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Abstract. This paper presents a digital twin-enabled decision support framework
for flexible dormitory governance in higher education. The framework links stu-
dent-state perception, room-resource visibility, rule-based screening, preference
evaluation, and counselor review in one auditable governance loop. A pilot in
Dormitory Building 9 at Panzhihua University uses de-identified data from 576
students in a 10-floor, 542-room building with a capacity of 2168 students. Com-
pared with the manual process, the framework cuts room-allocation time from
210 to 12 min and room-reassignment time from 135 to 6 min, raises mean satis-
faction from 3.0 to 4.0, reduces counselor workload from 120 to 25 h per semes-
ter, and lowers vacancy rate from 8.5% to 2.1%. The findings indicate that digital
twin technology can support interpretable dormitory governance under institu-
tional constraints.

Keywords: digital twin; dormitory governance; higher education management;
decision support; service optimization

1 Introduction

As higher education institutions pursue refined governance and student-centered ser-
vices, dormitory management has become a recurring scenario where efficiency, com-
pliance, and responsiveness must be balanced. Room allocation, reassignment, late-re-
turn follow-up, and well-being support affect student experience, counselor workload,
bed utilization, and perceived fairness. Yet traditional workflows often suffer from
fragmented information, delayed room-state updates, repeated verification, and weak
traceability. Digital twin theory provides a sound basis for integrating resources, stu-
dent states, decision rules, and feedback into one closed-loop governance process!!!.
Related enabling technologies further support this transition from data visibility to op-
erational decision supportl.

Existing studies mainly focus on campus digital twin platforms and spatial visuali-
zation®*!, or BIM-based facility operation!. In higher education, digital twins have
also been extended to learner modeling and data-driven educational support!®!”l, Recent
work further explores Al-based student twins(®l. However, governance-oriented deci-
sion support for dormitory execution remains understudied. Most prior work
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emphasizes either infrastructure representation or educational prediction, but does not
directly connect student twin states, room resources, hard institutional constraints, in-
terpretable ranking, and human approval into an executable student-affairs management
workflow.

This study contributes a five-layer governance architecture, a twin-based state model
with rule-constrained scheme generation, a multi-criteria review mechanism, and pilot
evidence of gains in efficiency, service quality, and resource utilization.

2 Related Work and Research Gap

Prior work can be grouped into three streams: campus digital twin infrastructure and
facility operation3!®; educational digital twins and learner modeling!®®!; and learning
analytics or early-warning systems”'%, Related dropout-prediction research provides
an adjacent reference!'!l. Although these streams provide useful technical foundations,
they do not directly address room-level dormitory governance, which must simultane-
ously consider room feasibility, student compatibility, institutional rules, and account-
able approval. Table 1 positions this study against these streams and clarifies the gov-
ernance gap addressed here.

Table 1. Positioning of this study against representative related work.

Type Representative focus Management limitation

limited support for room-level governance exe-
Campus DT | platform, space, facility operation PP &

cution
Education learner model and educational ana- | limited coupling with dormitory policies and
DT lytics rules
Risk analyt- L. L. . prediction-oriented rather than governance-ori-
ics prediction, warning, intervention ented

dormitory governance decision sup-

This study closed-loop pilot validation under actual rules

port

The research gap is therefore not a lack of digital data itself, but the absence of an
operational bridge from data to dormitory governance decisions. The target problem in
this paper is to continuously update student twin states from multi-source records, gen-
erate feasible room schemes under hard constraints, rank the feasible set with interpret-
able management indicators, and retain counselor review as the final accountability
mechanism.

3 Governance Framework and Decision Methodology

3.1 Governance Architecture and Twin-Based State Representation

The proposed framework contains five interconnected layers: physical entities, data
connection, virtual models, decision services, and feedback. Physical entities include
students, rooms, access-control devices, and dormitory business nodes. The data layer
standardizes and integrates access, smart-card, student-affairs, questionnaire, and
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review records. The twin layer maintains synchronized student and room states. The
decision layer performs rule checking, candidate generation, and recommendation
ranking. The feedback layer records counselor review, manual correction, and post-
execution outcomes. Viewed from a management perspective, this architecture trans-
forms fragmented dormitory information into a shared decision basis for student-affairs
governance. Figure 1 shows the end-to-end architecture.

Physical layer
students | rooms | devices

v

Data layer
capture | fusion | sync

y

Twin layer
student | room | trajectory

V

Decision layer
rules | scoring | ranking

V

Feedback layer
review | request | return

feedback
loop

Fig. 1. Architecture of the digital twin-enabled dormitory governance framework.

For management implementation, the student twin is represented as a compact state
vector that jointly captures relatively stable attributes and time-varying observations:

zi(t) = [py, bi(£), qi(t), €;(¥)] (1)
zi(t +1) = 2z;(6) + (1 — D (u; (), my(¢)) (2)

where p_i denotes static profile attributes such as grade, major, and gender; b_i(t) de-
notes behavioral observations from access and consumption records; q_i(t) denotes
questionnaire-derived preference descriptors; e_i(t) denotes event tags such as reassign-
ment requests or warning states; u_i(t) represents newly captured data; m_i(t) denotes
management events; and A controls the balance between historical state retention and
event-driven refresh.

This formulation highlights that the twin is not a static data repository. Rather, it is
a reusable governance state unit that supports multiple management triggers with con-
sistent semantics across allocation, reassignment, alerting, and service response.

3.2 Rule-Constrained Scheme Generation

Dormitory governance decisions first require a feasible-set construction step. Let Q i
denote the initial candidate-room set for student s_i. Hard constraints, including gender
zoning, bed capacity, room status, safety regulations, and special health requirements,
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are encoded as binary predicates and applied before any flexible evaluation is at-
tempted:

.Qlf = {7} € 0] Hh:l cn (s 7}) =1} Q)

This step guarantees policy compliance and compresses the decision space before
ranking, thereby reducing repetitive verification and unproductive counselor review.

3.3  Multi-Criteria Evaluation and Review Mechanism

After infeasible rooms are removed, the remaining candidate set is evaluated by nine
flexible indicators covering roommate compatibility, learning-life coordination, re-
source fit, and risk control. Weights are initialized by fuzzy analytic hierarchy process
and then updated modestly through operational feedback so that the system remains
interpretable while adapting to repeated correction patterns. This mechanism allows
governance decisions to remain both evidence-based and traceable, which is especially
important in student-affairs management. Figure 2 shows the corresponding workflow
of rule-constrained scheme generation and multi-criteria evaluation.

Data intake
Twin update
Hard filter 5| Hard constraints
zoning | capacity
¢ safety | health
Preference scoring
— Flexible cues
¢ schedule | hygiene

roommate | floor

Human review

v

Execution + feedback

Fig. 2. Rule-constrained scheme generation and multi-criteria evaluation workflow.

Score(s;, 1) = Zk=1 kak(sz»rj')»Zk:l w =1 )
1 = argmaxScore(s;, ;) %)

TjE.Qi
Wit = aw 't + (1 - )wi' ©)

T(N,M,d) = O(NM + NMd) = O(NMd) (7)
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Table 2. Flexible indicator groups and managerial semantics.

Group

Indicators

Managerial value

Evidence source

Preference fit

schedule, hygiene, roommate
expectation

enhance roommate compati-
bility

survey + history

Life-study coor-
dination

major affinity, regional affin-

ity

reduce friction and commu-
nication cost

student records

Resource fit

floor fit, bed balance, special-
needs fit

enhance utilization and suit-
ability

room state + ap-
plication

Risk control

conflict avoidance

lower repeated adjustment
probability

conflict log

With fixed, low indicator dimension d, complexity is dominated by candidate enu-

meration and scoring. Table 2 summarizes the indicator groups. The method therefore
supports near-real-time management at building scale while preserving interpretable
score decomposition for review.

3.4  Workflow Embedding in Student Affairs Management

The prototype uses a lightweight service pattern linking data ingestion, identity map-
ping, twin updating, rule evaluation, ranking, and review interaction. Access-control,
smart-card, and student-affairs records are standardized into a unified identity space
before state refresh. When allocation, reassignment, late return, or well-being events
occur, task-specific rules call the same twin service instead of isolated silos. This design
reduces duplicate state maintenance, improves traceability, and suits existing counselor

workflows. Table 3 maps the main tasks to triggers, outputs, and manager actions.

Table 3. Mapping between management tasks and system support functions.

Task

Trigger

System output

Manager action

Room allocation

new intake + room state

ranked feasible room

schemes

counselor review

Room reassign-
ment

conflict, vacancy, urgency

target-room recommenda-
tion

manual approval

Late return

access anomaly + routine devi-
ation

risk level and reminder

follow-up inter-

view

Well-being sup-

port

warning tag + activity trace

supportive service sugges-
tion

case review

This paper evaluates allocation and reassignment only; late-return alerting and well-
being support are retained as extensible scenarios. The scope matches available records
and keeps the paper framed as a management-application study.

4 Case Study and Management Effectiveness

4.1

Case Context and Data Sources

The case study was conducted in Dormitory Building 9 of Panzhihua University, a 10-
floor building with 542 rooms and a capacity of 2168 students. A pilot area covering
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576 students, including 328 freshmen and 248 senior students, was selected because
data completeness and operational control were stronger at the prototype stage. The
dataset includes de-identified access-control and smart-card records, student-affairs
records, freshman preference questionnaires, and autumn-semester psychological
screening data. This setting is typical of dormitory governance scenarios with clear pol-
icy boundaries and high coordination pressure.

4.2  Evaluation Design and Indicators

The study uses a descriptive workflow comparison rather than a randomized experi-
ment. The baseline is the existing manual workflow, and the assessed indicators are
response time, mean satisfaction, counselor workload, repeated reassignment requests,
and vacancy rate. These indicators reflect process efficiency, service quality, and re-
source utilization.

Because the available business records do not preserve sufficiently detailed grouping
information or complete response-count records for public disclosure, quantitative re-
porting is intentionally limited to room allocation and room reassignment. The system
is further restricted to governance support rather than automatic disciplinary action, and
all recommendations require counselor review before execution. This boundary is nec-
essary both for data governance and for responsible deployment in the campus context.

4.3  Operational Results

Table 4 summarizes the quantitative outcomes in the pilot area. Relative to the manual
workflow, the proposed framework delivered substantial reductions in processing time,
manual workload, repeated adjustment requests, and vacancy rate, while also improv-
ing student-perceived matching quality. Figure 3 offers a visual comparison of the ef-
ficiency and outcome differences between manual and system-assisted workflows.
Taken together, these results indicate that the framework produces measurable mana-
gerial benefits rather than only technical automation gains.

Roome-allocation speed improved by a factor of 17.5 and room-reassignment speed
by 22.5. These gains are operationally meaningful because the framework shifts repet-
itive work from counselor-side checking to feasible-set construction and ranked recom-
mendation generation. The decline in repeated requests and vacancy rate further indi-
cates better initial matching quality.

Table 4. Core managerial performance results in the pilot area.

Metric Manual System Relative gain
Allocation time 210 min 12 min 94.3% reduction
Room reassignment time 135 min 6 min 95.6% reduction
Overall satisfaction 3.0 4.0 +33.3%
Counselor workload 120 h 25h 79.2% reduction
Repeated requests 45 12 73.3% reduction
Vacancy rate 8.5% 2.1% 75.3% reduction
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Fig. 3. Efficiency and outcome comparison between manual and system-assisted workflows.

4.4 Management Implications and Limitations

The current findings should be interpreted as deployment-oriented management evi-
dence rather than broad statistical inference. The pilot demonstrates that a digital twin-
enabled dormitory framework can operate stably in a real administrative setting with
incomplete yet manageable data, but it does not by itself establish universal superiority
over all possible allocation algorithms or governance arrangements.

Even with these constraints, the framework remains transferable because student
states, room resources, hard constraints, and ranking indicators are parameterized and
modular. Local adaptation is therefore concentrated mainly in rule parameters, data in-
terfaces, and counselor review policies rather than in the core twin model. For manage-
ment practice, this means the framework can serve as an enhancement layer for existing
student-affairs governance rather than as a disruptive substitute for institutional proce-
dures. Table 5 summarizes the main limitations of the present study and the correspond-
ing mitigation measures.

Table 5. Main limitations and current mitigation.

Issue Current mitigation Residual limitation
Pilot-only scope claims limited to the pilot area generalizability still limited
Manual baseline focus remains on operational improvement no direct algorithmic benchmark

Incomplete records | descriptive reporting only no statistical test
Sensitive data use de-identification and human review full public release not possible

A practical next step is phased expansion from the pilot area to the whole building
and then to multiple buildings, supported by longer observation windows, clearer re-
porting of return counts and adoption rates, and comparison with heuristic or integer-
programming baselines.
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5 Conclusion

This paper presents a digital twin-enabled decision support framework for flexible dor-
mitory governance in higher education. By integrating state representation, rule-con-
strained scheme generation, multi-criteria evaluation, and counselor-in-the-loop re-
view, the framework converts fragmented dormitory records into an executable gov-
ernance mechanism. The pilot in Dormitory Building 9 shows that the approach can
improve decision efficiency, service quality, and resource utilization while preserving
institutional compliance and human accountability. Future work should strengthen the
empirical base through multi-building deployment, longer observation, and comparison
with alternative governance or optimization baselines.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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