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Modern forest machinery relies on control systems where software updates are introduced 

frequently. These changes must be verified to detect any degradation in system 

responsiveness or overall performance. A need for purpose-built solution was identified, and 

a Python-based application was developed to analyse captured system data, visualise signals, 

calculate delays, and monitor system performance. The obtained delay results were validated 

against physical measurements, confirming their accuracy. The application offers a licence-

free method for end-to-end delay analysis in forest machinery, with potential for integration 

into test automation framework.  
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SYMBOLS AND ABBREVIATIONS  

e(t) Control error 

Kp Proportional gain 

t0 Time of operator input 

t1 Time of system response 

tg Data generation time recorded as module internal counter value 

tr Time of data receipt 

u(t) Control input 

ug(t) Time of data generation (AoI) 

y(t) Process output 

Δt End-to-end delay 

Δtaoi Age of information; elapsed time since previous packet generation 

 

Abbreviations 

AoI Age of information 
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1  Introduction 

Today, forest machines include complex computer systems used to control machinery with 

high precision, collect data through multiple sensors, and assist operators in their work. 

Industry digitalization has introduced cloud computing, big data, machine-to-machine 

communication, and operator assistance systems as part of the modern machine (Spencer, et 

al., 2021). Operators control the machinery through physical inputs such as buttons and 

handles, as well as through a touchscreen interface where personal settings can be configured 

to suit individual working preferences. This interface also provides real-time information on 

critical parameters such as fuel level, temperatures, and speed. The continuous monitoring 

and control of these parameters generate a large volume of data flowing through the digital 

systems of the machine.  

When an operator provides an input to the system, the system is expected to respond within 

a reasonable time. For example, for crane movement, the operator uses handles to direct the 

crane towards a specific position. This input enters the digital system and initiates a sequence 

of processes that produces the physical movement. Ideally, this movement should feel like a 

natural extension of the operator’s arm. This experience requires a responsive system where 

reactions to inputs are both quick and consistent. 

Evaluating this responsiveness requires systematic analysis of the performance of the 

machinery and the data flowing through it. Identifying whether delays originate from data 

generation or data transmission, and verifying that signal behaviour remains within expected 

limits, are tasks that benefit from dedicated tooling. This thesis presents the development of 

an integrated application to support such analysis, providing signal visualization, delay 

calculation, and performance monitoring capabilities in a single configurable interface. 

1.1  Objectives 

This thesis presents the development of a monitoring application designed to analyse system 

performance in modern digital forest machinery. The primary objective is to provide a 

systematic method for measuring end-to-end delay, defined as the time between an operator 

input and the corresponding machine response. Beyond total system delay, the application 
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aims to identify delays in individual software and hardware components, enabling targeted 

system optimisation. 

A further objective is to incorporate Age of Information (AoI) analysis as a means of 

verifying information freshness throughout the system. Combined with end-to-end delay 

measurement, AoI analysis supports the assessment of whether information is transferring 

correctly and within acceptable time constraints. 

The application also aims to make performance data visually accessible to developers. 

Graphical presentations provide an overview of system behaviour across different operating 

scenarios, while statistical summaries offer straightforward access to key performance 

metrics. Together, these outputs are intended to support both diagnostic work and longer-

term system development. 

1.2  Research questions 

The research questions to investigate are: 

• How to use AoI analysis to evaluate system-level performance? 

• How to perform systematic delay analysis without reliance on commercial software 

tools? 

• How to design a delay analysis tool accessible to users across different roles?  

1.3  Contributions 

The main contribution of this thesis is the development of a purpose-built application to 

enable end-to-end delay analysis and system performance monitoring without reliance on 

commercial licensed software. The application combines signal visualization, delay 

calculation, and performance monitoring. The delay calculations are validated against high-

frequency physical measurements. 
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1.4  Structure of the thesis 

The thesis is divided into five chapters. The first introduces the work, objectives, research 

questions, and contributions. The second covers the literature review, application 

requirements, theory of delay measurements, and the Age of Information concept. The third 

presents the developed application, its usage, and need for validation against physical 

measurements. The fourth covers the delay result comparison between the physical 

measurements and the developed application. The fifth summarises the work and discusses 

the application’s applicability.  
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2  Literature Review 

This section focuses on the main concepts relevant to designing the analyser for obtaining 

performance metrics and end-to-end delay measurements. It begins with the environment-

specific requirements, covering why existing applications could not meet the required 

criteria and what those criteria are. The review then explains the importance of delay 

measurements, introduces end-to-end delay with a practical example, illustrating its effect 

on system behaviour. It then concludes with an introduction to AoI, explaining the 

importance of information freshness and how increased delay can degrade system 

performance and control quality. 

2.1  Environment-specific requirements 

The application design was driven by three main requirements. First, all analysis capabilities 

must be available in a single integrated interface. Current practice requires switching 

between multiple tools and saving intermediate data between steps, creating inefficiency and 

error risk. Current tools available specialize in either data visualization or computation, but 

one offering a workflow tailored to suit this usage is missing. Second, the application must 

support environment-specific configuration without code editing, including signal names, 

signal mappings, analysis parameters, and trigger logic. Relevant signals and analysis needs 

vary significantly across projects and test scenarios. Complex reconfiguration of source code 

creates a maintenance burden and increases the barrier to entry for non-programming users. 

Most commercial and open-source tools provide limited configuration interfaces, often 

requiring scripting or source code modification for adaptation, which is time-consuming and 

error-prone. Third, the solution must minimize external dependencies and avoid reliance on 

expensive licensed software. Test environments often include multiple machines with strict 

software procurement processes, and per-seat licensing fees make broadly deployed 

commercial tools cost-prohibitive. Open-source analysis platforms reduce licensing costs 

but frequently introduce large dependency chains that complicate deployment and 

maintainability (Mens & Decan, 2024). The developed solution addresses this by limiting 

external dependencies to a small set of well-established, actively maintained Python 
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packages. No single existing tool was found to satisfy all three requirements, which 

motivated the development of a purpose-built integrated solution. 

Usability through a graphical interface directly addresses the first and second requirements. 

Using a graphical interface often enables faster learning of new capabilities, improves task 

completion, and reduces user workload (Staggers & Kobus, 2000). Users needed to create 

signal plots and execute analysis functions without switching applications or writing code. 

Signal selection was made configurable so that each signal can be shown with a user-friendly 

display name. This design supports per-project and per-scenario configuration without 

requiring code changes. Signals were also grouped logically, for example by module pairs, 

to keep large datasets manageable regardless of who performs the analysis. 

Time-series visualization was identified as a critical supporting capability. When the amount 

of data is large, it is often more effective to present the data in graphical format (Coll, et al., 

1991). Graphical representation gives engineers a better understanding of signal behaviour 

over time, and when functionally related signals are plotted together, it becomes easier to 

observe system dynamics, estimate response characteristics, and identify unexpected 

behaviour that would not be apparent from tabular data alone. Supporting multiple 

concurrent plots and allowing signals with different amplitudes to be separated onto 

independent axes makes the visualization practical across a wide range of signal types and 

measurement scenarios. 

Delay calculation was implemented as a key capability, which directly supports the first 

requirement. The goal was to provide an automated and repeatable calculation applicable to 

different software versions and test scenarios where consistent and comparable 

measurements are needed to evaluate software behaviour. The method not only supports 

end-to-end delay measurements but also allows observing delay results at selected points. 

Performance monitoring of captured data provides support for automated diagnostics. Data 

transmission and generation are evaluated to determine whether they remain within expected 

limits. A key distinction is separating delay caused by data generation from delay caused by 

data transmission, using AoI-oriented diagnostics. Monitoring results provide summary-

level feedback, allowing identification of problematic areas without manual inspection of 

raw data. 
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2.2  Importance of evaluating delay  

The terms latency and delay are often referred to as the same concept, as they are both 

metrics to measure the time between a given action and the system’s reaction to it. For 

clarity, in this report only the term delay is used. 

Delays in control systems arise from multiple sources, including data acquisition, data 

processing, control computation, and command execution. Despite ongoing efforts to reduce 

them, delays cannot be fully eliminated due to their fundamental nature. These delays can 

degrade system performance and response time. (Ali, et al., 1998) 

The delay between user control input and the response time of the system is also an important 

metric when measuring the control qualities (Gawron, et al., 2010). 

2.2.1  End-to-end delay 

End-to-end delay is an important Quality of Service (QoS) metric in time-critical 

applications, which measures the time elapsed between packet transmission between source 

node and destination node (Yuan, et al., 2017). This delay does not arise from a single 

mechanism. In network controller systems this is the cumulative effect of multiple stages, 

including channel band-limitations, sampling and transmission delay, packet losses, and 

system architecture (Hespanha, et al., 2007). In human-operated machinery, the same 

principle is applied to the control chain, and in this work the end-to-end delay refers to the 

time between user input and observable physical machine response. Let the t0 and t1 be the 

time of user input and the time when the machine physically responds, respectively. The end-

to-end delay (Δt) is the difference between these times and can be written as 

Δ𝑡 =  𝑡1 − 𝑡0 (1) 

 

Figure 1 illustrates a simplified end-to-end delay chain in a forest machine. The process is 

represented as a sequence from user input, through main control and actuation components, 

to crane movement. Each interface in this chain introduces communication and processing 

delays because data transmission and computation are not instantaneous. In addition, 

component dynamics contribute to the total delay. For example, valve dynamics introduce 
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actuation delay, as according to the referenced datasheet, a typical response time for the 

selected proportional valve is 150-200 ms (Danfoss A/S, 2016). 

 

 

Figure 1 End-to-end delay. 

 

Earlier research indicates that a 400 ms joystick (end-to-end) delay caused minor effects on 

the performance, measured by log load, whereas a significant effect was observed at 800 ms 

(Brunnström, et al., 2020). This finding underscores the importance of evaluating end-to-

end delay to preserve system responsiveness and maintain a high-quality user experience. 

2.2.2  Delay example 

An example use case of delayed information is a feedback controller regulating motor speed 

to 4000 RPM. The feedback controller aims to drive the process output to desired value 

(setpoint) of 4000 RPM. The actual motor speed (output) is measured through a feedback 

loop, and the difference between the output and the setpoint is used to adjust the control 

signal accordingly. A simple feedback controller uses only proportional gain to calculate the 

control signal (X-Engineer, 2026).  

Let r(t) and y(t) be the setpoint (4000 RPM) and output (RPM), respectively. Then the 

control error e(t), defined as the difference between setpoint and output is written as 

𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡) (2) 

The control signal u(t) is then given as 

𝑢(𝑡) = 𝐾𝑝 ∗ 𝑒(𝑡) (3) 

With Kp being the proportional gain. 
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In this example, two otherwise identical closed-loop proportional control systems are 

compared. The only difference between the models is the transport delay in the feedback 

path from the sensor to the controller, 1 ms in the first model and 10 ms in the second. Delays 

are known to decrease controller performance and they may cause instability, although they 

can also have stabilizing effects (Ruderman, 2023). 

As shown in Figure 2, the system structures are identical apart from the feedback delay. 

When the feedback signal is delayed, the controller operates on outdated information about 

the motor speed. The delayed measured value is compared with the setpoint, causing the 

controller to respond to a system state that no longer reflects the current process output. As 

a result, the controller may continue to increase the control signal, even after the actual 

output has reached the target value. 

 

 

Figure 2 P-Controller model. 

 

Figure 3 demonstrates the effect of the increased delay on the system response. The first 

model settles smoothly without noticeable oscillations. The second model, with the 10 ms 

delay, exhibits clear oscillatory behaviour and has a significantly longer settling time. The 

final output of both models settles at approximately 3500 RPM, with a steady-state error of 

500 RPM relative to the setpoint.  
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Figure 3 Proportional controller example. 

 

This behaviour is consistent with the characteristics of proportional control, which typically 

produces a non-zero steady-state error. The addition of integral action would be required, to 

eliminate this error and drive the process output to the setpoint. (Åström & Hägglund, 1995) 

2.3  Age Of Information 

Age of information is used in communication systems when there is interest towards the 

freshness of the information, and it is used in numerous wireless applications. A simple 

wireless communication system contains a single source node and a single destination node, 

forming a source-destination pair. In this system, the source node sends a status update 

packet for the destination node, and the status update contains information of one or more 

variables of interest and the time when the packet was generated. Let the ug(t) and tr be the 

time of the data generation and the time when the packet was received, respectively. Then 

the age of the data can be written as 

𝛥𝑡𝑎𝑜𝑖 = 𝑡𝑟 − 𝑢𝑔(𝑡) (4) 
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Where Δtaoi is the elapsed time since the previous sample was generated on the source node. 

(Costa, et al., 2014) 

AoI is an important metric on systems where the continuous exchange of information is 

essential. Multiple emerging applications fall into this category, and one good example is 

vehicular networks. In these networks, vehicles communicate together sharing their position 

and other dynamic state information. This information is used to enhance road safety, and a 

dedicated 10 MHz frequency band is reserved for such safety applications. The network may 

cover large geographic areas and include hundreds of vehicles. In such scenarios, it is crucial 

that the vehicles maintain fresh information of each other so that the safety applications can 

operate properly. (Kaul, et al., 2011) 

Figure 4 shows a simulated AoI sawtooth curve, generated with Python code. The inter-

packet delay Δtaoi is randomly generated between 50-200 ms for each packet. Time advances 

in one millisecond steps, with AoI linearly increasing between arrivals. When the elapsed 

time since the last arrival reaches Δtaoi, a new packet is received. This sets the AoI to be 

equal to the generated delay Δtaoi, representing the age of information, after which AoI 

increases linearly again. Packet arrival points are marked with red dots. 

 

 

Figure 4 AoI Sawtooth Curve. 
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It is important to note that AoI and delay measure different aspects of information. AoI 

measures how old the current data is. Delay, for example measures the time interval between 

packet arrivals. 
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3  Design & Implementation 

This section presents the design and implementation of the developed application for 

analysing system performance and communication delays in forest machinery. The chapter 

is organised to follow the analytical workflow of the application, beginning with the data 

structure and progressing through the analysis and verification functions. The first section 

describes the data structure of the system, explaining the module layout, how messages flow 

between modules and main program, and how the data is captured for analysis. This is 

followed by an introduction to AoI analysis, which evaluates information freshness by 

comparing the data generation time at the sender with the time at which it was received. 

After this, the delay measurement methodology is covered, addressing the software interface 

layer, the physical layer, and the combined end-to-end delay. In the last section, the physical 

reference measurements used to validate the results produced by the developed application 

are presented. 

3.1  Data structure 

The machine includes several electrical modules which communicate with the main 

program. The developed application can capture this information, which is saved to a data 

file, from which the packet information can be decoded. Table 1 and Figure 5 show the 

simplified module layout explaining where the data is obtained and how it is then captured 

from the main program for the analysis application. 

 

Table 1 Example packet structure. 

Data Handle Voltage 

Last Time Internal counter from sending module 

Timestamp Time when data is received in main program 

Module ID Identification of sending module 
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Figure 5 Simple system input layout.  

 

A typical usage scenario is when a machine operator turns the handle to move the crane. The 

seat module detects the change in handle voltage and sends a message to the main program. 

The developed application makes it possible to capture the information from the module’s 

internal counter called ‘Last Time’ value. When the main program receives the data packet, 

a timestamp is included to represent the time it was received. From these three values, an 

information package is created which is then saved to a log file to be analysed later. 

Once the main program has received information on the updated handle position, it sends a 

control signal to the crane module, which controls the hydraulic valve. The crane module 

sets the current level according to the handle input. Figure 6 illustrates how the crane control 

current is then sent back to the main program as a packet that includes the current level and 

the Last Time value from the crane module. Figure 7 illustrates the basic concept for the 

crane movement process and how data is captured from the main program. 

 

 

Figure 6 Simple system output layout.  
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Figure 7 Crane control logic.  

 

The developed method has a specific sample rate, which affects the accuracy of the analysis 

results obtained. For example, if the sample rate is set to 50 Hz, data is refreshed every 20ms. 

This means that changes faster than 20 ms may go undetected and it also defines the 

resolution limit for the analysis, because it is not possible to determine at exactly which point 

within that 20 ms interval the change occurred. 

3.2  Age of information analysis 

The recorded data contains three parameters: the data generation counter tg, the data 

receiving time tr, and the monitored measurement value (e.g., current). For AoI analysis, tg 

and tr are the relevant parameters. tr is a presentation of Unix time format, which tracks 

elapsed time in seconds since 1 January 1970 (UTC) and is used widely in computer systems 

(Narrative, 2024). The tg is an internal process cycle counter implemented as a 16-bit 

unsigned register, capable of giving values in the range 0-65536 (216=65536). It operates at 

a specific sample rate, meaning the tg increments according to this sample rate. tg is referred 

to as ‘Last Time’ in the text and graphical presentations. The counter tg is not an absolute 

timestamp and therefore cannot be compared directly with tr. Because each packet contains 

the tg value, the value is tied to the packet reception time.  
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Tracking tr verifies that the data is consistently received at the expected sample rate. The 

expected behaviour is that the tg increases linearly and the difference between two 

consecutive values remains constant. In the analysis tg is used to verify that data is generated 

consistently and to detect deviations from this expected linear behaviour. 

 

 

Figure 8 Internal process counter.  

 

Figure 8 shows the behaviour of tg (Last Time) counter. The value resets when it reaches the 

maximum register value of 65536. Comparing these two values makes it possible to monitor 

the performance of the system. If there is delay in data generation, it would be seen as an 

increase in between of two consecutive tg values. Problems in data transfer could be seen as 

an increase in time between two consecutive tr values. 

3.2.1  Health Check Function 

To verify the collected log file and the results obtained from analysing it, a ‘health check’ 

function can be executed for the logged file. The check analyses the traffic from each module 
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to the main program and is used to increase confidence in the delay calculation. It compares 

the behaviour of Last Time and packet arrival timing and helps to reveal potential problems 

in data generation or data transfer and utilizes AoI in the calculations. 

In the check, each transferred packet from the selected module to the main program is 

processed in time order. The logged data file contains N such packets, and the program 

checks every two consecutive packets by calculating the difference between arrival time in 

milliseconds and the Last Time values. Because the Last Time is a counter value, the 

program handles counter resets, which prevents false negative intervals. By this approach, 

the total number of results is one less than the total amount of the packets. 

The statistic includes minimum, maximum, average, median, standard deviation and 95th 

percentile values. It also shows where the extreme values occur, which helps the user find 

the time interval in the plotted data. This will be done automatically to each module-main 

program pairs and the performance will be marked as fine or problematic in the summary, 

where each pair is listed. If the maximum value of either metric exceeds 1.5 times the 

average, the pair is marked as problematic and a warning describing the issue is printed. This 

allows quick scanning of the recording to verify that other analyses performed can be trusted. 

3.3  Delay measurements 

In this work, the delay measurement contains both digital layer and physical layer. The 

digital layer is the software interface, where delay is caused, for example, by signal 

transmission, command interpretation, and controller computation. The physical layer or the 

mechanical interface includes hydraulics, valves, pumps, motors, and inertia, each of which 

introduces delay in the response. 

The software interface is treated using a black-box approach. This means that the application 

does not have access to the internal behaviour of the system. Instead, it observes only the 

system inputs and outputs, which are captured in the log file. 

The end-to-end delay is the sum of these two interfaces, from the user input at the handle to 

the moment at which the crane begins to move. Even though a change in hydraulic pressure 

does not correspond to immediate crane movement, the explanation and demonstration are 

intentionally kept simple. 



25 

 

 

3.3.1  Software interface 

The delay of the software interface is measured between the black-box module’s input and 

output, as demonstrated in Figure 9. In the model, the black box includes the seat module, 

the crane module, and the main program, which serves as the interface between the two 

modules. Although the data is captured from the main program, the figure illustrates how 

this corresponds to signals measured directly at the handle input and crane output. 

 

 

Figure 9 Simple delay measurement model.  

 

The developed application includes support for calculating system delays. The user must 

select the process to inspect and identify the correct signals, which requires basic knowledge 

of the system. The user-friendly signal naming assists in this selection but does not guarantee 

the validity of the results. In this demonstration, the selected process is the crane lift-up and 

lift-down movement. The captured data file contains a use case in which the crane is moved 

up and down by rapidly shifting the handle between its two maximum positions several 

times, as shown in Figure 10. The figure shows that the reference point of the handle voltage 

signal is at 2500 mV, the minimum value is 500 mV, and the maximum is 4500 mV. 
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Figure 10 Crane up and down movement.  

  

When the handle voltage rises to the upper limit, the lower graph shows that the valve control 

current for ‘crane lift up’ also increases. When the handle is then moved fully to the opposite 

direction, the handle voltage drops to its lower limit of 500 mV, causing the valve control 

current for ‘crane lift down’ to increase. This operating pattern is repeated five times. 

To calculate the delay, the signals used for the calculation must reside in the same graph. 

The application calculates the delay between all signals present in the graph and cannot 

distinguish between different processes. Therefore, a delay calculation should include only 

signals belonging to a single process. Crane lift-up movement is selected for this 

demonstration. The visual layout is adjusted so that the upper graph displays only the ‘crane 

lift up’ signal, while both valve control currents remain visible in the lower graph. 

Each signal is assigned a user-defined trigger level that determines when a trigger event is 

detected. In addition, whether the signal should be detected on the rising-edge or falling-

edge must be specified, as shown in Figure 11. Falling-edge detection is required for signals 

such as handle voltage, where activation can be represented by a voltage drop. To reduce 

false re-triggering caused by short-term fluctuations, a reset level is defined relative to the 
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trigger level. For rising-edge detection, a new trigger is accepted only after the signal has 

first dropped below the reset level and subsequently crossed above the trigger level again. 

For falling-edge detection, the signal must first rise above the reset level before a new falling 

trigger is accepted. Signals can be excluded from the delay calculation while remaining 

visible in the plot, allowing visual inspection without affecting results. The delay between 

any two signals is then calculated as the time difference between their respective validated 

trigger events. 

 

 

Figure 11 Delay calculation parameters.  

 

The results of the calculation are printed in the terminal from which the application was 

launched. The output includes the signal pair for which the calculation was performed, the 

time of each trigger event, and the level at which the trigger occurred. Basic statistics are 

also provided: the average, minimum, maximum, and standard deviation of the measured 

delays. 

Figure 12 shows that the calculation identified all five movement cycles, with a total of ten 

red crosses marking the detected trigger points. For this demonstration, the trigger level for 

the handle voltage was set to 2550 mV and control current to 200 mA.  
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Figure 12 Delay calculation results in graphical presentation.  

 

The results showed significant variation in delay times after the first two movement triggers, 

which was not the expected behaviour. In an ideal scenario, the delay values should remain 

consistent. This is where graphical presentation and the developed application demonstrate 

their potential. The signal behaviour can be examined with minimal effort to identify the 

cause of the increased delay. The graph can be zoomed in for each handle movement to 

inspect what causes the differing behaviour. 

Figure 13 illustrates this in further detail. In the lower graph, the control currents of opposing 

crane movements are shown. When the handle voltage begins to rise from its minimum value 

of 0.5 V, the corresponding control current starts to decrease. However, by the time the 

handle voltage has reached its neutral value of 2.5 V, the control current has not reached 0 

mA. This behaviour is expected, as the control current has defined down-ramp duration. It 

is important to note from the graph that the control current for ‘crane lift up’ does not begin 

to rise until the control current of the ‘crane lift down’ has dropped close to zero. Because 

the handle movement is quick between the maximum positions, the control current does not 

have sufficient time to decrease, and the control current for the opposite direction must wait, 

introducing additional delay into the calculation. It can therefore be concluded that to obtain 
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the true system delay, the control current of the opposing movement should decrease near 

zero before the next movement is initiated. Figure 14 shows how this is achieved by 

introducing a pause between the movements by holding the handle in middle position. This 

gives the control current time to fall to zero, before new movement is initiated. 

 

 

Figure 13 Zoomed view of increased system delay. 
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Figure 14 Zoomed view of normal system delay. 

 

This is a clear example of how the limitations of the developed calculation method can 

produce misleading results when understanding of the system and the process is limited. The 

way the machine was operated was not appropriate for this type of delay calculation, leading 

to results significantly larger than expected. The application cannot determine whether the 

data provided is valid for the intended measurement. This could be a valuable development 

direction for the future. The calculation could check if the control current for the opposing 

movement is at or near zero when the handle is triggered and alert the user if it is not. 

3.3.2  Physical layer 

For the delay calculation at the physical layer, the hydraulic pressure is used as the measured 

signal. Continuing the example from the previous chapter, the ‘crane lift up’ movement is 

examined again. The signal pair consists of the valve control current for ‘crane lift up’ and 

the hydraulic pressure of the corresponding hydraulic line. 
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The calculation process follows the same approach as described earlier and the user must 

identify appropriate trigger and reset levels. Determining the correct trigger and reset values 

for hydraulic pressure can be more challenging, as the pressure signal in this case is not as 

stable as the control current. Once the correct values are established, the resulting trigger 

points are shown in Figure 15. 

 

 

Figure 15 Signals for physical layer delay calculation.  

 

Automating this selection is an interesting direction for future development, since the rapid 

pressure increase could be identified as the trigger point automatically. 

3.3.3  End-to-end delay 

End-to-end delay is the delay from user input to system response. The user input is the handle 

movement, and system response is the crane movement. Currently the hydraulic pressure is 

the closest thing to indicate the crane movement, so it is used. It is good to note that an 

increase in hydraulic pressure does not mean movement at that specific moment. This is 
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something to work in the future. In this case the end-to-end delay is the sum of the software 

interface delays and the physical layer delays. 

3.4  Physical measurements 

This analysis uses the machine’s internal systems for data collection. Because the application 

is new, its performance and the reliability of its results are compared with physical 

measurements. The reference measurements were acquired using external high-end 

measurement devices with a 1000 Hz sample rate. Measurements were collected from 

multiple points in the systems, including handle voltage, valve control currents, and line 

pressures. During the physical measurements, the same system data were also recorded for 

use in the developed application. This produces two measurement datasets based on different 

methods, where the method under evaluation had a lower sampling rate. The developed 

method has a limitation which limits its sample rate significantly below 1000 Hz. Because 

the sampling rate of the external measurements is higher than that of the method being 

validated, the external measurements provide a reliable reference to evaluate the results 

obtained from the developed application.  
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4  Results  

The validation is done across three test scenarios. The first two tests are end-to-end delay 

calculations for both traditional and active crane control modes. In these tests the delays are 

calculated using the developed application and the external measurement data. After this the 

results are compared to see the differences between the two methods. The last test is the 

multi-input test where delays are not calculated, and the focus is on monitoring the system 

performance. 

The end-to-end delay measurements were performed using crane up movement. The 

objective was to measure the system’s end-to-end delay and analyse its performance under 

an optimal operating scenario, where only minimal input changes were applied. This 

simplified use case makes the end-to-end delay calculations easier to perform and helps 

avoid the issue explained in Chapter 3.3.1 where the decreasing control current of the 

opposite movement direction (crane down) prevents movement to start. The measurements 

were conducted in both traditional crane control mode and active crane control mode to 

examine differences in behaviour and performance. In traditional crane control mode, a 

single joystick controls a single crane joint, whereas in active crane control mode, the 

operator directly controls the height and distance of the grapple (Ponsse Oyj, 2018). In 

addition to the delay measurements, a multi-input test was conducted to evaluate system 

performance under a high operational load resembling professional machine operation. 

4.1  Traditional mode: crane lift 

The first test was done in traditional control mode using upward and downward crane lift 

movements. The handle position was altered between two opposite maximum positions 

(500 mV and 4500 mV), while held at the default position (2500 mV) for a few seconds 

between the movements to ensure that the control current had settled to zero before new 

movement was initiated. 



34 

 

 

4.1.1  Application-Based Analysis 

As shown in Figure 16, in most cases the crane control current settles to zero before the 

control current for the opposite movement begins to rise. However, there are four instances 

where the handle voltage rises directly from 500 mV to 4500 mV without staying in the 

middle position, which would allow the current to fall, and the results from these cases are 

therefore expected to be significantly larger than the others. This needs to be considered 

when analysing the results, as the movements executed in this manner cannot be included in 

the final calculations. The health check results did not indicate any problems in the data 

transfer between the modules and the main program, which provides a good starting point 

for the end-to-end delay calculations. 

 

 

Figure 16 Traditional mode: Crane lift signals.  

 

To calculate the end-to-end delay, the hydraulic pressure is included in the measurements 

together with the handle voltage and the control current. This produces three signals and two 

signal pairs, with the delay of each signal pair calculated separately. Figure 16 shows that 
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the crane lift movement was triggered 13 times, with the handle voltage dropping below the 

reset level between each movement. The graph shows three consecutive movements where 

the handle voltage never dropped below the reference point after the first, due to incorrect 

test execution, the following two movements were excluded from the calculations. 

The results include a total of 13 delay values between the handle voltage and the crane lift 

control current. The four incorrectly executed movements can be identified by their 

significantly larger delay values. Although these four values are not valid for the end-to-end 

delay calculations, they show consistent behaviour, which suggests that the system is 

functioning as intended and the control current of the opposing movement correctly prevents 

the crane lift movement from starting prematurely. Because the implemented calculation 

logic cannot exclude these values automatically, they are included in the overall delay 

statistics and therefore the displayed results do not reflect the true end-to-end delay. 

4.1.2  External measurements 

These measurements were performed with external devices connected to monitor key 

machine dynamics. For this purpose, the handle voltages, valve control currents, and 

hydraulic pressures were measured. The recorded data was provided in a CSV format to be 

analysed. 

When comparing Figure 16 and Figure 17, the measured signals appear to be similar. The 

main difference arises from the high ripple, which causes the control current signal to 

oscillate rapidly between approximately 400 mA and 800 mA when the signal is active. This 

is seen as a thick band on the graph rather than a clean line as in Figure 16. The start time of 

the measurements is also different, but this does not affect the delay measurements between 

signals, as the analysis focuses only on the time intervals between specific actions. 
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Figure 17 Traditional: Crane lift physical measurements signals.  

 

The delays were calculated with the same logic as before. The modular structure of the code 

allows existing functions to be used outside the graphical user interface. The signals were 

read from the CSV file using Python and then passed to the existing delay calculation 

function. 

4.1.3  Comparison 

Validating the results of the developed application against external measurements was an 

important step to verify the reliability of the delay calculation method. This comparison 

determines whether the obtained results accurately reflect the actual system behaviour. 

Validation was performed by computing the absolute difference between the results obtained 

from the two methods. As both methods measure the same physical process, any discrepancy 

is expected to be explained by the sampling rate difference. Each movement yields two delay 

values, which are compared directly. Results within the acceptance threshold confirm that 

the developed method produces outputs within the expected accuracy range and constitutes 

a viable solution for delay calculation. Figure 18 presents the delay differences between the 

results from the two measurements where each bar represents the difference for a single 
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delay result. The orange and blue bars correspond to the two signal pairs, both obtained from 

the same movement, with nine delay results in total. 

 

 

Figure 18 Traditional crane delay comparison. 

 

The Y-axis shows the difference between the two methods, and the red dashed line marks 

the predefined acceptance threshold. As shown, all results fall well below the threshold, 

supporting confidence in the reliability of the developed application. 

4.2  Active crane mode: crane lift 

In this test, the basic setup followed the same configuration as the previous test and the crane 

was moved up and down, but with the active crane enabled. Because of this, the same handle 

movement used for crane lift will automatically control the luffing angle of the crane, which 

can be interpreted as distance control, where the lift controls the height. This introduces more 

traffic to the data transfer layer, and the system was under a higher load as it was now 

controlling multiple movements simultaneously. The handle must be kept in the middle 

position between the movements, even in active crane mode, because the control current 

limitation applies regardless of the control mode. 



38 

 

 

 

Figure 19 Active crane mode: Crane lift signals. 

 

Figure 19 demonstrates the operating principle of active crane mode. The handle controlling 

luffing angle remained in its default position throughout the test, but the control current for 

luffing angle changed in response to the handle input for controlling the lift movement. This 

is necessary to keep the distance of the crane’s reach constant, when controlling the height. 

4.2.1  Application-Based Analysis 

Figure 20 shows the same type of issue previously observed in Figure 16, in which the handle 

is moved directly from one extreme position to the other without allowing the control current 

to fall. A total of five such instances can be observed, resulting in five delay values 

significantly larger than the others. In the remaining movements, the handle voltage drops 

below the set reset limit, and the calculations should yield a total of fifteen values, of which 

five are excluded from the final results. 
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Figure 20 Active crane: Crane lift signals. 

 

A total of fifteen delay values were obtained and five of them are significantly larger than 

the others. This is consistent with the earlier observations regarding control current 

behaviour. Additionally, the health check result did not indicate problems in the module 

traffic. 
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Figure 21 Active crane: Hydraulic pressure. 

 

The first delay result was larger than the others, approximately 1.5 times. The reason for the 

increased delay in the first movement is illustrated in Figure 21. The hydraulic pressure 

begins to increase from approximately 40 bar, but when the handle returns to the middle 

position (2500 mV), the hydraulic pressure settles slightly below 80 bar. This means that 

during the subsequent movements the hydraulic pressure lies in a more favourable operating 

range, which is reflected in a faster response. 

4.2.2  External measurements 

Signal behaviour is similar in Figure 20 and Figure 22. As discussed in Chapter 4.1.2 the 

differences are caused by the ripple in the control current and the different recording start 

times. 
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Figure 22 Active crane: Crane lift physical measurements signals. 

 

The delay measurement correctly identified all movements, and these results will be 

compared against the results obtained from application-based analysis in the following 

section. 
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4.2.3  Comparison 

Figure 23 presents the delay differences in active crane usage. The same validation approach 

as described in Chapter 4.1.3 was applied, and all results fall well below the predefined 

acceptance threshold. 

 

 

Figure 23 Active crane delay comparison. 

 

The behaviour and the range differences are consistent with the previous comparison seen 

in Figure 18, which further supports the reliability of the developed application. 

4.3  Multiple movements 

In this test, delays were not calculated. Instead, the focus was more on monitoring 

performance in situation that more closely resembles professional machine operation. The 

crane was controlled with multiple simultaneous inputs during wood processing. This 

included the standard crane movements such as lift (up/down), luffing (near/far) and 

sideways rotation, as well as the controls for the harvester head. The harvester head is used 

in wood processing to cut, delimb, and saw the wood to specific lengths. The recorded log 

is analysed with the health check function to determine if the higher operating intensity 

caused any problems in the data transfer. 
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Figure 24 shows that multiple handle inputs were used during the testing. Active crane was 

enabled during the test to increase the overall processing load, as the system then had to 

control both height and distance at the same time. 

 

 

Figure 24 Multiple movements: Handle inputs. 

 

The health check result did not indicate any problems in the module traffic, even though the 

system was subjected to greater stress than in the previous tests. This suggests that 

communication between the modules functions correctly, and the packets continue to arrive 

with the expected interval, and information in each packet remains valid according to the 

AoI analysis, meaning that the data used in the analysis are not outdated. 

4.4  Problem in data transfer 

During testing, an unexpected interruption in data flow was observed, which led to the 

development of the health-check function. This event is one of the primary motivations for 
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including AoI analysis in this work, because it was considered important to identify whether 

the problem was caused in data generation at the sender or during the transmission of the 

packets. 

When transmission resumes, the missing data packets arrive within a short window, while 

the Last Time value continues increasing linearly. This indicates the data generation 

continued normally at the sender, but the packets were delayed in transmission and 

accumulated a queue. 

Without knowledge of the data generation time from the sender, identifying this behaviour 

would not have been possible reliably. Although the time information is represented as a 

counter value instead of an absolute timestamp, the observed linearity of Last Time 

combined with the arrival of the delayed packets provides convincing evidence that the 

disturbance originated in data transmission and not in data generation at the sender.  
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5  Conclusions 

This thesis addresses the practical challenge of analysing system performance and 

calculating end-to-end delays in forest machinery, where detecting performance differences 

between software versions is a recurring and critical task in the development workflow. A 

solution that could serve both test automation engineers and non-expert users within a single 

integrated application did not exist. System performance was evaluated using AoI-based 

analysis to assess the quality of data traffic, and end-to-end delays were measured to verify 

that the system responds to operator inputs within acceptable limits. To support these 

objectives, a purpose-built application was developed, which can be integrated into a test 

automation framework and operated as a standalone graphical user interface tool. 

The developed application provides a versatile graphical user interface which can be used 

without programming knowledge, while supporting all key analysis capabilities. The 

architecture was designed to allow the same analysis functions to also be accessible through 

the test automation framework, ensuring consistency across both usage contexts. The 

solution is implemented entirely in Python, relying primarily on its standard library. Third-

party libraries were chosen from well-established and actively maintained projects, reducing 

the risk of dependency-related issues arising from discontinued support. 

The end-to-end delay results were validated against measurements from external physical 

devices operating at a higher sample rate. The results were consistent with expectations, and 

the observed discrepancy was caused by the difference in sample rate between the two 

measurement methods. The AoI-based performance monitoring demonstrated its value by 

enabling a clear distinction between delays caused by data generation at the sender and 

delays caused by data transmission. 

The current implementation has limitations that define the scope of its applicability. The 

delay calculation requires the user to understand the machine’s operational behaviour, as the 

machine must be operated in a specific manner to generate data valid for delay calculation, 

since incorrect usage during operation can produce misleading delay results. Additionally, 

the trigger detection threshold is currently defined manually, making reliability dependent 

on user expertise. The tool does not validate whether the recorded data meets the 

requirements for delay calculation. 
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Future development will focus on automating the trigger detection and introducing 

automated validation, which would reduce dependency on user expertise and mitigate the 

risk of erroneous results. 

Overall, this work delivers a toolchain for end-to-end delay analysis and performance 

monitoring within a single application. By bridging the gap between test automation 

framework and standalone use, the application strengthens the software development 

workflow across different skill levels and usage contexts. 
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Appendix 1. Application overview 

The application supports usage through a graphical user interface. The graphical user 

interface presents functions visually using interactive elements such as buttons, sliders, and 

text fields. This approach allows users to execute complex commands without needing to 

understand the underlying code. 

 

Figure A.1 Action panel. 

 

Figure A.1 shows the area containing the different elements used to interact with the 

application and configure the graphical view and is referred to as the action panel, whereas 

the graphical view with the graphs is called the draw panel. The action panel includes a 

button to add a new plot view to the draw panel labelled ‘Add new graph’. This allows the 

user to display two or more plots simultaneously. The graphs are arranged vertically, so that 

each new plot is created below the previous one. The button ‘Remove most recent graph’ 

follows the same logic, removing a single plot view from the draw area. 
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Figure A.2 Graph specific buttons. 

 

Figure A.2 presents how creating a new plot generates a set of controls in the action panel 

specific to that plot. The first button manages the signals displayed on the graph. These 

signals are defined in a configuration file, where each signal is assigned a user-friendly 

display name and a technical name used by the application to filter data from the log file. 

The second button allows the user to assign signals to a secondary Y-axis. This is useful 

when the amplitudes of the plotted signals differ significantly, making them difficult to read 

on a shared axis. 

 

Table A.1 Axis limits. 

X min Beginning of the displayed time interval (seconds) 

X max End of the displayed time interval (seconds) 

Y min Minimum displayed amplitude level 

Y max Maximum displayed amplitude level 

 

The action panel also includes axis limit input fields for each graph, summarised in Table 

A.1. These fields allow the user to set a precise visible range for the graph. The fields are 

automatically updated whenever the view changes, for example, when zooming with the 

mouse scroll wheel or using the magnifying glass tool in the navigation toolbar. The user 

can also type values directly into the fields and apply them by pressing Enter. When a 

secondary Y-axis is in use, any change to the X-axis applies to both axes simultaneously, as 

they share the same time axis. Changes to the Y-axis limits affect only the primary Y-axis. 
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