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Abstract:

	The 2009 National Academies of Science report (NAS) was critical of the lack of statistical models in impression evidence research. It also noted the lack of study into the range of possible distortion of the evidence.  A well-developed method to describe shape variation between biological specimens is Geometric Morphometric analysis (GM). GM analysis involves placement of landmark points, curves or outlines on either two- or three-dimensional images. The landmark data can be extracted and analyzed statistically as a unit. GM methods allow for a quantitative examination of shape by capturing the geometry of morphological structures of interest and preserving this information through statistical analysis. Shape information can be visualized by plotting landmark positions in Procrustes superimposition, a method of optimally matching one shape to another. This approach was used to explore distortion in fingerprints with regard to pressure and substrate. It was also applied to footwear evidence to test if size could be determined without a scale in the image. 
Amongst the tools available for statistical analysis is Principal Component Analysis (PCA), allowing for determination of which shape aspect is responsible for the most variation.  Canonical Variates Analysis (CVA) can also be used to determine if shape information can distinguish between different categories of data.  
	For the fingerprints, results indicated that there was a high degree of reproducibility of the prints at the varying substrates and pressures as the variance was very low at 0.000886 with a Root Mean Square scatter (RMS) of 0.029. PCA analysis determined that 56% of the variance in the prints was movement of the ridge structure in the fingertip portion of the print while the bottom portion remains almost stationary. CVA plots of scores can separate specimens into groups (i.e. by pressure+ substrate). Cross validation estimates of assignment tells how effectively the measurements are in performing this task of assigning specimens to groups.  High assignment rates indicate shape is a good predictor of group membership. There was a high correct assignment to pressure based on substrate in all groups except 10 print cards where the results were not pronounced. This indicates that 10 print cards may be relatively immune to pressure affects. Substrate differences were always detectable, an effect which increased with increasing pressure.
	For the footwear portion, results indicated that as the pattern altered shape, size could be determined within a half size even with no scale in place. The ability to pair the left and right shoe together was also possible. The error was roughly one half size as could be expected due to variation in manufacturing processes. 
Ideally, quantification of the range and types of distortion produced will provide forensic practitioners with quantifiable validations of the quality of example items in the pattern evidence disciplines.


Statement of objectives:


	In the 2009 National Academy of Sciences Report (NAS) summary assessment on friction ridge analysis, it was stated that the impression left by a finger would change each time due to degree of pressure exerted (1). Pressure can play a significant role in distortion as it will undoubtedly affect the appearance of the friction ridge detail through alteration of features such as the distance between adjacent ridges, width of each ridge and the length of ridges. The nature of surface touched would also have an affect on appearance of the print as the texture could alter deposition of ridge detail (1). As per the NAS report, “None of these variabilities – of features across a population of fingers or of repeated impressions left by the same finger – has been characterized, quantified, or compared.” (1). The questions then becomes to what extent do these variables affect the reliability of transfer of the print and do different substrates or pressures make it harder to reliably measure the location of minutiae. Also, are systematic and detectable changes seen that allow discrimination between these variables. 
	In the area of footwear evidence, questions can be, is it possible to determine the size of the shoe if no scale was used in the digital image?  Also, with regard to accidental characteristics, how long does it take for these characteristics to change and how much do they change over time? For footwear evidence, examination of accidental marks, or subtle differences in the form of shared class characteristics may be performed. 
	Thus, for fingerprints and footwear, quantification allows access to statistical approaches to evidence for the parameters listed above.
	In order to quantify deformation/distortion, a method that can statistically analyze the changes in shape that can occur was necessary. A technique used in many other fields to study shape change and variation in biological structures is that of Geometric Morphometric analysis (GM) (2-7). This method involves the placement of landmark points on either 2D or 3D digital images.  The data derived from the points is then extracted from the images and compared, allowing for quantitative comparison of the data sets. 
With GM methods, shape information can be visualized by plotting landmark positions in Procrustes superimposition, a method of optimally matching one shape to another and is a measure of the closeness in shape of superimposed specimens. It is recognized as a general-purpose measure of specimen similarity in the geometric morphometric framework. Procrustes distances can be used to summarize variations in populations, to express the degree of similarity of individual specimens, means of populations, or to search for matches between specimens. Procrustes methods can remove arbitrary differences in sets of Landmark measurements by removing differences attributable to location, rotation and scale. Scale is measured as Centroid Size (CS), the square root of summed squared distances of all landmarks about the mean location (centroid).  With CS all specimens are set to the same centroid size, which is 1. Size can be preserved, however, with a size preserving Procrustes method (Procrustes - SP). Both Procrustes and Procrustes – SP were used for this project.
	The tools available for statistical analysis include Principal Component Analysis (PCA) with which the principal variations of shape can be plotted and visualized. It is a mathematical way of displaying the strongest independent patterns of variation in a multivariate data set. This allows for determination of which shape aspect is responsible for the most variation. Canonical Variates Analysis (CVA) can also be used to determine if shape information is distinguishable between different categories of data. CVA is a multi-axis discriminant function and it attempts to sort individuals into groups based on multivariate measurements. With CVA, it is possible to determine if the shape (Procrustes data) or size+shape (Procrustes SP) can be used to predict the pressure and paper type. 
	Fingerprint and footwear analysis has a long history in the legal system, and these methods used were taken from a completely different field of endeavor, allowing for an independent viewpoint on fingerprints. This use of advanced scientific approaches not commonly applied to fingerprints and footwear forms a potentially informative independent approach to some of the fundamental questions raised by the NAS report. This project sought to determine how GM methods would translate to fingerprints and footwear evidence, examining one the concerns stated in the NAS report, that of shape change (distortion). Thus describing statistically, the changes and deformation that can occur, allowing for a quantifiable means to describe shape change.


	
Methods: 

	All necessary Human Subject Review Board approvals were obtained prior to starting this project.  

Fingerprints
	

	A series of fingerprints were acquired from a volunteer who is also a fingerprint examiner. These prints were impressed on 10 print cards, computer paper, soft gloss photographic paper, and retabs. Each series was impressed with heavy pressure, normal pressure and light pressure. Pressure was determined qualitatively. There were 10 prints obtained in each series for a total of 120 prints of the same finger under the varying conditions of substrate and pressure described above. Six prints were dropped from the study due to lack of appropriate detail. The total number of specimens was 114.
	Another set of fingerprints was obtained from 10 volunteers. A fingerprint examiner acquired the prints (the same as the single volunteer). The examiner pressed the finger of the volunteers qualitatively with light, normal and heavy pressure on soft gloss paper and 10 prints cards. Each print was impressed ten times. This resulted in 60 prints for each individual finger with 600 fingerprints total for the group. 
	In addition, prints were obtained for another volunteer on curved surfaces. There were 5 curvatures (0.5, 0.75, 1.0, 1.25 and 1.5 inch pipe) each repeated 10 times perpendicular to the pipe and parallel to the length of the pipe.
	All of the prints were then scanned on a flatbed scanner with a calibrated ruler in place and digital images created at 1000dpi. Eighteen landmarks were placed on the print and two on the scale for reference, resulting in 20 landmarks total (Fig 1). The landmarks were chosen at locations of bifurcations and terminations to maximize the area of the entire print. Orientation of minutiae was not a factor. The same landmarks were used for each print from each individual volunteer. tpsDig freeware was used for landmark placement (8). The data was then extracted and the prints compared statistically with IMP freeware written by author HDS (9). 




Footwear

	A size series of three different brands of shoes, Converse All Stars, Nike Lunars, and Sperry Topsiders were utilized from a local shoe store. The Nike pattern was very complex, the Sperry was very simple, and the Converse was mid range in its intricacy. A run of sizes was obtained for each brand.  Thus for the Nike the sizes were: 9, 9.5, 10, 10.5, 11, 11.5,12, 13. Converse: 8,8.5,9,9.5,10,10.5,11 (two pairs of size 9 shoes) and for the Sperry:  8, 8.5, 9,9.5,10, 10.5,11,11.5, 12.  The right and left shoes were scanned separately. 
	The shoes were scanned on a flatbed scanner at 300dpi with an ABFO scale in place.  Landmarks were placed on the repeatable patterns on the soles, specifically at the outer edges were it was seen that the pattern was increasing and changing (Fig 2) (8). It was noted that there was a pattern difference between the sizes. After landmark placement the data points were extracted and analysis performed (9).
	In addition, 11 pairs of size 10 Nike Air Force 1 sneakers were purchased. “Accidental” characteristics were created with a dental handpiece. A metal separating disc was used to make cuts and a round dental bur was used to create divots in the in the soles. All 11 pairs received the same marks in the same locations (Fig 3).
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Fig 1:  Landmark placement of fingerprint. 18 minutia points were selected. 
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Fig 2: Landmark placement of the Converse shoe
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Fig 3:  Accidental characteristics created on the Nike Air Force 1



Error Analysis: Fingerprints and Footwear

	Repeated measures were used to determine the variance, which was described by Root Mean Square (RMS) (scatter about the mean) as the data was multivariate and not normally distributed. Root Mean Squared (RMS) was used to determine the Procrustes scatter of points about the mean shape.  A low RMS scatter means high measurement repeatability, high scatter means low repeatability.

Repeated measures will capture variation due to the impression process, the photographing or scanning, and the digitizing process.



	

Y is the measured set of locations of minutae.  X is the “true” location of these points. Each of the sigma terms indicates a variation or error introduced by the particular operation.


Repeated placement of landmarks of a single image shows the error/variance due to landmark placement only.






Results:

Fingerprints:
	
Single Volunteer

	In summary of the data, the fingerprints transferred in a very reliable manner regardless of pressure or substrate, as the RMS scatter was very low with tight grouping of clusters in the plots (Fig 4 and 5). The differences were detectable though PCA scores and could be used to group the prints based on pressure/substrate variables (Fig 6). The first axis, the X axis, descries the main case of variation, while the Y describes the second most common cause. These axes can be plotted in what is known as a deformation plot to better visualize what is shown. The main cause of deformation of the prints form the single volunteer can be seen in figure 7. The arrows indicate which landmark is moving and the direction in which it moves. The length of the arrow depicts how much it moves. The plot depicts more movement in the top portion of the fingerprint while the bottom remains almost stationary. This stands to reason, as the tip of the finger is more extensible than the lower portion. Also, there were rolled fingerprints and the movement of the rolling can easily be seen.
	CVA scores attempts to sort the data into groups. Here it is sorting the fingerprints of a single volunteer based on pressure and substrate (Fig 8). Though there is some overlap, segregation of the groups can be seen, illustrating that these changes can be detected.
�	Cross validation estimates of assignment tell how effectively the CVA measurements are in performing this task of assigning specimens to groups. High assignment rates indicate shape is a good predictor of group membership. Fig 9 shows repeated measures of 3 images at high, low and normal pressure.  The CVA was 100% successful in assigning specimens in the cross validation.  This clearly indicates that level of error appearing in landmark placement (variance) does not limit the ability to tell impressions of a single fingerprint at different pressures apart. Figure 10a illustrates the percent of correct assignment substrate relative to pressure while figure 10b shows pressure relative to substrate. There was a high correct assignment as compared to random expectation to all groups except the 10 print, indication that 10 print cards may be realatively immune to pressure affects.  Figure 11 illustrates the cross validation of all pressures and substrates. 




[image: fp scatter.tiff]
Fig 4: Tight grouping of clusters shows small variance due to pressure on 10 print cards.
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Fig 5: All fingerprints superimposed. Again, notice tight grouping with small amount of scatter.
[image: pca scores fp.tiff]

Fig 6.  Though the scatter was minimal, the groups could be readily distinguished as belonging to light, normal or heavy pressure. Notice distinct separation of groups.
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Fig 7:  Movement of the landmarks with regard to pressure and substrate. This depicts the extent of the distortion seen.
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Fig 8.  CVA plot shows that all of the prints can be seen to cluster in groups.
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Fig 9: These are repeated landmark placements of 3 particular images, at high, medium and low pressure- the CVA is 100% successful in assigning specimens in the cross validation.
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Fig 10a: It was possible for the program to assign a fingerprint correctly based on substrate except for 10 prints cards which were fairly immune to pressure differences.

[image: cva pressure.tiff]
FIG 10b: CVA was able to distinguish between the pressures used.
Cross-Validation Assignments-FP with varying Pressure and Substrate
Much better than random assignment- strong tendency to place mismatches within the same pressure category, but not within paper type
59% correct, random rate would be 8.3% correct
83% correct pressure


Fig 11:  Cross validations of all pressures and substrates


















10 volunteers:

The CVA plot of the ten volunteers again shows segregation of the groups. The separation is more pronounced than that seen with the single volunteer. This could be due to the fact that there were only 2 substrates used for this group while the single volunteer had 4. Cross validation scores were also high (Table 1). 

[image: ]

Fig 12.  Plot of the CVA scores shows an ability to discriminate among paper and pressure.




















Table 1:  Correct assignment rate overall all specimens



There were no significant effects on ability to reliably measure landmark locations in the group of ten volunteers as variance was low. 

Error analysis: RMS Scatter, Procrustes Units

ANOVA of Procrustes Scatter
Source 		SS 			df 	MS 		F 		Prob>F 
-------------------------------------------------------------------------- 
Paper			0.00017 	1 	0.00017 	3.65 	0.0612 
Pressure 		0.00004 	2 	0.00002 	0.42 	0.6584 
Interaction 		0.00022	2 	0.00011 	2.35 	0.1052 
Error 			0.00248 	54 	0.00005 
Total 			0.0029 		59 

-Note Paper was at p=0.06 with n=10.




Fingerprints relative to Radius of curvature

	Perpendicular to length of pipe

	It was found that that were similar extents of stretch along the long axis of the finger both parallel and perpendicular to the length of the pipe, but in the perpendicular system this variation correlated with curvature, but not in the parallel system. The RMS scatter was fairly low again suggesting that the prints transferred reliably regardless of this variable (Table 2). This can be seen in the Procrustes plot with tight groups and minimal scatter (Fig 13). The primary cause of variance of the prints can be seen with an expansion from top to bottom (Fig 14). The CVA plot did not show clear segregation of the groups and the cross validation scores were low (Fig 15). Table 3 lists the change in length of landmark points as radius of curvature changes. There was roughly a change comparable to one ridge width seen. It is unknown if this could be possibly a change due to pressure as pressure was not a variable investigated in the curvature portion of this study. This would be an area to investigate for future work.









	Tube size
	Procrustes RMS
	Procrustes SP RMS (mm)

	0.5
	0.0214
	0.0439

	0.75
	0.02835
	0.0463

	1
	0.0270
	0.04698

	1.25
	0.0207
	0.0398

	1.5
	0.0270
	0.0470

	reference
	0.0332
	0.0559

	
	
	

	All curves
	0.0269
	0.0484

	All curves+reference
	0.0305
	0.0565

	
	
	

	
	
	


Table 2:  RMS scatter within fingerprints perpendicular to the length of the pipe



[image: ]

Fig 13: Procruste SP plot of all perpendicular curves
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Fig: 14: Negative of first PCA axis (ie motion from right to left in above PCA plot)- shows expansion of print.
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Fig 15:  CVA plot of all curved surfaces. The fingerprints were in the perpendicular direction to the length of the pipe
Results from CVA/Manova
Axis 1 Lambda= 0.0134 chisq=73.3137 df=30 p=1.7238e-005
Axis 2 Lambda= 0.1005 chisq=39.0554 df=20 p=0.00656246
Axis 3 Lambda= 0.2509 chisq=23.5055 df=12 p=0.0237283
Axis 4 Lambda= 0.4262 chisq=14.4983 df=6 p=0.024539
Axis 5 Lambda= 0.6974 chisq=6.1256 df=2 p=0.0467556
Jackknifed Groupings from CVA
 Original Groups along rows, CVA groups along columns
-   0   1   2   3   4   5   6 
 -   1   2   1   1   0   0   0 
 -   2   2   0   1   1   0   0 
 -   3   0   0   1   2   1   0 
 -   4   1   0   2   0   1   0 
 -   5   0   0   2   1   1   0 
 -   6   1   0   0   1   0   2

 6 Correct assignments,
 18 incorrect assignments, 
25.00 % correct


	Length 1 to 16
	CS
	Tube diameter
	Mean length 1 to 16

	1.22509
	1.59521
	0.5
	1.2530925

	1.24994
	1.61341
	0.5
	

	1.2819
	1.65385
	0.5
	

	1.25544
	1.64239
	0.5
	

	1.23137
	1.61758
	0.75
	1.2427925

	1.22468
	1.60963
	0.75
	

	1.25926
	1.6263
	0.75
	

	1.25586
	1.6186
	0.75
	

	1.2351
	1.61775
	1
	1.2415

	1.21318
	1.59434
	1
	

	1.28415
	1.65621
	1
	

	1.23357
	1.60798
	1
	

	1.22122
	1.59452
	1.25
	1.234325

	1.21942
	1.58277
	1.25
	

	1.2357
	1.61392
	1.25
	

	1.26096
	1.63198
	1.25
	

	1.23256
	1.61597
	1.5
	1.217045

	1.23946
	1.61461
	1.5
	

	1.19028
	1.58508
	1.5
	

	1.20588
	1.58148
	1.5
	

	1.29599
	1.66946
	ref
	1.285585

	1.2821
	1.64979
	ref
	

	1.28797
	1.6644
	ref
	

	1.27628
	1.66468
	ref
	




Table 3: Change in length from landmark 1 to landmark 16 as radius changes. This is roughly a shift of 0.4 mm, about one ridge separation












Parallel to the length of the pipe

	Table 4 lists the RMS scatter of the prints parallel to the length of the pipe. Again, low scatter is seen. Figure 16 is the deformation plot illustrating the primary cause of variation and movement of the landmark points relative to his variable. The CVA plot in Figure 17 shows a much clearer segregation than that seen in the perpendicular direction and the cross validation scores are higher than that in the perpendicular direction.  Table 5 lists change in length from landmark 1 to landmark 16 as radius changes. There was no correlation between this and changes in curvature.

	Tube size
	Procrustes RMS
	Procrustes SP RMS (mm)

	0.5
	0.0344
	0.6189

	0.75
	0.0258
	0.4776

	1
	0.0273
	0.4838

	1.25
	0.0232
	0.4699

	1.5
	0.0266
	0.4617

	reference
	0.0256
	0.4354

	 
	
	

	All curves
	0.0292
	0.548

	All curves+reference
	0.0299
	0.5493




Table 4:  RMS scatter for measurements parallel to the axis of the pipe
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Fig 16: First PCA Axis for parallel data.  
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Fig 17: CVA-   All specimens parallel to the length of the pipe

Jackknifed Groupings from CVA-Distance Based 
  Original Groups along rows, CVA groups along columns
 In the jack knife, 1 known specimen is left out at time, and assigned using the CVA axes 
 - 
 -   0   1   2   3   4   5 
 -   1   5   0   1   1   3 
 -   2   1   5   2   1   1 
 -   3   1   5   4   0   0 
 -   4   1   2   2   4   1 
 -   5   1   2   0   2   5

 23 Correct assignments,
 27 incorrect assignments, 
46.00 % correct
Results from CVA/Manova
Axis 1 Lambda= 0.0037 chisq=181.6696 df=112 p=3.45831e-005
Axis 2 Lambda= 0.0396 chisq=104.9735 df=81 p=0.0378978
Axis 1 Eigenvalue 9.5897
Axis 2 Eigenvalue 5.04007
Axis 3 Eigenvalue 1.414

Note: tried CVA with size included, jackknife rate was 48% with size included.



	length 1 to 16
	CS
	curve

	12.4395
	16.2513
	0.5

	12.9947
	16.6875
	

	13.0246
	16.6894
	

	12.994
	16.5282
	

	12.5094
	16.0875
	

	13.1532
	16.6955
	

	12.658
	16.3621
	

	12.6211
	16.3897
	

	12.444
	16.133
	

	12.2328
	16.0398
	0.75

	12.8672
	16.6048
	

	12.6172
	16.427
	

	12.7416
	16.5469
	

	13.0121
	16.7713
	

	13.0642
	16.8584
	

	12.4697
	16.2263
	

	12.6547
	16.4604
	

	12.7865
	16.5464
	

	12.4545
	16.2311
	

	12.9935
	16.7473
	1

	12.7202
	16.5735
	

	13.0976
	16.8556
	

	13.1383
	16.8336
	

	12.6996
	16.454
	

	12.9712
	16.8198
	

	12.5373
	16.4696
	

	12.6692
	16.5747
	

	13.2377
	16.8834
	

	12.8074
	16.614
	

	12.7362
	16.5745
	1.25

	12.5785
	16.2563
	

	12.4595
	16.2693
	

	12.5136
	16.3718
	

	13.2053
	16.9157
	

	13.0618
	16.874
	

	13.072
	16.7513
	

	13.2185
	16.9074
	

	13.0862
	16.8133
	

	13.027
	16.8315
	

	13.0721
	16.7741
	1.5

	13.0897
	16.8492
	

	13.1263
	17.0171
	

	13.1583
	16.9479
	

	13.2391
	16.8986
	

	13.0013
	16.8218
	

	12.9343
	16.7121
	

	12.9882
	16.7776
	

	12.9067
	16.6927
	

	13.3439
	16.9671
	

	13.0368
	16.7755
	

	
	
	

	Max
	
	

	13.3439
	
	

	Min
	
	

	12.2328
	
	

	Mean
	
	

	12.869326
	
	

	Std Dev
	
	

	0.271228667
	
	

	Cof Var
	
	

	0.021075592
	
	

	Total Var/Mean
	
	

	0.086337078
	
	



Table 5: Change in length from landmark 1 to landmark 16 as radius changes. Similar extent of stretch along the long axis of the finger, but in the perpendicular system this variation correlates with curvature, but not in the lateral system.



Footwear:

	Size without scale


	The RMS scatter for the Converse All Stars was 0.0071, so the maximal error by chance is roughly twice that, 0.014. For the Nike shoes, the scatter of lower, RMS=0.0028, so the maximal error by chance is 0.0056. RMS scatter must be determined for each system independently. Both the Nike and Converse had very small scatter. Figure 18 illustrates the PCA plot for the Converse sneakers while Figure 19 depicts that of the Nike Lunar. The plot shows a clear trend of clustering of shoes of similar size. Attempts with the Sperry Topsider to assign a shoe to size, were not successful. 
	There was also an attempt to match left to right shoes. For the Converse, 6 out of the 8 best matches of right shoes to left shoes were the correct size. 2 out of 8 were best matches to a shoe, but were a ½ size off. For the Nike, 8 out of 9 had a best match to the correct size. 1 out of 9 matched ½ size off






[image: converse plot.tiff]
Fig 18: For the Converse brand shoe, the sizes line up in order.
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Fig 19: The Nike brand line up according to size except for the size 11.
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Fig 20: Results for the Sperry Topsider





	Accidental Characteristics
	
	The accidental characteristics potion of this study became a qualitative study rather than quantitative. The use of GM methods was not as successful as would have hoped. More than likely, an adaption of the methods will be necessary and will be the basis for future work. Nonetheless, a large amount of wear was seen, particularly in the heel portion through 7 weeks of wear.  Figures 21-24 depict the wear seen in one volunteer over the seven weeks. Though the shoes were to be scanned every two weeks, due to spring break, one week was skipped and 3 weeks passed for scanning. The first figure below shows the accidental characteristics at baseline, the second is at week 2, the third at week 4 and the last at week 7. It is of interest to note that while the majority of the wear was seen in the heel and toe region, the remaining accidental characteristics that were placed were virtually the same (Figure 3 depicts the original characteristics on the entire sole). 
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Figure 21: Baseline
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Figure 22: Week 2
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Figure 23: Week 4

[image: ]

Figure 24: Week 7








Discussion:

Conclusions on varying substrate and pressure of Fingerprints:


1.) Does altering pressure systematically alter the fingerprint?   Yes, but not strongly on 10 print

2.) Does altering pressure randomly alter the fingerprint?  Yes, normal pressure has the lowest variance, more or less pressure increases the variance.

3.) Does altering substrate systematically alter the FP?
The variation might not be strongly individualizing, but effects do depend on pressure.

4.) Does altering substrate randomly alter the FP?
Variance measures indicate different substrates vary in random scatter.

5.) Is there an interaction between pressure and substrate?
Yes, it looks like 10 print cards are less susceptible to pressure changes than other media.

	GM methods demonstrated an ability to study changes in the location and variability of minutiae due to changes in pressure and substrate. While there were changes, the variance was low. In the specimen data set of a single volunteer and with 10 volunteers, the changes in repeatability of measures due to pressure and substrate were not statistically significant, suggesting that fingerprints transfer fairly reliability even with alterations in these variables.
	Detectable changes in minutiae location did appear with limited, but significant, levels of differences due to pressure and substrate illustrating a systematic change in the prints. It was possible to determine with a high cross validation which groups the prints belonged to. This knowledge would form the basis for future work in this area.
	The fingerprints were not significantly distorted due to diameter of the surface touched as variance was low. PCA and CVA plots of the fingerprints oriented in both the perpendicular and parallel direction to the tube axis showed a fairly random scattering of points with no apparent segregation based on tube size. For the radius of curvatures, the fingerprints oriented perpendicular to the axis of the tubes appeared shortened in length and extended in width, whereas the fingerprint oriented parallel to the axis of the tubes appeared long in length and short in width (stretching affect). Thus indicating that the direction in which the finger is placed on the curved surface dictates how much of the print will be left on that surface.
	 The length from the most distant points was measured to determine the amount of stretching of the fingerprints that occurred. For the prints in the perpendicular direction there was approximately a 3% difference between the average length between Landmark 1 and Landmark 16 for the smallest diameter, 0.5 inch tube, and the average length between the same landmarks for the largest diameter, 1.5 inch tube. This implies that as the curvature of the surface decreases, the stretching along the fingerprint increases. A 3% difference between the curved surfaces accounts for a stretch of one ridge width along the entirety of the print. 
	For the parallel print the stretching difference (3%) was consistent with perpendicular prints, however there was no clear pattern based on tube size. This leads to the conclusion that something other than curvature of the surface is responsible for the stretching effect. It is a possibility that the pressure is main cause that stretching occurs during fingerprint placement on the curved surface. This could be due to increased pressure needed to fully wrap the fingertip around the PVC tube as curvature increases. In the parallel position the finger does not need to be wrapped around the tube so the pressure is random and thus the lack of a clear pattern in this data set is seen. To verify this hypothesis further research would be needed where pressure was regulated.



Footwear:

	This method of identifying a class characteristic (shoe size) based on shape only with no scale needed, will work for some types of shoes, but not all. For the Sperry Topsider, no clear pattern emerged and shape differences did not correlate well with shoe size.
	PCA showed grouping of similar sized shoes. In the Converse, there was a nice linear trend of shape change with size.  Nikes did not have a clean grouping, but only one shoe, the size 11, did not line up according to size. Attempts to match right to left was successful with the error being one half shoe size which could be attributed to the manufacturing process. 
	To use in practical sense, in the field, will require a set of scans of the same type of shoe as that appearing in the impression evidence. The labor involved per shoe type was 8-12 hours in data acquisition and analysis.  Experience and pre-existing databases would speed this process up somewhat.
	Wear rate of accidental characteristics was difficult to quantify and will form the basis of future work. Wear trends could easily be seen on the heel and toe portion while the rest of the shoe was basically unaltered. Indication that accidental characteristic in areas other than the heel and toe may remain unaltered for a greater length of time. In this study, they remained the same over 7 weeks. 
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Bush MA, Torres A, Langenburg G, Gross S, Bush PJ, Sheets HD (February 2012). Shape Measurement Tools in Fingerprint Analysis: A Statistical Investigation of Distortion. Proceedings of the American Academy of Forensic Sciences.


Sheets HD, Gross S, Langenburg G, Torres A, Bush PJ, Bush MA (February 2012). Shape Measurement Tools in Footwear Evidence: An Investigation to Determine Size Without Scale. Proceedings of the American Academy of Forensic Sciences.

NIJ Pattern and Impression Evidence Symposium (Submitted)

Bush MA, Torres A, Langenburg G, Gross S, Bush PJ, Sheets HD. A Statistical Investigation of Distortion in Fingerprints: A Geometric Morphometric Approach


Papers (manuscript in progress with submission to the JFS)

Shape Measurement Tools in Fingerprint Analysis: A Statistical Investigation of Distortion. Bush MA, Torres A, Langenburg G, Gross S, Bush PJ, Sheets HD.

Master’s Thesis (in progress)

Fingerprints: Distortion with regard to diameter of surface touched. Laura Donnelly, Forensic Chemistry Masters student, Buffalo State College. Defense held 4/12/12. Mary Bush, mentor.

Software available:
  
Software used in this study is available as freeware and can be found at: 	
	http://www3.canisius.edu/~sheets/



Finally, Channel 4 local news in Buffalo NY did a segment on the footwear impression evidence portion. It aired on Aug 2, 2011. The link for the story is: Footprints may help defeat criminals . 

We have since been contacted from the SWGTREAD research and science committee chair who saw the article and has expressed interest in the footwear portion of this project. Commentary was received from SWGTREAD for the portion of this study that involved placing the accidental characteristics.  Future work will involve collaboration with SWGTREAD.
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Procrustes Superimposition of all Fingerprint data- 114
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Plot of PCA scores of Repeated Digitizations of three images-Red-3-light , Blue-2-
heavy, Black-1-normal- 10 measures each- scores show variation within group vs
among group- first axis 56% of variance, 2" 16%
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CVA of a single FP, multiple pressures and
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CVA of repeated digitization

Cross-validation results

30 Correct assignments,
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CVA of data grouped by substrate

* Substrate Correct assignment to Pressure
Computer Paper 86.7%
Re-tabs 93.3%
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Ten-print 40%

Random expectation 33%
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CVA of data grouped by Pressure

* Pressure Rate of assignment to substrate
Heavy 90%
Normal 75%
Light 58.8%

Random expectation 25%
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