
Location Determination of Dynamic Objects Using a Single CCTV with Monocular Depth 
Estimation

Jiheon Jung 1, Junhee Youn 2, Jieun Kim1, Junho Gong1, Phillip Kim1, Sunwoong Paik1

1 Dept. of Future & Smart Construction Research, Korea Institute of Civil Engineering and Building Technology, 10223 Goyang-Si, 
Gyeonggi-Do, Republic of Korea; 2 Corresponding Author : Dept. of Future & Smart Construction Research, Korea Institute of Civil 

Engineering and Building Technology, 10223 Goyang-Si, Gyeonggi-Do, Republic of Korea

Keywords: Single CCTV, Location Determination, Monocular depth estimation

Abstract

This contribution presents a method to determine ground coordinates of pedestrians from a single CCTV frame using monocular 
depth estimation and orthophoto-based ground control points. Urban crowd monitoring requires pedestrian location information, but 
many CCTV-based approaches rely on accurate camera calibration or multi-view configurations, which are often unavailable in real 
deployments. In this study, we exploit relative depth values from a monocular depth estimation model (Depth Anything V2) and 
ground control points jointly identifiable in both the CCTV frame and an orthophoto in EPSG:5186. For each frame, depth-based 
distance ratios between the pedestrian and ground control point pairs are used to construct Apollonius circles in the orthophoto plane, 
and the pedestrian position is estimated by a weighted least-squares adjustment of their intersections. The method is evaluated on 180 
frames across two scenes from an urban testbed with camera–target distances within approximately 50 m, across three GCP 
placement scenarios. For the optimal configuration (Scenario A), a mean RMSE of 1.989 m was achieved, excluding frames in which 
GCPs were temporarily occluded by moving objects, demonstrating that single-frame CCTV imagery combined with an orthophoto 
can achieve an accuracy of approximately 2 m without any EOP/IOP information, which is practically useful for urban crowd 
monitoring and dynamic thematic mapping. The influence of GCP placement geometry and occlusion conditions on estimation 
accuracy is also analyzed.

1. Introduction

1.1 Background & Motivation

Urban CCTV systems are widely used not only for simple 
detection and surveillance, but also as key data sources for a 
variety of public decision-making tasks, including traffic flow 
analysis, fire monitoring, and disaster response. In particular, 
quantitative pedestrian location information is essential for 
applications directly related to public safety, such as urban 
crowd management, accident prevention, and monitoring of 
densely populated areas (Dardour et al., 2025; Li et al., 2025).

Although CCTV is highly useful as an urban observation 
infrastructure due to its dense deployment and relatively low 
operating cost, most cameras used in real-world environments 
do not provide geometric sensor parameters such as exterior and 
interior orientation parameters (EOP/IOP). In addition, practical 
CCTV imagery frequently suffers from narrow fields of view, 
distortion, and occlusion, which further complicate geometric 
interpretation (Criminisi et al., 2000; Abdulrahman and Zhu, 
2023).

As a result, estimating pedestrian ground coordinates 
quantitatively from a single CCTV frame remains a highly 
practical yet technically challenging task, especially when no 
prior camera geometry is available and only limited scene 
constraints can be assumed (Zeng et al., 2024).

To address these limitations, this study proposes a lightweight 
georeferencing pipeline that combines orthophoto-based ground 
control points (GCPs) with monocular depth estimation (MDE), 
without requiring detailed field calibration or precision 
surveying.

1.2 Related Work

Traditionally, image-based ground coordinate estimation has 
relied on camera calibration, multi-view triangulation, and 
plane-induced mappings such as homography estimation (Zhang, 
2000; Hartley and Sturm, 1997; Criminisi et al., 2000). In the 
context of CCTV-based pedestrian localization, prior studies 
have mainly adopted multi-camera configurations (Kim and 
Davis, 2006; Song et al., 2021), pre-calibrated camera 
parameters (Cosma et al., 2019), or ground-plane homography 
assumptions (Cosma et al., 2019; Abdulrahman and Zhu, 2023). 
However, when only a single CCTV frame is available and no 
prior EOP/IOP information is given, reliable coordinate 
estimation remains challenging because the observation 
geometry is weakly constrained and the absolute scale is 
inherently ambiguous (Criminisi et al., 2000; Eigen et al., 2014; 
Zeng et al., 2024).

Recently, monocular depth estimation (MDE) has emerged as a 
promising alternative because it can infer relative scene depth 
from a single image (Eigen et al., 2014; Ranftl et al., 2021). 
Nevertheless, the output of MDE is generally relative rather 
than metric depth, making direct conversion to absolute distance 
difficult, and its reliability may vary depending on scene 
structure, illumination, and material properties (Eigen et al., 
2014; Ranftl et al., 2020; Zeng et al., 2024). To alleviate these 
issues, prior studies have explored additional sensor fusion, 
camera-geometry-based scale recovery, and landmark-based 
scale correction (Nützi et al., 2011; Lee et al., 2022; Cecille et 
al., 2024). However, such approaches typically require auxiliary 
devices or prior calibration information, which still limits their 
direct applicability to a fixed single-CCTV setting without 
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EOP/IOP (Nützi et al., 2011; Lee et al., 2022; Cecille et al., 
2024).

1.3 Contribution

This study proposes a method for estimating pedestrian ground 
coordinates by combining a single CCTV frame with 
orthophoto-based pseudo ground control points (Pseudo GCPs), 
even when EOP/IOP information is unavailable. The main 
contributions are as follows.

1.  A pipeline is presented for estimating pedestrian 
absolute ground coordinates using only an 
uncalibrated monocular CCTV frame and planar 
GCPs obtained from an orthophoto. This addresses a 
practical limitation of real-world CCTV systems, 
most of which do not provide calibration information.

2. A dynamic object localization framework is 
introduced in which relative depth values from MDE 
are converted into distance-ratio constraints between 
GCP pairs, formulated as Apollonius circles and 
solved using weighted least squares.

3. Experiments on a real urban testbed show that the 
proposed single-frame CCTV-based coordinate 
estimation achieves practical positioning accuracy, 
and the effects of GCP geometric configuration and 
occlusion on estimation performance are analyzed.

2. Methodology

2.1 Overview

The overall workflow proposed in this study is shown in Figure 
1. To estimate pedestrian absolute ground coordinates without 
camera calibration, a single CCTV frame and an orthophoto are 
used as inputs. In the CCTV frame, ground control points that 
are also identifiable in the orthophoto are selected, and the 
Depth Anything V2 model is applied to generate a pixel-wise 
relative depth map. In the orthophoto, the map coordinates of 
the selected control points are extracted in the 
KGD2002/Central Belt 2010(EPSG:5186) coordinate system. 
Distance ratios are then derived from the relative depth values 
between the pedestrian and the control points, formulated as 
Apollonius circles, and solved by weighted least squares to 
estimate the pedestrian’s ground coordinates. Finally, the 
estimated coordinates are compared with manually measured 
reference coordinates, and the positioning accuracy is evaluated 
using RMSE.

Figure 1.  The flowchart of proposed methodology.

2.2 Generation and Preprocessing of Monocular Depth 
Estimation (MDE) Images

Frame-wise relative depth images were generated using the 
Depth Anything V2 model (Yang et al., 2024). The model has 
been reported to provide reliable depth estimation performance 
in outdoor short-range environments (within 50 m). To maintain 
scale consistency and numerical precision of the estimated 
depth values, the outputs were stored in 32-bit floating-point 
(float32) TIFF format. Figure 2 shows a portion of a CCTV 
frame used in the experiment, and Figure 3 shows the 
corresponding MDE output.

(a) Scene 1.

(b) Scene 2.
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Figure 2. Sample CCTV video frames used in the experiment: 
(a) Scene 1; (b) Scene 2.

(a) Scene 1.

(b) Scene 2

Figure 3. Monocular depth estimation (MDE) results 
corresponding to the video frames in Figure 2: (a) Scene 1; (b) 

Scene 2.

2.3 Control Point Selection

Ground control points are selected as four or more ground 
features that can be commonly identified in both the orthophoto 
and the CCTV frame. Since at least three control-point pairs are 
required to construct Apollonius circles, a minimum of four 
control points is needed. To improve the geometric conditioning 
of the intersection, the control points should be distributed as 
evenly as possible over the entire image. A biased configuration 
concentrated on one side may weaken the geometric constraints 
of the distance-ratio formulation and increase the estimation 
error. As a general rule, points affected by occlusion or severe 
distortion are excluded from the control-point set. If the number 
of valid control points decreases due to occlusion, the stability 
of the estimation may also deteriorate.

2.4 Distance-Ratio Estimation and Apollonius Circle 
Construction

For each control-point pair (A, B), a distance ratio between the 
pedestrian P and the two control points is derived from the 
relative depth values of P, A, and B. Once kAB is obtained, the 
pedestrian location P is constrained to the locus of points 
satisfying ‖ ‖P − A = k‖ ‖P − B
For each control-point pair (A, B), this locus forms an 
Apollonius circle. When k ≠ 1, the center and radius of the 
circle are given by

C =  A − k2B1 − k2 ,    r = k|| ||1 − k2 ‖ ‖A − B
An Apollonius circle is constructed on the orthophoto plane for 
each control-point pair. Ideally, all circles intersect at a single 
point. In practice, however, the pedestrian coordinate P is 
estimated using weighted least squares based on the set of 
constructed circles.

Instead of applying ordinary least squares to estimate the circle 
intersection, weighted least squares (WLS) is adopted. As the 
distance ratio k approaches 1, the radius of the Apollonius circle 
becomes larger, which expands the feasible region in which the 
pedestrian may exist and makes the estimation of P more 
difficult. This behavior is analogous to the geometric dilution of 
precision (GDOP) effect in GPS, where poor satellite geometry 
degrades positioning accuracy (Spilker, 1996). Therefore, the 
weight of each circle is defined as w = |1 - k^2|, so that the 
influence of circles with k close to 1 is automatically reduced. 
Multiple location candidates are generated from different 
combinations of control-point pairs, and outliers are removed 
using a MAD-based robust Z-score (Rousseeuw and Croux, 
1993). The final coordinate is then determined as the median of 
the valid candidates.

3. Experiments

The input data consist of frame-wise extracts from a single 
CCTV video acquired in an urban street environment with 
mixed pedestrian and vehicle traffic in Indeogwon-dong, 
Dongan-gu, Anyang-si, Gyeonggi-do, Republic of Korea, 
together with an orthophoto of the same area. The dataset was 
constructed by the Korea Institute of Civil Engineering and 
Building Technology (KICT). The CCTV video was captured 
using an INTER COAX QUATTRO-LITE device modified for 
mobile deployment. The video was recorded at a resolution of 
1920 × 1080 pixels and a frame rate of 30 fps. The observation 
distance to the target pedestrians was within approximately 50 
m. The orthophoto was generated for the same area based on 
drone imagery and ground control point surveying data, and was 
provided in the Korean Central Belt coordinate system 
(EPSG:5186) with a ground sampling distance (GSD) of 
approximately 25 cm.

The experiments were conducted on a system equipped with an 
AMD Ryzen 9 9950X3D CPU and an NVIDIA GeForce RTX 
5090 GPU. The computational bottleneck was MDE inference, 
which required approximately 5 min per frame, whereas the 
proposed coordinate estimation stage required only 
approximately 0.1 s per frame. Since the MDE output can be 
generated offline in advance, the coordinate estimation stage 
itself remains computationally lightweight.

The experiments were performed on a total of 180 frames, with 
90 frames selected from each of two acquisition locations 
(Scene 1 and Scene 2) within the same testbed. Each frame was 
processed independently to evaluate the robustness of the 
proposed single-frame localization method under varying scene 
conditions. The two scenes represent slightly different 
observation conditions within the same urban testbed. The 
pedestrian ground-truth (GT) coordinates were manually 
identified on the orthophoto for each frame and used as 
reference coordinates in the EPSG:5186 system.
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To analyze the effect of control-point configuration on 
localization performance, three scenarios were designed. These 
scenarios were intended to examine the effects of control-point 
geometry and point availability on localization accuracy. 
Scenario A is the baseline condition, in which six control points 
are evenly distributed across the image. Scenario B uses the 
same six control points, but arranged in a spatially biased 
configuration on one side of the image. Scenario C evaluates the 
minimum-configuration case by using only four control points, 
which is the minimum number required to construct the 
Apollonius-circle formulation. The control-point pair 
configurations for each scenario are listed in Table 1, and 
example layouts are shown in Figure 4. The average RMSE was 
computed for each scenario and compared accordingly. Frames 
affected by visible occlusion at selected control-point locations 
were excluded from the valid-frame analysis because such 
occlusions could distort the depth values used for distance-ratio 
estimation. Accordingly, RMSE was reported for both the full 
set of frames and the valid-frame subset.

Scenario No. of GCPs Placement GCP Pairs
A 6 Uniform 

distribution
A-B, C-D, E-F

B 6 Biased(one- 
sided)

A-B, C-D, E-F

C 4 Uniform 
distribution

A-B, B-C, C-D

Table 1. GCP configuration for each experimental scenario

(a) Scenario A : uniform distribution

(b) Scenario B : biased placement

(c) Scenario C : minimum GCPs

Figure 4.  GCP placement examples for each scenario (Scene 2). 
(a) Scenario A: uniform distribution, (b) Scenario B: biased 

placement, (c) Scenario C: minimum GCPs.

4. Results

The pedestrian ground-coordinate estimation results for each 
scenario and acquisition location are summarized in Table 2. 
Scenario A achieved the lowest error among the three scenarios, 
with a mean RMSE of 1.989 m. Despite the absence of prior 
EOP/IOP information, meter-level accuracy was achieved under 
favorable control-point configurations, while degraded 
configurations led to substantially larger errors.

Scenario Scene 1 
RMSE (m)

Scene 2 
RMSE (m)

Mean RMSE 
(m)

A 2.211 1.767 1.989
B 7.259 5.479 6.369
C 4.139 2.007 3.073

Table 2. RMSE values are computed on valid frames excluding 
GCP-occluded frames.

In Scenario A, where the control points were evenly distributed, 
the uncertainty region induced by the intersections of the 
Apollonius circles was effectively reduced even under realistic 
error conditions in which an ideal single intersection point was 
not formed. This contributed to stable coordinate estimation 
using weighted least squares (WLS). These results suggest that 
a well-distributed control-point configuration provides stronger 
geometric constraints for robust localization.

In contrast, Scenario B, in which the same six control points 
were arranged in a spatially biased configuration, produced a 
mean RMSE of 6.369 m, which is approximately 3.2 times 
larger than that of Scenario A. This quantitatively demonstrates 
the influence of geometric imbalance in control-point placement 
on estimation accuracy. Scenario C, which used only the 
minimum number of four control points, yielded a mean RMSE 
of 3.073 m, demonstrating that effective localization is still 
achievable even under the minimum control-point condition. 
This indicates that the proposed framework can remain 
operational even when only a limited number of valid control 
points are available.

Figure 5 shows an overlay of the estimated pedestrian 
coordinates on the orthophoto for a representative frame in 
Scenario A. The results indicate that, except for extreme 
occlusion cases caused by vehicles or personal mobility devices, 
pedestrian positions were estimated consistently across 
consecutive frames.

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIX-B2-2026 
XXV ISPRS Congress 2026 “From Imagery to Understanding”, Commission II, 4–11 July 2026, Toronto, Canada

This contribution has been peer-reviewed. 
https://doi.org/10.5194/isprs-archives-XLIX-B2-2026-49-2026 | © Author(s) 2026. CC BY 4.0 License.

 
52



Figure 5. Overlay of pedestrian coordinate estimation results on 
the orthophoto (Scenario A, Scene 1).

5. Conclusions

The mean RMSE of 1.989 m obtained in the experiments 
indicates that meter-level localization accuracy can be achieved 
using only a single CCTV frame without geometric sensor 
parameters (EOP/IOP) and an orthophoto of the same area. This 
level of accuracy is practically meaningful for urban geospatial 
applications such as crowd and pedestrian monitoring and the 
generation of dynamic thematic maps.

The scenario-based analysis shows that the localization 
performance of the proposed method depends strongly on the 
control-point configuration strategy. When the control points 
were distributed evenly across the field of view, as in Scenario 
A, the uncertainty region associated with the circle intersections 
was reduced, resulting in more stable coordinate estimation. In 
contrast, when the control points were spatially biased to one 
side, as in Scenario B, the distance-ratio constraints became 
weaker and the localization accuracy deteriorated. When the 
number of valid control points decreased due to occlusion by 
moving objects or surrounding structures, the stability of the 
estimation also tended to decrease, which is one of the main 
limitations of the proposed method. In addition, the reference 
coordinates used in this study were manually obtained from an 
orthophoto with a GSD of approximately 25 cm, and therefore 
may include interpretation error. Although control points are 
currently selected manually, the practical applicability of the 
proposed pipeline could be significantly improved by extending 
it to an automatic matching framework that identifies 
corresponding feature points between the orthophoto and the 
CCTV frame.

The favorable performance observed within an observation 
distance of approximately 50 m suggests that the relative depth 
information obtained from MDE can be effective within a 
limited distance range. This also implies that additional 
correction or modeling may be required for longer observation 
distances. In addition, pedestrian coordinates were found to be 
produced continuously over consecutive frames, suggesting the 
potential for future extension to pedestrian trajectory generation 
and tracking. However, verification of absolute depth accuracy 
and trajectory-based analysis using consecutive frames are 

beyond the scope of the present study and are therefore left for 
future work.

Overall, the proposed approach, which formulates the 
relationship between MDE-derived relative depth and 
orthophoto-based GCP distance ratios as Apollonius circles, was 
experimentally shown to enable meter-level pedestrian 
localization in real urban CCTV environments without camera 
calibration. This suggests that the method can be practically 
integrated with existing geospatial infrastructures for urban 
pedestrian monitoring.

Future work will include validation of the absolute depth 
accuracy of the MDE output, performance analysis across 
different observation distances, extension to pedestrian 
trajectory generation and tracking based on consecutive frames, 
and investigation of automatic GCP selection between 
orthophotos and CCTV frames. In addition, further experiments 
under more diverse imaging conditions and environments are 
needed to evaluate the reliability and generalizability of the 
proposed method.
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