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This thesis presents an overview of an automated system for measuring various camera 

timings, such as exposure time, rolling shutter time and shutter lag. Comprehension of 

these timings as well as the ability to rely on them are crucial for professional photography, 

since they have a significant effect on the image quality. In order to characterize the 

timings, it is possible to perform measurements utilizing a specific setup, following the 

ISO standard 15781. The standard requires to use a certain type of a timer for the 

measurements. The DxO Timer is utilized for the current research, since it follows the 

standard and allows measuring the aforementioned timings. In addition, the DxO Timer 

can be used for measuring negative shutter lag, which is a common feature of modern 

cameras. The thesis describes the algorithm for automatic timing extraction from the setup 

and provides experimental verification of the proposed automation.  
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LIST OF SYMBOLS AND ABBREVIATIONS 

 

2D  Two-dimensional 

CMOS  Complementary Metal-Oxide Semiconductor 

DSLR Digital Single-Lens Reflex camera 

FOV Field Of View 

HSV Hue-Saturation-Value 

I/O Input-Output 

LED Light-Emitting Diode 

PC Personal Computer 

RGB Red-Green-Blue 

SIFT Scale-Invariant Feature Transform 

SURF Speeded-Up Robust Features 

USB Universal Serial Bus 

 

𝑑 Distance in pixels between the LED row and the first pixel line, where the 

exposure for the frame starts 

𝐻𝑒𝑖𝑔ℎ𝑡 Height of the image in pixels 

𝐻𝐹 Distance between the fast LED rows in pixels 

𝐻𝑆 Distance between the slow LED rows in pixels 

𝐻𝑖𝑗 Distance between the LED rows 𝑖 and 𝑗 in pixels 

𝐿𝑖 Position of the first lit LED on the row 𝑖 

𝐿𝑠 Position of running LED on a row when the capture button is pressed 

𝑁 Overall number of LEDs in a row 

𝑁𝑙𝑖𝑡 Number of lit LEDs in a row 

𝑇𝐸 Exposure time interval 

𝑇𝑅𝑆 Rolling shutter time interval 

𝑇𝑅𝑆_𝑓𝑎𝑠𝑡  Estimate for the rolling shutter time, obtained using LED rows with small 

calibration time 

𝑇𝑅𝑆_𝑠𝑙𝑜𝑤  Estimate for the rolling shutter time, obtained using LED rows with large 

calibration time 

𝑇𝑅𝑆_𝑓𝑎𝑠𝑡
𝑐𝑒𝑛𝑡𝑒𝑟   Interval center of the estimate 𝑇𝑅𝑆_𝑓𝑎𝑠𝑡 
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𝑇𝑅𝑆_𝑠𝑙𝑜𝑤
𝑐𝑒𝑛𝑡𝑒𝑟   Interval center of the estimate 𝑇𝑅𝑆_𝑠𝑙𝑜𝑤  

𝑇𝐿 Shutter lag interval 

𝑇𝐿_𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 Shutter lag interval with removed rolling shutter bias 

𝑇𝐿_𝑓𝑎𝑠𝑡 Estimate for the shutter lag, obtained using LED rows with small calibration 

time 

𝑇𝐿_𝑠𝑙𝑜𝑤 Estimate for the shutter lag, obtained using LED rows with large calibration 

time 

𝑇𝐿_𝑓𝑎𝑠𝑡
𝑐𝑒𝑛𝑡𝑒𝑟 Interval center of the estimate 𝑇𝐿_𝑓𝑎𝑠𝑡 

𝑇𝐿_𝑠𝑙𝑜𝑤
𝑐𝑒𝑛𝑡𝑒𝑟 Interval center of the estimate 𝑇𝐿_𝑠𝑙𝑜𝑤 

𝑇 Calibration time on a LED row 

𝑇𝐹 Calibration time on the fast LED rows 

𝑇𝑆 Calibration time on the slow LED rows 

𝑇𝑖𝑗 Calibration time on the LED rows 𝑖 and 𝑗 
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1 INTRODUCTION 

 

1.1 Background 

 

Photography has become a significant part of our everyday life. Nowadays, it is very hard 

to find a person without a camera, whether it is a Digital Single-Lens Reflex (DSLR) 

camera, a compact camera or a smartphone and therefore the question of the image quality 

on these devices is highly important. There are several factors that may cause severe 

degradation of the captured image quality, such as the motion blur and the rolling shutter 

artifact, or even prevent capturing the desired moment if it takes too long for the camera to 

capture a photo. All these factors have a relation to different timings, such as the exposure 

time, the rolling shutter time and the shutter lag. Thus, it is very important for 

manufacturers to measure these timings precisely and improve their cameras, so that the 

negative effects are minimized. Since every manufacturer can have several devices on the 

market and every software and hardware update of the device can influence the camera 

timings, the measurement process should be automated. During the product development 

process the camera timings can be automatically measured for the prototypes of the 

devices and the results can be subsequently analyzed in order to determine whether the 

update caused an improvement or degradation in performance. 



The standard ISO 15781 [1] specifies the way of measuring and reporting the 

aforementioned timings as well as describes the timer required for the measurements. 

There are a couple of companies that provide equipment following this standard, such as 

DxO Labs and Image Engineering. These companies have designed their own timing 

devices according to the standard. The main advantage of the DxO Timer, provided by the 

company DxO Labs, among the other timers is the ability to measure negative shutter lag. 

This feature is extremely important, since modern cameras can shoot images and save them 

to the buffer even before the user triggers the capture button. 
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1.2 Objectives and delimitations 

 

The main objective of this study is to present an automated system for camera timing 

measurement and develop the algorithm, which automatically extracts the desired timings 

from an image. The system is required to follow the ISO standard 15781 and enables 

automatic measurement of the timings for any camera. However, the thesis concentrates 

mostly on the extraction algorithm and therefore the system is implemented only to the 

extent, where it allows manual capturing of an image. Then, analysis of the image is 

performed using the developed algorithm. 

 

The system uses the DxO Timer during the measurement process, however the proposed 

approach can be applied to any timing device, which follows the ISO standard. Moreover, 

the thesis concentrates only on still image photography and corresponding timings, 

although the same system can also be utilized for the analysis of the video framerate, 

which is closely related to the video smoothness, using consecutive frames. 

 

1.3 Structure of the thesis 

 

The thesis is structured as follows: Section 2 gives a brief introduction to the camera 

timings, describing their influence on the image quality. The section also presents an 

overview of the automated system as well as discusses the operation principle of the timer, 

which is used for the measurements. 

 

Section 3 is dedicated to the description of the algorithm for extraction of the camera 

timings. First, there is an overview of the common marker detection methods, that can be 

used to detect the timer on the captured image. Then, the section describes a way of 

detecting lit light-emitting diodes (LEDs) on the image as well as discusses the detection 

accuracy. Afterwards, the section presents a way, how the obtained information is utilized 

to calculate the exposure time, the rolling shutter time and the shutter lag. In addition, this 

section provides the discussion about the choice of the timer parameters in order to 

calculate the timings with best accuracy. 
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Section 4 is devoted to the experiments and the discussion of the results. The section starts 

with the description of the experimental setup. Then, there are three experiments described, 

where each experiment is used for testing only the particular camera timing. Then, 

conclusions are made in Section 5. The appendix contains the images from the 

experiments, which are annotated by the developed algorithm. 
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2 SYSTEM FOR CAMERA TIMING EVALUATION 

 

2.1 Description of timings 

 

There are several camera timings involved in the process of the image capture, such as the 

exposure time, the rolling shutter time and the shutter lag [2]. These timings can have a 

significant effect on the quality of the captured images. 

 

Exposure time or shutter speed is defined as the duration of time when the camera sensor is 

exposed to the incoming light. The length of exposure along with camera sensitivity (ISO) 

and the aperture can be used as instruments to control the amount of light reaching the 

camera sensor. Depending on the lighting conditions, one should set these parameters 

appropriately in order to get the correct exposure of an image. Incorrect selection of the 

parameters may result in overexposed or underexposed images or, in other words, images 

that appear to be too bright or too dark. In addition, when capturing a moving object, long 

exposure time may produce degrading effect on the image quality, which is often called 

“motion blur” (Fig. 1). However, this effect is not always considered as a degradation. It is 

often used in photography to convey the sense of motion on the picture. A star trail 

photography is one example of motion blur usage as a fine art. 

 

                 

                         (a)                                                                    (b) 

Fig. 1. Examples of motion blur [3]: a) Undesired blur caused by the car movement;  

b) A star trail as a type of photograph. 
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Electronic rolling shutter is another source, which produces undesired effects or artifacts 

on the image. It is usually found on mobile phones and digital cameras, that use 

complementary metal-oxide semiconductor (CMOS) sensors [4]. In this method of image 

capture, the pixels on the camera sensor are not exposed to the light simultaneously, but 

rather line by line. Each row of pixels starts the exposure at slightly different moments of 

time, however the overall length of exposure for each row is the same. Rolling shutter time 

is defined as the time, which is needed to expose all the pixels of the sensor. The main 

advantage of a rolling shutter is the reduced cost of implementation in comparison with 

global shutter. Moreover, during the video capture each pixel row starts the exposure for 

the next frame as soon as the readout for the previous frame on this row is completed, 

rather than just waiting for the whole frame to complete the readout. This allows capturing 

videos at high framerates. However, when the camera or the object of interest is moving 

quickly, the rolling shutter can cause specific image distortion or “jello effect” as shown in 

Fig. 2.  

 

 
 

Fig. 2. The propeller blades of a plane are bent due to the rolling shutter effect [5]. 

 

A similar effect appears on the DSLRs, which use a mechanical focal-plane shutter [2]. 

This effect is caused by the physical properties of the shutter curtains, since the curtains do 

not open instantaneously. Instead, the front curtain opens first exposing the sensor and 

after the required amount of exposure the rear curtain conceals the sensor. Any motion 

during the curtain movement causes visual effects similar to electronic rolling shutter. At 

slow shutter speeds, the front curtain is fully opened when the rear curtain starts to close, 

therefore the sensor becomes completely exposed (Fig. 3).  
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(a)                                             (b)                                             (c) 

Fig. 3. Focal-plane shutter at slow shutter speed [6]: a) Front curtain opens, exposing the 

sensor; b) The sensor is fully exposed; c) Rear curtain closes and conceals the sensor. 

 

At high shutter speeds, the rear curtain starts closing even before the front curtain has fully 

opened, which results in narrow slit travelling across the sensor (Fig. 4).  

 

 

Fig. 4. Focal-plane shutter at high shutter speed [6]. 

 

The time required to uncover the whole sensor with front curtain can be considered as an 

analogy to the rolling shutter time and affects the maximum flash sync speed of the camera 

[7]. This speed is the maximum shutter speed, which still enables full opening of the image 

sensor. If this requirement holds, the flash can momentarily illuminate the whole portion of 

an image. At higher shutter speeds, rear curtain starts closing sooner, leaving only narrow 

open slit exposed to the flash light. In result, some parts of the image appear to be dark, 

since they are not illuminated with flash.  

 

Finally, the time between triggering the shutter button and the start of exposure is called 

the shooting time lag. It includes the shutter lag as well as the time, which is needed to 

adjust the focus and the exposure of the camera. The ISO standard 15781 [1] requires 

rather complex measurement protocol for measuring the shooting time lag, therefore only 

shutter lag is considered in this thesis to simplify the measurement process. In order to 
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calculate only the shutter lag for DSLRs, it is possible to half-press the shutter button and 

thereby determine the exposure and adjust the focus beforehand. In case of mobile phones, 

it is possible to set the camera in continuous focus mode. If the shutter lag is significant 

and the subject of interest is moving quickly, it may result in missing the desired moment 

for the image capture, which is especially critical in family and sports photography. In 

order to overcome this problem, some cameras start constantly capturing photos and save 

them to the buffer until the trigger button is pressed. According to the definition of the 

shutter lag, since the actual exposure starts before the press of the shutter button, the 

shutter lag appears to be negative. 

 

2.2 Automated system overview 

 

According to the standard ISO 15781 [1], in order to obtain the aforementioned timings, a 

proper setup should be constructed. The setup consists of several light sources, a special 

test chart, a timer and a digital camera. The light sources ensure that the test chart and the 

timer are evenly illuminated. The test chart allows fast and accurate focusing of the 

camera. The camera should be placed facing the surface of the timer and at the proper 

distance from it in order to guarantee that the timer and the chart are entirely visible on the 

captured image. Afterwards, the camera takes a picture of the timer and all the required 

timings are calculated from the captured photo. 

 

There are several processes that can be automated in the presented system. First of all, it is 

possible to automate the process of image capture and thus remove the need of human 

presence during the test procedure. Moreover, the shutter lag measurement requires the 

camera and the timer to be synchronized, since the calculation process is based on the 

analysis of the difference in the timer state at the moments of triggering the exposure 

button and the start of exposure (Fig. 5). A synchronization can be done using a personal 

computer (PC). When the capture is requested, the PC sends a signal through the input-

output (I/O) interface unit to the timer in order to store the timer state. At the same time, 

the signal triggers the press of the camera exposure button. When the image is captured, it 

is transferred over the universal serial bus (USB) to the PC, where it is subsequently 

analyzed using the data from the timer. The setup diagram is shown on the Fig. 6. 
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Fig. 5. Image capture timeline. 

 

 

Fig. 6. Synchronization of the camera and the timer. 

 

In case of several devices tested in the setup, each device might require to perform several 

tests, since any camera firmware update, alteration in the camera settings or test conditions 

might affect the resulting camera timings. The manual replacement of one testing device 

with another is quite laborious and time-consuming work, therefore there is a need for 

automation. There can be plenty of ways how the manual replacement might be automated 

and some of them are presented below. One way to automate the process is to use a robotic 

arm for the device replacement (Fig. 7). In order to be able to manipulate the devices, they 

should be placed in a specific holder with a grip, which can be grasped by the robotic arm. 

Then, the devices are positioned in the rack, the robotic arm takes the device for testing 

from the rack and puts it on the stand, facing the test chart and the timer. When all the tests 

with the device are performed, the robot returns the device back to its place in the rack. 

The advantage of this approach is that the number of the testing devices is limited only to 

the size of the rack and the robotic arm’s reach. By taking into account that the rack can 

have several levels where the devices might be placed and the modern robots can have up 

to 4 meters in reach [8], the testing setup can maintain tens of devices. However, 
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installation of a new device to the rack requires manual teaching of the robot about the 

position of the device. 

 

Fig. 7. Testing setup with a robotic arm. 

 

Another approach for automation is to use a carousel with the devices installed on it, which 

can revolve around its axis (Fig. 8). When there is a need to test the specific device, the 

carousel rotates so that the device is placed in a correct position, facing the test chart and 

the timer. The installation process of a new device is simple, since the position of the 

device on the carousel is determined only by rotation angle from the initial state of the 

carousel. However, similar to the case of robotic arm, the number of testing devices is 

limited to the size of the carousel. 

 

Fig. 8. Testing setup with a carousel. 
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2.3 Timer description 

 

The current setup uses DxO Universal Timer for the timing measurements (Fig. 9). The 

timer consists of 6 positional markers, which allow to identify its position on the frame. 

The marker in the top-left corner differs from the other markers, therefore it becomes easy 

to obtain the correct orientation of the device. In addition, the timer has 5 rows of 100 

LEDs each. Each row represents a running LED, which means that LEDs light up one after 

another and there is only one lit LED on each row at any given moment of time. The 

starting positions of the running LEDs on each row are the same. All LEDs on one row are 

lit for the same amount of time, however this time interval might be different for the 

different rows. The displays on the right-hand side of the device show the calibration time 

in milliseconds, which is needed to light up all LEDs on the corresponding row. The 

position of running LEDs on the rows with similar time on the display is always identical. 

 

 
 

Fig. 9. DxO Timer [9]. 

 

 

Five rows of LEDs enable accurate estimation of the timings and allow avoiding any 

ambiguities during the calculation of the rolling shutter and shutter lag. Moreover, the 

concept of the running LED on several rows is crucial for the calculation of the camera 

timings. During the camera exposure, the running LED on each row moves, leaving a 

highlighted trail. The length of the trail in LEDs can be used for estimation of the exposure 

time, since the glowing time of one LED is known. The timer with running LEDs is chosen 

over any other time display types (like seven-segment display), since the captured image of 

a time display will not be suitable for calculations in case of the clock transition during the 
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exposure. In this situation, the numbers will blend together on the final picture, because 

they occupy the same spot, making it impossible to determine the starting and ending 

moment of exposure (Fig. 10).  

 

 
 

Fig. 10. Blending of the numbers on a 7-segment display, explained by the transition of the 

clock during the exposure [10]. 
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3 MEASUREMENT ALGORITHM 

3.1 Detection of DxO Timer 

 

The resulting image that needs to be analyzed is shown in Fig. 11. In the algorithm, prior to 

calculation of any timings, the timer should be properly detected on the image using the 

positional markers, which are represented by circles with four segments of gray and black 

color. Knowing position of the DxO Timer, it is possible to determine position of each 

LED row on the image. Then, this information is used to calculate the first lit LED and the 

number of lit LEDs on each LED row.  

 

 
 

Fig. 11. Example of an input to the algorithm. 

 

3.1.1 Detection of the timer position 

 

One of the common methods for registering the object on an image is Template Matching 

[11]. In this method, the marker template (Fig. 12) is compared with different regions of 

the same size in the image and then matched with the most similar region. The marker 

template is chosen to be a square with four segments, since it allows simple manual 

construction of the template as a two-dimensional (2D) array. Knowing the physical 

properties of the timer, the distance between the camera and the timer and the field of view 

(FOV) of the camera lens, it is possible to estimate the area of the part of image, belonging 

to the timer, in pixels. Subsequently, this information can be used for estimation of the 
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radius of the positional markers in pixels. Finally, the size of the template is chosen to be a 

half of the positional marker radius in pixels, so that the template completely fits inside the 

marker. 

 

 
 

Fig. 12. Marker template. 

 

Goshtasby A. [12] describes several measures that can be used to evaluate the similarity 

between the template and the image region. The commonly used dissimilarity measure is 

square 𝐿2 norm, which is both fast to compute and has a good accuracy. Square 𝐿2 norm or 

square Euclidean distance between the template 𝑋 = {𝑥𝑖|𝑖 = 1, … , 𝑛} and the region 𝑌 =

{𝑦𝑖|𝑖 = 1, … , 𝑛}  of the same size is defined by [13]: 

 

 
𝐿2

2 = ∑(𝑥𝑖 − 𝑦𝑖)2,

𝑛

𝑖=1

 (1) 

 

where 𝑥𝑖 and 𝑦𝑖 are the corresponding intensities of the pixels in raster-scan order and 𝑛 is 

the number of pixels in the template and the image region. This measure is very sensitive 

towards the magnitude of difference in pixel intensities, therefore the matching results 

become highly dependent on the lighting conditions used during the capture. In order to 

cope with this issue, one can normalize the pixel intensities with respect to the mean and 

the standard deviation. Considering the template 𝑋 = {𝑥𝑖|𝑖 = 1, … , 𝑛} and the region of the 

image 𝑌 = {𝑦𝑖|𝑖 = 1, … , 𝑛}, �̅� and �̅� are the mean intensities of 𝑋 and 𝑌 respectively and 

the corresponding standard deviations 𝜎𝑥 and 𝜎𝑦 defined as: 

 

 

𝜎𝑥 = √
1

𝑛
∑(𝑥𝑖 − �̅�)2

𝑛

𝑖=1

, (2) 
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𝜎𝑦 = √
1

𝑛
∑(𝑦𝑖 − �̅�)2

𝑛

𝑖=1

, (3) 

 

the normalized square 𝐿2 norm can be calculated as:  

 

 
𝐿2

2 = ∑ (
𝑥𝑖 − �̅�

𝜎𝑥
−

𝑦𝑖 − �̅�

𝜎𝑦
)

2

.

𝑛

𝑖=1

 (4) 

 

The normalization with respect to the mean intensity makes this measure insensitive to the 

bias in pixel intensities, whereas the normalization with respect to the standard deviation 

leads to invariance towards image contrast, making the template matching procedure more 

robust to the changing lighting conditions. 

  

Another image registration approach is based on the usage of feature extraction methods, 

such as Scale-Invariant Feature Transform (SIFT) [14] or Speeded-Up Robust Features 

(SURF) [15]. The detailed comparison of these methods is presented in the papers [16] and 

[17], however in general SURF is considered to be faster than SIFT with almost similar 

performance. The features extracted from these methods are invariant to the image rotation 

and scale, therefore providing more robust marker detection.  

 

3.1.2 Estimation of lit LEDs  

 

There are several preprocessing steps that can facilitate the estimation process of lit LEDs. 

First of all, since LEDs appear to have a slight red tint on the image, it is beneficial to 

transform the image from RGB to HSV color space and use only hue channel for further 

calculations. Second, Masson et al. [18] describes the required steps that allow detection of 

lit LEDs on the image (Fig. 13). Initially, each row of LEDs is cropped from the original 

image. Then the operation of morphological closing [19] with square structural element is 

applied in order to remove the spaces between the LEDs. The size of the structural element 

equals half of the LED width in pixels. Finally, the image is binarized using thresholding, 
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so that all hue levels corresponding to red color appear to be white on the final image, 

whereas all other hue levels become black.  

 

 

(a) 

 

(b) 

 

(c) 

Fig. 13. Estimation of lit LEDs [18]: a) Row of LEDs; b) Application of morphological 

closing; c) Application of thresholding.  

 

It is possible to notice that the rolling shutter affects the detection of lit LEDs on the edges 

and the LEDs appear to be lit only partially. Thus, each LED row should be considered as 

a set of pixel lines and the position of first lit LED 𝐿𝑓𝑖𝑟𝑠𝑡 and number of lit LEDs 𝑁𝑙𝑖𝑡 

should be calculated for each pixel line separately (Fig. 14). These values can be estimated 

by computing the gradient of the pixel lines and choosing the points with non-zero 

gradient, which indicate the starting and ending positions of the lit LED stripe. Finally, the 

number of lit LEDs on the LED row can be evaluated as an average of lit LEDs on each 

pixel line. Then, it is possible to model the dependency between the first lit LED and the 

number of the pixel line using linear regression [20]:  

 

 𝐿𝑓𝑖𝑟𝑠𝑡 = 𝑎 ∗ 𝑖 + 𝑏, (5) 

 

where 𝐿𝑓𝑖𝑟𝑠𝑡 is the first lit LED on the pixel line, 𝑖 is the number of pixel line, 𝑎 and 𝑏 are 

the regression parameters. The first lit LED for the pixel line in the middle of the LED row 

can be taken as the estimate for the first lit LED for the whole LED row. 
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(a) 

 

(b) 

Fig. 14. Estimation of first lit LED and number of lit LEDs for each pixel line: a) Original 

image; b) Image, which is obtained using the preprocessing steps. 

 

There is an inaccuracy in estimation since the position of the first lit LED and the number 

of lit LEDs are integer numbers. When the LED is detected, meaning it is determined as a 

white region after thresholding, it is assumed that the LED was lit for full amount of time. 

However, the LEDs at the edges of the lit LED stripe can be less bright than those in the 

center, since the time for how long the LEDs at the edges are lit during the exposure time 

is less than for those in the center. Thus, there might be a situation when the actual starting 

LED is not detected if it is not bright enough, since the brightness that can be detected 

depends on the thresholding value used during the binarization. On the contrary, the LED 

can be detected even though it is lit for a very short period of time, which can be neglected 

in calculations, hence the LED which follows after this one can be considered as a starting 

LED. As a result, the inaccuracy in estimation of the first and last LED position equals to 

±1 LED. Consequently, the inaccuracy in the number of lit LEDs is ±2 LEDs. 
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3.2 Calculation of camera timings 

 

When the DxO Timer is detected on the scene and the first lit LED and the number of lit 

LEDs are estimated for each LED row, this information is subsequently used to compute 

all the required camera timings. 

 

3.2.1 Exposure time 

  

The number of lit LEDs on the LED row (Fig. 15), obtained as an average of lit LEDs on 

the corresponding pixel lines, can be used for calculation of the exposure time 𝑇𝐸: 

 

 
𝑇𝐸 ∈ ((𝑁𝑙𝑖𝑡 − 2) ∗

𝑇

𝑁
 ,  (𝑁𝑙𝑖𝑡 + 2) ∗

𝑇

𝑁
 ), (6) 

 

where 𝑁𝑙𝑖𝑡 is the number of lit LEDs on the LED row, 𝑇 is the calibration time for the 

corresponding row, describing how long it takes for the running LED to go through the 

whole LED row, and 𝑁 is the overall number of LEDs in a row. Exposure time is 

represented as an interval, since the number of lit LEDs is estimated with an accuracy of 

±2 LEDs. Moreover, the calculations should be performed for the LED row with smallest 

𝑇 in order to improve the accuracy. However, the number of lit LEDs must be less than the 

overall number of LEDs on a row, therefore the value 𝑇 cannot be too small. 

 

Fig. 15. Calculation of exposure time.  

 

3.2.2 Rolling shutter time 

 

The rolling shutter time can be calculated using the LED rows with similar calibration 

time. Although the position of the running LEDs on these rows is always identical, on the 

captured image the position of the first lit LED on each row is different due to the rolling 
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shutter effect as shown in Fig. 16, since the LED rows are exposed at different times. This 

information can be used to calculate the rolling shutter time 𝑇𝑅𝑆 as an interval: 

 

 
𝑇𝑅𝑆 ∈ (((𝐿𝑗 − 𝐿𝑖) 𝑚𝑜𝑑 𝑁 − 2) ∗

𝑇

𝑁
∗

𝐻𝑒𝑖𝑔ℎ𝑡

𝐻𝑖𝑗
,

((𝐿𝑗 − 𝐿𝑖) 𝑚𝑜𝑑 𝑁 + 2) ∗
𝑇

𝑁
∗

𝐻𝑒𝑖𝑔ℎ𝑡

𝐻𝑖𝑗
), 

(7) 

 

where 𝑖 and 𝑗 are the numbers of the LED rows with similar calibration time and LED row 

𝑗 is exposed later than LED row 𝑖, 𝐿𝑖 and 𝐿𝑗 are the positions of the first lit LED on the 

corresponding rows, 𝑇 is the calibration time for two rows, 𝑁 is the overall number of 

LEDs in a row, 𝐻𝑒𝑖𝑔ℎ𝑡 is the height of the whole frame in pixels and 𝐻𝑖𝑗 is the distance 

between the LED rows 𝑖 and 𝑗 in pixels. 

 

 

Fig. 16. Calculation of rolling shutter time.  

 

During the time when the rolling shutter travels from one LED row to another, the second 

LED row may wrap, meaning that the running LED reaches the end of the row and starts 

running from the beginning (Fig. 17). In this case, the difference between 𝐿𝑗 and 𝐿𝑖 is 
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negative. In order to calculate the actual difference in LEDs between the first lit LEDs on 

the rows, that appears due to the rolling shutter effect, one can use modulo operation with 

the divisor to be equal the overall numbers of LEDs in a row. Thus, if the difference 𝐿𝑗 −

𝐿𝑖 is positive, it will remain the same. Otherwise, the difference will be substituted with the 

value 𝑁 − (𝐿𝑗 − 𝐿𝑖). Moreover, the difference 𝐿𝑗 − 𝐿𝑖 represents how long it takes for the 

rolling shutter to move from the LED row 𝑖 to the LED row 𝑗. However, in order to 

calculate the rolling shutter time for the whole image frame, assuming that the speed of the 

rolling shutter is constant, one should divide the obtained estimate for the rolling shutter 

time by the distance between the row 𝑖 and 𝑗 in pixels and then multiply by the height of 

the whole frame. 

 

 

Fig. 17. Calculation of rolling shutter time in case when the second LED row wraps, the 

rolling shutter goes from top to bottom.  

 

The rolling shutter time is estimated as an interval due to the estimation error of the 

difference between the first lit LEDs. As it was discussed previously, the accuracy of 

estimation of the first lit LED on a row is ±1 LED, therefore the difference has the 

accuracy of ±2 LEDs. As it can be seen from the Eq. 7, the accuracy depends on the 

calibration time of the LED rows as well as the distance between the considered LED 
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rows. In order to improve the accuracy, the rolling shutter time should be calculated for the 

LED rows with the smallest value 𝑇 and the distance in pixels between these rows should 

be as large as possible. However, if the calibration time on the LED rows is small enough, 

during the time when the rolling shutter moves from one LED row to another, the latter 

may cycle, meaning that the running LED on this row will go through all the LEDs several 

times, making it impossible to distinguish how many cycles were done using just these two 

LED rows. In order to cope with this issue, it is possible to use two pairs of LED rows for 

calculation of the rolling shutter time. The following steps can be used for the calculation: 

 

1. Set large calibration time for one pair of LED rows in order to ensure that the LED 

row does not cycle. Calculate rough estimate of the rolling shutter time 𝑇𝑅𝑆_𝑠𝑙𝑜𝑤 

using this pair of LED rows. This pair of LED rows is referred as "slow" in the 

future. 

2. Calculate the estimate of the rolling shutter time 𝑇𝑅𝑆_𝑓𝑎𝑠𝑡 using the pair of LED 

rows with small calibration time. However, this estimate cannot be considered as 

final, since the number of cycles is not known. This pair of LED rows is referred as 

"fast" in the future. 

3. Using the rough estimate, it is possible to determine the number of cycles 

performed on the LED rows with small calibration time and therefore refine the 

estimate.  

 

Since the number of cycles for the fast LED rows is unknown, the estimate for the rolling 

shutter time 𝑇𝑅𝑆
𝑘  can be represented as 

 

 𝑇𝑅𝑆
𝑘 = 𝑇𝑅𝑆_𝑓𝑎𝑠𝑡 + 𝑘 ∗ ∆,     𝑘 = 0,1,2 …, 

(8)  
∆ = 𝑇𝐹 ∗

𝐻𝑒𝑖𝑔ℎ𝑡

𝐻𝐹
, 

 

where 𝑇𝑅𝑆_𝑓𝑎𝑠𝑡 is the estimate for the rolling shutter time, obtained using fast LED rows, 𝑘 

is the number of cycles, 𝑇𝐹 is the calibration time on the corresponding rows, 𝐻𝑒𝑖𝑔ℎ𝑡 is 

the height of the whole frame in pixels and 𝐻𝐹 is the distance between the fast LED rows 

in pixels. In order to refine the estimate, one should find such number of cycles 𝑘, so that 
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the interval center of the estimate 𝑇𝑅𝑆
𝑘  is closest to the interval center of the estimate 

𝑇𝑅𝑆_𝑠𝑙𝑜𝑤 (Fig. 18). However, one must ensure that the calibration times on fast and slow 

LED rows are chosen in such a way, that there is only one interval 𝑇𝑅𝑆
𝑘  intersecting the 

interval 𝑇𝑅𝑆_𝑠𝑙𝑜𝑤. Then, the desired number of cycles can be found using the formula: 

 

 
𝑘 =  [

𝑇𝑅𝑆_𝑠𝑙𝑜𝑤
𝑐𝑒𝑛𝑡𝑒𝑟 − 𝑇𝑅𝑆_𝑓𝑎𝑠𝑡

𝑐𝑒𝑛𝑡𝑒𝑟

∆
], 

(9) 
 

∆ = 𝑇𝐹 ∗
𝐻𝑒𝑖𝑔ℎ𝑡

𝐻𝐹
, 

 

where 𝑇𝑅𝑆_𝑠𝑙𝑜𝑤
𝑐𝑒𝑛𝑡𝑒𝑟  is the interval center of the estimate 𝑇𝑅𝑆_𝑠𝑙𝑜𝑤, 𝑇𝑅𝑆_𝑓𝑎𝑠𝑡

𝑐𝑒𝑛𝑡𝑒𝑟  is the interval center 

of the estimate 𝑇𝑅𝑆_𝑓𝑎𝑠𝑡. The operator [… ] is rounding to the nearest integer.  

 

Fig. 18. Refinement of the rolling shutter time estimate using fast LED rows.  

 

3.2.3 Shutter lag 

 

Since the timer and the camera are synchronized, it is possible to store the position of 

running LEDs on each row at the moment when the capture button is pressed using the 

information from the timer (see Fig. 6). When the exposure starts, the LEDs appear to be a 

little bit shifted as it is shown in Fig. 19, since the sensor pixels are not exposed right after 

the button press. The difference in LEDs is used for calculation of the shutter lag using the 

formula: 

 

 
𝑇𝐿 ∈ ((((−1)𝑝(𝐿𝑗 − 𝐿𝑠) ) 𝑚𝑜𝑑 𝑁 − 2) ∗

𝑇

𝑁
,

(((−1)𝑝(𝐿𝑗 − 𝐿𝑠) ) 𝑚𝑜𝑑 𝑁 + 1) ∗
𝑇

𝑁
), 

(10) 
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where 𝐿𝑠 is the position of the running LED at the moment when the capture button is 

pressed, 𝐿𝑗 is the position of the first lit LED on the row 𝑗, 𝑇 is the calibration time for the 

corresponding row and 𝑁 is the overall number of LEDs on a row, 𝑝 is a variable, that 

equals either 0 if positive shutter lag is calculated or 1 if negative shutter lag is calculated. 

Similar to the calculation of the rolling shutter time, the modulo operation resolves the 

issue of the LED row wrapping. It is important to notice that the actual exposure for the 

frame starts earlier due to the rolling shutter effect and that should be taken into account, 

when the shutter lag is calculated. Thus, the shutter lag estimate 𝑇𝐿_𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 with removed 

rolling shutter bias can be calculated as: 

 

 
𝑇𝐿_𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 = 𝑇𝐿 − 𝑇𝑅𝑆 ∗

𝑑

𝐻𝑒𝑖𝑔ℎ𝑡
, (11) 

 

where 𝑇𝐿 is shutter lag estimate including rolling shutter bias, 𝑇𝑅𝑆 is the estimate for the 

rolling shutter time, 𝑑 is the distance in pixels between the LED row used for calculation 

and the first pixel line, where the exposure for the frame starts, 𝐻𝑒𝑖𝑔ℎ𝑡 is the height of the 

whole frame in pixels. 

 

 

Fig. 19. Calculation of positive shutter lag. 
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The shutter lag is represented as an interval due to inaccuracy in estimation of the LED 

positions. As previously mentioned, 𝐿𝑗 is estimated with an accuracy of ±1 LED. 

Moreover, the running LED at the moment of capture button press can be lit for a very 

short amount of time during the shutter lag, therefore 𝐿𝑠 can be chosen as the LED 

following the detected one. Thus, the accuracy of a difference 𝐿𝑗 − 𝐿𝑠 is from −2 LEDs to 

+1 LED. From the Eq. 10, it is possible to notice that the accuracy of the shutter lag 

depends on the calibration time of the LED row, that is used for calculation. The best 

accuracy can be achieved using the row with the smallest value 𝑇. However, fast running 

LED speed may cause the LED row to cycle during the shutter lag. In order to solve the 

issue, the shutter lag can be calculated using several LED rows with different calibration 

times. Thus, similar to the calculation of the rolling shutter time, the refined estimate for 

the shutter lag 𝑇𝐿 can be calculated as: 

 

 
𝑇𝐿 = 𝑇𝐿_𝑓𝑎𝑠𝑡 + [

𝑇𝐿_𝑠𝑙𝑜𝑤
𝑐𝑒𝑛𝑡𝑒𝑟 − 𝑇𝐿_𝑓𝑎𝑠𝑡

𝑐𝑒𝑛𝑡𝑒𝑟

𝑇𝐹
] ∗ 𝑇𝐹, (12) 

 

where 𝑇𝐿_𝑓𝑎𝑠𝑡  and 𝑇𝐿_𝑠𝑙𝑜𝑤 are the estimates for the shutter lag, obtained using fast and slow 

LED rows respectively, 𝑇𝐿_𝑠𝑙𝑜𝑤
𝑐𝑒𝑛𝑡𝑒𝑟 is the interval center of the estimate 𝑇𝐿_𝑠𝑙𝑜𝑤, 𝑇𝐿_𝑓𝑎𝑠𝑡

𝑐𝑒𝑛𝑡𝑒𝑟 is the 

interval center of the estimate 𝑇𝐿_𝑓𝑎𝑠𝑡, 𝑇𝐹 is the calibration time for the fast LED row. 

 

Finally, in order to determine whether the shutter lag is positive or negative, it is possible 

to use the slowest LED row for the estimation. First, one needs to calculate the distances in 

LEDs ∆1 and ∆2 (∆1 + ∆2= 𝑁) between the LED positions 𝐿𝑠 and 𝐿𝑗 (Fig. 20). Then, ∆1 

and ∆2 are compared with each other. If ∆1 is smaller, then the shutter lag is positive, 

otherwise the shutter lag is negative. However, one has to ensure that the shutter lag is less 

than a half of the time that is needed for the running LED to go through the whole LED 

row. 
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Fig. 20. Determination whether the shutter lag is positive or negative [21]. 

 

3.3 Choice of DxO Timer parameters 

 

Calculation procedure for the camera timings, discussed in the previous chapters, revealed 

that the calibration times of the LED rows play an important role in the estimation 

accuracy of the camera timings as well as the possibility of calculation of the timings in 

general. There are some limitations that should be satisfied in order to calculate the timing 

with the desired accuracy. First of all, the number of lit LEDs on each row must always be 

less than the overall number of LEDs on a row, otherwise it is impossible to detect the 

position of the first lit LED. Therefore, the smallest calibration time that can be set for the 

LED rows should be greater than the exposure time. Initially, the calibration time can be 

set to some small value and then gradually refined until the condition is satisfied. 

Secondly, the accuracy of the rolling shutter depends on the calibration time of the rows, 

which are used for calculation, as well as the distance between them in pixels. Since there 

are two pairs of LED rows used during the calculation, the first and the fifth LED row can 

have the smallest calibration time and therefore provide the most accurate estimate. The 

second and the fourth LED row can have larger calibration time, ensuring that the LED 

rows do not cycle, and be used to calculate a rough estimate of the rolling shutter time. 

During the refinement process of the estimate, in order to remove uncertainty, there should 

be only one interval corresponding to the number of cycles that intersects with the rough 

estimate (Fig. 21). This condition is satisfied if the time difference 𝑑𝑖𝑓𝑓 between two 

consecutive intervals is greater than the length of the interval 𝑙𝑒𝑛𝑔𝑡ℎ𝑅𝑆_𝑠𝑙𝑜𝑤 corresponding 

to the rough estimate: 
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𝑑𝑖𝑓𝑓 >  𝑙𝑒𝑛𝑔𝑡ℎ𝑅𝑆_𝑠𝑙𝑜𝑤, (13) 

 𝑑𝑖𝑓𝑓 = ∆ − 𝑙𝑒𝑛𝑔𝑡ℎ𝑅𝑆_𝑓𝑎𝑠𝑡 , 

(14) 
 

∆ = 𝑇𝐹 ∗
𝐻𝑒𝑖𝑔ℎ𝑡

𝐻𝐹
, 

 
𝑙𝑒𝑛𝑔𝑡ℎ𝑅𝑆_𝑓𝑎𝑠𝑡 = 4 ∗

𝑇𝐹

𝑁
∗

𝐻𝑒𝑖𝑔ℎ𝑡

𝐻𝐹
, (15) 

 
 𝑙𝑒𝑛𝑔𝑡ℎ𝑅𝑆_𝑠𝑙𝑜𝑤 = 4 ∗

𝑇𝑆

𝑁
∗

𝐻𝑒𝑖𝑔ℎ𝑡

𝐻𝑆
, (16) 

 

where 𝑇𝐹 is the calibration time for the fast LED row, 𝑇𝑆 is the calibration time for the slow 

LED row, 𝐻𝐹 is the distances in pixels between the first and the last LED row, 𝐻𝑆 is the 

distances in pixels between the second and the fourth LED row, 𝐻𝑒𝑖𝑔ℎ𝑡 is the height of the 

whole frame in pixels and 𝑁 is the overall number of LEDs on a row. Using Eq. 13 - 16, it 

is possible to find the relationship between the calibration times  𝑇𝐹 and 𝑇𝑆, 𝑇𝐹 < 𝑇𝑆: 

 

 
𝑇𝐹 >

4

𝑁 − 4
∗

𝐻𝐹

𝐻𝑆
∗ 𝑇𝑆. (17) 

 

Due to the physical properties of the DxO Timer, the ratio between 𝐻𝐹 and 𝐻𝑆 is always 

constant and equals two, in case if the first and the last LED rows are chosen as fast and 

the second and the fourth are chosen as slow, therefore Eq. 17 can be simplified:  

 

 
𝑇𝐹 >

8

𝑁 − 4
∗ 𝑇𝑆. (18) 

 

 

Fig. 21. Resolution of uncertainty during the refinement of the rolling shutter estimate. 
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Finally, the accuracy of the shutter lag also depends on the calibration time of the LED 

rows. The third LED row can have the largest calibration time and be used for calculation 

of the rough estimate of the shutter lag. Then, the estimate can be refined using LED rows 

with smaller calibration time. Similar to the refinement procedure for the rolling shutter 

time, in order to remove uncertainty, there should be only one interval corresponding to the 

number of cycles that intersects with the rough estimate (Fig. 22). Therefore, the time 

difference 𝑑𝑖𝑓𝑓 between two consecutive intervals should be greater than the length of the 

interval 𝑙𝑒𝑛𝑔𝑡ℎ𝐿_𝑠𝑙𝑜𝑤 corresponding to the rough estimate: 

 

 𝑑𝑖𝑓𝑓 >  𝑙𝑒𝑛𝑔𝑡ℎ𝐿_𝑠𝑙𝑜𝑤, (19) 

 

 𝑑𝑖𝑓𝑓 = 𝑇𝐹 − 𝑙𝑒𝑛𝑔𝑡ℎ𝐿_𝑓𝑎𝑠𝑡, (20) 

 

 
𝑙𝑒𝑛𝑔𝑡ℎ𝐿_𝑓𝑎𝑠𝑡 = 3 ∗

𝑇𝐹

𝑁
+ 4 ∗

𝑇15

𝑁
∗

𝑑𝐹

𝐻15
, (21) 

 

 
 𝑙𝑒𝑛𝑔𝑡ℎ𝐿_𝑠𝑙𝑜𝑤 = 3 ∗

𝑇𝑆

𝑁
+ 4 ∗

𝑇15

𝑁
∗

𝑑𝑆

𝐻15
, (22) 

 

where 𝑇𝐹 is the calibration time for the fast LED row, 𝑇𝑆 is the calibration time for the slow 

LED row, 𝑑𝐹 is the distance in pixels between the fast LED row and the first pixel line, 

where integration for the frame starts, 𝑑𝑆 is the distance in pixels between the slow LED 

row and the first pixel line, where integration for the frame starts, 𝐻15 is the distance in 

pixels between the LED rows 1 and 5, which are used for calculation of the most accurate 

estimate for the rolling shutter time,  𝑇15 is the calibration time for the LED rows 1 and 5, 

𝑁 is the overall number of LEDs on a row. The length of the interval for the unbiased 

estimate of the shutter lag (Eq. 21 and Eq. 22) is obtained from the Eq. 11 as the length of 

a difference between two intervals 𝑇𝐿 and 𝑇𝑅𝑆, which equals the sum of the lengths of the 

intervals. Thus, the relationship between the calibration times 𝑇𝐹 and 𝑇𝑆, 𝑇𝐹 < 𝑇𝑆: 

 

𝑇𝐹 >
3

𝑁 − 3
∗ 𝑇𝑆 +

4

𝑁 − 3
∗ 𝑇15 ∗

𝑑𝐹 + 𝑑𝑆

𝐻15
. (23) 
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Taking into account that 𝑑𝑆 is larger than 𝑑𝐹, if the first and the last LED rows are chosen 

to be fastest, the second and the fourth are slower and the third LED row is the slowest, 

therefore Eq. 23 can be simplified: 

 

𝑇𝐹 >
3

𝑁 − 3
∗ 𝑇𝑆 +

8

𝑁 − 3
∗ 𝑇15 ∗

𝑑𝑆

𝐻15
. (24) 

 

 

Fig. 22. Resolution of uncertainty during the refinement of the shutter lag estimate.  
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4 EXPERIMENTS AND RESULTS 

4.1 Experimental setup description 

 

The experimental setup follows the requirements, described in the Section 2.2. However, 

the automation part is omitted during the experiments due to the implementation 

complexity as well as the time constraints for the writing of the thesis. Experiments are 

carried with several devices from different manufacturers in order to test the measurement 

algorithm as well as compare the results obtained for different devices with each other. The 

following devices are used for the testing: 

 

 Microsoft Lumia 950, 

 Samsung Galaxy S7, 

 iPhone 6s, 

 DSLR Canon EOS 5D Mark 2. 

 

The illumination of the chart is constant throughout the experiments and equals to 1500 

lux. The detection of the timer on a frame is performed using template matching, described 

in Section 3.1.1, instead of SIFT or SURF, since there is no significant rotation of the timer 

allowed. When the timer is detected, it is possible to calculate the distances 𝐻𝑖𝑗 in pixels 

between all LED row pairs 𝑖 and 𝑗 as well as the distances 𝑑𝑖 in pixels between the LED 

row 𝑖 and the first pixel line, where the exposure for the frame starts. This information is 

used later during the calculations of the camera timings. 

 

There are two sets of DxO Timer parameters used during the experiments. The first set is 

used for calculation of exposure time only. Since the exposure time can be estimated for 

every LED row independently, all the calibration times for the LED rows can be equal. 

Then, the final estimate for the exposure time is calculated as an average of the estimates 

obtained for every LED row. The second set is used for calculation of exposure time, 

rolling shutter time and shutter lag together. Section 3.3 describes the dependency between 

the calibration times on different rows. 
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4.2 Exposure time estimation 

 

In order to evaluate the performance of the exposure time estimation using the DxO Timer, 

every device is set to capture photos with similar exposure, which is chosen manually. 

However, accurate estimation of short exposure time requires setting of very small 

calibration times on the DxO Timer. If the calibration time is chosen to be too small, it 

may result in rolling shutter artifacts on the captured image in case the DxO Timer is 

positioned slightly incorrect, meaning that the LED rows and the sensor pixel lines are not 

aligned (Fig. 23). As a result, there are several lit LED stripes on the same LED row and 

therefore it is impossible to calculate the exposure time. 

 

 

Fig. 23. Rolling shutter artifact in case of very fast LED rows. 

 

This artifact does not appear on any device, which is used in the experiments, if the 

calibration time is greater than 10 ms. Therefore, the calibration time on each row is set to 

𝑇 = 10 ms and the exposure time on each device is set to 8 ms, resulting in approximately 

80 lit LEDs on each row and the accuracy of ± 0.2 ms, whereas the overall number of 

LEDs on a row is 𝑁 = 100. Analyzing the captured images (see Fig. A1 - A4 in the 

Appendix), it is possible to estimate 𝑁𝑙𝑖𝑡 for each LED row and then apply Eq. 6 to 

calculate the exposure time for every device. The results of experiment are presented in the 

Table 1. 
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Table 1. Exposure time intervals for different devices. 

Device Exposure time interval (ms) 

Microsoft Lumia 950 (7.7, 8.1) 

Samsung Galaxy S7 (7.7, 8.1) 

iPhone 6s (7.7, 8.1) 

Canon EOS 5D Mark 2 (7.6, 8.0) 

 

The obtained results are reasonable, since every interval contains the actual exposure time. 

However, in case if exposure time interval does not contain the preset value for exposure 

time, it is possible to detect an error in camera capturing process, since the actual exposure 

time differs from the chosen one. One can expect similar results for any other exposure 

time, if the calibration time is chosen so that 𝑁𝑙𝑖𝑡 equals approximately 80 on each LED 

row. Thus, considering that the inaccuracy of 𝑁𝑙𝑖𝑡 is ±2 LEDs, the relative accuracy of the 

exposure time estimate remains to be ±2.5% for every experiment. 

 

4.3 Rolling shutter time estimation 

 

In case of rolling shutter estimation, the calibration times for the LED rows on the DxO 

Timer are: 

 

 1st LED row: 25 ms, 

 2nd LED row: 137 ms, 

 3rd LED row: 3521 ms, 

 4th LED row: 137 ms, 

 5th LED row: 25 ms. 

 

The calibration time on the 2nd and 4th LED rows ensures that the LED rows do not cycle. 

Consequently, the calibration time on the 1st and 5th LED rows are chosen so that it 

satisfies the Eq. 18. Substituting 𝑁 = 100 and 𝑇24 = 137 ms in Eq. 18, the condition for 

𝑇15 becomes: 

 

 𝑇15 > 11.42 ms. (25) 
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The calibration time for the 3rd LED row is chosen arbitrarily, since this LED row is not 

used during the calculation of the rolling shutter time.  

 

In order to compare the rolling shutter time for different devices, the sensor resolutions are 

chosen so that the height of the image is approximately the same for every device. The 

calculation is based on the Fig. A1 – A4 in the Appendix. First, the rolling shutter estimate 

is calculated for the 2nd and 4th LED rows using Eq. 7. Then, the estimate is refined using 

the 1st and 5th LED rows with Eq. 8 and Eq. 9. The results of rolling shutter estimation are 

presented in Table 2.  

 

Table 2. Rolling shutter time intervals for different devices. 

Device Resolution Rolling shutter time interval (ms) 

Microsoft Lumia 950 5344x3008 (35, 36.43) 

Samsung Galaxy S7 4032x3024 (29.96, 31.7) 

iPhone 6s 4032x3024 (18.38, 20.09) 

Canon EOS 5D Mark 2 4608x3072 (2.05, 3.69) 

 

Among the electronic rolling shutters, iPhone 6s has the smallest value for the rolling 

shutter time. However, the rolling shutter time estimate for a mechanical shutter on Canon 

EOS 5D Mark 2 is significantly less than the estimates for electronic rolling shutters. 

According to the camera specifications [22], the maximum flash sync speed for Canon 

EOS 5D Mark 2 is 1/200 (5 ms). By definition, the maximum flash sync speed is the 

fastest shutter speed, which enables image sensor to be fully opened. Moreover, the rolling 

shutter time estimate for a mechanical shutter is defined as the time, which is needed to 

uncover the whole image sensor. Thus, the estimate for a mechanical shutter is reasonable, 

since it is less that the maximum flash sync speed.  

 

Another experiment is aimed to reveal the relationship between the rolling shutter time and 

the image resolution. The images are captured using Microsoft Lumia 950 and results for 

different resolutions are presented in Table 3.  
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Table 3. Rolling shutter time intervals for Microsoft Lumia 950 using different resolutions. 

Resolution Rolling shutter time interval (ms) 

1280x720 (13.76, 15.18) 

1920x1080 (14.55, 15.97) 

3840x2160 (28.55, 29.96) 

4992x3744 (53.72, 55.37) 

 

According to the obtained results, high resolution of the image leads to large rolling shutter 

time, because there are more sensor pixel lines to process during the capture. 

4.4 Shutter lag estimation 

 

During shutter lag estimation, the calibration times for the DxO Timer are: 

 

 1st LED row: 25 ms, 

 2nd LED row: 137 ms, 

 3rd LED row: 3521 ms, 

 4th LED row: 137 ms, 

 5th LED row: 25 ms. 

 

The calibration times for the 1st, 2nd, 4th and 5th LED rows are similar to the case of rolling 

shutter time estimation, since rolling shutter time is used during the calculation of the 

shutter lag. The calibration time for the 3rd LED row is chosen so that it satisfies Eq. 24. 

The DxO Timer is placed so that the ratio between 𝑑𝑆 and 𝐻15 is less than two on the 

captured image. Hence, the condition for the calibration time 𝑇3 on the 3rd LED row 

becomes: 

 

𝑇24 > 0.03 ∗ 𝑇3 + 0.165 ∗ 𝑇15. (26) 

 

 Since 𝑇24 and 𝑇15 are already chosen, Eq. 26 can be represented as: 

 

𝑇3 < 4429.17 ms. (27) 
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Since the automation is not a part of implementation of the thesis, the calculation process 

of shutter lag is not fully automatic. Thus, the camera and the timer are synchronized 

through PC, however the captured image as well as the timer state should be obtained 

manually and then passed as the input for the algorithm in order to extract the shutter lag. 

Since the process is time-consuming, it limits the number of tests that can be performed. 

The shutter lag is calculated using the stored information from the timer and the captured 

images (see Fig. A1 – A4). First, the unbiased estimate is calculated using 3rd LED row 

with Eq. 10 and Eq. 11. Then the estimate is refined using faster LED rows with Eq. 12. 

The results of one experiment for each device are presented in Table 4.  

 

Table 4. Shutter lag intervals for different devices. 

Device Shutter lag interval (ms) 

Microsoft Lumia 950 (227.47, 229.33) 

Samsung Galaxy S7 (-58.59, -56.81) 

iPhone 6s (-31.22, -29.38) 

Canon EOS 5D Mark 2 (165.16, 167.04) 

 

It is worth to notice, that iPhone 6s and Samsung Galaxy S7 have negative shutter lag, 

meaning that the exposure starts before the shutter button is pressed. However, the actual 

comparison between the devices cannot be performed using only one experiment due to the 

variations in the shutter lag for one device in several experiments [21], even though the 

camera settings as well as the laboratory conditions remain the same. This variability 

appears due to the features in software and hardware implementation of the camera. One 

should perform considerable amount of experiments to construct the distribution of shutter 

lag measurements for every device in order to be able to compare the devices with each 

other. Similarly, if the manufacturer wants to determine whether software or hardware 

update of device causes an improvement of the shutter lag, it can be done by comparison of 

the average shutter lag values before and after update. 
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5 CONCLUSION 

 

The main goal of the thesis is to present an overview of the automated system for camera 

timing evaluation and provide the description of the algorithm that is used for extraction of 

the timings from the captured image. The knowledge of the timings, such as exposure time, 

rolling shutter time and shutter lag, is essential, since these timings have a significant effect 

on the image capture. Moreover, the importance of automation is based on the need for the 

camera manufacturers to constantly improve their products, which is done through 

thorough testing of the devices.  

 

As a result, the algorithm for timing evaluation was developed and tested for several 

mobile phones and the DSLR. The experiments showed that the algorithm allows rather 

accurate measurement of the camera timings. As a confirmation, the actual exposure time 

that was set on every device is within the interval for exposure time estimate. Moreover, 

the measurement of the rolling shutter time revealed that electronic rolling shutter is much 

slower than mechanical shutter and that an increase in image resolution leads to increase in 

the electronic rolling shutter time. Finally, experiments for shutter lag estimation showed 

that some devices have positive shutter lag, whereas others have negative shutter lag. 

However, in order to compare the shutter lags on different devices with each other, one 

should perform a large number of experiments and construct the shutter lag distribution for 

every device. Then it would be possible to compare average shutter lag on different 

devices with each other. Moreover, the camera timings of one device before and after the 

device update can be compared with each other in order to determine whether the update 

causes improvement or degradation in performance. Thus, the presented system can be 

used for automatic testing of various cameras, however one should pay special attention to 

the selection of parameters on the timer in order to calculate the timings with the best 

accuracy. 
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APPENDIX 1. Results from the experiments 

 

 

(a) 

 

 

(b) 

 

Figure A1. Annotated results for Microsoft Lumia 950: a) Calculation of exposure time; b) 

Calculation of rolling shutter time and shutter lag. 

 

  



 

 

 

APPENDIX 1. (continues) 

 

 

(a) 

 

 

(b) 

 

Figure A2. Annotated results for Samsung Galaxy S7: a) Calculation of exposure time; b) 

Calculation of rolling shutter time and shutter lag.  



 

 

 

APPENDIX 1. (continues) 

 

 

(a) 

 

 

(b) 

 

Figure A3. Annotated results for iPhone 6s: a) Calculation of exposure time; b) 

Calculation of rolling shutter time and shutter lag. 



 

 

 

APPENDIX 1. (continues) 

 

 

(a) 

 

 

(b) 

 

Figure A4. Annotated results for Canon EOS 5D Mark 2: a) Calculation of exposure time; 

b) Calculation of rolling shutter time and shutter lag. 

 


