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Abstract: 

This study designs and evaluates a virtual reality property business 

simulation, SmartRoom, whose central feature is an embedded 
building cost estimation module. Existing virtual reality applications 

for the property sector stop at visualisation and do not produce a 
validated cost figure while a design is being explored, so learners of 

construction cost estimation cannot observe the spatial consequences  

of their decisions. Following a design science research framework, the 
artefact was evaluated on three dimensions: cost estimation accuracy, 

technical performance, and usability. Accuracy was measured against 
conventional bill-of-quantity calculations on ten building scenarios 

using mean absolute percentage error. Technical performance was 
recorded through in-application telemetry at up to eight concurrent 

users. Usability was measured on thirty participants using the System 
Usability Scale and the User Experience Questionnaire, with 

discomfort measured using the Simulator Sickness Questionnaire. The 

parametric mode obtained a mean absolute percentage error of 7.02 
percent and the quantity-based mode 2.14 percent, both within the 

tolerance of their respective estimate classes. All performance 
parameters met their thresholds, the System Usability Scale score was 

82.00, and all user experience scales were positive. Simulator sickness 
rose markedly after use and is reported as the principal limitation. 

Learning effectiveness was not tested. 
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Construction cost estimation is taught largely through two-dimensional drawings. 
Learners compute quantities from plans and sections and multiply them by unit prices, 
without being able to observe the spatial object those quantities describe. The relationship 

between a design decision and its cost consequence therefore remains abstract, while 
opportunities to practise on real projects are limited by cost, permission, and site access.  

Virtual reality has been applied to the property sector for some time. Reported 
applications provide virtual tours of housing units and present design alternatives in an 

immersive form, and immersive environments have been used in vocational and higher 
education to support spatial and design skills. These studies establish that immersive 
environments can be built and accepted by users. 

Three gaps remain. First, existing property applications stop at visualisation and do not 
produce a cost figure while a design is being explored, so the learner still leaves the 

environment to perform the calculation. Second, they are predominantly single-user, which 
removes any opportunity to practise explaining or negotiating a cost structure with another 
party. Third, and most consequential for a tool intended to produce numbers, none of the 
reviewed studies reports how accurate its output is against a conventional bill-of-quantity 

calculation. 

This study addresses those gaps by designing SmartRoom, a virtual reality property 
business simulation with an embedded building cost estimation module, and by evaluating 
the artefact on three dimensions. The objective of this study is to determine the cost estimation 
accuracy of the module, the technical performance of the environment under multi-user load, 

and its usability among target users. The scope is confined to the design and evaluation of the 
artefact; its effectiveness in improving learning outcomes was not tested and is not claimed. 

 

This study follows a design science research framework, in which the artefact itself is 
the research output and is evaluated against criteria established before evaluation begins. Five 
activities were carried out: explicating the problem, defining requirements, designing and 
developing the artefact, demonstrating it, and evaluating it.  

System Design 

The system is organised in four layers. The client layer runs on standalone head-mounted 
displays and is built with a game engine and its interaction toolkit. The session layer uses a 

listen-server topology in which one participant device also acts as the server, and state is 
replicated through networked variables and remote procedure calls. The cloud layer provides 
relay, lobby, and voice services. The data layer exposes a REST interface that stores design 
records and telemetry in a relational database. 

The cost estimation module operates in two modes. The parametric mode computes cost 
from floor area, number of storeys, and unit price, applying a location factor to material cost 
and a roof complexity factor to labour cost, and runs continuously as the design changes. The 
quantity-based mode reads work volumes directly from the geometry of the model, maps 
them onto ten work groups, and prices each item according to the Indonesian unit price 

analysis standard. 

Participant Characteristics 
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Usability was evaluated with thirty participants drawn from civil engineering, building 
engineering education, and architecture programmes. All participants completed the scenario 
sequence and the questionnaires in full. The group was homogeneous, with 93.33 percent 
from three closely related programmes and 70 percent reporting prior experience of virtual 

reality. 

Research Design and Measures 

Four evaluations were conducted, each with a criterion set in advance. Functional 
behaviour was verified through black box testing. Cost accuracy was measured on ten 
building scenarios against conventional bill-of-quantity calculations prepared using the same 
unit price basis, expressed as mean absolute percentage error so that it can be compared with 
the tolerance bands of the estimate classification. Technical performance was recorded 

through in-application telemetry at two, four, and eight concurrent users, with latency 
measured from the client side. Usability was measured with the System Usability Scale and 
the User Experience Questionnaire, and discomfort with the Simulator Sickness 
Questionnaire administered before and after the session. 

 

The artefact comprises 66 three-dimensional assets and twenty functional requirements, 
verified through 46 black box test cases across seven functional groups; all cases produced the 
expected output, exceeding the 95 percent criterion. This figure reflects conformance to 

specification rather than absence of defects, since testing was performed by the developer.  

Table 1 reports the relative error of both estimation modes across the ten scenarios. The 
parametric mode obtained a mean absolute percentage error of 7.02 percent and the quantity-
based mode 2.14 percent, both below the tolerance of their respective estimate classes. 

Table 1. Relative error by scenario and estimation mode  

Scenario Building type Parametric (%) Quantity (%) 

S-01 Type 36, single storey 2.57 1.51 

S-02 Type 45, single storey 1.36 0.87 

S-03 Type 54, single storey 3.31 1.61 

S-04 Type 60, single storey 6.54 2.01 

S-05 Type 70, two storeys 6.85 1.67 

S-06 Type 90, concrete roof 10.89 2.63 

S-07 Type 100, two storeys 8.17 2.12 

S-08 Type 45, rural location 3.37 1.25 

S-09 Shophouse, two storeys 13.85 3.89 

S-10 Small commercial unit 13.27 3.82 

MAPE  7.02 2.14 

The pattern of these errors is shown in Figure 1. The parametric error rises as the building 

departs from a simple single-storey dwelling, whereas the quantity-based error remains flat 
across the same range. 

 
Figure 1. Relative error of both estimation modes across ten scenarios  

🗐 Result (نتائج) 
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Table 2 reports the technical performance at increasing concurrency. All eight parameters 
met their thresholds at the highest load of eight concurrent users.  

Table 2. Technical performance at increasing concurrency 

Parameter Criterion 2 users 4 users 8 users 

Frame rate (fps) ≥ 72 89.1 85.6 78.2 

Frame time (ms) ≤ 13.9 11.2 11.7 12.8 

Round trip time (ms) ≤ 100 39 48 63 

Jitter (ms) ≤ 30 5 8 14 

Packet loss (%) ≤ 2 0.1 0.3 0.9 

Motion-to-photon (ms) ≤ 20 15 16 18 

Memory (MB) ≤ 3000 1765 2054 2518 

Scene load time (s) ≤ 10 6.4 6.8 7.2 

The System Usability Scale produced a mean of 82.00, exceeding the criterion of 68, with 

all participants in the acceptable band. The distribution of scores is reported in Table 3.  

Table 3. System Usability Scale results (n = 30) 

Statistic Value 

Mean 82.00 

Standard deviation 5.06 

Minimum 72.5 

Maximum 90.0 

Median 82.50 

Grade B (acceptable) 

Grade A / B / C 4 / 16 / 10 

The six User Experience Questionnaire scales are reported in Table 4, all of them positive. 
Two scales reached the excellent benchmark category and four the good category.  

Table 4. User Experience Questionnaire scale means (n = 30) 

Scale Mean SD Benchmark 

Attractiveness 1.68 0.33 Good 

Perspicuity 1.68 0.55 Good 

Efficiency 1.59 0.32 Good 

Dependability 1.52 0.44 Good 

Stimulation 1.73 0.44 Excellent 

Novelty 1.62 0.40 Excellent 

The Simulator Sickness Questionnaire rose from 17.20 before the session to 68.19 after it, 
with every participant exceeding the tolerability threshold. Expert validation averaged 94.3 
percent across a media and a subject-matter expert. 

 

The results answer the three objectives set in the introduction. On accuracy, both modes 
met the tolerance of their estimate classes, and the pattern of the errors is more informative 
than their magnitude. The parametric error rises monotonically as the building departs from 
a simple single-storey dwelling, from 1.36 percent at S-02 to 13.85 percent for the shophouse, 
whereas the quantity-based error remains flat. Had the quantity-based mode also relied on an 

area multiplier, both curves would have risen together; the difference in slope is therefore 
evidence that the two modes compute by different means. 

The single over-estimate, S-08, is also the only rural scenario, and the cause can be traced 
to a location factor that scales the entire material cost uniformly while, in practice, many 
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materials are priced nationally. Deriving location factors empirically from regional price data 
is the most consequential improvement identified by this study. 

On technical performance, the steepest degradation occurs between four and eight users, 
consistent with the message volume of state replication growing faster than the number of 

participants, yet all thresholds were still met. On usability, the high System Usability Scale 
score and uniformly positive user experience scales indicate an acceptable product, although 
the narrow spread between scales, only 0.21, offers limited guidance for prioritising 
improvement and is plausibly explained by the homogeneity of the sample. 

The most important finding is the level of discomfort. That every participant exceeded the 
tolerability threshold, while every performance parameter was met, points to the locomotion 
mode and environment design rather than to rendering performance. This interpretation is 
reinforced by the expert assessment, in which comfort of use was independently rated the 
weakest aspect. Comfort settings were subsequently added, but their effect was not measured 

and remains for future work. 

 

This study designed and evaluated a virtual reality property business simulation with 
an embedded building cost estimation module. The parametric mode achieved a mean 

absolute percentage error of 7.02 percent and the quantity-based mode 2.14 percent, both 
within tolerance, and the divergence in error pattern confirms that the two modes compute 
by different means. All technical performance parameters met their thresholds at eight 
concurrent users, usability reached a System Usability Scale score of 82.00, and expert 

feasibility averaged 94.3 percent. The principal limitation is discomfort, which rose markedly 
after use and exceeded the tolerability threshold for every participant. Future work should re-
measure discomfort after the comfort revisions, derive location factors empirically, and test 
learning effectiveness under an experimental design. 

 

The authors thank the experts and student participants who took part in the evaluation, and 
the Department of Electrical Engineering and Informatics, Universitas Negeri Malang, for 
facilitating this research. 
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