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ABSTRACT:
Construction progress monitoring is a primarily manual and time consuming process which is usually based on 2D plans and therefore
has a need for an increased automation. In this paper an approach is introduced for comparing a planned state of a building (as-planned)
derived from a Building Information Model (BIM) to a photogrammetric point cloud (as-built). In order to accomplish the comparison
a triangle-based representation of the building model is used. The approach has two main processing steps. First, visibility checks are
performed to determine whether or not elements of the building are potentially built. The remaining parts can be either categorized as
free areas, which are definitely not built, or as unknown areas, which are not visible. In the second step it is determined if the potentially
built parts can be confirmed by the surrounding points. This process begins by splitting each triangle into small raster cells. For each
raster cell a measure is calculated using three criteria: the mean distance of the points, their standard deviation and the deviation from
a local plane fit. A triangle is confirmed if a sufficient number of raster cells yield a high rating by the measure. The approach is
tested based on a real case inner city scenario. Only triangles showing unambiguous results are labeled with their statuses, because it is
intended to use these results to infer additional statements based on dependencies modeled in the BIM. It is shown that the label built
is reliable and can be used for further analysis. As a drawback this comes with a high percentage of ambiguously classified elements,
for which the acquired data is not sufficient (in terms of coverage and/or accuracy) for validation.

1.
1.1

INTRODUCTION

Motivation

A Building Information Model (BIM) contains the 3D geometry
of a building, as well as the process information of the construction what makes the 3D to a 4D building model. For progress
monitoring, the planned states (as-planned) of the construction
have to be validated against the actual state (as-built) at a certain time step. Today this is a primarily manual process which
is usually based on 2D plans. Because of the dynamic process
sequences of construction projects, it has to be assumed that the
actual execution of the construction work differs strongly from
the planning at the beginning of the project. Reasons for this gap
are, among others, delivery delays, delays in construction and the
strong dependencies between the single processes. For detecting deviations from the schedule as quickly as possible, allowing a prompt response, an automatic construction progress monitoring system is desirable, which works directly with the BIM.
The detected deviations lead to modifications of the schedule and
the following processes modeled in the BIM. Difficulties on construction sites for the monitoring arise because of occlusions, the
occurrence of various temporal objects or the limited accessibility
of acquisition positions. The goal is to derive a statement about
the status of a certain building element at a certain time step based
on the obtainable data. Therefore a measure which can cope with
occlusions and noisy sections of the point cloud is needed.
1.2

Related Work

The basic acquisition techniques for construction site monitoring
are laser scanning and image-based/photogrammetric methods.
∗ Corresponding

author

The following approaches are based on one or both of theses techniques. In (Bosché and Haas, 2008) and (Bosché, 2010) a system
for as-built as-planned comparison based on laser scanning data is
introduced. The co-registration of point cloud and model is performed by an adapted Iterative-Closest-Point-Algorithm (ICP).
Within this system, the as-planned model is converted to a simulated point cloud by using the known positions of the laser scanner. The percentage of simulated points which are verified by the
laser scan is used as verification measure. (Turkan et al., 2012),
(Turkan et al., 2013) and (Turkan et al., 2014) use and extend this
system for progress tracking using schedule information, for estimating the progress in terms of earned value, and for detection
of secondary objects. (Kim et al., 2013b) detect specific component types using a supervised classification based on Lalonde
features derived from the as-built point cloud. If the object type
obtained from the classification coincides with the type in the
model, the object is regarded as verified. As in the method above,
the model has to be sampled into a point representation. A different method to decide if a building element is present is introduced
by (Zhang and Arditi, 2013). Four different cases can be distinguished (point cloud represents a completed object, a partially
completed object, a different object or the object is not in place)
by analyzing the relationship of points within the boundaries of
the object to the boundaries of a shrunk object. The authors test
their approach in a simplified test environment, which does not
include any problems occurring on a real construction site.
The usage of cameras as acquisition device comes with the disadvantage of a lower geometric accuracy compared to the laser
scanning point clouds. However, cameras have the advantage
that they can be used in a more flexible manner and their costs
are lower. Therefore, other processing strategies are need if image data instead of laser scanning is used. An overview and
comparison of image-based approaches for construction progress
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monitoring is given by (Rankohi and Waugh, 2014). (Ibrahim
et al., 2009) introduce an approach with a single, fixed camera.
They analyze the changes of consecutive images acquired every
15 minutes. The building elements are projected to the image and
strong changes within these regions are used as detection criteria.
This approach suffers from the fact that often changes occur due
to different reasons than the completion of a building element.
(Kim et al., 2013a) also use a fixed camera and image processing
techniques for the detection of new construction elements. The
results are used to update the construction schedule. Since many
fixed cameras would be necessary to cover a whole construction
site, more approaches, like the following and the one presented
in this paper, rely on images from hand-held cameras to cover the
complete construction site.
In contrast to a point cloud received from a laser scan a scale has
to be introduced to a photogrammetric point cloud. A possibility
is to use a stereo-camera system, as done in (Son and Kim, 2010),
(Brilakis et al., 2011) or (Fathi and Brilakis, 2011). (Rashidi
et al., 2014) propose to use a colored cube with known size as
target, which can be automatically measured to determine the
scale. In (Golparvar-Fard et al., 2011a) image-based approaches
are compared with laser-scanning results. The artificial test data
is strongly simplified and the real data experiments are limited
to a very small part of a construction site. In this case no scale
was introduced to the photogrammetric measurements leading to
accuracy measures which are only relative. (Golparvar-Fard et
al., 2011b) and (Golparvar-Fard et al., 2012) use unstructured
images of a construction site to create a point cloud. The images are oriented using a Structure-from-Motion process (SfM).
Subsequently, dense point clouds are calculated. For the as-built
as-planned comparison, the scene is discretized into a voxel grid.
The construction progress is determined by a probabilistic approach. The thresholds for the detection parameters are calculated by supervised learning. In this framework, occlusions are
taken into account. The approach relies on the discretization of
the space by the voxel grid with a cube size of a few centimeters.
Although, a grid is also used in our approach, the deviation of
the point cloud to the building model is calculated exactly and
used within a weighting function for the validation of building
elements. In contrast to most of the discussed publications, we
present a test site which presents extra challenges for progress
monitoring due to the existence of a large number of disturbing
objects, such as scaffolding.

1.3

Contribution and structure of the paper

In this paper we explain the method described in (Tuttas et al.,
2014a) in more detail and add a more comprehensive evaluation
of the results. In previous publications only a very small test area
could be used for evaluation. Now, the model of the complete
building is used. Additionally the effects using a triangle mesh
and not rectangular shaped objects are investigated and discussed.
With the triangle mesh also curved parts are considered, leading
to very small triangles at some parts of the building. The image
orientation process, the generation of the dense 3D point cloud
and the co-registration are described in (Tuttas et al., 2014a),
(Tuttas et al., 2014b) and (Braun et al., 2014). The method for the
as-built as-planned comparison is described in Chapter 2. It consists of one part using visibility constraints (Section 2.2) and another part using points extracted in the surrounding of the model
planes (Section 2.3). Results for two time steps of a construction site are shown in Chapter 3, followed by a discussion and an
outlook in Chapter 4.

2.
2.1

METHODS

Overview of the as-built as-planned comparison process

For the as-built as-planned comparison process, two different kind
of grids are used. For checking visibility constraints, meaning to
check which building elements are visible based on the rays from
the cameras to the reconstructed points, a voxel grid with cells of
size o is created. This grid is generated for the whole construction site area. Additionally every triangle-plane of the as-planned
model is split into quadratic raster cells of size r. Both grids
are depicted in Figure 1 together with a building element’s surface which is split into two triangles. The voxel grid is shown
in orange, the raster cells are shown in green. The voxel grid is
typically not aligned orthogonally to the model planes (as it is for
simplicity here in the figure), but to the coordinate system axes of
the model. The center point shown in the figure is used as a reference coordinate for the raster cells. The bounding box around
each raster cell is used to extract points in front and behind the
model plane with the maximum distance b.

Figure 1. Main components for the as-built as-planned comparison. The black rectangle represents a surface of a building element split into two triangles. The orange octree cells are used for
visibility checks. The green raster cells split each triangle into
smaller elements. For each raster cell a measure is calculated
based on the points extracted by the bounding box.
2.2

Visibility checks

Based on the known positions of the points and the cameras, raycasting is used to determine the probability for the voxel grid cells
to be free or occupied. All other grid cells can be marked with the
state unknown. This is shown schematically in Figure 2 with the
aid of a cross section through the voxel grid. A simplified example of how building elements can be classified with respect
to their visibility is shown in this image. The rays pierce through
building element 1, which means that it cannot exist. The surfaces
of building element 2 and 3 which face the camera are within
occupied voxels. These elements can be marked as potentially
built. Whether these elements are really built has to be proved by
a further measure, which is introduced in the next section. Building element 4 is occluded by the object in front of it and shows
only cells with state unknown. In this case no statement about
the building element can be derived. Eventually, relationships between building elements modeled in the BIM can add information
of the state of this building element. For example, if building element 2 can be unambiguously classified as built, it can be inferred
that building element 4 has already been built since element 2 is
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built upon element 4. A concept for the identification and the use
of this information is presented in (Braun et al., 2015) where a
precedence relationship graph is used to represent technological
dependencies.

Figure 2. General principle of the visibility checks visualized
based on a cross-section through the voxel grid. As example,
the rays from one camera to the 3D points reconstructed by this
camera are depicted. Voxel cells are labeled as occupied, free or
unknown based on this rays.

For the implementation of the visibility constraints the octomap
library is used (Hornung et al., 2013). Every voxel cell nvox is
updated based on a probabilistic approach for repeated observation of the same grid cell. Repeated measurements zi are caused
by rays of multiple images observing the same object. The integration of the measurements is performed using occupancy grid
mapping as introduced by (Moravec and Elfes, 1985). As shown
by (Hornung et al., 2013) this can be written in log-odd notation
as in Equation 1 if a uniform prior probability and a clamping
update policy is used:
L(n|z1:i ) =
max(min(L(n|z1:i−1 ) + L(n|zi ), lmax ), lmin )
with


L(n) = log

P (n)
1 − P (n)

raster cell as occupied. As a consequence, an additional measure
is introduced in the next section.

Figure 3. Usage of the voxel grid introduced in Figure 1. After
the visibility check one of three states is assigned to each voxel
cell. Subsequently each raster cell of the triangle receives the
state of the voxel grid cell at the position of its center point.

2.3

Point-Model-Distance

To decide if a building surface element can be verified, the surrounding points of a raster cell, as shown in Figure 4, are used.
For every raster cell nras the value Pval ∈ [0..1] is calculated
based on the points before and behind the model surface, which
expresses the belief that this part of the surface is verified by the
points. To calculate this value three criteria are used:
– Mean value µd of the absolute values of the orthogonal distances di between the points and the triangle surface.
– The angle α between the normal of the model surface and
the normal of a plane fitted to the extracted points.
– Standard deviation of the absolute values of the distances di .

(1)


(2)

lmin and lmax (as log-odds) denote the lower and upper bounds
(clamping thresholds) of the log odd-values L(n).
Using this calculation, a probability Pvis , whose value ranges
from lmin to lmax (as probabilities), is determined for every voxel
cell. A label free, occupied or unknown can be inferred from this
value. The label unknown is a clear assignment, in this case no
value is present. The labels free and occupied are assigned based
on the thresholds tf ree and tocc on the probability Pvis (nvox ) of
the respective voxel cell. Figure 3 visualizes how the information
from the labeled voxel grid is used. At the position of each center
point the label from the voxel grid is assigned to the respective
raster cell. As shown before, the size of the voxel cells o is set
larger than the size of the raster cells r since the main objective
for the visibility check is to identify objects which are clearly
not existent (i.e., free cells) or not visible (i.e., unknown cells).
If a large cell is free or unknown this has to be also valid for all
smaller cells inside. Another constraint is, that reducing the voxel
size is limited because of computational reasons. It is assumed
that the large cell size will lead to discretization errors. Thus it
is obvious that occupied cells cannot be used to verify building
elements, since the existence of an object close to the expected
plane (if within the same voxel cell) will also lead to marking a

Figure 4. Usage of the raster cells introduced in Figure 1 for
calculation of the measure Pval . The measure is based on the
orthogonal distance di of the points within the bounding box.
The value Pval is calculated by three weighting functions which
model how the values of the three criteria contribute to the confirmation of a raster cell. The result of each function ranges from
0 to 1. To combine the three values for each raster cell nras the
log-odd notation introduced in Equations 1 and 2 is used, assuming that there are three measurements zi for each raster cell. The
functions are dependent on a general threshold tol [m], which
defines the tolerated distance between surface and points. This
value has to be chosen considering the geometrical accuracy of
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the points and the co-registration accuracy. For the evaluation
of the angle deviation, the tolerance threshold tolα [◦ ] has to be
introduced to define the maximum allowable deviation that can
contribute to the verification of the raster cell. Deviations larger
than tolα,max receive the minimum value lmin as probability.
The parameters lmin and lmax are the clamping thresholds (as
used in Equation 1) and also define the maximum and minimum
probability for all three cases.
Equation 3 models the weighting based on the mean value µd . A
small mean value is necessary to confirm the surface. If the mean
value is smaller than half of the threshold tol, it contributes with
the maximum probability. From this position the probability decreases linearly to the minimum probability value at the position
of 1.5 tol:

3.
3.1

EXPERIMENT

Data

For the evaluation of the approach data sets of two different time
steps (15 May (1) and 27 June 2013 (2)) are used. The images are
acquired using hand-held terrestrial cameras. The resulting point
clouds are shown in Figure 5 and 6. They are both compared to
the as-planned model for 27 June (shown in Figure 7). The model
consists of 11894 triangles. Using a raster size of r = 10 cm this
leads to a total number of 835037 raster cells for 9689 triangles.
The remaining 2205 triangles are smaller than the raster size and
not further considered.

P (nras |z1 ) =


lmax
P (µd ) = p1 (µd )

l
min

if: µd < 0.5 · tol
if: 0.5 · tol < µd < 1.5 · tol
if: µd > 1.5 · tol

(3)

with
p1 (µd ) =

lmin − lmax
· µd + 1.5 · lmax − 0.5 · lmin
tol

(4)
Figure 5. Point cloud for time step 1 on 15 May.

Equation 5 models the weighting considering the angle deviation
α. Since only planar surfaces are examined if a triangle mesh
is used, a planar object with the same orientation is necessary
to confirm the triangle. Consequently α only contributes to confirm the object if its value is smaller than tolα . The probability
decreases linearly from 0 degree to tolα , starting with the probability 3/4 lmax for no deviation (cf. Equation 6).

P (nras |z2 ) =


p2a (α)
P (α) = p2b (α)

l
min
with

(5)

0.5 − 34 lmax
3
· α + lmax
tolα
4

(6)

lmin − 0.5
· (α + tolα ) + 0.5
tolα,max − tolα

(7)

p2a (α) =

p2b (α) =

if: α < tolα
if: tolα < α < tolα,max
if: α > tolα,max

Figure 6. Point cloud for time step 2 on 27 June.

Finally, Equation 8 models the weighting considering the standard deviation of the distances. Since a small standard deviation
does not proof the existence of the correct object a small standard deviation leads to a neutral weighting (= 0.5), but for large
standard deviations probabilities smaller than 0.5 are introduced.
Figure 7. As-planned model in triangle representation for time
step 2 on 27 June.
P (nras |z3 ) =


0.5
P (σd ) = p3 (σd )

l
min
with
p3 (σd ) =

if: σd < tol
if: tol < σd < 2 · tol
if: σd > 2 · tol

lmin − 0.5
· σd + 1 − lmin
tol

(8)

(9)

3.2

As-built as-planned comparison

For the as-built as-planned comparison an octree grid size of o =
15 cm and a raster cell size of r = 10 cm is selected.
The visibility check explained in Section 2.2 is performed using
the default parameters implemented in the octomap library. The
probability for every hit in one cell (i.e., a point exists in this cell)
is 0.7 and for every crossed cell the probability is 0.4. The clamping thresholds are lmin = 0.12 and lmax = 0.97. Voxel grid
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cells having a probability Pvis smaller than tf ree = 0.2 are labeled as free and cells having a probability larger than tocc = 0.8
are labeled as occupied. These thresholds are selected to ensure
reliable labels what is motivated in the results section (3.3).
As a result of the visibility check, building elements are extracted
which can be clearly classified as not built or as not visible and
which can be classified as potentially built. A building element
is regarded as not built if 90% of its raster cells are labeled as
free. A building element is regarded as not visible if 90% of its
raster cells are labeled as unknown. Finally a building element
is regarded as potentially built if at least 33% of the raster cells
are labeled as occupied. The elements classified as potentially
built are further analyzed using the approach described in Section
2.3 to calculate the value Pval for every raster cell. Therefore, a
bounding box size of b = 5 cm is used. The tolerance tol has to be
smaller than the distance for the extraction of the points and is set
to 2.5 cm. This value is inferred from the typical depth accuracy
which can be achieved with the selected acquisition geometry. A
loose threshold for the angle deviation tolα = 45◦ is selected due
to the fact that a plane is fitted to a small patch of the point cloud
(10x10x10 cm). In combination with noisy points this may result
in large deviations even if the plane exists. The minimum and
maximum values for the probability are selected closely to zero
and one with lmin = 0.01 and lmax = 0.99 (consider that these
two values can be chosen differently for the visibility checks and
the calculation of Pval ).
A raster cell is accepted as verified if Pval > 0.5. Then the verification rate VR (Equation 10) can be calculated, which is the ratio
of the verified raster cells to all raster cells of one triangle. Raster
cells having the label unknown are excluded from that calculation, so that only the visible elements of the triangles are taken
into account.
P

VR= P

nras,verif ied
P
nras − nras,unknown

which are built but not visible and which are not built. In the results for time step 1 there is a large area marked as free since the
as-planned state for the second time step is used. To be able to
mark areas as free, points have to be reconstructed behind the predicted planes, otherwise no rays pass through these planes. This
explains that the upper part in Figure 8 is labeled as unknown. In
both cases the most triangles are labeled as unknown, what can
mainly be ascribed to three reasons:
– The acquisition geometry only allows to see the triangles
which face the cameras, all surfaces on the back are occluded.
– Occlusions due to temporary and non modeled objects like
construction site fences or trailers, or the scaffolding.
– Objects inside the building cannot be seen due to two reason: (1) occlusion due to other objects, which have already
been built; (2) not reconstructed areas because of the missing illumination inside the building.

Figure 8. Result of the visibility checks for the point cloud of
time step 1 (Figure 5). Green triangles are labeled as potentially
built, blue triangles are labeled as not visible and red triangles are
labeled as not built.

(10)

Finally, a threshold can be applied to decide if a building element
triangle is verified as being built, or the verification rate can be
assigned to every triangle. In the results shown in the next section every triangle is given the state built if the verification rate is
larger than 50%. A summary of all states and their dependencies
is given in Table 1.

Figure 9. Result of the visibility checks for the point cloud of
time step 2 (Figure 6). Green triangles are labeled as potentially
built, blue triangles are labeled as unknown and red triangles are
labeled as not built.
15 May
Table 1. Dependencies of states.
3.3

Results

In Figures 8 and 9 the results for the visibility checks are shown.
All triangles marked in blue are labeled as not visible, the red triangles are labeled as not built and the green triangles are labeled
as potentially built. In Table 2, the number of triangles for each
label are given. Triangles not classified as one of the states are in
the group rest and are not shown in the figures. The number of
triangles in this group is relatively large because the thresholds
are strict for the labels unknown and free. The strict threshold is
used to ensure a reliable labeling for these two states. Since the
threshold on the percentage of occupied cells for the label potentially built is rather loose, the group rest is composed of triangles

not built (red)
not visible (blue)
pot. built (green)
rest

1281
3360
871
4177

13.2%
34.7%
9.0%
43.1%

27 June
157
6742
493
2297

1.6%
69.6%
5.1%
23.7%

Table 2. Numerical results for the visibility checks: the number
of triangles for each class are given
For all triangles labeled as potentially built the verification rate
is calculated and the label is changed to built if it is higher then
50%. In Figure 10 the results for both time steps is depicted.
All triangles labeled as potentially built in one of the both data
sets (i.e., all green triangles from Figure 8 and 9) are shown, the
colored triangles are the one which are verified. The green triangles indicate the elements confirmed by the point cloud from
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Figure 10. Final result showing the confirmed triangles for both time steps. Triangles labeled as potentially built but have not been
confirmed are uncolored. The green triangles are confirmed by the point cloud of time step 1, blue triangles are confirmed by the point
cloud of time step 2 and red triangles are confirmed in both of the time steps.

15 May, the blue triangles indicate the elements confirmed by the
point cloud from 27 June and the red triangles indicate the elements confirmed by both point clouds. On 15 May, 109 triangles
(12.5% of potentially built) and on 27 June, 99 triangles (20% of
potentially built) are confirmed. All verifications are correct except from 2 triangles on each time step. In these cases, building
elements are confirmed when a formwork is installed. However,
a lot of built elements are not recognized, partly at areas with
limited reconstruction accuracy, but mainly because of the insufficient coverage with points. Other elements are correctly marked
as not built even if they seem to be built. This can be ascribed to
the modeling. At the ceiling slabs the faces looking towards the
outside of the building are modeled with an additional insulation
in the BIM, despite the fact that it has been mounted later. The
structural elements are not modeled as a seperate part. Since the
insulation is in front of the concrete slabs these elements are correctly not confirmed as being built. For the second time step these
elements are mainly classified to the group rest. The reason is that
points of temporary objects like the scaffolding and the formwork
exist inside the area of the coming insulation, so that these elements cannot unambiguously be labeled as free or unknown.
There is no evaluation based on the number of triangles for two
reasons: On the one hand not all triangles can be marked unambiguously as built or not built for ground truth. On the other hand
the different size and amount of triangles for different building
elements would lead to no representative results.
4.

DISCUSSION AND OUTLOOK

In this paper an approach is introduced for the validation of building parts of a triangulated 4D model. It is shown that the triangles
can be correctly marked as built or not built. The statements are
all correct with only a few exceptions for the case when a formwork is installed. This shows the feasibility of making robust
statements about the state of single building parts. The drawback
is that there are a lot of triangles (around 75% in time step 1 and
more than 90 % in time step 2) where no statement can be made.
This is mainly due to the fact that it is impossible to make these
parts visible in the acquired data. Moreover, there are some parts
where the data acquisition is insufficient in terms of coverage or

accuracy.
This is still work in progress and various improvements can be
made towards an operational applicability. Some enhancements
can be made by optimizing the data acquisition. The framework
for the validation of the raster cells can be easily extended with
additional criteria, like the color of the points. Furthermore, it
is important to introduce knowledge about the construction processes and technological dependencies modeled in the BIM to
make statements about building parts which are not or only partly
visible. For this further processing it has to be ensured that the
labels based on the as-built data are correct.
A problem which has to be further investigated is, how errors
in the process can be ascribed to their respective source. It has
to be distinguished if deviations between point cloud and model
are due to the orientation accuracy of the images, inaccuracies in
the reconstruction process, errors in the co-registration, erroneous
modeling of the building, errors in the building construction, or
due to disturbing or temporary objects.
The usage of triangles makes the processing easier than using
more complex geometric shapes since every object can be decomposed into the same simple basic geometry. Also curved parts can
be handled this way. Disadvantages are that there are partly very
small triangles, some of them smaller than the raster size used for
computation of the labels, and that single surfaces (e.g. rectangles) are split into several parts which are treated individually.
In terms of coverage of the construction site other data acquisition techniques will be tested in future. On the one hand the
acquisition using an UAV, on the other hand cameras mounted
at the boom of a crane. In both cases data can be acquired for
monitoring even if the construction sites are covered.
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