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EXECUTIVE SUMMARY 

The deliverable D3.3 ñEvaluation of operation optimizationò reports on the results of the trials performed 

in the three Living Labs of the 5G-LOGINNOV project, the evaluation of the use cases as well as the 

evaluation of the 5G technology exploited across the three pilots in various 5G facilities (Public 5G-NSA, 

Private 5G-NSA and Private 5G-SA).  

Particularly, the current report takes input from D1.4, D2.3, D3.1 and D3.2, and reports on the trials 

performed, the assessment of the performance of 5G technology, the assessment of application KPIs 

(Quantitative and Qualitative) and their impact in the logistics domain and the Port industry, within and 

outside a Portôs premises. Towards this direction, the methodology exploited per pilot/experiment/use 

case is briefly described and the relevant KPI metrics along with the collected data are presented 

accordingly. 

Special attention has been dedicated to cross-pilot activities to ensure that the developed technology, 

technology enablers, and use cases are not isolated innovations exclusive to a single logistics Living 

Lab (LL). Instead, they are designed for seamless transferability to other LLs and European ports. This 

particular aspect was also among the focal points of interest at the final demonstration event of the 5G-

LOGINNOV project that took place in LL Koper (Koper municipality, Slovenia) on the 7th of November, 

where the Project partners (among other activities) showcased how software and technologies exploited 

and developed at one site can be transferred to another, fostering potential interoperability of aforesaid 

services among many EU ports, logistics actors and the broader stakeholder community (c.f. Section 

5). 

In summary, the conclusion of the project's outcomes is presented alongside the well-defined objectives 

of the three pilots. The presentation also offers insights into the technology enablers and barriers, as 

well as the challenges encountered across different domains within the multi-stakeholder community of 

the 5G-LOGINNOV project. 

1 INTRODUCTION 

5G-LOGINNOVôs vision focused on enhancing/improving freight and traffic operations at Ports and 

Logistics hubs via innovative concepts, applications and devices supported by 5G technology, the IoT, 

AI-enabled data analytics, next generation traffic management systems, Cooperative, Connected and 

Automated Mobility (CCAM). The projectôs scope with focus on large scale trials and pilots has been 

verified in real operating conditions in three Living Lab (LL) environments, namely, Athens (Greece), 

Hamburg (Germany) and Koper (Slovenia). While Athens and Koper LLs are focused on applications 

tailored to 5G and Smart Logistics within the Port premises, in Hamburg, the focus resides in hinterland, 

i.e., the interconnection of the Port with the road transport network and road infrastructure. In more 

detail, following the compute continuum paradigm various AI-service placement options have been 

considered (extreme-edge, edge and cloud) given the diverse set of requirements of the developed use 

cases (e.g., latency sensitive, or throughput intensive), creating a 5G ecosystem of cloud native 

interconnected Port assets (5G Trucks, 5G cranes, 5G Drones, 5G IoT). Details on the specific use 

cases and cross-pilot activities are thoroughly discussed in the remaining of the draft, promoting among 

others the interoperability of the developed use cases across the pilots of 5G-LOGINNOV ports. 

The main objectives of 5G-LOGINNOV can be summarized as follows; (i) the support of the ñGreenò 

Port Industry vision by reducing the hubôs operation emissions. Particularly, a 5G based Green Light 

Optimum Speed Advisory (GLOSA) system has been developed coupled with precise positioning 

technology and Mutli-access edge computing (MEC), for combined coordination of  vehicle platoon 

movements and traffic light infrastructure; (ii) enhance safety and security operations by developing a 

5G&AI enabled collision warning system between trucks and personnel, as well as mission-critical AI-
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assisted drone surveillance; (iii) improve the efficiency of logistics operations via 5G&AI enabled video 

analytics services related to port control, logistics and remote automation.  

The portfolio of 5G LOGINNOV use cases have been evaluated in various network deployment options, 

i.e., 5G-NSA private network (in Athens LL), public 5G-NSA network (Koper and Hamburg LLs), as well 

as private 5G SA network (Koper LL). 

Finally, the project fostered various market opportunities building on the ecosystem of 5G technologies 

in the logistics domain, thus being a pillar of economic development and business innovation and 

promoting local innovative high-tech SME and Start-Ups via the published/tendered Open-calls. 

Particularly, 5 SMEs have been accepted to the 5G-LOGINNOV consortium, to develop their solution 

on the respective LLs and are summarized below: 

¶ auTonomous dRones for marITime OperatioNs (TRITON) ï Hellenic Drones, Koper LL. 

¶ Real timE drowSiness detectiON, AlerTing and rEporting (RESONATE) ï Libra AI, Athens LL 

¶ 5G-Loginnov-4-Amazon (5G4A) ï eShuttle, Hamburg LL 

¶ TAXi-AD Data (TAADD) ï uze! Mobility GmbH, Hamburg LL 

¶ Intelligent Traffic Guidance System (ITGS) ï Roads.AI, Hamburg LL 

 
Detailed evaluation of the projectôs results for all pilot sites are described in the next chapters. 

1.1 Purpose of the deliverable  

The present deliverable (D3.3) reports on the innovations that occurred in the project's three LLs, the 

outcomes of the use cases and trials that were conducted for all pilot sites to enhance the identified 

daily port operations/needs, the evaluation of the use cases in relation to the project's goals, and the 

identification of any deviations from the planned activities and objectives of 5G-LOGINNOV. 

1.2 Intended audience 

The dissemination level of D3.3 is a ópublicô (PU) deliverable and available to members of the 

consortium, the Commission Services and those external to the project. It is specifically aimed at 

providing the 5G-LOGINNOV consortium members with an extensive set of guidelines and tools that 

contribute to the projectôs promotion and diffusion, as well as to provide to any interested party (e.g., 

Telecommunications Industry, Road/Port/Terminal/Logistics/Maritime Operators/Authorities, SMEs, 

Research Institutes and more) with the lessons learned and a deep view on the technology enablers 

and limitations, as well as the challenges faced across the various domains and collaborating parties, 

throughout the completion of this high TRL project results, with focus on large scale trials and pilots 

verified in real operating conditions in the three LL environments of the 5G-LOGINNOV project. 
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2 EVALUATION IN ATHENS LIVING LAB 

As part of the 5G-LOGINNOV project, the Athens LL developed a set of use cases and platforms which 

communicate over the private 5G NSA network with different types of end devices (5G-Trucks, 5G-

Cranes, 5G-IoT, 5G UEs). 5G technology enables the use case innovations exploiting the eMBB service 

and low latency transmissions of 5G, including NFV-MANO based applications and service 

orchestration, private cloud computing and far-edge computing innovative solutions, computer vision 

and AI-enabled video analytics. In brief, the use cases which are thoroughly evaluated in the following 

sections, are focused to 5G&AI enabled services tailored to safety/security applications as well as for 

improving the efficiency of daily port operations (reduce costs, improve the utilization of human 

resources and automate logistics services). Figure 1 depicts a high-level overview of the deployed 

private 5G-NSA network, the 5G-IoT platform supported by PCTôs private cloud infrastructure and 5G-

IoT devices within the port premises for supporting the projectôs use cases. Briefly, the NSA core 

(Release 15) is shown below with various pools of MME, SGW-U and PGW-U core elements for 

redundancy and load balancing, as well as the private cloud infrastructure and 5G-IoT nodes deployed 

within the port premises, for the support of the various 5G&AI-enabled video analytics services. 

 

Figure 1: LL Athens - Private 5G network, Private Cloud and extreme-edge deployments for 5G-IoT 
nodes[a] 

2.1 5G Network Evaluation 

2.1.1 Network Deployment 

The following Figures depict the deployed 5G radio access network (based on the Huawei RRU 5639w) 

at Piraeus Port and mapping in the port area. Vodafoneôs Core network operates outside the port 

premises, at Vodafoneôs datacentre, directly connected via fiber with the radio units installed in the Port. 

Particularly PCTôs private 5G NSA network operates in band n78 at 3.7GHz with 100 MHz bandwidth, 

providing 5G connectivity to a subset of the port Piers (see following Figures), whereas the remaining 

port areas are fully covered via 4G.  For more details regarding PCTôs 5G network, please refer to [1]. 

Extensive evaluation of the network KPIs follow. 
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Figure 1b : LL Athens - deployed 5G radio access network at Piraeus Port and mapping in the port 
area 

 

2.1.2 List of Key Performance Indicators 

 

Table 1 describes the 5G network KPIs as defined in [2] (D1.4). 

KPI KPI ID Target Value Measured Value 

Area Traffic 
Capacity 

A-KPI19 
Downlink 1500 Mbps 

Uplink 120 Mbps 
Achieved* 

Bandwidth A-KPI20 
Specified by the max 
capacity of the RRU 

installed at PCT 

Achieved 

Connection 
Density 

A-KPI21 
Typically, up to 100 live 

sharing traffic - 1000 
max attached 

Achieved* 

Reliability A-KPI22 99.9 (average) Achieved 

End-to-End 
Latency 

A-KPI23 
<20ms (average) Achieved 

One-way Latency A-KPI24 <10ms (average) Achieved 

Table 1: LL Athens ï KPIs list for the private 5G Network 

The total capacity of the 5G cell (A-KPI19) installed in PCT is shown in Figure 2, provided by Vodafone, 
and is measured at about 1.5Gbps i.e., the total load the gNB can handle, while detailed evaluation of 
the remote radio unit installed is explained in the following sections. Note that the backhaul capacity 
interconnecting the BBU and the datacentre of PCT where our management platform and cloud 
infrastructure is deployed is limited by 1G fiber optic network, hence specifying the bottleneck of total 
network throughput for our experimentation. 
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Figure 2: LL Athens - Total capacity of the 5G cell at PCT ï (A-KPI19) 

 
Regarding A-KPI19 (Area Traffic Capacity) we exploit a single remote radio unit (RRU) installed in the 
PCT, i.e., 1x RRU (Huawei AAU5639W 5G) with total traffic throughput served at the geographic area 
depicted in Figure 5, and evaluated in detail in the next sections based on A-KPI20 (Bandwidth) 
measurements. 
 
With respect to A-KPI21 (Connection Density: total number of connected and/or accessible devices per 
unit area) we exploit a single RRU for the 5GLOGINNOV project to support all connected devices, hence 
based on the specifications of the device this is measured as 100 devices sharing traffic (fair scheduler) 
and 1000 (max) attached, as instructed by the provider. 

 

2.1.3 Methodology and Measurement Tools 

To facilitate the evaluation of the network KPIs we exploit a dual approach. We first exploit the 5G KPI 

monitoring software suite (i.e., qMON), provided by ININ. Detailed view on the test protocols exemplify 

how qMON is used, and is presented in [3]. Briefly, we exploit Samsung Galaxy S22 5G phone with 

qMON software (Figure 3) and a backend system for data collection. 

 

Figure 3: LL Athens - 5G KPIs monitoring system provided by ININ 

Particularly, the qMON agent installed on the phone communicates with two virtual machines at the 

backend system of PCT. The VMs include the database system, control plane functionalities and 

visualization tools (Grafana). Through qMON control agent we create work orders (see Figure 4), which 
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basically define continuous experiments for latency (ping) and throughput (iperf3 downlink/uplink) 

measurements (A-KPI20 and A-KPI23).  

 

Figure 4: LL Athens - 5G KPIs monitoring system work orders provided by ININ 

Via qMON we conducted several drive tests, where the 5G phone was inside a truck moving along the 

Port Piers, in order to establish a detailed map of network KPIs for supporting the 5G LOGINNOV use 

cases. Additionally, stationary tests where the phone was positioned at fixed locations within the Port 

premises were conducted. The following sections thoroughly present the accumulated results. 

Finally, we perform also extensive numerical evaluation for the network KPIs via the 5G-IoT nodes 

deployed at several locations (crane, truck, pillar) within the Port area, which compose the 5G-IoT 

system that hosts the cloud native AI services tailored to logistics and safety applications. The tests are 

conducted with legacy iperf3 and ping tools (not via qMON) from the 5G-IoT nodes. 

2.1.4 Results 

2.1.4.1 5G Drive Test Evaluation 

Figure 5 depicts the 5G drive test conducted within the Port of Piraeus in Piers II and III. The dots 
represent latency and throughput tests (downlink and uplink) as we drive within the Port premises. 
Relevant KPIs are A-KPI20 and A-KPI23. We conducted multiple trips following the routes depicted in 
Figure 5 where the green dots represent 5G connection and the blue ones correspond to LTE 
connectivity. The area of interest for the Athens LL experimentation and measurements is focused 
around the area with 5G connectivity (i.e., green dots) for all use cases. 

 

 
Figure 5: LL Athens - 5G drive test routes at Piers II and III, showcasing 5G and 4G coverage 

 
Figure 6, Figure 7 and  Figure 8 showcase the various measurements for downlink and uplink tests. We 
observe about 450Mbps in downlink and about 92Mbps in uplink for the mobile drive continuous 
monitoring tests. Figure 8 also depicts the changes between 4G and 5G. The drops in the observed 
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data rate for uplink and downlink measurements are the interruptions of the experiments due to 
handovers to the 4G network, and then re-establishment of the 5G session.  
 

 
Figure 6: LL Athens - 5G drive test downlink measurements ï (A-KPI20) 

 

 
Figure 7: LL Athens - 5G drive test uplink measurements ï (A-KPI20) 

 

 
Figure 8: LL Athens - 5G drive test downlink and uplink measurements in 1.5 hours driving ï (A-KPI20) 

Next in Figure 9 we present the results from the latency (ping) measurements. The initially illustrated 
increased values are 4G measurements, before entering the Pier with 5G connectivity. As already noted 
since the software stack from ININ (qMON) is installed behind several firewalls at PCTôs datacentre, we 
observe a slight increase in the latency values. For instance, we observe an average latency close to 
20 ms, with minimum and maximum values around 18 and 40ms, respectively. In Section 2.1.4.2 we 
illustrate the relevant latency plots at the 5G-IoT nodes, not bound by the same firewall limitation. 
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Figure 9: LL Athens - 5G drive test latency (ping) measurements ï (A-KPI23) 

Figure 10 depicts the 5G (@100Mhz) and 4G (@40Mhz) channel bandwidth utilization illustrating the 
handover occurrence during the drive test. Evidently, we use 5G data plane carriers only, i.e., 4G 
channel carries only control plane information when the UE is connected to the gNB. Finally, Figure 11 
encapsulates radio signal parameters (RSRP, RSRQ, SINR and RSSI) during the drive tests. 

 

 
Figure 10: LL Athens - 5G drive test showcasing 5G and 4G channel bandwidth utilization 

 

 
Figure 11: LL Athens - 5G drive test radio signal measurements (RSSI, SINR, RSRP, RSRQ) 

 

2.1.4.2 5G IoT System Evaluation 

In this section we illustrate PCTôs private 5G network capabilities for supporting the 5G-LOGINNOV use 
cases on the 5G-IoT system which corresponds to stationary IoT nodes mounted on quay side crane 
(QC) 31 and Pillar within the Port terminal (c.f. Sections 2.3 and 2.4). We first evaluate the 5G 
capabilities from the 5G-IoT nodes with legacy iperf3 and ping tools (relevant for A-KPI20 and A-KPI23). 
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Via this approach we also thoroughly benchmark the performance of the 5G IoT nodes and 5G modems 
(i.e., Robustel R5020 5G IoT Router and Teltonikaôs Industrial IoT router RUTX50) exploited by the use 
cases. As this system is not bound by additional firewall rules (as in the case of qMON), we also 
showcase the difference e.g., in latency measurements compared to qMON. Additionally, qMON is also 
used as part of this set of experiments where we place the Samsung Galaxy S22 phone in a fixed 
location with minor mobility within Pier III, to increase the traffic load on the network. 
 
Particularly, the x-axis samples in Figure 12, Figure 13 and Figure 14 are average values (also showing 
min, max and median) for 10 minutes of continuous tests. In total from s1 to s12 we illustrate continuous 
measurements for 120 minutes of continuous network traffic. As illustrated in Figure 12, the average 
latency is about 16ms (in contrast to the 20ms average latency observed though qMON due the 
intermediate firewalls). For A-KPI24 (one-way latency) we refer to this KPI as half-RTT and can be 
calculated from Figure 12, on average, about 8ms. Similarly for the throughput measurements (Figure 
13 and Figure 14) we observe maximum values of about 540Mbps in downlink and around 135 in uplink, 
whereas the average respective values are close to 440 and 120Mbps. In the following sections (2.2, 
2.3 and 2.4) we will also showcase the data rate incurred by the 4K streams transmitted from trucks, 
cranes, and pillar nodes. 
 

 
Figure 12: LL Athens - 5G IoT test, latency 

(ping) measurements ς (A-KPI23) 

 

 

Figure 13: LL Athens - 5G IoT test, uplink 
measurements ς (A-KPI20) 

 
Figure 14: LL Athens - 5G IoT test, downlink 

measurements ς (A-KPI20) 

Table 2: LL Athens - Latency and Throughput tests ï (A-KPI20 and A-KPI23) 

Regarding A-KPI22 (Reliability), the following figures in Table 3 illustrate a subset  of the obtained results 
exploiting: the ping tool for sending network layer packets from the 5G-IoT node towards the cloud 
infrastructure (Figure 15); and UDP iperf3 which reports the lost datagrams for two traffic scenarios, i.e., 
typical voice call of about 100kbps data traffic (Figure 16), and the video data rate as experienced by 
the high definition cameras deployed in PCT with average data rate of about 10Mbps (Figure 17). 
Particularly, for the ping command the packet losses are measured via echo ICMP reply message 
timeouts (No answer yet), whereas for the case of UDP we compare the Lost/Total Datagrams sent. On 
average we observe above 99.9% on successful packets transmissions. Using a more robust coding 
and modulation scheme could improve the 5G air interfaceô reliability. 
 

 
Figure 15: LL Athens - Ping tests for network 

reliability ς (A-KPI22) 

 
Figure 16: LL Athens - iperf3 UDP 100kbps test 

for network reliability ς (A-KPI22) 

 
Figure 17: LL Athens - iperf3 UDP 10Mbps test 

for network reliability ς (A-KPI22) 

Table 3: LL Athens ï Reliability test with various network tools in different configurations ï (A-KPI22) 
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2.2 UC3: 5G&AI enabled collision warning system 

2.2.1 Description and Motivation 

Piraeus Container Terminal relies heavily on internal yard trucks for the horizontal movement of 

containers between stacking areas and loading/unloading areas for vessels and road/rail. Along the 

routes followed by the trucks within the Port area (about 2.5 square kilometres) for facilitating the daily 

port operations, personnel engaged in different Port activities might be in close proximity. Given the size 

of the truck (and carried cargo), potential blind spots from the perspective of the truck driver could cause 

an accident with severe consequences. Towards this direction UC3 is focused in providing a cloud 

native 5G&AI enabled collision warning service between trucks and people in proximity. The developed 

service utilizes video streams (from a high-resolution camera installed on the truck) transmitted over 5G 

(uplink) to PCTôs private cloud infrastructure, where the AI containerized service resides, and infers the 

presence of people in truckôs close proximity. In case of positive inference, rapid alerts are delivered to 

the truck driver to avoid the accident. The Figures [table 4a]below depict typical truck routes within the 

Port premises, within the range of the gNB. 

  

Table 4: LL Athens ï typical truck routes within the Port premises and within the range of the gNB (a) 

 

2.2.2 Use Case Setup 

In Figure 18 we present the high-level architecture and software components of the use case, and Table  

depicts real installations on a yard truck and another vehicle exploited for the evaluation of the service 

in multiple routes within the Port premises. The system is customizable to deliver either a rapid alert by 

means of a small packet that triggers sound alerts for the driver, or by delivering via 5G downlink the 

inferenced/annotated video stream at the 5G tablet installed at the driverôs cabin (Table , left). The 

annotated video can be additionally delivered to PCTôs central monitoring platform for authorized 

supervision. 

  

Table 4: LL Athens - PCT truck and commodity vehicle equipped with 5G interface and high definition 
cameras with a gimbal to absorb vibrations (b) 
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Figure 18: LL Athens - 5G&AI enabled collision warning service architecture 

Particularly, continuous high-resolution video streams (uplink) are transmitted from the vehicle over 5G 

to the CNF residing at PCTôs private cloud node which exploits the NVIDIA RTX 3090 GPU for expediting 

the AI service processing time. We define the person in proximity to truck criterion via the yellow 

bounded area as shown in Table 5. In case of positive inference (i.e., a person is detected within the 

bounding box) rapid alerts are delivered to the truck driver by exploiting the low latency 5G network. 

Particularly, inferenced video streams are transmitted over 5G (downlink) to a tablet (Samsung Galaxy 

Tab S8 5G) installed on the truckôs cabin, alerting the driver for the event, Table 5 (left). Additionally, the 

annotated video is sent to PCTôs central monitoring platform for authorized operations supervision. In 

case of negative event (i.e., no person detected in proximity or people detected outside the designated 

area) the service is customizable, were either a black screen is shown at the tablet or the annotated 

streams are delivered to the truck driver as shown in Table 5 (right) with no alerts. 

  

Table 5: LL Athens - Collision Warning System example alerting the driver for people in proximity to the truck 

 

2.2.3 List of Key Performance Indicators 

 

Table 6 describes the logistics and technical KPIs relevant for UC3 as defined in  [2] (D1.4). 
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KPI KPI ID Measured Value 

Model Inference 
Time 

A-KPI11 

Depends on the ML 
model configuration and 
the video frame size c.f. 

Section 2.2.5 

Model 
Accuracy/Reliability 

A-KPI12 

Depends on the ML 
model configuration and 
the video frame size c.f. 

Section 2.2.5 

End-to-End 
Latency 

A-KPI23 
<20ms (average) 

One-way Latency A-KPI24 <10ms (average) 

Deployment Time A-KPI3 30 seconds (average) 

User Experienced 
Data Rate 

A-KPI25 
<12Mbps (uplink, 

average) 

Table 6: LL Athens - KPIs list for UC3 

User experienced data rate (A-KPI25) is presented thoroughly in Sections 2.3 and 2.4 and is the same 
for UC3 (we exploit similar cameras). For this use case, the focus resides in monitoring the per video 
frame transmission delay and processing delay and is thoroughly illustrated in the following sections. 

 

2.2.4 Methodology and Measurement Tools 

To evaluate the 5G&AI enabled collision warning service we performed various trips/routes within the 

Port with 5G coverage (Figure 5). This use case is a mission critical service (with stringent latency 

requirements) and has many sources of delay: (i) video legacy operations (encoding/decoding); (ii) 

frame transmission delay and (iii) the frame processing time required by the AI service. In the following 

we explain our configuration setup to measure the various delay sources, and the use case evaluation. 

Cluster Clock Sync: When focusing on mission critical services with tight delay constraints (e.g., 

collision warning systems), it is of paramount importance to accurately measure the delay of critical 

decisions, and thus the transmission and processing delay of critical video frames. In a typical setup, a 

Network Time Protocol (NTP) is used to synchronize the clocks of computer systems over a network. 

However, the accuracy of an NTP server distribution model, can result in several tens of milliseconds 

clock difference across the distributed devices. This depends on how symmetric network routes between 

the servers and client are, how stable the network delay is and clientôs clock, and how accurate are the 

servers themselves1. To alleviate this drawback, we connect each k8s compute node (extreme-edge 

and cloud) with a GPS receiver (connected via a serial port) creating stratum-1 devices, which also 

provide a pulse per second (PPS) signal to sync the local device clocks more accurately with the satellite 

system. Table 7 depicts information about the GPS system of cloud and extreme-edge nodes (5G truck, 

5G-Crane and 5G-IoT devices) and the achieved accuracy, i.e., the local clock offset from the satellite 

clocks as obtained from Chrony. We observe a clock difference of only a few microseconds. In the 

following, we exploit this negligible offset to accurately measure the one-way transmission delay of 

packets and frames (Figure 20 - Figure 23). 

Network configuration: Regarding the conducted experiments we tested LTE, LTE-A and 5G-NSA. 

For experiments based on 4G connectivity we exploit two LTE configurations: single carrier LTE, 

operating in frequency band B7 with a 20Mhz channel bandwidth, and LTE-A (advanced) where the 

device is configured in dual carrier aggregation mode combining B3 and B7 frequency bands, with a 

 
1 https://chrony.tuxfamily.org/index.html 
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20Mhz channel bandwidth, each. For the 5G experimentation, we used B20 and N78 frequency bands 

for control (LTE anchor) and data plane (NR user plane) functions, respectively, with a 100Mhz channel. 

Per frame transmission delay: We measure the transmission delay of the 4K frames over the LTE, 

LTE-A and 5G interfaces. To measure the per frame network delay we employ GStreamer2 tool with the 

Real-time Transport Protocol (RTP) where we create a 4K video streaming session from the vehicle. 

On the server side we use tcpdump to capture and timestamp RTP packets as they are observed by 

the network interface card at send time, and similarly for RTP packets at reception (client side). To 

eliminate clock drift (and deviation) of the devices we employ the stratum-1 clock (GPS/PPS) setup as 

explained before. Lastly, by using the Mark-field (Figure 19) of the RTP header we can distinguish all 

packets that create a single video frame, and thus calculate the video frame transmission delay over 

the various network configurations (from the 5G-truck towards PCTôs private cloud). 

 

Figure 19: LL Athens - Wireshark example trace of RTP packets and mark-field indicating the end of a 
video frame 

 
2 GStreamer is an open-source multimedia framework that provides a pipeline-based architecture for creating multimedia services. 
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Figure 20: LL Athens - Clock sync between extreme-edge node and cloud node based on GPS and PPS signals 

 
Figure 21: LL Athens - Extreme-edge node, cgps (Stratum 0) 

 
Figure 22: LL Athens - Cloud node, cgps (Stratum 0) 

 

Figure 23: LL Athens - Time offset between local clock and satellite clock of cloud and extreme edge node on truck. 

Table 7: LL Athens - Syncing clocks of distributed devices via GPS/PPS signals 
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2.2.5 Results 
 

Detailed evaluation of network KPIs have been presented in Section 2.1 capturing A-KPI-19 to A-KPI25 

(see Table 1). Here we present a subset of those KPIs relevant for the use case testing, along with the 

comparison of various network configurations (LTE, LTE-A and 5G-NSA) to get more insights in the 

performance of the various networks and the 5G&AI-enabled collision warning system requirements. 

  

Table 8: LL Athens - Cellular networks (LTE, LTE-A and 5G) benchmarking based on iperf3 tools for 
throughput measurements 

The results obtained for the 5G-NSA network are similar to the ones presented in Section 2.1.4.2. With 

respect to the various network configurations (Table 8) we observe (on average) about 480Mbps 

downlink for 5G, 190Mbps in LTE-A and about 100Mbps for LTE, whereas in uplink we observe about 

120, 90 and 30Mbps, respectively (A-KPI20). Evidently, the additional spectrum resources of 5G allow 

for higher bandwidth availability, enabling higher data rates. Considering network latency (Figure 24), 

we provide our measurements for packet round-trip times (RTT) in all network configurations measured 

via ping. For the LTE configurations (no significant difference is observed between LTE and LTE-A) we 

recorded about 28ms RTT time (on average), whereas in 5G we measured latency of about 18ms (A-

KPI23). 

Figure 25 shows our measurements corresponding to the transmission delay of 4K frames for the 

different networks, from the camera installed on the truck. We observe video frame latency of about 

30ms for 5G, 45ms for LTE-A and about 60ms for LTE, on average. Evidently, the 5G network provides 

the faster medium for delivering high resolution video frames which is pertinent for applications with real 

time constraints. 

 

Figure 24: LL Athens - RTT for the various 
network configurations 

 

Figure 25: LL Athens - Per frame network 
transmission delay at 4K resolution 
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With respect to inference accuracy (A-KPI12) of the AI service, as objects (people) within the highlighted 

yellow area (Table 5) are relatively close to the moving vehicle, we observed very few positive/negatives 

for YOLOv5n and YOLOv5s CNN models [4] and almost none for those presented in Table 9. Detailed 

evaluation for A-KPI12 and human presence detection is shown in Section 2.3.5 where the service is 

challenged to detect people at distant locations as captured by the 5G-IoT nodes deployed on fixed port 

infrastructure. For the inference time (A-KPI11) we illustrate on Table 9 the effect of the video frame 

size3 and YOLOv5 CNN model size [4] on the inference time for the cloud deployment (average results 

for 30K frames). Evidently, the general rule of thumb as also illustrated by the values below, is that the 

inference time increases, when we use higher resolution video frames or a more complex CNN model. 

 Cloud Computing (ms) 

Frame 

size 

SD HD FHD 4K 

YOLOv5x 12.9 35.1 66.2 245 

YOLOv5l 10.1 18.7 37.3 133 

YOLOv5m 8 11.8 23.2 77 

Table 9: LL Athens - Inference time of UC3 for extreme-edge and cloud deployments - (A-KPI11) 

To understand the end-to-end service delay (e2e-SD) when exploiting the cloud infrastructure for the 

collision warning service we aggregate the following delay sources: frame transmission delay (Figure 

25), the AI service inference time (Table 9), and finally the alert delivery delay. For the alert delivery we 

test two scenarios; (i) a small packet notification which triggers an audible notification, or delivering 

the full inferenced video stream at the tablet (5G downlink) installed in the vehicle.  

For the alert delivery delay, when transmitting a small packet, e.g., a sound trigger, this can be 

considered as a small packet/notification to the system of the truck and is measured as half-RTT, or 

one-way latency (Figure 24), i.e., less than 10ms for 5G. Hence, the e2e-SD is approximately 30ms for 

the frame transmission delay, 23ms of frame processing time (e.g., FHD, v5m) and about 9ms for 

triggering the alert, accumulating a total latency of about 62ms for the 5G-NSA network. The following 

table summarizes the e2s-SD for all network and CNN model configurations at the cloud deployment 

scenarios. 
Cloud processing ï end-to-end service delay (e2e-SD) ï (LTE, LTE-A, 5G-NSA) in milliseconds 

Frame size SD HD FHD 4K 

Network LTE LTE-

A 

5G LTE LTE-

A 

5G LTE LTE-A 5G LTE LTE-

A 

5G 

v5x 86.9 71.9 50.9 109.1 94.1 73.1 140.2 125.2 104.2 319 304 283 

v5l 84.1 69.1 48.1 92.7 77.7 56.7 111.3 96.3 75.3 207 192 171 

v5m 82 67 46 85.8 70.8 49.8 97.2 82.2 61.2 151 136 115 

Table 10: LL Athens - End-to-end service delay in various network CNN and video resolution setups 

 

Evidently 5G provides the smallest e2e-SD for all cases. In the case of delivering the inferenced video 

stream at the tablet we showcase in the following the glass-to-glass experimentation. In more detail at 

the tablet we use envyen, an app that shows current time at ms accuracy and we face the camera to 

 
3 Note that the frames are transmistted over 5G uplink at 4K resolution, and are then resized by the ML service to expedite the 
processing time. 
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the tablet to show the end-to-end application layer delay. This includes the frame transmission delay 

and frame processing time as demonstrated in Figure 25, Table 9 and Table 10, but  also the video 

application layer latency that includes encoding and decoding operations (H264, @20fps) of video 

frames. In Figure 26, the yellow boxes indicate the added delay induced for creating an additional video 

session from the cloud node towards the tablet via gstreamer. Evidently, higher resolutions (e.g., 1080p, 

4K) and higher frame rates (e.g., 10fps, 30fps) require more data to be processed, increasing encoding 

and decoding times. Additionally, the hardware capabilities of the camera, software configuration of the 

gstreamer pipelines, codec complexity (H.264 or HEVC) and the hardware capabilities of the UE for 

efficient decoding, also contribute as potential sources of delay, but also cases for improvement. 

 

Figure 26: LL Athens - Delay sources for the end-to-end collision warning system 

The results in Table 11 represents streaming on the downlink HD video at 20fps with H264 codec and 
gstreamer. On the righthand side of each figure, we observe current time and on the left-hand side we 
see the delay, i.e., past time. On average, we observed about 200-250ms of delay. When using higher 
framerate or higher resolution we observed larger values which would render the collision warning 
system impractical. However, this is not attributed to the 5G network delay or, the AI processing delay 
(as show in Figure 25, Table 9 and Table 10), but rather on the inherent latency delay sources of video 
streaming sessions as discussed above. 

 

  

  

  

Table 11: LL Athens - Glass to glass experimentation for 5G&AI-enabled collision warning system 

In summary, for the collision warning system based on audible alerts the total latency can be as low as 

50ms (depending on the configuration points shown in Table 10), whereas for the case where the 

inferenced video streaming is delivered to the truck this delay can be up to 250ms. Considering the 
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speed limitations within a port environment at 20Km/h or 5.5m/s the truck will be roughly ahead about 

0.3 meters for the audible alert and 1.5 meters for the inferenced video stream, alerting the drive in more 

detail about the visual environment in the truckôs vicinity. Hence, the two setups should be used in 

conjunction for mission critical services such as collision avoidance. 

Finally, we evaluate A-KPI3 (Deployment Time) of the CNF which is the same for UC3, UC4 and UC5 

and is presented only in this Section. Figure 27 depicts the OSM deploy time extracted from the open 

source MANO (OSM) manifest deployment logging (osm-deploy on the x-axis), as well as the CNF 

image pull time for downloading the ML image at the respective host (extreme-edge or cloud). The 

results are average values over 50 measurements. We observe first that the image pull time for UC4 is 

about 2.5 minutes (which is basically determined by the hostôs throughput and the image size), whereas 

the deployment time from OSM (Release 13) for both cloud and extreme-edge orchestration decisions 

takes about 30 seconds, i.e., for the CNF to be active and running in the kubernetes cluster. 

 

Figure 27: LL Athens - Service Deployment Time for UC3, UC4 and UC5 ï (A-KPI3) 

 

2.3 UC4: Optimal surveillance cameras and video analytics 

2.3.1 Description and Motivation 

Frequent incidents involving boom collisions, gantry collisions or stack collisions along with the presence 

of stevedoring personnel within the Port area make the risk for serious bodily injuries considerable. 

Hence, detecting the presence of people in high-risk areas, e.g., areas with intensive crane and/or truck 

operations, is of paramount importance for the Port operator for ensuring a safer environment in daily 

operations for employees and visitors. Additionally, AI-enabled surveillance can further aid Port security 

by detecting the presence of people in restricted areas, e.g., close to a warehouse area. Towards this 

direction, UC4 focused on the development of a cloud native 5G&AI-enabled human presence detection 

service. The developed solution exploits the eMBB service of 5G to transmit high resolution (uplink) 

video streams of the relevant areas, which are exploited by the developed ML service for the inference 

task of human presence detection and based on the inference result generate in real-time respective 

alerts (i.e., live inference/annotated streams to PCTôs central monitoring system or to handheld devices, 

e.g., 5G smartphones, exploited by mobile security patrol shifts close by). Figure 28 and Figure 29 

illustrate the view angles of the two 4K cameras exploited by the service, with the former (mounted on 

quay side crane 31) depicting people in proximity to the rails of the crane, and the latter (mounted on a 

pillar at Pier III) illustrating an area with increased truck traffic. Figure 30 and Figure 31 depict how the 

inferenced video streams (bounded boxes or segmented) are delivered to the central monitoring 

platform or handled/mobile 5G devices. 
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Figure 28: LL Athens - People detected close to QC31 rails 
(Area 1 view) 

 

Figure 29: LL Athens - Truck traffic area, no personnel 
allowed (Area 2 view) 

 

 
Figure 30: LL Athens - User interface for events monitoring with inferenced video stream (bounded 

boxes) to 5G handheld devices or central monitoring platform. 

 

 
Figure 31: LL Athens - Inferenced (segmented) video streams delivered to 5G handheld devices or 

central monitoring platform. 
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In addition to the fact that this use case increases safety measures of the employeesô workplace, it also 

opens up opportunities to optimize (i.e., redistribute) the use of human resources in different port 

operations, e.g. by reducing the patrol frequency at the risk areas (currently frequent patrols are 

distributed to inspect risk/prohibited areas), as this service is automated by the use case. 

2.3.2 Use Case Setup 

Figure 32 showcases the architecture components of the use case, and Figure 33 (including Table 12  

and  Table 13) depict real installations within the Port area. We exploit two high resolution cameras for 

inspecting two areas: a 4K camera deployed at quay side crane (QC) 31  (Area 1, Table 12) which 

monitors the area close to the craneôs base/rails (Figure 28), as well as a camera with a view angle 

towards an area (Area 2, Table 13) with increased truck traffic (Figure 29). Both areas are considered 

high risk areas due to crane operations and moving trucks. The 5G-enabled AI service can be deployed 

(as a CNF) on two locations of the 5G-LOGINNOV infrastructure. The first deployment option, i.e., the 

extreme-edge, utilizes two NVIDIA Jetson AGX Xavier devices for the two monitored areas; one device 

mounted on QC 31 and the other device installed on a Pillar at Pier III. For this case, the AI processing 

is utilized on the extreme-edge node (i.e., incurring zero network delay as the 4K cameras are connected 

to the Jetson node via ethernet), and inferenced uplink 4K video streams are transmitted over the 5G 

network to PCTôs monitoring platform. The second deployment option, i.e., PCTôs private cloud, 

employees the NVIDIA RTX 3090 GPU equipped on the cloud infrastructure. For this scenario, 

unprocessed 4K video streams (uplink) are delivered over 5G to the CNF deployed on the cloud node 

(from Area 1 and Area 2), where we exploit the massive computation capability of the node to decrease 

the ML processing time, but, at the expense of network delay. Similarly, inferenced video streams may 

be delivered to 5G handheld devices (downlink, eMBB) of patrol shifts, or the PCTôs monitoring platform. 

Extensive numerical evaluation for both scenarios is presented in Section 2.3.5. 

 

Figure 32: LL Athens - Human presence detection service architecture at extreme-edge and cloud 
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Figure 33: LL Athens - Components/installations of the 5G&AI enabled human presence detection use case 

 

  

Table 12: LL Athens - QC Crane installation of 4K camera, compute node and 5G Interface (Area 1) 

  

Table 13: LL Athens - Pillar Node Installation of 4K camera, compute node and 5G interface (Area 2) 

 

2.3.3 List of Key Performance Indicators 

Table 14 describes the logistics and technical KPIs relevant for UC4 as defined in [2] (D1.4). 
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KPI KPI ID Measured Value 

Human resource 
optimization 

(person-hours) 
A-KPI9 

Qualitative 

Model Inference 
Time 

A-KPI11 

Depends on the ML 
model configuration and 
the video frame size c.f. 

Section 2.3.5 

Model 
Accuracy/Reliability 

A-KPI12 

Depends on the ML 
model configuration and 
the video frame size c.f. 

Section 2.3.5 

End-to-End 
Latency 

A-KPI23 
<20ms (average) 

Deployment Time A-KPI3 30 seconds (average) 

User Experienced 
Data Rate 

A-KPI25 
<12Mbps (uplink, 

average) 

Table 14: LL Athens - KPIs list for UC4 

A-KPI23 corresponds to the round-trip time (RTT) values as obtained from the ping tool between the 
5G-IoT nodes and the cloud management platform, where we observed on average values below 20ms. 
For the 5G&AI-enabled video surveillance the end-to-end service delay includes the delay for the video 
encoding and decoding procedures, frame transmission delay, frame processing delay (or inference 
time as given by A-KPI11), and finally the delivery of the alert in terms of positive inference. This end-
to-end service value is presented thoroughly in Section 2.2.5. Similarly, A-KPI3 (Deployment Time) was 
evaluated in Section 2.2.5. 
 
A-KPI9 refers to the exploitation of human resources (person hours) spent for monitoring, surveillance 
and physical patrol shifts (for safety/security applications). Based on legacy procedures (before 5G-
LOGINNOV), PCT utilizes 4 physical patrol shifts per day (2 persons per shift) assisted by personnel at 
the video surveillance center. The core benefit of the 5G&AI-assisted video surveillance is on the scale 
for concurrent monitoring of the full Port area space (currently about 300 cameras are deployed), in 
addition to the current physical assisted patrol/monitoring schedules. Hence this KPIs is shown as a 
qualitative KPI, indicating that concurrent (5G&AI-assisted) monitoring of the full Port space could be 
achieved through UC4. 

 

2.3.4 Methodology and Measurement Tools 

The ML service for human presence detection was trained by obtaining data from the daily port 

operations from the relevant cameras (view angles) depicted in Figure 28 and Figure 29, under varying 

light conditions (including morning and mid-day streams). Particularly, three versions of the YOLOv5 [4] 

neural networks were exploited (small, medium and large, for more details please refer to [4]), fine-tuned 

via exploiting the 4K frames obtained from the 5G-LOGINNOV cameras. Hereafter, we refer to the three 

versions of the developed service as people_v1, people_v2 and people_v3, based on the three YOLOv5 

base models used, i.e., small, medium and large, respectively. The different models vary in size (with 

respect to their ML parameters), which has a direct impact in the accuracy of the ML service as well as 

its execution time. Additionally, all algorithms can perform resizing of the input image to a specific size 

before serving the image to the ML pipeline. For example, a 4K frame can be resized to a Full HD or 

lower resolution. This configuration reduces the required ML service processing time per frame, but, it 

may also result in loss of information, e.g., people far away from the camera will appear smaller in 

resizing, which could result in detection failure. All such parameters are thoroughly evaluated in Section 

2.3.5 for the two deployment options (extreme-edge and cloud). 
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Finally, a fourth version (namely, people_v4) for the human presence detection service was developed, 

where we consider V1 model as the base. In this approach no frame resizing is performed. 4K frames 

are used as input, where each frame is split in four equal sized frames (Figure 34). By exploiting the 

GPU parallel processing capabilities, the four images are processed concurrently by the CNF residing 

either on the cloud or far-edge. This step incurs an additional processing delay (when compared e.g., 

to V1), however, as no resizing is performed, we incur no information loss.  

 

Figure 34: LL Athens - 4K frame split into 4 equal sized parts (no resizing) exploited by the people_v4 algorithm 

To evaluate the developed ML services, we obtained video footage from the aforesaid 4K camera 

installations, spanning across several days and varying working hours, in order to evaluate the serviceôs 

performance under different light conditions (e.g., during morning and mid-day shifts). We present here 

the results from 600 selected frames for evaluating the service targeted detection events, i.e., 

presence/absence of people. The extracted stream parts contain events with crowds of different sizes 

(e.g., from 2-10 people) where we evaluate the accuracy of the model in detecting all such occurrences. 

Additionally, as people are constantly moving, the detection efficiency of the developed ML algorithms 

is also put to the test based on different camera angles, and at various distances within each cameraôs 

field of view. In the following section we provide an extended evaluation of all developed solutions and 

CNF placement options (extreme-edge and cloud). For all inferenced results (and positive inferences) 

the CNF opens a connection also to the 5G-LOGINNOV database (as shown in Figure 35) to store the 

outcome of the processed frames for later inspection (also servicing as the ground truth in our 

evaluation). 
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Table 15: LL Athens - Sample outputs from Areas 1 and 2 of the 5G&AI enabled human presence 
detection service 

 

 

Figure 35: LL Athens - Database UI hosting the inferenced results of processed frames for UC4 

 

2.3.5 Results 

Table 16 provides the summary of the results for A-KPI11, i.e., Model inference time, for the 5G&AI-

enabled human presence detection service at the extreme-edge (Figure 36) and private cloud (Figure 

37). Evidently as the image resize parameter increases (x-axis) the inference time per frame also 

increases for both far-edge and cloud deployments. For instance, resizing a 4K frame to 640p (standard 

definition, SD) and considering people_v1 model, we measured about 25ms per frame inference time, 

or, about 30fps of inferenced video streaming (Figure 36). For the same case, if the frame is resized to 

1920p (Full High Definition, FHD), we obtain about 100ms per frame, or, about 10fps of inferenced video 

streaming. Similar qualitative results are observed for all developed solutions. It is also straight forward 

to observe that when the CNF is deployed to the cloud (Figure 37), equipped with increased computing 

capabilities (compared to the extreme-edge case), the inference time is significantly decreased, e.g., for 

people_v1 and 1920p the inference time is about 10ms, or, 100fps of inferenced video streaming. Similar 

results can be seen for the evaluation of people_v2, people_v3 and people_v4. 
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Figure 36: LL Athens- Inference time for human presence 
detection -- extreme edge 

 

Figure 37: LL Athens - Inference time for human presence 
detection -- Cloud 

Table 16: LL Athens - Evaluation of Model Inference time of UC4 ï (A-KPI11) 

 
In Table 17 we summarize the results according to our evaluation where we showcase for each 
configuration the True Positives (TP), True Negatives (TN), False Positives (FP) and False Negatives 
(FN), of all developed methodologies (Model Accuracy/Reliability A-KPI12). Each row of the table 
depicts different resizing options of a particular model. Table 18 depicts performance metrics for all 
tested models in more detail. Evidently, the best performance is achieved by the yolov5 large model 
(46.5M parameters, vs nano 1.9M, small 7.2M, medium 21.2M, xlarge 86.7M) at an input size of 1280p. 
As expected, when the 4K image is resized to SD, we incur information lose, and thus we observe 
inferior performance, e.g., less TP, compared to FHD resolution. This observation also applies for all 
evaluated cases. 
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Figure 38: LL Athens - people_v1 resized at 640 

 

Figure 39: LL Athens - people_v1 resized at 1280 

 

Figure 40: LL Athens - people_v1 resized at 1920 

 

Figure 41: LL Athens - people_v2 resized at 640 

 

Figure 42: LL Athens - people_v2 resized at 1280 

 

Figure 43: LL Athens - people_v1 resized at 1920 

 

Figure 44: LL Athens - people_v3 resized at 640 

 

Figure 45: LL Athens - people_v3 resized at 1280 

 

Figure 46: LL Athens - people_v3 resized at 1920 
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Figure 47: LL Athens - people_v4 resized at 640 

Table 17: LL Athens - Evaluation of Model Accuracy/Reliability of UC4 ï (A-KPI12) 

 

Model Accuracy Precision Recall F1 score 

people_v1 (640p) 0.658 1.000 0.633 0.775 

people_v1 (1280p) 0.880 0.995 0.876 0.932 

people_v1 (1920p) 0.970 0.991 0.977 0.984 

people_v2 (640p) 0.846 0.997 0.837 0.910 

people_v2 (1280p) 0.964 0.996 0.966 0.981 

people_v2 (1920) 0.970 0.979 0.989 0.984 

people_v3 (640p) 0.836 0.973 0.850 0.907 

people_v3 (1280p) 0.986 1.000 0.985 0.993 

people_v3 (1920p) 0.984 0.998 0.985 0.991 

people_v4 0.920 0.989 0.926 0.956 

Table 18: LL Athens - Mean Average Precision (mAP) and Precision/Recall derived metrics for all 
evaluated models of UC4 

Table 19 depicts the effect of the video frame size (x-axis) and YoloV5 CNN model size (y-axis) on the 

inference time, power consumption for cloud and extreme-edge deployments (average results for 30K 

frames from PCT camera installations). To measure the average power consumption of cloud and 

extreme-edge CNFs, we exploit NVIDIAôs native tools, namely, tegrastats for the Jetson device and 

nvidia-smi for the GPU RTX 3090, that isolate the power consumption used by the GPU for processing 

video frames. Hence, we measure the energy footprint of the AI services focusing on the video analytics 

tasks, i.e., object detection. The general rule of thumb as also illustrated by heatmaps below, is that 

inference time and power consumption increase, when we use higher resolution video frames or a more 

complex CNN model. 
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Table 19: LL Athens - Inference time and power consumption of video analytics services in cloud and 
extreme-edge deployments for the various YoloV5 configurations and video frame resolutions. 

Figure 48 depicts the 5G uplink experienced data rate (User Experienced Data Rate, A-KPI25), i.e., the 

consumed (and necessary) bandwidth utilized by the 4K cameras (relevant to UC4, UC3 and UC5) 

deployed within PCT. Each sample point on the x-axis (s1, s2,..,s7)  represents the average data rate 

over 3600 seconds/samples (i.e., 1 hour of continuous 4K video streaming), totalling an entire working 

shift duration of about 7 hours. For clarity we present the results from Area 2 (Table 13 and Figure 29) 

as it is similar for the other 4K monitored areas. We observe that the average streaming requirements 

are about 9.5Mbps where we also depict the observed upper and lower boundaries, with encoding 

mode: H.264, 4K resolution of 3840*2160 at 20fps. 

 

Figure 48: LL Athens - Uplink User Experienced Data Rate ï (A-KPI25) 

2.4 UC5: Automation for ports: port control, logistics and 
remote automation 

2.4.1 Description and Motivation 

Detecting the presence (or absence) of container seals for containers inbound at a port is of paramount 

importance for the port operator, as the presence of a seal validates the integrity of the container 

contents. It is not rare however for containers to arrive with broken/absent seals and missing content, 
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especially when their transportation plan involves transhipments; in such cases, the involved ports 

should be able to prove that the container left the port with its seals intact or pay the claimed financial 

reimbursements. Typical containers locked and sealed are shown in the following two figures. 

  

 

A mother vessel at PCT requires (on average) about 3000 stevedore moves (depending on the vessel 

size) to complete loading (and/or unloading) operations. Manual seal-presence check requires one 

person at the foothold/base of the crane where the quay side crane operations take place (Figure 49), 

and about 10-30 seconds to manually inspect each container, until the crane operator proceeds to the 

next container movement. Reducing this time by e.g. 3 seconds per container, results to 9000 seconds 

(or 2.5 hours) reduction of vessel stay at the port and removes the need for human presence at an area 

with high safety risks. Towards this direction, this use case takes advantage of the private 5G NSA 

network at the port of Piraeus and advanced computer vision techniques (AI-enabled video analytics) 

to automatically detect the presence (or absence) of container seals during the loading (and unloading) 

process of vessels, thus automating and expediting the port operations, improving the utilization of 

human resources as well as increasing the employeeôs safety. 

 

Figure 49: LL Athens - Manual check for container seal 

2.4.2 Use Case Setup 

Figure 50 depicts the architecture of the use case, whereas Figure 51 showcases real 

components/installations. At PCT, the quay side crane (QC) 31 is equipped with a wide-angle camera, 

continuously capturing 4K video of the craneôs activity (vessel loading/unloading operations). Following 

the compute continuum paradigm, we evaluate two deployment options of the 5G enabled AI service, 

i.e., at the extreme-edge (on NVIDIA Jetson AGX Xavier device mounted on the QC cockpit, scenario 
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1, Table 12), or at the 5G LOGINNOV cloud node residing beyond the 5G core network of Vodafone, at 

PCTôs datacentre, hosting NVIDIA RTX 3090 GPU (scenario 2, Table 13) to accelerate the processing 

time of the ML service. In scenario 1 the processing takes place on the extreme-edge node and we 

exploit the eMBB service of 5G to deliver uplink inferenced/annotated 4K video streams at PCTôs central 

platform for live monitoring of loading/unloading operations. For scenario 2, unprocessed 4K video 

frames are transmitted over 5G to the AI container residing at PCTôs cloud node, where the processing 

takes place. Numerical evaluation for both scenarios is presented in Section 2.4.5 

 

Figure 50: LL Athens - Seal detection service architecture at extreme-edge and cloud 

 
Figure 51: LL Athens - Components/installations of the 5G&AI enabled container seal detection use 

case 

The service orchestration of the ML service and service components has been documented in detail in 

[1], including the presentation of the MANO platform (software and hardware wise), service instantiation 

flows, lifecycle management operations, etc. As illustrated in Figure 51, Port assets exploited for the 

use case validation include QC 31, a 4K camera mounted on QC 31 for continuously monitoring crane 

operations, a 5G modem to establish broadband communication between the crane and PCTôs 

datacentre, an NVIDIA Jetson AGX Xavier device for facilitating the extreme-edge placement (scenario 

1) as well as a dedicated cloud server, located at PCTôs datacentre hosting an NVIDIA RTX 3090 GPU 

to facilitate the cloud deployment case (scenario 2). 
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The ML seal detection service is packaged as a CNF (orchestrated via OSM and kubernetes) based on 

the described placement options, i.e., the kubernetes worker nodes. The model is composed of two 

consecutive ML services: a) container detection and b) seal detection. Particularly, from the original 4K 

frames, we first extract the part of the frame which corresponds to the container with focus on the 

container door, and in the sequence on the extracted image, we search for the container seal. 

2.4.2.1 Container Detection  

 

For the container detection algorithm, we exploit two different versions, hereafter coined container_v1, 

and container_v2, where both versions exploit the same seal detection ML model. 

For container_v1 a pre-trained U2Net [5] is used to extract a mask of the most salient object in a frame, 

in that case the container which passes in front of the camera. The mask is used for background 

removal. Then, the imageôs contours are calculated and are matched (or not) with the contour of a typical 

container. 

For container_v2 a pre-trained medium sized YOLOv5 [4] neural network was re-trained on 2000 

images with containers and 2000 images without containers. During training the networkôs first 23 high-

level layers were frozen, meaning that only the last layer of the network was fine-tuned to the task. 

2.4.2.2 Seal Detection 

 

Seal detection: Another medium sized YOLOv5 [4] network was trained from scratch for 100 epochs 

on a manually annotated dataset of images with containers and their seals. The dataset consists of 

50.000 images, which was augmented via random perspective transformations into 500.000 images. To 

avoid any overfitting, the best scoring model on the validation set was stored. 

2.4.3 List of Key Performance Indicators 

 

Table 20 lists the logistics and technical KPIs relevant for UC5 as defined in [2] (D1.4). 

KPI KPI ID Measured Value 

Vessel Operation 
Completion Time 

A-KPI10 
16% (estimated average) 

Model Inference 
Time 

A-KPI11 
 125ms @extreme-edge 

35ms @cloud 
(average) 

Model 
Accuracy/Reliability 

A-KPI12 
Depends on the ML 

model configuration c.f. 
Section 2.4.5 

Human resource 
optimization 

(person hours) 
A-KPI9 

Qualitative 

Deployment Time A-KPI3 30 seconds (on average) 

User Experienced 
Data Rate 

A-KPI25 
<12Mbps (uplink, 

average) 

Table 20: LL Athens - KPIs list for UC5 

 



 

 49 

A-KPI10 explains the reduction of vessel stay at the port premises, i.e., the time required for the vessel 
operations to be completed. Figure 52 depicts for the period of 01-01-2022 to 10-10-2023 the number 
of containers movements (load/unload operations) realized at the Port of Piraeus. The time required for 
a single container move is approximated at about 2 minutes (including the manual seal check process). 
This value is a practical observation as it depends on various factors, e.g., cargo type and weight, the 
cargo weight distribution, position of the container on the vessel, crane move type, e.g., twin/tandeem, 
weather conditions, crane operator experience, etc. Given these considerations, if we allocate 10 
seconds for the container seal (manual) process, UC5 (automates) expedites (on average) the container 
movements for Coastal vessels from 108.46 to 90.38 minutes, for Feeder vessels from 3085.02 to 
2570.85 minutes and for Main trade vessels from 3821.78 to 3184.81 minutes. On average this results 
in about 16% reduction in the vessel stay at the Port premises. 

 

 
Figure 52:  LL Athens - PCT's average container handling per day and per vessel type 

 
A-KPI9 refers to the exploitation of human resources (person hours) spent for the seal check process. 
Legacy procedures, i.e., manual seal check (before 5G-LOGINNOV) occupied about 78 hours per week 
handled by 2-person shifts. Human involvement can be completely removed from this service based on 
the accuracy of the AI service, and is qualitatively assessed for UC5. 
 

 

2.4.4 Methodology and Measurement Tools 

The dual ML solution was trained by obtaining data from the daily port operations at PCT. The quality 

of such a system is determined by the order of magnitude of data used to train and re-train the models 

(as described in 2.4.2), in order to increase the accuracy (i.e., correct inference) of the model, and thus 

the efficiency of the service. To evaluate the developed solution, we obtained more than 30 hours of 

footage from the 4K camera installed on QC 31, spanning across several days and varying working 

hours in order to obtain video feed with different light conditions (during morning and mid-day shifts). 

The evaluation presented in Section 2.4.5 includes 1000 container moves, where each container move 

is composed of several frames capturing the motion of the crane at the loading/unloading phase. As an 

example, Table 21 depicts part of the frames for a single container operation at 4K resolution and 25 

frames per second. The detailed test protocol for this service is described in [3]. 
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Table 21: LL Athens - A set of frames depicting a single container movement 

For all inferenced results (and positive inferences) the CNF opens a connection also to the 5G-
LOGINNOV database (as shown in Figure 53) to store the outcome of the processed frames for later 
inspection (also servicing as the ground truth in our evaluation). 
 

 
Figure 53: LL Athens - Database UI hosting the inferenced results of processed frames for UC5 

 
Finally Table 22 illustrates snaphost of the user interface created for UC5, where the inferenced video 
stream is delivered to the central monitoring palfrom along with several data cards depicting the 
productivity level of the crane (e.g., how many container movements have been performed), network 
KPIs such as data rate and latency, as well as ML KPIs such as the inference time. 

 






















































































































































































































