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Abstract: With the increasing adoption of electronically controlled marine engines, digital indicators have been widely used to monitor 

engine performance. However, because manufacturers restrict access to raw data, users are generally limited to processed results and 

graphical outputs, which constrain detailed combustion and performance analyses. This study proposes a digitizer-based methodology 

for converting P–θ diagram images obtained from digital indicators into crank angle-resolved numerical pressure data suitable for 

quantitative engine performance analysis. The proposed approach is applied to two electronically controlled two-stroke marine diesel 

engines: a MAN Energy Solutions 6S60ME engine (Engine A) and a Wärtsilä RT-Flex 96C engine (Engine B), both installed on 

operating vessels. P–θ diagram images are digitized to extract discrete pressure crank angle data, followed by linear interpolation to 

generate uniformly spaced datasets. B-spline interpolation is applied to improve data continuity and reduce numerical noise. The re-

constructed data are validated against the digital indicator results provided by the manufacturer using the maximum compression pres-

sure, maximum combustion pressure, and indicated mean effective pressure as representative parameters. The results showed that for 

Engine A, the digitized data exhibited errors within ±1.25 bar compared to the reference values, indicating that the proposed method 

is suitable for continuous practical application. For Engine B, although the indicated mean effective pressure showed a high agreement, 

larger deviations were observed in the maximum combustion pressure, revealing limitations associated with the engine type and oper-

ating conditions. The proposed methodology enables ship operators and fleet technical managers to analyze combustion characteristics 

quantitatively using existing graphical outputs without additional hardware installation, thereby supporting condition-based mainte-

nance and preventive diagnostics. 
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1. Introduction 

Engine performance measurements are initially conducted 

during factory shop tests using dynamometers before installation 

on board ships. During these tests, the engine operating parame-

ters and in-cylinder pressure data are measured under various 

load conditions and provided to shipowners in the form of shop 

test reports. These data are retained throughout the engine’s op-

erational lifetime and are used for regulatory assessments, such 

as 𝑁𝑂௫ emission calculations. 

For conventional cam-type marine engines, in-cylinder pres-

sure during operation is typically measured using mechanical in-

dicators. Pressure diagrams are recorded on indicator paper, and 

the output is calculated manually using planimeters. However, 

this approach is subject to significant uncertainty and has limited 

repeatability. With the increasing adoption of camless electroni-

cally controlled engines, digital indicators have largely replaced 

mechanical systems [1], enabling higher accuracy through soft-

ware-based analyses.  

Despite these advances, continuous acquisition of crank angle-

resolved in-cylinder pressure data under actual operating condi-

tions remains limited. In most cases, only processed results such 

as maximum combustion pressure (Pmax), maximum compres-

sion pressure (Pcomp), indicated mean effective pressure (Pmi), 

and image files of pressure–crank angle (P–θ) and pressure–volume 

(P–V) diagrams are provided to end users [2]. These outputs allow 

only a relative comparison between the cylinders, rather than a 
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detailed combustion analysis. 

Access to crank angle-resolved pressure data enables addi-

tional analyses, including ignition timing, pressure rise rate, heat 

release rate, and expansion characteristics. This information is 

essential for diagnosing fuel valve malfunctions, exhaust valve 

leakage, blow-by severity, and cylinder-to-cylinder fuel injection 

imbalance. In low-speed two-stroke engines, the pressure in-

crease rate is typically reported to be approximately 4 bar/°, and 

deviations from this value can lead to reduced compression pres-

sure and increased fuel consumption. 

The maritime industry is increasingly shifting toward condition-

based maintenance and digital fleet management. However, manu-

facturers generally restrict access to raw measurement data owing to 

security, reliability, and intellectual property concerns. Consequently, 

ship operators seeking to implement independent condition-based 

maintenance strategies are limited to three alternatives: installing ad-

ditional sensors, acquiring signals from existing sensor outputs, or 

analyzing graphical data provided by manufacturers. Among these 

approaches, image-based analysis requires no additional hardware 

investment and raises no warranty or safety concerns.  

Therefore, this study proposes a digitizer-based framework [3] 

for reconstructing crank-angle-resolved in-cylinder pressure data 

from indicator images. The goal of this study is to (1) develop a 

reproducible procedure for reconstructing crank angle resolution 

pressure data from manufacturer P-θ images, (2) quantitatively 

verify Pcomp, Pmax, and Pmi based on ±1.25 bar, and (3) deter-

mine the scope and limits of the method by applying it to two 

different low-speed two-stroke engines. 

2. Literature Review

2.1 Previous Studies on Combustion Chamber Data Ac-

quisition 

Zhou et al. reviewed representative cylinder pressure monitor-

ing systems for marine engines, including the Kistler KiBox, 

AVL systems, MAN Energy Solutions PMI, and ABB Cylmate. 

They emphasized the importance of accurate crank angle posi-

tioning and the simultaneous measurement of pressure and crank 

angle signals, while noting that such systems are costly and pri-

marily designed for expert users. To address these limitations, the 

authors developed an online monitoring system based on the 

LabVIEW virtual instrument platform [4]. 

Maurya et al. investigated combustion chamber data acquisi-

tion using piezoelectric pressure sensors. They showed that 

pressure correction, cycle averaging, and signal smoothing are 

essential for obtaining reliable combustion diagnostic infor-

mation from in-cylinder pressure measurements [5]. 

Kaiktsis et al. analyzed the operating data from electronically 

controlled marine diesel engines for fault prediction. They found 

that parameters such as the maximum compression pressure and 

maximum combustion pressure alone were insufficient for accu-

rate fault diagnosis. They emphasized the importance of injection 

timing information for reliable condition assessment [6]. 

2.2 Previous Studies on Digitizer-based Data Reconstruc-

tion and Measurement Uncertainty 

Rowles demonstrated the feasibility of reconstructing brake-

specific fuel consumption diagrams for naval applications using 

a Web Plot Digitizer and identifying key performance regions 

and characteristic curves from image data [7]. 

Ghazi and Botez digitized scanned engine performance charts 

using Engauge Digitizer and reconstructed engine mathematical 

performance model identification for flight management system 

trajectory prediction and optimization applications [8]. 

Gainey et al. investigated uncertainty in experimental engine 

research and reported that in-cylinder pressure measurements ex-

hibited an uncertainty of approximately ±1.25 bar at a 95% con-

fidence level [9].  

While existing literature has focused on developing expensive 

commercial pressure measurement systems or reconstructing 

digitizers for aircraft performance maps, this study reconstructs 

crank-angle-resolution pressure data using only the P-θ images 

provided by the manufacturer from low-speed two-stroke marine 

diesel engines in operation. The digitizers are then applied to two 

different engine models for quantitative evaluation of the limits, 

thereby differentiating the research. 

3. Methodology

3.1 Research Framework and Rationale 

This study selects a digitizer-based approach to address the 

practical limitation that raw in-cylinder pressure data are not ac-

cessible to end users. In contrast, graphical indicator outputs are 

consistently available during ship operations. The overall re-

search framework is designed to ensure reproducibility, minimal 

interference with onboard systems, and quantitative validation of 

the reference measurements. 

First, the in-cylinder pressure is measured using the manufac-

turer’s digital indicators and treated as reference data. P–θ diagram  
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Figure 1: Diagram of analysis procedure 

image files generated under identical operating conditions are ob-

tained and uploaded into digitizing software. Three reference 

points are defined to establish a two-dimensional coordinate sys-

tem, minimize geometric distortion, and ensure consistent axis 

mapping. 

Figure 1 illustrates the overall workflow of the proposed data 

reconstruction procedure. The ovals denote the start and end 

points, the rectangles represent the data processing steps, and the 

diamond indicates the decision step based on the allowable error 

criterion. In the final validation stage, the reconstructed data are 

accepted when the deviation from the digital indicator reference 

values remains within ±1.25 bar; otherwise, the image filtering 

condition, point extraction interval, and spline interpolation set-

tings are adjusted, and the procedure is repeated. 

Image filtering is applied to remove grids, labels, and back-

ground noise, as such elements can introduce false data points 

during digitization. After extracting discrete pressure–crank an-

gle data, numerical post-processing is applied to improve conti-

nuity and usability. 

Because the digitized data are unevenly distributed along the 

crank angle, linear interpolation is initially applied to generate 

uniformly spaced data, owing to its robustness and numerical sta-

bility. However, linear interpolation alone introduces local noise, 

which is undesirable in derivative-based analyses. Therefore, the 

basis spline (B-spline), which is a piecewise polynomial interpola-

tion method, is subsequently applied to smooth the data while pre-

serving the global characteristics of the combustion pressure curve. 

Table 1: Specifications of engines A and B 

Specification Engine A Engine B 

No. of Cylinder 6 12 
Bore / Stroke 60 cm / 240 cm 96 cm / 250 cm 

Con-rod length 254 cm 260 cm 
Maximum Contin-

uous Rating 
(MCR) / RPM 

12,560 kW /  
101.5 rpm 

68,667 kW /  
102 rpm 

Power per 1 Cyl-
inder 

1,867 kW 5,722 kW 

Turbocharging A165L x 2 MET83MA x 3 
Injection pressure 400 bar 600 bar 

The reconstructed data are validated by comparison with dig-

ital indicator measurements. Based on uncertainty ranges re-

ported in previous experimental studies, reconstructed data are 

considered reliable if deviations remain within ±1.25 bar. 

3.2 Target Engines 

Experimental data are collected from two operating vessels 

equipped with electronically controlled two-stroke marine diesel 

engines: a MAN Energy Solutions 6S60ME engine (Engine A) 

and a Wärtsilä RT-Flex 96C engine (Engine B). These engines 

were deliberately selected because they differ significantly in 

size, output range, combustion characteristics, and turbocharging 

configurations. 

Table 1 summarizes the principal specifications of the target en-

gines. The two engines differ substantially in the number of cylin-

ders, power per cylinder, injection pressure, and turbocharging con-

figuration. These differences can directly influence the shape of the 

combustion pressure curve, its local gradient, and the sensitivity 

around the peak pressure region. Therefore, this study allows both 

the applicability and limitations of the digitizer-based method to be 

evaluated across engines with distinct characteristics. 

The applicability and limitations of the proposed method 

could be evaluated across a broad operational spectrum by select-

ing engines with distinct operating characteristics. Both engines 

employ crank angle encoders that enable precise synchronization 

between the crank angle and combustion pressure. 

3.3 Data Extraction and Numerical Processing 

P–θ diagram image files in PDF, PNG, or JPEG format were 

imported into the digitizer software. Axis identification was per-

formed using three reference points, and a foreground filter was 

applied to isolate the target pressure curves. The point separation 

parameter is set to five pixels to maximize spatial resolution 

while avoiding excessive data clustering. 
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Figure 2: P-θ diagram images from digital indicators of Engine 

A and Engine B 

Figure 3: Comparison of digitized data and image data 

Figure 2 presents representative examples of the digital indi-

cator image outputs collected from the operating vessels. The two 

engines differed in screen layout, degree of curve overlap, and 

information density, which could have affected the coordinate ex-

traction accuracy during the digitizing process. In particular, 

when the curve gradient becomes steep near the peak-pressure 

region or when auxiliary markers overlap the pressure trace, im-

age-based extraction errors are likely to increase. 

Approximately 240 and 460 data points per cycle were ex-

tracted for Engine A and Engine B, respectively. The unevenly 

spaced data were converted into uniformly spaced crank-angle 

data from −180° to +180° at intervals of 0.1°, selected as a bal-

ance between computational efficiency and sufficient angular 

resolution for combustion analysis. 

Figure 3 compares the original P–θ image with the coordinate 

data extracted using the digitizer. The range from −150° to +150° 

was selected because it sufficiently covers the principal compres-

sion and expansion features of the pressure curve while relatively 

reducing the influence of edge distortion in the displayed image. 

In addition, top dead center (TDC), Pcomp, and Pmax confirm 

that the proposed method preserves the overall curve shape as 

well as the location and form of the key performance features. 

Linear interpolation was applied to generate uniformly spaced 

data, followed by B-spline interpolation using the SplineTrans-

former algorithm from the Python scikit-learn library [10]. The 

final smoothed data were used for the subsequent performance 

analysis. 

𝑦 ൌ 𝒚𝟏 ൅ ሺ𝑥 െ 𝒙𝟏ሻሺ𝒚𝟐 െ 𝒚𝟏ሻ/ሺ𝒙𝟐െ 𝒙𝟏ሻ  (1) 

Figure 4: Linear and B-Spline interpolation 
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Table 2: Sensitivity analysis of smoothing and knots 

Sensitivity 
# 1 Cyl. 
Pcomp 

# 1 Cyl. Pmax 

Manufacturers’ digital 
indicators 

80.9 117.0 

s = 45.0 knots = 63 80.4 116.9 
s = 90.0 knots = 28 80.8 117.0 
s = 180.0 knots = 23 80.4 116.8 
s = 360.0 knots = 18 81.6 116.3 

Figure 5: Comparison of B-spline interpolation results with dif-

ferent smoothing coefficients (s = 45, 90, 180, and 360) 

Figure 4 compares the linear and B-spline interpolations in a 

local region of the digitized data. Linear interpolation effectively 

converts irregularly extracted coordinates into uniformly spaced 

crank-angle data; however, abrupt slope changes may appear be-

tween adjacent points, causing numerical noise in derivative-

based analyses. By contrast, B-spline interpolation reduces local 

discontinuities while preserving the global curve shape, provid-

ing a smoother, more continuous pressure trace. Nevertheless, 

excessive smoothing may flatten the actual shape near the peak 

pressure region; therefore, the choice of interpolation settings is 

important. 

A cubic spline (k = 3) was applied for the spline interpolation. 

A cubic spline is suitable for engine combustion pressure analysis 

because it suppresses excessive vibrations while ensuring conti-

nuity and differentiability of the pressure curve. Sensitivity anal-

ysis of the smoothing coefficient s was performed for s = 45, 90, 

180, and 360, as summarized in Table 2. 

The analysis showed that s = 90 exhibited similar results in 

terms of Pmax, Pcomp, and pressure curve shape. However, at s 

= 360, a distortion of the pressure shape was observed, as the 

curve was excessively smoothed compared to the original data in 

the pressure-rise section and near the peak pressure. Therefore, 

considering the conservation of pressure shape, s = 90 was se-

lected as the final setting value. Figure 5 compares the recon-

structed pressure curves obtained using different smoothing co-

efficients. 

4. Experimental Results and Discussion

The reconstructed pressure data were evaluated against the 

manufacturer-provided digital indicator outputs using the criteria 

defined in Section 3. Three parameters were selected for compar-

ison: Pcomp and Pmax as local peak-based indicators and Pmi as 

an integral-based indicator. Absolute accuracy was assessed by 

direct deviation in bar, with ±1.25 bar adopted as the allowable 

error range based on the experimental uncertainty reported by 

Gainey et al. Trend consistency across cylinders and load condi-

tions was evaluated separately using R² as a supplementary indi-

cator.  

The indicated mean effective pressure (Pmi) was calculated 

from the reconstructed pressure data by converting the crank an-

gle into an instantaneous cylinder volume and integrating the P–

V diagram over one engine cycle. The cylinder volume as a func-

tion of crank angle was determined from the engine geometry 

using the bore, stroke, connecting rod length, and compression 

ratio. 

𝑽ሺ𝜽ሻ ൌ 𝑽𝒄 ൅  𝑨𝒑ൣ 𝒓ሺ𝟏 െ 𝒄𝒐𝒔𝜽ሻ ൅ 𝒍 െ √𝒍𝟐 െ 𝒓𝟐𝒔𝒊𝒏𝟐𝜽 ൧  (2) 

where 𝑉௖ denotes the clearance volume, 𝐴௣ is the piston area, 𝑟 is 

the crank radius, 𝑙 is the connecting rod length, and 𝜃 is the crank 

angle. The indicated work was obtained by numerically integrat-

ing the reconstructed P–V diagram. 

𝑾𝒊 ൎ  ∑ 𝑷𝒊ା𝑷𝒊శ𝟏

𝟐
𝒏ି𝟏
𝒊ୀ𝟏  ሺ𝑽𝒊ା𝟏 െ 𝑽𝒊ሻ   (3) 

and the indicated mean effective pressure was calculated as fol-

lows: 

𝑷𝒎𝒊 ൌ  
𝑾𝒊

𝑽𝒔
(4) 

where 𝑉௦ is the cylinder swept volume. 
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Figure 6: Comparison of digital indicator reference values and digitizer-based results (Engine A) 

Figure 7: Comparison of digital indicator reference values and digitizer-based results (Engine B) 
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Figure 6 compares the manufacturer’s instrument outputs and 

the digitizer-based results for each cylinder of Engine A. Under 

both low- and high-load conditions, Pcomp, Pmax, and Pmi were 

reproduced at similar levels, and the relative distributions among 

the cylinders showed the same overall trend. This indicates that 

the proposed method cannot only reproduce average perfor-

mance values but also identify cylinder-to-cylinder performance 

deviations. In particular, for Engine A, the deviations in the major 

parameters remained within the allowable error range, suggest-

ing high practical applicability. 

Figure 7 compares the manufacturer’s instrument outputs and 

the digitizer-based results for Engine B. For Engine B, Pmi ex-

hibited generally good agreement, whereas Pmax exhibited rela-

tively larger deviations under several cylinders and operating 

conditions. This was interpreted as a consequence of the steep 

curve gradient near the peak pressure region, where the image 

resolution and overlapping display elements had a stronger influ-

ence on the extracted peak coordinates. In contrast, Pmi is an in-

tegral-type indicator based on the overall pressure trace, and is 

therefore less sensitive to a local coordinate error at a single 

point. 

Figure 8 shows the linear correlation between the digitizer-

based results and the manufacturer’s instrument outputs. A high 

coefficient of determination (R²) value indicates that the two da-

tasets share a similar variation trend; however, this does not 

necessarily imply a small absolute error. Therefore, in this study, 

R² was used as a supplementary indicator of trend agreement, and 

the absolute accuracy was evaluated separately through a direct 

error comparison in bar units. 

As summarized in Table 3, the digitized results showed gen-

erally good agreement with the manufacturers’ outputs across en-

gine types, load conditions, and pressure-related parameters. For 

Engine B, although the indicated mean effective pressure exhib-

ited high agreement, larger deviations were observed in the max-

imum combustion pressure. These deviations were attributed to 

operational characteristics such as turbocharger cut-out at low 

loads and increased sensitivity to image resolution and curve 

overlap. The relatively small error in Pmi of Engine B was at-

tributed to the integral-type index, which is insensitive to local 

coordinate errors. Although strategies such as increasing image 

resolution or enlarging peak areas for separate cropping and dig-

itization can theoretically reduce coordinate-extraction errors, 

the digital indicator targeted in this study had a practical limita-

tion: the user could not arbitrarily change the output resolution. 

Despite absolute errors, the trend consistency between the dig-

itized and reference data was confirmed through high coefficients 

of determination (R² > 0.9), indicating a strong correlation across 

engine types and load conditions.  

The total sum of squares, regression sum of squares, and resid-

ual sum of squares were defined as follows: ሺ𝒚𝒊ሻ represents the 

Figure 8: R² Plot of Pcomp/Pmax/Pmi at high/low load (a), (b), (c), (d) 
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observed value, the caret above ሺ𝒚ෝ𝒊ሻ  represents the regression 

predicted value, and the bar above (𝒚ഥ) represents the average of 

the observed values. 

𝐒𝐒𝐓ሺ𝐓𝐨𝐭𝐚𝐥 𝐒𝐮𝐦 𝐨𝐟 𝐒𝐪𝐮𝐚𝐫𝐞𝐬ሻ ൌ ∑ ሺ𝒚𝒊
𝒏
𝒊ୀ𝟏 െ 𝒚ഥሻ𝟐   (5) 

𝐒𝐒𝐑ሺ𝐑𝐞𝐠𝐫𝐞𝐬𝐬𝐢𝐨𝐧 𝐒𝐮𝐦 𝐨𝐟 𝐒𝐪𝐮𝐚𝐫𝐞𝐬ሻ ൌ ∑ ሺ𝒚ෝ𝒊
𝒏
𝒊ୀ𝟏 െ 𝒚ഥሻ𝟐  (6) 

𝐒𝐒𝐄ሺ𝐑𝐞𝐬𝐢𝐝𝐮𝐚𝐥 𝐒𝐮𝐦 𝐨𝐟 𝐒𝐪𝐮𝐚𝐫𝐞𝐬ሻ ൌ ∑ ሺ𝒚𝒊
𝒏
𝒊ୀ𝟏 െ 𝒚ෝ𝒊ሻ𝟐  (7) 

𝐑𝟐 ൌ
𝐒𝐒𝐑

𝐒𝐒𝐓
ൌ 𝟏 െ

𝐒𝐒𝐄

𝐒𝐒𝐓
      (8) 

The most significant finding of this study is that reconstruction 

accuracy varied by performance indicator. While Pmi showed 

relatively high agreement for both engines, Pmax exhibited 

larger deviations for Engine B. This observation suggests that im-

age-based pressure reconstruction methods may be inherently 

more suitable for integral-type indicators that utilize the entire 

pressure trace than for peak-based indicators determined by a 

limited number of local data points. 

These findings are consistent with those of Maurya et al. [5], 

who emphasized that pressure correction, cycle averaging, and 

signal smoothing are essential for obtaining reliable combustion 

information from in-cylinder pressure measurements. The pre-

sent results further show that the influence of signal processing 

depends on the type of performance indicator. Pmi, which is cal-

culated by integrating the overall pressure trace, was reproduced 

more reliably than Pmax, which depends on a limited number of 

local data points near the pressure peak. This result also supports 

the observation of Kaiktsis et al. [6] that peak-pressure parame-

ters alone may be insufficient for reliable engine condition as-

sessment. In contrast to the studies by Rowles [7] and Ghazi and 

Botez [8], which reconstructed performance maps from graphical 

data, the present study reconstructed crank-angle-resolved in-

cylinder pressure traces from indicator images obtained from op-

erating low-speed two-stroke marine engines. Furthermore, the 

±1.25 bar uncertainty reported by Gainey et al. [9] was used as a 

quantitative acceptance criterion rather than only as a general ref-

erence for measurement uncertainty. 

 Consequently, future studies should extend the validation be-

yond the pressure reproduction accuracy and evaluate the relia-

bility of derivative-based combustion parameters, such as the 

pressure rise rate and heat release rate, which are more sensitive 

to local signal distortion. 

5. Conclusion

This study demonstrated that a digitizer-based data acquisition 

framework can effectively reconstruct crank-angle-resolved in-

cylinder pressure data from graphical indicator outputs when raw 

data access is restricted. The proposed stepwise digitization and 

interpolation methodology enabled quantitative engine perfor-

mance analysis without additional hardware installation. 

For Engine A, the reconstructed data satisfied the uncertainty 

criteria and were deemed suitable for detailed combustion analy-

sis. For Engine B, while the indicated mean effective pressure 

was reliably reproduced, limitations were identified in recon-

structing the maximum combustion pressure, highlighting the in-

fluence of the engine type and operating conditions. 

Overall, the proposed method exhibited sufficient validity for 

cylinder-to-cylinder comparisons and trend analysis under differ-

ent operating conditions. However, for indicators highly sensitive 

to local peaks, such as maximum combustion pressure, error may 

increase depending on the engine type, display format, and image 

resolution. Therefore, in practical applications, confidence levels 

should be interpreted separately for each performance indicator. 

Another limitation of the proposed method is the potential in-

troduction of user bias during the manual coordinate system def-

inition and digitization. As the axis calibration process relies on 

manually selected reference points, small differences in point po-

sitioning can propagate into the reconstructed pressure data. Sim-

ilarly, the choice of image-filtering conditions and smoothing pa-

rameters may influence the final pressure trace. These effects are 

expected to be more pronounced for performance indicators de-

rived from local peak values, such as the maximum combustion 

pressure, than for integral-type indicators, such as the indicated 

mean effective pressure. 

Despite limitations related to image resolution, TDC marker 

interference, and potential user-induced bias, the proposed meth-

odology showed a strong correlation with the manufacturer-pro-

vided data. To minimize the operator-induced uncertainty, all da-

tasets used in this study were processed using identical calibra-

tion points, filtering conditions, point extraction intervals, and 

spline settings. 

Future work will focus on advanced combustion analyses, in-

cluding the pressure rise rate, heat release rate, and ignition tim-

ing, to further support condition-based maintenance and fleet-

level performance management. 
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