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1 INTRODUCTION 

Testing the glide properties of ski equipment is an essential component in the development of 

ski equipment, base structure and glide products as well as in race day equipment and glide 

product selection [1].  Ideally, one would like to differentiate between skis by directly measuring 

the coefficient of friction between the ski and the snow, however, no direct method exists for 

real-world glide testing.  In essence, glide testing involves the taking of one or a small number 

of measurements of one thing - time, average velocity, or distance - as a representation of 

another thing - the friction between the ski being tested and the snow.  Common test methods 

include parallel, timed glide tests, glide-out tests, and feeling [2].  In a timed glide test, for 

example, the measurement is time, which corresponds to the average velocity in the test zone.  

Average velocity is indicative of average frictional forces as long as all other factors remain the 

same. 

  

There are several problems with this approach.  First, friction between the snow and the ski 

base is speed dependant [3].  Second, small variations in professional ski tester's body 

position, weight distribution and edge pressure can affect the test outcome [4].  Third, test 

conditions can change rapidly making it difficult to repeat tests in order to compute more 

statistically robust results [5].  The end result is that glide test data may have low statistical 

significance, incorporate data over a wider velocity range than desired, or even produce false 

results due to changing test conditions. 

 

More recently, newer technologies capable of quantifying distance traveled, velocity, and/or 

acceleration in small time increments have been explored for analyzing skier performance.  

These technologies include IMUs, fusing data from IMUs and GPS [6, 7], and optical flow [8, 

9].  To date, the only published work where these newer technologies have been applied to 

glide testing involves IMUs.  Breitschädel et al [2] found that low-cost IMUs can produce 



reasonable estimates close to the precision required, but that "current IMU systems cannot 

distinguish between skis with similar glide performance." 

 

The purposes of our paper are to 1) present a new measurement system for testing ski glide 

characteristics that produces high sample rate velocity vs. time measurements using image 

alignment techniques and Hall effect sensors 2) validate the system in the laboratory, and 3) 

evaluate the system in real-world glide testing with professional glide testers. 

 

2  METHODS  

Image Alignment  "Algorithms for aligning images and estimating motion in video sequences 

are among the most widely used in computer vision." [10]  Optical flow is the most general 

version of motion estimation.  It was first introduced by Horn and Shrunk in 1980.  The method 

extracts the "apparent velocities of movement of brightness patterns in images" [11].  

However, converting velocities of pixels in a 2D image back into velocity in world coordinates 

requires knowledge of the intrinsic and extrinsic camera parameters as well as the distance 

between the optical center of the camera and the object whose velocity is being measured.  

Since this is rarely known in real-world applications, optical flow is seldom used to measure 

real-world velocity. 

 

Figure 1 shows a cross section of an ideal camera geometry imaging motion in the 3D world.  

Using similar triangles, the optical flow Δu in one dimension can be computed as follows: 

 

        
          

  
    (1) 

 

where Z0 is the distance to the object being imaged in the first image frame, Δx is the change 

in the vertical position of a point in the 3D scene, Δz is the change in distance to the object 

being imaged and u1 is the distance from the optical axis to the pixel in the image sensor in 

which the translation between images is being computed. 



 

Ski glide testing provides a unique 

opportunity to use translational image 

alignment techniques because the ski 

provides a mounting surface that remains 

a constant distance from the snow 

throughout the glide test.  Additionally, 

the image plane of the sensor and the 

plane of the snow can be kept parallel.  

These unique geometrical constraints mean that Δz always equals zero and equation 1 

reduces to: 

 

        
  

  
       (2) 

 

We can easily extract the ratio of z'/Z0 from camera calibration.  As long as the image sensor 

stays a constant distance from the surface of the snow, the relative velocity between the snow 

and the image sensor can be computed from equation 2.     

 

In our research, we use the ADNS 3060 optical navigation sensor from Avago Technologies, 

which incorporates a 30 x 30 pixel image sensor array which is capable of frame rates 

exceeding 6500 fps.  In addition to the image sensor the ADNS 3060 includes a navigation 

engine which performs the image translation computations. In our research we sample the 

sensor at either 500 Hz or 1000 Hz.  The sensor is housed in a rapid prototype enclosure that 

is attached to the tail of one or both of the test skis with a suspension system to keep the 

sensor a precise distance above the snow (Figure 2). 

 

One of the assumptions inherent in image alignment 

algorithms is the image brightness constraint, which 

states that corresponding pixel values between image 

pairs stay the same.  This requires precise collimated 
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lighting of the surface and the blocking of external illumination.  In our work we illuminate the 

snow with a high intensity LED light collimated with a custom designed collimation lens. 

 

To find pixel correspondences between image pairs in the video sequence, the pattern of snow 

crystals must be visible in the image sensor.  We've determined experimentally that selecting 

an imaging magnification that projects the size of a snow crystal onto an area of about the size 

of a pixel works best.  Snow crystals, in well groomed tracks, are generally around 0.5 mm 

across.  The pixels in an ADNS 3060 are 0.060 mm.  To match the two we designed a custom 

imaging lens with a 1:7 magnification ratio.  

 

One of the advantages of using image alignment techniques compared to inertial 

measurements, is that each image pair produces a distance measurement.  The native output 

of an image alignment algorithm is distance per sample period or velocity, whereas with an 

IMU velocity must be computed by integrating the time history of the acceleration values.  In 

IMUs, small errors in acceleration become large errors in velocity within seconds.  This is the 

well known drift effect of IMUs.  With image alignment techniques, velocity measurements do 

not drift because each measurement is independent of the previous measurement.  However, 

extracting distance from an image alignment algorithm is subject to the same kind of drift that 

one sees in an IMU.  Fortunately, in glide testing we are mostly interested in velocity.   

 

Hall Effect Sensors  In addition to needing an accurate measurement of ski velocity, we also 

need a way to align the velocity data with a physical location on the test track.  We do this 

using a technique similar to Null-Point sensing [11].  But unlike traditional Null-Point sensing, 

where a pair of magnets is used to produce a zero point in a magnet field, we use a pair of Hall 

Effect sensors located in the optical sensor enclosure on the ski.  The sensing axes of the Hall 

Effect sensors are parallel to each other and vertical to the test track.  The plane between the 

sensing axes of the Hall Effect sensors is longitudinally aligned with the test track.  A small (6 

mm diameter) magnet is placed just beneath the track surface about 3 meters after the start of 

the glide test and a second magnet is placed in the track 50 m to 100 m farther down the track.  

The differential output of the Hall Effect sensors has two important characteristics: 1) large 

external magnetic fields (like the Earth's) cancel out because both sensors see the same field 



and 2) a very precise and repeatable zero crossing is 

produced when a small magnetic source passes the vertical 

plane between the sensors.  Figure 3 shows the typical 

magnetic spike detected this way, which is easy to 

automatically extract in software.  

 

Calibration  The system is calibrated on a 2 meter test track 

over a surface that has similar texture pattern to snow.  10 passes along the test track were 

performed and the results were used to compute z'/Z0.  The standard error of the calibration 

constant is 0.41 mm or about 1 snowflake diameter. 

 

Repeatability Validation  Repeatability testing was performed on a snow simulator with a 

surface that is optically similar to snow.  The simulator uses a spinning disk and an optical 

encoder to simulate a 100 meter test track.  18 tests were performed.  The standard error of 

the 18 tests was 2.12 mm.  It is important to note that these results are the best one can 

expect on snow.  The system measures the relative velocity of the snow that the sensor 

images.  If there is any movement of the snow relative to the Earth or if something interferes 

with the imaging, the velocity measured would be relative to the moving snow or interference.  

 

On snow tests  Matched pairs of test skis where prepared with glide products that had subtle 

differences in performance, but which were expected to perform differently in different speed 

zones.  The pairs of skis were alternated between runs to prevent changes in track conditions 

from biasing the results.  Six runs with each pair of skis were performed.  The data from each 

run was first processed with a median filter to remove outliers (which can occur if snow 

temporarily sticks to the window) and then with a moving average filter to eliminate 

quantization steps.  The runs from each pair of skis were temporally aligned using the 

magnetic data and averaged together to give composite speed vs. time curves.  A timing 

system was installed with the start gate at the first magnet and the end gate at the last magnet. 
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3  RESULTS  

Figure 4 and 5 show velocity vs. time 

for six test runs on ski pair 1 and ski 

pair 2 respectively.  Figure 6 and 7  

show  the average of the 6  runs taken 

at each time step as well as the 

standard error above and below for ski 

pair 1 and ski pair 2 respectively.  

Figure 8 shows the average distance 

difference between the two pairs of 

skis vs. time.  The total distance 

difference after a 58 m glide test was 

28 cm, showing that the two pairs of 

skis were closely matched.  The timing 

system data for ski pair 1 had a mean 

of 9.72s +/- 0.02 standard error.  The 

timing system data for ski pair 2 had a 

mean of 9.73s +/- 0.02 standard error, so there was no 

statistically significant difference between the two pairs of skis 

based on timing system data.  Figure 9 shows the speed 

difference between the two pairs of skis plotted as a function of 

the speed of ski pair 1 and Figure 10 bins the speed differences 

by 1 m/s speed zone and shows the error bar for each speed zone.  

Figure 10 clearly shows that ski pair 1 has a statistically significant 

higher velocity in all speed zones relative to ski pair 2 and that the difference is more 

pronounced at higher velocities.   

 

4  DISCUSSION 

In our research, we performed a number of different two ski-pair comparisons using our optical 

measurement system on different tracks with different snow conditions, different skis and 
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different test pilots.  The data shown in this paper were specifically selected because the glide 

performance of the skis being tested where statistically indistinguishable using data from a 

timing system.  The ski pairs where, however, statistically distinguishable using the velocity 

time series data.  We believe this is due to the significantly higher information content and 

information density obtained from the 500 Hz velocity time series data. 

 

In the test data shown in this paper, one pair of skis was always faster than the other pair.  We 

have also seen test results that show with statistical significance that one pair of skis can be 

faster than another in some speed zones but not in others.  Thus, not only are we able to 

distinguish between ski performance that doesn't produce statistically different timing data, we 

are also able to distinguish between ski performance in specific speed zones.  To our 

knowledge this is the first time someone has been able to show such differences in one 

continuous test with this resolution.  Instead of just acquiring a distance between skis (parallel 

test) or an average time over the test zone (timed test), we are able to measure the glide 

performance almost continuously with a resolution up to 1000Hz. Further, no above-snow 

infrastructure (e.g. timing gates) need to be placed in the track that might interfere with other 

skiers or be moved by other skiers. Data we've extracted from the system include: 

 

 Continuous velocity vs. time and distance 

 Max velocity and time to max velocity. 

 Terminal speed in test zone 

 Overall acceleration up to max velocity and the deceleration pattern after max velocity. 

 

From all test data we have collected (not shown) the general pattern is that the smallest 

differences are seen in the acceleration part of the curve. But we commonly see significant 

differences in top speeds and in the pattern of the curve in the deceleration phase of the test. 

This observation suggests a need to redesign test tracks to include a larger portion of 

deceleration and maybe re-acceleration at higher velocities. Additionally, test tracks must 

support test velocities which are matched to the expected race velocity.  

 



Since our system uses imaging to measure velocity, anything that interferes with the image 

acquisition process can cause noisy data.  This includes loose snow on the test track, rough or 

inconsistent track conditions, highly porous snow, water on the track, and unusually small 

snow crystals.  One of our biggest challenges was effectively isolating the device from 

vibrations due to rough track conditions.  The current system is effective in most test situations, 

but further work is required to get good results under more challenging test track conditions.   
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