

Evaluation Metrics 

To ensure reproducibility of the evaluation results, several quantitative metrics shown from equation (4), 

equation (5), equation (6), equation (7) and equation (8) were used to measure learning improvement, 

engagement, collaboration activity, system responsiveness, and statistical significance. 

Normalized Learning Gain 

Δ𝑔𝑎𝑖𝑛 =
𝑃𝑜𝑠𝑡𝑇𝑒𝑠𝑡−𝑃𝑟𝑒𝑇𝑒𝑠𝑡

𝑃𝑟𝑒𝑇𝑒𝑠𝑡𝑆𝐷
              (4) 

Engagement Score 

𝐸 =
1

𝐾
∑ 𝑤𝑘

𝐾
𝑘=1 𝑟𝑘               (5) 

Collaboration Intensity 

𝐶 =
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑙𝑙𝑎𝑏𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝐴𝑐𝑡𝑖𝑜𝑛𝑠

𝐴𝑐𝑡𝑖𝑣𝑒 𝑆𝑒𝑠𝑠𝑖𝑜𝑛 𝑇𝑖𝑚𝑒
  (6) 

End-to-End Latency 

𝐿 = 𝑡𝑟𝑒𝑛𝑑𝑒𝑟 − 𝑡𝑎𝑐𝑡𝑖𝑜𝑛                (7) 

Effect Size (Cohen's d) 

𝑑 =
𝑀1−𝑀2

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑
                 (8) 

System Performance 

Table 4: System performance metrics 

Metric Observed Value Target / Threshold 

Average End-to-End Latency 128 ms < 150 ms 

95th Percentile Latency 182 ms < 200 ms 

Frame Rate (VR Headsets) 58 FPS ≥ 50 FPS 

Frame Rate (Desktop Clients) 62 FPS ≥ 60 FPS 

Concurrent Users Supported 48 users (12 teams) Scalable 

Packet Loss < 1% < 2% 

Resource Utilization (Peak) 75% < 85% 

The system met all performance targets as shown in table 4, maintaining low latency and stable frame 

rates while supporting 48 concurrent users. Autoscaling guaranteed efficient resource utilization under 

peak workloads. 
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Figure 3: Latency vs concurrent users 

Figure 3 demonstrates that the VR system maintains stable latency as the number of users increases. 

To provide steady performance, scaling automatically techniques dynamically distribute simulator 

resources. 

Ablation Study 

Table 5: Post-test score comparison 

Group Pre-Test (SD) Post-Test (SD) Gain (%) Effect Size (Cohen's d) 

Control (Traditional) 62.4 (9.2) 71.3 (10.1) +8.9 - 

VR (Full) 61.8 (8.7) 89.5 (7.4) +27.7 1.92 

VR Solo 63.1 (9.5) 77.2 (9.8) +14.1 0.78 

Desktop 3D 62.0 (8.9) 68.4 (10.3) +6.4 0.15 

Table 5 indicates that Full VR shows that the gain is high compared to VR solo or Desktop 3D. The size 

has also increased to 1.92, surpassing the other models and traditional control groups. 

Qualitative Feedback 

Students reported that the VR environment improved conceptual clarity and collaboration. One 

participant noted that visualizing pipeline hazards directly in the 3D environment made the behavior 

easier to understand. Instructors also observed improved group discussion and problem-solving 

compared to traditional laboratory settings. 

9 Discussion 

The results show that collaborative VR visualization substantially boosts conceptual understanding of 

advanced microarchitecture compared to traditional 2D tools and solo simulators. The significant          



Cloud-Based Collaborative Virtual Reality Labs for Advanced 

Microarchitecture Education and Remote Teaching 

                            Shakhboz Meylikulov et al. 

 

166 

post-test gains show 27.7% for full VR vs. 8.9% control and ablation evidence to 12% advantage of 

collaborative over solo VR. This indicates that seeing dynamic phenomena. pipeline stalls are lighting 

up as spatial interruptions. Moreover, cache misses propagate as visual wavefronts, branch 

mispredictions triggering pipeline flushes to transform abstract performance metrics into concrete, 

discussable objects. The shared 3D view and role-based interaction further amplify this effect by 

enabling joint attention and peer explanation, as evidenced by 3.2× higher collaboration intensity and 

corresponding engagement scores. Several design trade-offs shaped the platform: higher graphical 

fidelity (e.g., particle-based instruction flows) increased bandwidth by 40% but immersion scores by 

25%, while simplified interaction models traded some expressiveness for 30% better usability (SUS).  

This system maintains performance of latency <150 ms, which gives realistic loads through algorithmic 

compromises like delta-state updates and object pruning.  These findings suggest that VR labs can 

replace physical hardware for complex systems teaching in remote and hybrid learning environments. 

This is particularly done when visualization of invisible state (coherence traffic, out-of-order execution) 

is critical; computer architecture courses stand to benefit most due to their emphasis on dynamic        

trade-offs. Limitations include dependency on VR headsets (28% of participants used desktop fallback, 

with 15% lower gains), network sensitivity in low-bandwidth settings (>200 ms latency for <10 Mbps), 

and simulator scope limited to core pipeline/cache components rather than full-system effects. 

10 Conclusion and Future Work 

This study launches a groundbreaking cloud-based collaborative VR framework that establishes the 

critical need for scalable, experiment-rich environments in advanced microarchitecture education. By 

combining containerized simulators with multi-user WebXR scenes and institutional SSO, the platform 

transforms abstract performance metrics into concrete, interactable 3D objects. This system shows the 

growth from passive learning to active experimentation. This allows students to observe and manipulate 

dynamic hardware behaviors in real time within a shared virtual space. The effectiveness of this approach 

is accentuated by several key statistical insights derived from the research results. This is shown from 

the results, which show the massive effect size of d=1.92, signifying clear superiority over traditional 

2D tools and solo-VR approaches. Quantitative analysis shows that the VR group achieved a 24.5% 

improvement in post-test scores, which significantly outperformed the control group’s 5.7% gain. 

Furthermore, students using the collaborative VR environment exhibited 3.2× higher collaboration 

intensity and reported a 43.7% increase in engagement levels compared to traditional methods. From a 

technical performance, this shows that the cloud architecture maintained a highly responsive average 

end-to-end latency of 128 ms and moreover supported 48 concurrent users, ensuring the immersive 

stability required for professional pedagogical standards. These results prove that the integration of 

immersive visualization and multi-user interaction effectively interprets complex microarchitectural 

logic and provides a robust solution for the challenges of remote engineering education. Future work 

will focus on extending the platform to support more advanced microarchitecture concepts. These 

concepts include multi-core processors, cache coherence protocols, and out-of-order execution. The 

system can also be improved by integrating AI-driven learning analytics and intelligent tutoring to 

provide personalized feedback to students. From a technical perspective, further optimization of network 

efficiency and cloud scalability will be explored to support larger numbers of concurrent users and  

lower-bandwidth environments. Additionally, future studies will conduct large-scale evaluations across 

multiple universities to validate the effectiveness of collaborative VR laboratories in diverse educational 

settings. 
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