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A Computational Framework For Robotic Quality
Assessment and Management In Construction

Jingyang Liu, Yumeng Zhuang, and Joshua Bard

Abstract—As an integrated process in construction projects,
quality assessment and management (QA&M) can be important
to prevent failures during construction. The existing QA&M
practice such as the evaluation of the geometric tolerance and
surface qualities is mostly performed manually which can be
labor-intensive and tedious. This study proposes a computational
framework for a robot to perform automatic QA&M in unknown
environments. The framework is composed of three parts: (1)
motion planning; (2) defect detection; and (3) defect registration.
The motion planning component generates efficient robotic path
for autonomous exploration and surface inspection. The defect
detection component quantifies surface anomalies within a user-
defined area of interests through multiple sensor measurements.
The defect registration component localizes the detected defects
and registers the defects to a site model. To demonstrate the
feasibility of the proposed framework, we present a user case for
assessing geometric tolerance and surface quality of a 1500 mm
(L) x 745 mm (W) x 1980 mm interior wall mockup. The result
of the case study shows that the proposed framework has the
potential to provide reliable geometric measurement and defect
detection for gypsum wall panels in a lab environment.

I. INTRODUCTION

Surface quality assessment and management play a key
role in construction operations such as infrastructure safety
monitoring, prefab component inspection, and architectural
finish quality assurance. Currently, most quality assessment
and management (QA&M) tasks are conducted manually by
a certified inspector using a visual inspection approach or
contact-type measurement devices such as measuring tapes,
levels, and calipers. Manual inspection methods can be te-
dious, costly, and dangerous, especially when the work en-
vironment is hazardous and inaccessible. To overcome these
limits, the main goal of this paper is to provide a computational
framework for robots to assist humans in QA&M by (1)
traversing and inspecting the area of interest on a job site
where the environment may not be known a priori (2) per-
forming remote non-contact defect detection and registration at
different levels of details (LoD). The framework is composed
of three components (Figure 1):

• Motion Planning — The motion planing component
generates near-optimal paths for robots to explore the sur-
rounding environment and scan the target area. The com-
ponent integrates frontier-based and information-based
methods to maximize coverage in three stage. At the
first stage, the environment is unknown, the component
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returns the exploration path by searching and identifying
the frontier points between free and unknown parts of
the map. At the second stage, a user can define a
target volume within the partially known environment
for detailed reconstruction, the component plans a next-
best view based on the information gain of each sampled
view candidate. At the third stage, a user can define
an area of interest within the known environment for
surface inspection. The component generates an efficient
and collision-free path by minimizing the cost defined by
the total traveling distance.

• Defect Detection — The defect detection component
extracts surface anomalies and quantifies geometric tol-
erance based on multi-sensor measurements. The com-
ponent integrates a learning-based method for recogniz-
ing components such as screws on a panel. Processing
techniques including edge detection are used to detect
common surface defects such as discoloration and cracks.
Considering the lighting variation on construction sites,
we fuse 2D images with 3D laser scanning data at
decision-making level for more accurate surface anomaly
detection.

• Defect Registration — The defect registration compo-
nent registers and localizes defects in a scene model. We
combine a classical ICP [1] framework and its variant
Cluster ICP [2] for dense-to-dense and dense-to-sparse
data registration.

This study contributes to the domain of QA&M for construc-
tion by (1) a framework for robots to explore, detect and docu-
ment surface defects for construction practices. (2) expanding
the surface inspection framework from a factory setting to
complex unknown construction environments by introducing a
three-stage autonomous exploration and reconstruction method
(3) combining multi-resolution 3D reconstructions to address
the discrepancies in scanning resolution and range - for
instance, in construction QA&M, we need to identify surface
defects at millimeter scale within a wide area at meter scale. To
demonstrate the framework, we performed a surface inspection
on a interior wall mockup with a 6 DoF industrial robot
(Figure 2).

II. METHOD

The framework is composed of three components: a motion
planning component for generating coverage paths, a surface
defect detection component for identifying and classifying sur-
face defects at mm scale, and a defect localization component
for registering and localizing defects in a scene model.
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Fig. 1. The computational framework of the robotic QA&M system: (a) Frontier-based autonomous exploration in an unknown environment (b) Viewpoint
generation and path planning based on information gain for covering a user-defined search space in a partially known environment (c) Local scanning path
planning for covering a user-defined surface in a known environment (d) Geometric deformation detection (e) Surface anomalies detection (f) Defect registration
— 2D images are registered to the target 3D surface based on known extrinsic and intrinsic parameters. local dense point clouds obtained from the same
source are registered through ICP [1]. Local dense point clouds are registered to a sparse scene model through the cluster ICP framework [2].

A. Motion Planning

The motion planning component automatically generates a
collision-free path for a robot to reconstruct the site scene
and inspect the user-defined areas of interest. The problem
can be formulated as a coverage path planning (CPP) problem
or a variant of the well-known traveling salesman problem
(TSP) — an agent needs to pass over a set of target points
with minimum cost (usually time or path length). However,
in contrast to the traditional TSP where the environment
is stationary and known a priori, in site surface inspection
operations, full prior knowledge of the environment might
be unrealistic. In this work, we use a three-phase approach
including 3D exploration, coverage path planning, and local
scanning for reconstructing a multi-resolution scene model of
an unknown environment.

In the initial exploration phase, the robot explores the space
by finding a set of poses along the frontier of the unknown
environment and creates the occupied space map (a volumetric
representation of space in a hierarchical structure). The robot
first looks for a frontier located on the boundary between the
explored and the unknown part of the environment, and then
chooses the one with the maximum information gain weighted
by its cost to reach [3] [4], which can be defined as:
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where � 5 is the information gain of a candidate frontier cell. % 5

and %0 represent the coordinates of the candidate frontier cell
and the current pose respectively. #0 represents the unknown

voxels within a sphere of radius ’ around the candidate
frontier that contains # voxels.

After the goal frontier is selected, the planner generates
a path to move the robot 30 mm towards the frontier and
look towards the direction of the frontier through an Inverse
Kinematic (IK) solver unless the planner can not find a valid
IK solution. The exploration procedure terminates when the
void voxels within the bounded space are classified as either
free or occupied.

The 3D exploration phase reconstructs a partially known
scene model of the site (93.67% coverage rate) at a relatively
low resolution (50 points per m3). Based on this model,
the remote inspector can define a smaller search space for
the second phase of coverage path planning. The coverage
path planning aims at automatically generating collision-free
robotic paths covering the required surface area within the
target volume. We first combine the voxels in the volume into
a binary status — “occupied” and “unoccupied” [5] [6]. The
system then uniformly samples a set of viewpoint candidates
on a sphere to capture the most variations of perspectives that
can cover the target volume [7]. The quality of each viewpoint
candidate is defined by measuring the mean entropy 4 (G) over
all voxels within the sensor frustum of a potential next pose,
which can be defined as [8] :

4 (G) = − 1
:
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where ?8 (G) is the probability of voxel G being occupied, and
?8 (G2) ?8(G) denotes the complement probability of ?8 (G) ,




