
  

 
Abstract The Biofidelity Ranking System has been implemented in a variety of studies since its inception in 

2002 to assess the biofidelity of anthropomorphic test device and model responses against a human response. 
Four chronological versions have been developed with each new version altering how biofidelity scores are 
calculated. However, it is unknown if and how differences in Biofidelity Ranking System versions affect the 
resulting biofidelity scores and the conclusions of the studies that implement them. Therefore, the objective of 
this study was to compare the biofidelity scores of the 2009 and 2018 versions of the Biofidelity Ranking System 
by applying both versions to the same dataset. The dataset in this study consisted of matched Hybrid III and THOR 
50th percentile male sled tests and included 101 response signals from each anthropomorphic test device. The 
results of the analysis indicated that the 2018 version produced significantly lower (better) scores for individual 
response measurements than the 2009 version and a significantly better overall biofidelity assessment, 
depending on how the individual response scores were averaged. This finding implies that using different versions 
of the Biofidelity Ranking System on the same dataset may affect the biofidelity results and conclusions. Based 
on the results of this study, recommendations for transparently using the Biofidelity Ranking System are provided. 
 
Keywords Anthropomorphic test device, biofidelity, human response corridors, objective rating metric, THOR.  
 

I. INTRODUCTION 

The Biofidelity Ranking System (BioRank) was first developed in 2002 to assess the biofidelity of the WorldSID-
α prototype anthropomorphic test device (ATD) relative to other side impact ATDs  [1]. BioRank has since been 
used to assess the biofidelity of various ATDs [1-6], ATD components [7-14], and finite element and multi-body 
models [15-23]. One advantage BioRank has over other objective rating metrics, such as CORA [24] or ISO/TS 
18571 [25], is that it was specifically developed to assess biofidelity as opposed to similarity. Since CORA and 
ISO/TS 18571 assess similarity between multiple responses, biofidelity can only be assessed via comparative 
biofidelity. Specifically, two ATDs or models must be evaluated against the same response targets so that the 
resulting objective rating scores for each ATD or model can be compared. Then, the ATD or model with the best 
score can be considered the most biofidelic. However, BioRank can compute a standalone biofidelity score for a 
single ATD or computational model. 

Four versions of BioRank have been developed with differences in the implementation of each variant [1][26-
28]. All versions of BioRank were proposed in the context of comparing ATD response time histories to target 
human response time history corridors. In the context of this paper, human is defined as human volunteers or 
post-mortem human subjects (PMHS). The first version of BioRank (BioRank 2002) also introduced a method of 
evaluating peak responses of ATDs in the absence of human time history corridors [1]; however, that 
methodology has not been evaluated in this study. A summary of each version of BioRank follows, but a detailed 
explanation of each version can be found in the Appendix, and a tabular summary of each version is provided in 
Table AI. 

BioRank 2002 introduced a two part system that first assessed the biofidelity of individual ATD response 
measurements, and then combined those measurements via an averaging scheme to assess overall ATD 
biofidelity. To generate BioRank scores for each response measurement, the variance between the ATD and mean 
human response curves were normalized by the variance within the human response. Therefore, a lower score 
was more desirable, and the magnitude of the score generally represented how many standard deviations the 
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ATD response was from the human response. After calculating the biofidelity score for each response 
measurement, a hierarchical averaging and weighting scheme was implemented to combine the scores of all 
response measurements into a single overall biofidelity score for the ATD. Details on the averaging scheme can 
be found in the Appendix, but it is important to note that it involved classifying response signals as external or 
internal and averaging each type of signal separately. The second version of BioRank (BioRank 2009) modified the 
definitions of internal and external signals used in the averaging scheme and removed the weighting system from 
the hierarchical averaging scheme [28]. Detailed definitions of internal and external responses within the 
framework of BioRank 2009 can be found in [29]. The third version of BioRank (BioRank 2013) made 
recommendations for data processing prior to calculating BioRank and modified the calculation of the response 
scores [27]. Specifically, phase optimisation was used to shift the ATD curve to better align with the human curve 
before the response scores were calculated. The individual response score was then modified to be combination 
of a phase score (P) and a shape and magnitude score (SM), where the SM score was calculated using the same 
equations as the individual response scores in previous versions of BioRank. Finally, the fourth version of BioRank 
(BioRank 2018) modified the phase optimization procedure and changed the equation used to calculate the SM 
score from a ratio of quadratic functions to a ratio of linear functions. [26]. It was also suggested in BioRank 2018 
that it is not necessary to evaluate internal and external biofidelity separately, as in previous versions of BioRank, 
and that the two signal types could be grouped together within the hierarchical averaging scheme. 

The way in which BioRank has been implemented in the literature varies widely. Several studies do not 
implement the hierarchical averaging portion of BioRank, presenting only the individual response scores and 
sometimes performing a non-hierarchical, unweighted average of all signals [7-16][18-22]. Often, this is because 
BioRank is being applied to a specific body region or component only; therefore, implementing the hierarchical 
averaging is not possible or feasible. Of the studies that do implement the hierarchical averaging, the most 
common point of deviation is in the division of responses into internal and external measures. Two studies 
conducted before BioRank 2018 did not differentiate between internal and external because the available 
responses were heavily skewed toward one type [4][6]. Additionally, [3] used BioRank 2009 to perform the 
biofidelity analysis in their study, but used some definitions of internal and external that were more consistent 
with BioRank 2002. Specifically, [3] classified body region displacements as external signals, while BioRank 2009 
classified such signals as internal. Another potential area of deviation is in the development of the human 
response corridors. BioRank requires one standard deviation response corridors. However, how the standard 
deviation corridors are generated is open to interpretation. Standard deviation can be calculated for a population 
or a sample, leading to differing corridors widths that are more different at lower sample sizes. Additionally, 
standard deviation can be calculated in one or two dimensions, particularly for force-deflection curves where the 
standard deviation corridors are based on the variances in both the force and deflection [3][8][14]. Finally, the 
standard deviation of an existing corridor from the literature cannot always be calculated due to unavailability of 
the original individual responses [1][3]. It is currently unknown how the use of different human response corridors 
or different averaging techniques can influence the resulting BioRank score and the corresponding conclusions 
regarding biofidelity. 

An interesting case study in the literature is the biofidelity evaluation of the THOR frontal ATDs. BioRank 2009 
was used in 2017 to conduct the biofidelity analysis of the THOR 50th percentile male (THOR-50M or THOR) with 
respect to the Hybrid III 50th percentile male (HIII) [3]. The following year, the biofidelity evaluation of the THOR 
5th percentile female (THOR-05F) was performed using BioRank 2018 [5]. As mentioned above and detailed in the 
Appendix, BioRank 2009 and 2018 use very different methods for calculating the biofidelity response scores. 
However, it is unknown how these differences affect the individual response scores and the overall biofidelity 
scores at the culmination of the hierarchical averaging scheme. Large differences in scores between different 
versions of BioRank may alter the conclusions of existing biofidelity studies in the literature, such as those for the 
THOR ATDs. Therefore, the purpose of this study was to compare the biofidelity scores of the 2009 and 2018 
versions of BioRank by applying both versions to the same dataset. These two versions were chosen to for several 
reasons. First, BioRank 2009 and 2018 were used to evaluate the biofidelity of the THOR-50M and THOR-05F, 
respectively, making them of interest to compare. Second, BioRank 2009 is functionally equivalent to BioRank 
2002 when the hierarchical averaging scheme is not implemented, and these two versions were the most used 
versions in the literature [2-4][7][8][10-12][14-23][30], especially among studies that did not implement the 
hierarchical averaging scheme [7][8][10-12][14-16][18-22]. Although BioRank 2013 has currently been 
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implemented more [6][9][13] than BioRank 2018 [5], BioRank 2018 is the most recent version and is expected to 
gain use as more time passes. Finally, BioRank 2018 clarifies some of the ambiguities associated with the 
implementation of BioRank 2013, such as the use of constant width corridors and the methodology for 
determining the optimal phase shift for the ATD response. 

 

II. METHODS 

The dataset used in this study to compare BioRank versions consisted of previously published matched frontal 
sled tests performed using the THOR-50M (THOR-NT with mod-kit, making it functionally equivalent to the THOR-
metric), HIII 50th percentile male, and approximately 50th percentile male PMHS [31][32]. Both ATDs were certified 
prior to the test series. The tests were designed to replicate a Toyota Camry New Car Assessment Program (NCAP) 
test (∆V = 56kph, peak acceleration = 470 m/s2) and were conducted under three different restraint conditions: 
knee bolster (KB), KB and steering wheel airbag (KB/SWAB), and knee bolster airbag and SWAB (KBAB/SWAB). All 
conditions included a three-point seatbelt with a pretensioner and load limiter. Measured subject responses 
included linear accelerations in the X and Z directions, as defined by SAE J211 [33], and angular velocities in the 
X, Y, and Z directions for the head, thorax and pelvis. Excursions of the head, shoulders, hips, knees, and ankles 
in the X and Z directions were also quantified using motion capture. Finally, thoracic deflections were quantified 
at the upper sternum, upper left, upper right, lower left, and lower right locations on the thorax using chest bands. 
Further details on test methodology and individual response time histories can be found in [31][32]. 

Multiple tests were performed for each surrogate type within each test condition so average responses per 
condition were calculated before performing the BioRank analysis. Specifically, two tests were performed for 
each ATD and each condition. For the PMHS, two tests were performed for the KB condition and three tests for 
each of the KB/SWAB and KBAB/SWAB conditions. Characteristic averages were calculated for each surrogate 
within each test condition. For the PMHS tests, one standard deviation corridors were also calculated around the 
PMHS characteristic average using the population form of standard deviation. Before each response curve was 
used in BioRank 2009 or 2018, it was truncated to the relevant signal duration using the CORA truncation 
algorithm [24]. Variable settings for the truncation algorithm can be found in [31]. 

Some data in the original study were excluded from this analysis because the PMHS standard deviation 
corridors could not be calculated when only one subject response was available for a particular measurement 
within a particular test condition. These data included the pelvis angular velocity for the KB condition and the left 
and right hip excursions. After these exclusions were made, 101 response measurements were included in this 
study’s BioRank analysis across all body regions and test conditions for each ATD.  

 

BioRank Calculations 
A custom Matlab (R2016b, MathWorks, Natick, MA, USA) script was written and implemented to calculate 
biofidelity scores according to BioRank 2009 and BioRank 2018. Both versions of BioRank were applied to the 
THOR and HIII responses in the dataset. This resulted in a total of 404 biofidelity response scores. The detailed 
steps to calculate the biofidelity response scores for each version are described in the Appendix. 

The same hierarchical averaging scheme was used for both BioRank 2009 and 2018 in the current study. 
Although BioRank 2009 specifies separation of internal and external signals during averaging while BioRank 2018 
does not, all of the signals in the current study would be considered internal according to both BioRank 2009 and 
BioRank 2018. As a result, there was no effective difference between the BioRank 2009 and 2018 averaging 
schemes for this dataset. A schematic of the hierarchical averaging scheme for this dataset is shown in Figure 1. 
First, all of the biofidelity scores for response measurements, e.g., acceleration in the x direction, acceleration in 
the z direction, etc., within a particular test condition and body region were averaged to obtain an average score 
for each test condition within a body region. Next, all of the average biofidelity scores for each test condition 
were averaged within a particular body region to obtain an average score for each body region. For this study, 
the test conditions were KB, KB/SWAB, and KBAB/SWAB. Finally, all of the average biofidelity scores for each body 
region were averaged to obtain an overall biofidelity score. For this study, the body regions were the head, thorax, 
pelvis, knee, and ankle. See Table AII in the Appendix for a list of all response signals and their associated body 
regions for this study’s dataset. If both external and internal responses were evaluated, they would have been 
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divided on the response level such that two separate averaging trees would exist to create an overall internal 
biofidelity score and an overall external biofidelity score, according to the BioRank 2009 methodology. Then, an 
overall biofidelity score would have been calculated by averaging the internal and external overall scores. 
Equation A10 in the Appendix summarizes the averaging scheme used in the current study.  

 

 
Fig. 1. Hierarchical averaging scheme used for the current study, where only internal responses were measured. 

 

Data Analysis 
The resulting biofidelity scores were compared between BioRank 2009 and 2018 using several methods. First, a 
Wilcoxon signed-rank test was used to compare the 101 pairs of BioRank 2009 and 2018 response scores within 
each ATD to evaluate whether the 2009 and 2018 scores were statistically different. The Wilcoxon signed-rank 
test was used instead of the paired t-test because the biofidelity response scores were very skewed and did not 
follow a normal distribution.  

The differences between the overall BioRank scores generated from the hierarchical averaging scheme were 
evaluated using a critical difference analysis. The procedure for the critical difference analysis was developed in 
[28] to quantify a critical difference in overall BioRank values above which two ATDs could be considered 
significantly different. It was adapted for use in the current study to determine a critical difference between the 
overall BioRank 2009 and 2018 scores for each ATD. First, the response scores were averaged across conditions 
so that there was one average score for each response measurement. Then, the difference between the paired 
response scores from BioRank 2009 and 2018 were calculated. The response scores were separated by body 
region, and the mean difference for each body region was calculated. Additionally, the standard deviation of the 
paired differences was calculated using the following equation: 

 

 𝑆𝑆𝑑𝑑 = �∑ (𝑑𝑑𝑖𝑖−𝑑𝑑𝑚𝑚)2𝑝𝑝
𝑖𝑖=1

𝑝𝑝−1
 (1) 

 
where Sd is the standard deviation of the paired differences, di is the difference between paired values, dm is 

the mean of the differences within a body region, and p is the number of responses in a given body region. Using 
the equation for the t-statistic for paired data, the critical difference was calculated as follows: 
 
 𝑑𝑑0 = 𝑑𝑑𝑚𝑚 − 𝑡𝑡 𝑆𝑆𝑑𝑑

𝑝𝑝
 (2) 

 
where d0 is the critical difference for a body region, t is the t-statistic for α=0.05 and p-1 degrees of freedom, 

and dm, Sd, and p are as defined above for Equation 1. Finally, the critical differences were averaged across body 
regions to calculate an overall critical difference that could be compared to the difference between overall scores 
from BioRank 2009 and 2018 for each ATD. A difference in BioRank 2009 and 2018 scores greater than the critical 
difference would indicate a significant difference between the two versions. 

The final analysis was to evaluate the degree of correlation between the biofidelity response scores from 
BioRank 2009 and 2018. Because the data did not follow a normal distribution, the Spearman rank correlation, a 
non-parametric test, was used to evaluate whether correlations between biofidelity scores were statistically 
significant. The correlations of interest included comparing the 2009 and 2018 biofidelity response scores, the 
difference in the 2009 and 2018 scores versus the 2009 scores, and the SM and P scores from BioRank 2018 with 
the 2018 biofidelity response scores (RMS). The difference between the 2009 and 2018 scores was compared to 
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the 2009 scores to assess whether there was a relationship between the version differences and the magnitude 
of the scores, i.e., were differences between BioRank versions larger for higher scores. Additionally, the shape 
and magnitude (SM) and phase (P) scores were compared to the BioRank 2018 RMS scores to evaluate which 
component had a greater effect on the RMS score.  Despite the skewed distributions of the data, it was still of 
interest to assess whether the relationships between the parameters of interest were approximately linear. 
Therefore, a linear regression was applied to each comparison and the slope, y-intercept, and R2 values were 
calculated.  
 

III. RESULTS 

The BioRank 2018 response scores were generally lower than the BioRank 2009 response scores, meaning 
BioRank 2018 reported greater biofidelity for both ATDs compared to BioRank 2009. For the HIII, 14 response 
scores increased from version 2009 to 2018, while 87 scores decreased. For the THOR, 22 scores increased and 
79 scores decreased. Measures of central tendency and other parameters describing the differences between the 
2009 and 2018 signal response scores are provided in Table I for each ATD. The hierarchical averaging scheme 
resulted in overall biofidelity scores of 2.42 and 2.15 for BioRank 2009 and 2018, respectively, for the HIII. For the 
THOR, the overall scores were 3.24 and 3.11 for BioRank 2009 and 2018, respectively.  

 
TABLE I 

MEASURES OF CENTRAL TENDENCY FOR THE 
DIFFERENCE BETWEEN BIORANK 2018 AND BIORANK 

2009 RESPONSE SCORES (DIFFERENCE = 2018 - 2009) 
Measure HIII THOR 

Mean -0.26 -0.17 
Absolute Mean  0.31  0.37 

Median -0.18 -0.15 
Absolute Median  0.21  0.20 

Mean Increase  0.18  0.45 
Mean Decrease -0.33 -0.35 

Maximum Increase  0.45  6.30 
Maximum Decrease -1.43 -2.30 

 
The response scores between BioRank 2009 and 2018 were statistically different; however, the overall 

biofidelity scores were not. Specifically, the Wilcoxon Signed Rank test showed that the individual biofidelity 
response scores from BioRank 2009 and 2018 were significantly different (p<0.0001) for both ATDs. The critical 
differences and version differences for each ATD are compared in Figure 2. The critical differences varied across 
body region, particularly for the THOR. For most body regions, the critical difference was greater than the version 
difference, except for the HIII thorax. This trend carried through into the overall average, indicating that remaining 
version differences after the averaging scheme were not significant. The THOR had very large scores for the knee, 
which resulted in large differences and a large critical difference. Therefore, the overall average was also 
calculated while excluding the knee response as a potential outlier. 

All correlations of interest between BioRank response scores were statistically significant (p<0.0001). Table II 
shows the Spearman correlation coefficient (ρ) and R2 value for each correlation. The biofidelity response scores 
from BioRank 2009 and 2018 had a strong, positive, and linear correlation for both ATDs (Figure 3). The response 
scores from BioRank 2009 had a strong negative correlation with the difference between version scores (2018-
2009), when using the non-parametric model. In other words, as the magnitude of the scores increased, the 
decrease from BioRank 2009 to 2018 increased as well. This was reflected in a modest linear correlation in the 
HIII (Figure 4), but little linear correlation in the THOR (Figure 5). However, the highest scoring outliers from the 
knee excursions seemed to be skewing the linear regression. Removing the knee excursions from the THOR 
analysis resulted in a modest linear correlation as well (Figure 6). Converting the differences between versions to 
absolute differences slightly increased the R2 values for the linear regressions for both the HIII and THOR (with 
and without knees excluded). When comparing the P and SM components to the RMS (response score) for 
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BioRank 2018, SM showed a high linear correlation with RMS (Figure 7). While P had a significant positive 
correlation with RMS according to the non-parametric test, P had a much weaker linear correlation with RMS 
than SM. The R2 values for P were about 1/3 of that of SM, indicating that SM was a greater contributor to the 
RMS score than P. 

 

 
Fig. 2. Version differences in BioRank scores and critical differences for the HIII (left) and THOR (right) for all body 
regions and overall. 

 
TABLE II 

CORRELATION PARAMETERS 
Independent 

Variable 
Dependent 

Variable 
ρ R2 

HIII THOR HIII THOR 
BioRank 2009 BioRank 2018 0.98 0.97 0.96 0.94 
BioRank 2009 BioRank (2018-2009) -0.52 -0.38 0.30 0.05 
BioRank 2009 BioRank |2018-2009| 0.66 0.70 0.44 0.28 

BioRank 2018 SM BioRank 2018 RMS 0.99 0.99 0.98 1.00 
BioRank 2018 P BioRank 2018 RMS 0.57 0.62 0.35 0.28 

 

  
Fig. 3. Correlations between BioRank 2009 and BioRank 2018 response scores for the HIII (left) and THOR (right). 
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Fig. 4. Correlations between BioRank 2009 and the signed (left) and absolute (right) differences between BioRank 
2018 and 2009 response scores for the HIII. 

 

  
Fig. 5. Correlations between BioRank 2009 and the signed (left) and absolute (right) differences between BioRank 
2018 and 2009 response scores for the THOR. 
 

  
Fig. 6. Correlations between BioRank 2009 and the signed (left) and absolute (right) differences between BioRank 
2018 and 2009 response scores for the THOR with the knee responses excluded. 
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Fig. 7. Correlations between BioRank 2018 RMS and BioRank 2018 components, SM and P, for the HIII (left) and 
THOR (right). 

IV. DISCUSSION 

The application of both BioRank 2009 and 2018 to a dataset consisting of matched HIII and THOR frontal sled 
tests demonstrated that the two versions of BioRank yielded significant score differences depending on the 
response level of interest. On the level of individual response measurements, BioRank 2018 produced significantly 
lower biofidelity scores than BioRank 2009. However, once responses were averaged into specific body regions 
and into an overall score using a hierarchical averaging scheme, differences between versions were no longer 
statistically significant. This finding has different implications on studies in the literature depending on how a 
specific study used BioRank. As noted in the Introduction, some studies do not implement any type of averaging, 
but only report the biofidelity scores of individual response signals [7][8][13-17][19][20]. These studies are more 
likely to be affected by version differences than those that use a hierarchical averaging structure because 
individual response scores were found to be statistically different between BioRank versions, while hierarchically 
averaged scores were not.  

Two other deviations from the hierarchical averaging used in BioRank have been observed in the literature. 
The first deviation observed in three studies in the literature is a straight (non-hierarchical) average where all 
biofidelity response scores are averaged together regardless of test condition, body region, and signal type 
[9][11][12]. The second deviation from the traditional averaging scheme can be found in the study that evaluated 
the biofidelity of the THOR-50M [3]. The study combined a large number of component tests on different body 
regions as well as sled tests performed under four different test conditions to assess the biofidelity of the THOR-
50M compared to the HIII. For all of the component tests, the hierarchical averaging scheme from BioRank 2009 
was followed. However, the sled tests were grouped into a separate group the study termed whole body, which 
was treated like an additional body region in the averaging scheme. Consequently, responses in the sled tests 
were averaged within a test condition without being first separated into different body regions. Then the test 
condition averages were averaged to create a whole body score, which was then averaged with the other body 
region scores from the component tests to produce overall biofidelity scores. Since the dataset used in the current 
study is from sled tests, the whole body averaging approach and the straight average approach were 
implemented to assess whether different averaging approaches could lead to non-trivial differences in the overall 
biofidelity scores. Table III shows the results of this analysis. Both the whole body and straight average approaches 
result in lower (better) biofidelity scores compared to the hierarchical average for both ATDs. In fact, the THOR 
would have poor biofidelity according to the hierarchical averaging method, but marginal biofidelity according to 
the other two methods (see BioRank scale classification in [3][5]). Additionally, the critical difference analysis was 
repeated using the straight average and whole body averaging schemes to create analogous critical difference 
values. The results of the analysis is shown in Figure 8. The difference between the overall biofidelity scores for 
BioRank 2009 and 2018 surpass the critical difference for both the straight average and whole body average when 
the knee is excluded from the critical difference benchmark for the THOR. This indicates that the differences 
between overall biofidelity scores between BioRank 2009 and 2018 are significant under the straight and whole 
body averaging schemes. Therefore, the averaging scheme used in a particular study may contribute to whether 
using a different version of BioRank will influence the findings of that study. 
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TABLE III 
OVERALL BIOFIDELITY SCORES USING DIFFERENT AVERAGING SCHEMES 

Averaging 
Scheme 

HIII THOR 

2009 2018 2009 2018 
Straight 2.32 2.06 2.72 2.55 

Whole Body 2.32 2.06 2.73 2.55 
Hierarchical 2.42 2.15 3.24 3.11 

 

  
Fig. 8. The difference between overall BioRank scores (2018-2009) and the associated critical differences using 

three averaging schemes for the HIII (left) and THOR (right). 
 
Another factor that could influence the BioRank scores in a study is the type of human response corridor used 

for the BioRank calculation. As discussed previously, there are several methods that can be used for calculating a 
standard deviation corridor, and sometimes a standard deviation corridor is not available in the literature for a 
particular dataset. To demonstrate how different standard deviation calculations can influence BioRank results, 
both BioRank 2009 and 2018 were recalculated using sample standard deviation corridors instead of population 
standard deviation corridors. The overall biofidelity scores that resulted from both definitions of standard 
deviation, using hierarchical averaging, are provided in Table IV. Using sample standard deviation drastically 
reduced the biofidelity scores for both BioRank versions as a result of increased corridor width for all responses. 
Notably, the HIII shifted from having marginal biofideltiy to good biofidelity, while THOR shifted from having poor 
biofideltiy to marginal biofidelity. This is a relatively extreme example due to the low sample size used to construct 
the corridors in this study (2-3 PMHS), and differences between population and sample standard deviation will 
decrease as sample sizes increase. However, this brief analysis demonstrates the importance of controlling for 
and being transparent about the type of standard deviation or corridor used in BioRank. Ideally, if a non-standard 
corridor formulation is used, a sensitivity analysis should be conducted to evaluate the effect of changes to 
corridor width on BioRank scores. 

 
TABLE IV 

OVERALL BIOFIDELITY SCORES USING DIFFERENT DEFINITIONS OF 
STANDARD DEVIATION 

Standard 
Deviation Type 

HIII THOR 

2009 2018 2009 2018 
Population 2.42 2.15 3.24 3.11 

Sample 1.85 1.63 2.46 2.33 
 
How internal and external responses are defined and averaged within the BioRank averaging scheme also has 

the potential to influence the overall BioRank scores and the conclusions of biofidelity analyses. For example, the 
biofidelity study of the THOR-50M described above deviated from the definitions of internal and external 
responses used in BioRank 2009, particularly by classifying body region excursions as external [3]. This 
classification was more similar to the internal and external definitions provided in BioRank 2002. To evaluate how 
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this difference can affect overall biofidelity scores, the BioRank 2002 definitions of internal and external signals 
were applied to the dataset in the current study using the hierarchical and whole body averaging schemes. 
Interestingly, applying the BioRank 2002 definitions to the hierarchical analysis decreased overall biofidelity 
scores for both ATDs and both versions of BioRank (2009 and 2018), while applying the 2002 definitions to the 
whole body analysis increased scores (Table V). Additionally, repeating the whole body analysis on the data from 
[3] using the BioRank 2009 definitions of internal and external yielded different conclusions for that particular 
body region compared to the original study. The THOR internal biofidelity score increased from 1.472 to 1.619 
and its external score increased from 1.989 to 2.532. The HIII scores also increased with the internal score 
increasing from 1.576 to 1.622, and the external score increasing from 1.780 to 2.075. Finally, the overall 
biofidelity scores for the whole body region (the average of the internal and external scores), which were not 
reported in the original study, increased from 1.730 to 2.075 for the THOR and increased from 1.678 to 1.849 for 
the HIII. Using the categorical classification system, the HIII retained its good biofidelity rating while the THOR 
dropped to a rating of marginal. 

 
TABLE V 

OVERALL BIOFIDELITY SCORES WITH DIFFERENT DEFINITIONS OF INTERNAL AND EXTERNAL 
RESPONSES 

Internal/External  
Reference 

Averaging 
Scheme 

HIII THOR 

2009 2018 2009 2018 
BioRank 2002 Hierarchy 2.38 2.08 2.85 2.64 
BioRank 2009 Hierarchy 2.42 2.15 3.24 3.11 
BioRank 2002 Whole Body 2.39 2.11 2.93 2.75 
BioRank 2009 Whole Body 2.32 2.06 2.73 2.55 

 
In all of the alternate analyses conducted in the Discussion so far, the overall biofidelity score for BioRank 2018 

has consistently been lower than that of BioRank 2009 for both ATDs. Two methodological differences between 
BioRank versions may have led to the pervasive decrease in BioRank 2018 scores. First, the method for calculating 
the shape and magnitude component of the score was changed from using cumulative variance (a summation of 
squared differences) in BioRank 2009 to a summation of absolute differences in BioRank 2018. Essentially, this 
changed the function that computed and penalized differences between response curves from a quadratic 
function to a linear function. Accordingly, these functions will perform differently, alternately elevating and 
depressing scores relative to each other depending on whether score differences are greater than or less than 
one. Specifically, the cumulative variance (quadratic) method will produce higher scores (a higher penalty), 
compared to the absolute difference method (linear), when differences between response curves are greater 
than one. Conversely, the absolute difference method will impose a higher penalty for differences between 
response curves that are less than one. As a result, ATD curves that are very similar to the human response curve 
will have slightly increased scores for BioRank 2018, while ATD curves with a component outside of one standard 
deviation will experience score decreases using BioRank 2018. In other words, BioRank 2018 may reduce the 
quantitative biofidelity rating of already excellent responses, but will improve the biofidelity rating of good, 
marginal, and poor responses. Figure A2 in the Appendix illustrates both of these cases using simulated human 
and ATD response curves. In this example, a relatively a small part of ATD1’s response curve is outside of the 
human response corridor, yielding a BioRank 2009 score of 1.11 (good biofidelity) and a better score of 0.86 
(excellent biofidelity) for the SM component of BioRank 2018. Conversely, ATD2’s response curve is very similar 
to the human response curve, but its score slightly increases from 0.16 to 0.18 when changing from BioRank 2009 
to 2018. A limitation of this example is the assumption that BioRank 2009 and BioRank 2018 evaluate response 
differences under the same phase conditions, i.e., neither version uses phase optimisation prior to the calculation. 
This assumption may not be valid in all cases due to the phase optimisation procedure in BioRank 2018, where 
the ATD response curve is phase shifted to generate the best possible RMS score. This optimisation is the second 
factor that may contribute to the decreased scores associated with BioRank 2018.  

It is difficult to evaluate the relative contributions of the phase optimisation procedure and computational 
differences between BioRank versions to the score reductions in BioRank 2018. Comparing the BioRank 2018 SM 
scores to the BioRank 2009 response scores contains the contributions of both mechanisms. However, calculating 
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the 2018 SM score without phase shifting the ATD curve isolates the effect of using the cumulative absolute 
difference mechanism. When unshifted versions of the 2018 SM scores were compared to the BioRank 2009 
response scores, the cumulative absolute difference method produced a decrease in 76 response measurements 
for the HIII and 71 response measurements for the THOR out of a total of 101 for each ATD. The median change 
was -0.12 and -0.06 for the HII and THOR, respectively. The mean change was -0.10 for the HIII and -0.02 for the 
THOR. Therefore, for the curves in this dataset, the cumulative absolute difference method alone produced 
decreases, albeit small, in scores for both ATDs. However, it appears that both mechanisms are actively 
contributing to the score decreases observed at the response level since the average differences are much greater 
between the BioRank 2009 and 2018 biofidelity response scores. 

The division of the biofidelity response score into phase (P) and shape and magnitude (SM) components was 
mostly driven by the discovery that BioRank 2002 and 2009 failed to produce subjectively accurate scores for 
short duration, high magnitude responses when the ATD and human response curves were out of phase [2][27]. 
The intent of the score division was to permit out of phase responses to be aligned for the SM computation, 
increasing the SM score. However, this increase in the SM score was balanced by introducing the P score, which 
acted as a penalty if a phase shift was necessary. It was of interest to determine whether the SM and P scores 
were contributing equally to the magnitude of the RMS score so a correlation analysis between the BioRank RMS 
and its score components was performed. The results indicate that the SM score is contributing more than the P 
score to the RMS. This is visually evident in the higher degree of correlation between the RMS and SM scores 
compared to the RMS and P scores (Figure 7). The SM and RMS correlations also had R2 values that were 
approximately three times higher than the P and RMS correlation (Table II), indicating that the SM score is 
contributing more to the variance in the RMS score. The differences in contribution seem to be a direct result of 
the magnitude disparity between the SM and P scores. The median SM scores were 1.63 and 1.51 for the HIII and 
THOR, respectively. Conversely, the median P scores were 0.26 and 0.24 for the HIII and THOR, respectively. 
Because these scores are equally weighted in the RMS calculation, but the P score is generally much lower than 
the SM score, the SM score will have a greater contribution to the resulting RMS score. The P score was derived 
to represent the number of standard deviations the ATD curve is away from the mean human response curve via 
a phase shift. As a result, an ATD curve would have to be at least one standard deviation of phase shift away from 
the human response to generate a score comparable to the median SM score. It would be uncommon for ATD or 
model responses to be largely out of phase compared to the human response. Hence, lower values of P compared 
to SM are likely the norm in a typical dataset to which BioRank is applied. Therefore, the RMS score may be 
implicitly biased toward SM over P. Whether this discrepancy in relative contribution between the two 
components improves or diminishes the accuracy of BioRank is difficult to assess and would require a larger 
analysis with a wider breadth of signal types, which is outside of the scope of this study. However, a case study 
evaluating the effect of the P score on a high magnitude and short duration signal is included in the Appendix. 

This study is not intended to be used as an extrapolation tool to convert from one version of BioRank to 
another. Since every dataset has different limitations and results, only using and comparing both versions on a 
dataset of interest can quantify how using different versions could alter the biofidelity scores of that dataset. The 
dataset used in the current study is limited in several ways. First, only 2-3 PMHS were used to build the mean 
PMHS responses and corridors. Second, only three whole body test conditions (no component tests) were used, 
and those test conditions were very similar with the only difference being what restraints were used. Third, the 
analysis was only performed on two 50th percentile male frontal ATDs evaluated in a full-frontal crash mode. If 
this type of analysis was performed using data from other types of ATDs, in terms of demographic representation 
and intended crash mode, results and conclusions may vary. Fourth, only internal response measures were used 
in this study. Lastly, no effort was made to balance the number of responses between body regions so certain 
body regions could have a greater effect on the average biofidelity scores than others. 

Despite its limitations, this study shows that using BioRank 2018 instead of BioRank 2009 can significantly 
reduce biofidelity scores in a statistical sense. Therefore, it is likely that applying BioRank 2018 to the THOR-50M 
biofidelity analysis would lead to reduced (better) biofideltiy scores. Likewise, applying BioRank 2009 to the 
THOR-05F biofidelity analysis may lead to increased (worse) biofidelity scores. In the current study, the HIII 
seemed to benefit from a greater reduction in overall biofidelity scores compared to the THOR through the use 
of BioRank 2018. Since both the HIII and THOR-50M were evaluated and compared in [3], it would be interesting 
to apply BioRank 2018 to the data in that study for both ATDs and observe whether their comparative biofidelities 
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remain the same. In the current study, the overall HIII biofidelity scores were always lower (better) then the THOR 
scores regardless of how the analysis was performed. However, this may not be the case with all datasets. 
Considering a biofidelity analysis using a different objective rating metric on the data in this study also found the 
HIII to be slightly more biofidelic than the THOR-50M [31][32], the result may be implicit to this particular dataset. 

It is important to note that a statistically significant difference is not always a practically meaningful difference. 
An example of this can be seen in Figure 2, where the critical (statistically significant) difference for the THOR 
knee is over 2.0. However, BioRank scores are intended to represent standard deviations away from a mean. 
Hence, this result implies that only differences greater than two standard deviations are meaningful when 
comparing BioRank scores, which is not logical given that categorical differences in biofidelity scores are defined 
in increments of one standard deviation. It is often difficult to quantify the concept of a meaningful difference. 
Although the categorical differences between biofidelity scores are defined in increments of one, it seems that 
differences less than one could be meaningful as well, especially if they happen to bridge categories. Perhaps 
relating differences in biofidelity scores to differences in injury outcomes would provide some meaning to 
incremental differences. Unfortunately, such an analysis is outside of the scope of this paper. Additionally, it is 
difficult to quantify how differences between BioRank versions could impact the overall conclusions of studies 
that use BioRank because it is unknown which version of BioRank provides a more accurate assessment of 
biofidelity. Given that BioRank was developed to be used as a standalone measure of biofidelity for a single ATD 
or model, it is important to assess the relative accuracies of different BioRank versions, which provide different 
biofidelity scores. However, the best method for evaluating the accuracy of different versions of BioRank is 
currently unclear, and such an analysis is outside of the scope of this study. 

The author would like to propose several recommendations regarding the use of BioRank based on the results 
of this study. First, it is important to clearly report which version of BioRank is being used for an analysis and if 
there are any deviations in the calculations, averaging scheme, etc., from how a particular version was originally 
defined. In particular, it is important to report how the PMHS corridors were calculated, i.e., what method was 
used to calculate standard deviation, and whether/how the response data were truncated to a specific interval 
of evaluation. Furthermore, if non-standard corridors must be used, it would be appropriate to perform and 
report a sensitivity analysis regarding how varying corridor width affects the resulting BioRank scores. Next, 
different definitions of internal and external responses and whether/how these responses are differentiated 
when averaging across responses can influence the overall biofidelity score(s) and assessment. Therefore, it 
should be explicitly reported what responses in a study are considered internal and external, and definitions 
should be kept consistent across body regions and test conditions. If a hierarchical averaging scheme is 
incorporated that differentiates internal and external responses, care should be taken that the number of 
external and internal responses across different body regions is relatively balanced. Performing the analysis with 
and without separating the external and internal responses could provide an indication as to whether an 
imbalance is skewing results. Similarly, the type of averaging scheme used (if any) should be carefully considered 
to prevent too much or too little weight from being given to a particular body region, particularly if the number 
of signals varies between body regions. Finally, critical differences from a critical difference analysis should only 
be applied to the particular dataset from which they were produced since variation between (and within) datasets 
can produce variations in critical differences. 

V. CONCLUSIONS  

This study showed that BioRank 2018 resulted in significantly lower biofidelity response scores than BioRank 
2009 for this particular dataset. Additionally, the overall biofidelity scores could be significantly different between 
BioRank versions, depending on the type of averaging scheme used. These results indicate that studies using one 
version of BioRank may obtain statistically different results if another BioRank version were used instead. As an 
example, the THOR-50M biofideltiy evaluation was performed using BioRank 2009 so using BioRank 2018 may 
significantly decrease (improve) the biofidelity scores in that evaluation. Conversely, the biofidelity of THOR-05F 
was assessed using BioRank 2018; therefore, performing the analysis with BioRank 2009 could lead to increased 
(worse) biofidelity scores. However, it is currently unclear what quantity constitutes a meaningful difference in 
biofidelity scores between different versions of BioRank and which BioRank version is providing a more accurate 
assessment of biofidelity. Therefore, more work is needed before the implications of this study can be fully 
understood. 
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VIII.  APPENDIX 

BioRank Version History 
This section provides a detailed summary of all versions of BioRank. A tabular summary of the following 

information is provided in Table AI.  
BioRank 2002 introduced a two part system that first assessed the biofidelity of individual ATD response 

measurements, and then combined those measurements via an averaging scheme to assess overall ATD 
biofidelity. In order to assess the biofidelity of individual ATD response time histories, BioRank 2002 divided the 
cumulative variance between the mean ATD and human response curves (DCV) by the cumulative variance 
between the mean curve and one standard deviation curve of the human response (CCV). The biofidelity score 
(√R) assigned to each response measurement was then the square root of this ratio. The score was intended to 
represent how many standard deviations the ATD response was from a typical human response. For example, a 
score less than two would indicate that the ATD response falls within two standard deviations of a human 
response. Therefore, a lower BioRank score indicated better biofidelity. After calculating the biofidelity score for 
each response measurement, a hierarchical averaging and weighting scheme was implemented to combine the 
scores of all response measurements into a single overall biofidelity score for the ATD. First, the responses were 
divided into internal and external responses. According to BioRank 2002, internal responses are responses that 
are measured within the ATD and have an associated potential injury criterion. External responses are made 
external to the ATD and describe how the ATD interacts with the vehicle components in a crash. For example, 
head acceleration, head displacement measured via video analysis or motion capture, and a pendulum force from 
an impact to the head would be classified as internal, external, and external responses, respectively. Throughout 
the hierarchical averaging scheme, internal and external responses were evaluated separately until the last step. 
First, all internal and external responses were separately averaged within a test condition for each body region. 
Here, the ranking system assumed that multiple types of tests had been conducted on an ATD before biofidelity 
was assessed. Therefore, test conditions could consist of sled tests at different speeds or in different 
configurations, component-level tests on different body regions, or any combination thereof and more. Then, a 
weighted average of each test condition was calculated, such that the result was an internal and external score 
for each body region. The weights were intended to be determined by the user for their particular application 
and dataset with the guidance that 33% of the weight should come from a subject score and 67% of the weight 
should come from a test relevance score. The subject score ranged from one to 10 and was assigned based on 
how many human subjects or PMHS were used to develop the response corridors within a particular test 
condition. The test relevance score also ranged from one to 10 and was assigned based on how well the ATD 
responses in a particular condition matched the human response targets in regulatory-type tests. After the 
weighted average of test conditions was computed, the scores of all body regions were averaged to generate 
overall internal and external biofidelity scores. As a final step, the internal and external biofidelity scores could 
be averaged to produce a final overall biofidelity score. See Figure 1 in the Methods section for a schematic 
representation of the hierarchical averaging scheme for internal responses. 

The second version of BioRank (BioRank 2009) made no changes to how the individual response scores were 
calculated, but made several changes to the hierarchical averaging scheme [28]. First, the test condition weights 
were removed. Therefore, to generate the biofidelity scores at the body region level, an unweighted average was 
calculated using all test condition scores within a particular body region. Responses were still separated by their 
internal and external classifications until the end of the averaging scheme. However, the internal and external 
classification system was revised. This was stated in the text as a loosening of the definition of the internal 
response to include internal measures without associated injury criteria. In addition, externally measured 
displacements, such as head displacement, were reclassified as internal responses instead of external responses. 
Detailed definitions of internal and external responses within the framework of BioRank 2009 can be found in 
[29]. 

The third version of BioRank (BioRank 2013) made recommendations for data processing prior to calculating 
BioRank and modified the calculation of the response scores [27]. Data processing recommendations included 
procedures for normalising and performing phase optimisation on human response curves as needed prior to 
generating the mean human response and standard deviation corridors. Additionally, the generation of constant 
width standard deviation corridors, using the average standard deviation across time for a response, was 
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recommended to eliminate the necking that occurs when the human response curves happen to be very similar 
or intersect. It was erroneously stated that this would not affect the calculation of the cumulative variance 
between the mean and one standard deviation human response curves [26]. In fact, this does alter the cumulative 
variance calculation because the differences between the mean and standard deviation curves are squared before 
being summed. It was also suggested that the calculation of response scores be limited to the portion of the mean 
human response curve that was within 80% of the peak response, minimising the inclusion of low magnitude data 
outside of the event of interest. Next, the calculation of the response biofidelity score was divided into two parts: 
a phase score (P) and a shape and magnitude score (SM). The SM score was calculated using the same 
methodology that was used to calculate √R in BioRank 2002 and BioRank 2009, with the exception that the ATD 
response was first phase optimised with respect to the mean human response curve via cross-correlation. 
However, there are several methods of calculating cross-correlation and a specific method or equation was not 
provided. The phase score was calculated as the shift needed to phase optimise the ATD response for the SM 
calculation divided by the acceptable lag. The acceptable lag was generated by shifting the mean human response 
curve with respect to itself until the √R value calculated between the curves reached 1.0. The root mean square 
(RMS) of SM and P was defined as the new biofidelity response score. 

The fourth version of BioRank (BioRank 2018) modified the calculation of the response biofidelity score and 
proposed a modification to the hierarchical averaging scheme [26]. The calculation of the SM score was modified 
to be the cumulative absolute difference between the ATD and mean human response curves (DCAD) divided by 
the cumulative absolute difference between the mean and one standard deviation human response curves 
(CCSD). Essentially, this modified the penalty function for differences between curves from being second order (a 
squared term) in BioRanks 2002, 2009, and 2013 to first order (an absolute difference) in BioRank 2018. 
Additionally, it allowed the application of constant standard deviation corridors as described in BioRank 2013 
without altering the calculation of the biofidelity score. The phase optimisation procedure for the ATD response 
prior to the calculation of SM was also altered. Instead of a cross-correlation function, the ATD phase shift was 
defined as the shift that produced the minimum biofidelity response score. The P score was calculated in a similar 
method as described in BioRank 2013. P was still the ratio between the ATD phase shift and the acceptable lag. 
However, the acceptable lag was generated by shifting the mean human response curve with respect to itself 
until the cumulative absolute difference between the shifted and unshifted curves exceeded the CCSD. During 
the shifting procedure, the human response curve was be padded to maintain a constant interval of evaluation 
for the cumulative absolute differences. As in BioRank 2013, an RMS calculation was used to combine the SM and 
P scores into the response biofidelity score. For the hierarchical averaging changes, it was stated that it is not 
necessary to evaluate internal and external biofidelity separately, as in previous versions of BioRank, and that 
they could be grouped together within test condition averages. 

 
 

IRC-20-78 IRCOBI conference 2020

674



 
TA

BL
E 

AI
 

SU
M

M
AR

Y 
O

F 
DI

FF
ER

EN
CE

S 
BE

TW
EE

N
 B

IO
RA

N
K 

VE
RS

IO
N

S 
Bi

oR
an

k 
Ve

rs
io

n 
Pr

e-
pr

oc
es

sin
g 

Re
sp

on
se

 S
co

re
 C

al
cu

la
tio

n 
Av

er
ag

in
g 

Sc
he

m
e 

20
02

 

 
• 

U
se

s c
um

ul
at

iv
e 

va
ria

nc
e 

• 
Se

pa
ra

te
s i

nt
er

na
l a

nd
 e

xt
er

na
l 

re
sp

on
se

s 
• 

Ap
pl

ie
s t

es
t c

on
di

tio
n 

w
ei

gh
ts

 w
he

n 
av

er
ag

in
g 

20
09

 

 
• 

U
se

s c
um

ul
at

iv
e 

va
ria

nc
e 

• 
Se

pa
ra

te
s i

nt
er

na
l a

nd
 e

xt
er

na
l 

re
sp

on
se

s 
• 

Di
sc

on
tin

ue
s u

se
 o

f t
es

t c
on

di
tio

n 
w

ei
gh

ts
 

20
13

 

• 
Su

gg
es

ts
 n

or
m

al
isa

tio
n 

an
d 

ph
as

e 
op

tim
isa

tio
n 

of
 h

um
an

 re
sp

on
se

s b
ef

or
e 

av
er

ag
in

g 
in

to
 c

or
rid

or
s 

• 
Su

gg
es

ts
 g

en
er

at
in

g 
co

ns
ta

nt
 w

id
th

 
st

an
da

rd
 d

ev
ia

tio
n 

co
rr

id
or

s 

• 
U

se
s c

um
ul

at
iv

e 
va

ria
nc

e 
• 

Se
pa

ra
te

s r
es

po
ns

e 
sc

or
e 

in
to

 su
b-

sc
or

es
 

fo
r s

ha
pe

 a
nd

 m
ag

ni
tu

de
 (S

M
) a

nd
 p

ha
se

 
(P

) 
• 

Ph
as

e 
op

tim
ise

s A
TD

 re
sp

on
se

 u
sin

g 
cr

os
s-

co
rr

el
at

io
n 

• 
Se

pa
ra

te
s i

nt
er

na
l a

nd
 e

xt
er

na
l 

re
sp

on
se

s 

20
18

 

• 
Su

gg
es

ts
 g

en
er

at
in

g 
co

ns
ta

nt
 w

id
th

 
st

an
da

rd
 d

ev
ia

tio
n 

co
rr

id
or

s 
• 

U
se

s c
um

ul
at

iv
e 

ab
so

lu
te

 d
iff

er
en

ce
 

in
st

ea
d 

of
 c

um
ul

at
iv

e 
va

ria
nc

e 
• 

Co
nt

in
ue

s u
se

 o
f s

ep
ar

at
e 

SM
 a

nd
 P

 
sc

or
es

 
• 

Ph
as

e 
op

tim
ise

s A
TD

 re
sp

on
se

 b
y 

fin
di

ng
 

th
e 

ph
as

e 
sh

ift
 th

at
 g

en
er

at
es

 th
e 

lo
w

es
t 

re
sp

on
se

 sc
or

e 

• 
Su

gg
es

ts
 se

pa
ra

tin
g 

in
te

rn
al

 a
nd

 e
xt

er
na

l 
re

sp
on

se
s i

s n
ot

 n
ec

es
sa

ry
 

IRC-20-78 IRCOBI conference 2020

675



BioRank Calculations 
The biofidelity response scores for BioRank 2009 were calculated using the following set of equations [28]:  

 
 𝐷𝐷𝐷𝐷𝐷𝐷 =  ∑ [𝐷𝐷(𝑡𝑡) − 𝐷𝐷𝑚𝑚(𝑡𝑡)]2𝑛𝑛

𝑡𝑡=0  (A1) 
 𝐷𝐷𝐷𝐷𝐷𝐷 =  ∑ [𝐷𝐷𝑆𝑆𝑆𝑆(𝑡𝑡) − 𝐷𝐷𝑚𝑚(𝑡𝑡)]2𝑛𝑛

𝑡𝑡=0  (A2) 

 √𝑅𝑅 = �𝑆𝑆𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷

 (A3) 

 
where n is the length of the response curve, DCV is the ATD cumulative variance, D(t) is the ATD response 

curve, Cm(t) is the mean PMHS response curve, CCV is the PMHS cumulative variance, CSD(t) is the upper PMHS 
standard deviation curve, and √R is the biofidelity response score. BioRank 2009 was calculated without 
performing phase optimisation on the ATD response curve with respect to the mean PMHS response curve since 
phase optimisation was not introduced until BioRank 2013.   

In order to calculate biofidelity using BioRank 2018, a number of steps, including phase optimisation of the 
ATD response curve relative to the mean PMHS response curve, were performed. Determination of the phase 
optimised ATD response is governed by the allowable phase shift. In order to determine the allowable phase shift, 
the PMHS cumulative standard deviation was first calculated using the following equation: 

 
 𝐷𝐷𝐷𝐷𝑆𝑆𝐷𝐷 = ∑ |𝐷𝐷𝑆𝑆𝑆𝑆(𝑡𝑡) − 𝐷𝐷𝑚𝑚(𝑡𝑡)|𝑛𝑛

𝑡𝑡=0   (A4) 
 

where CCSD is the PMHS cumulative standard deviation and CSD(t) and Cm(t) are defined as above for Equations 
A1-A2. Next, the mean PMHS response curve was shifted left and right relative to itself until the cumulative 
standard deviation of the shifted curve relative to the unshifted curve was greater than the CCSD. Essentially, the 
minimum left and right shifts were found such that the following inequality was satisfied: 
 
 𝐷𝐷𝐷𝐷𝑆𝑆𝐷𝐷 < ∑ |𝐷𝐷𝑠𝑠(𝑡𝑡 ± 𝑏𝑏) − 𝐷𝐷𝑚𝑚(𝑡𝑡)|𝑛𝑛

𝑡𝑡=0  (A5) 
 

where Cs(t) is the shifted mean PMHS response curve and b is the set of time steps by which the curve is 
shifted. The minimum positive shift was defined as the allowable right shift, and the minimum negative shift was 
defined as the allowable left shift. Next, Equations A6-A9 were calculated for each possible left and right shift of 
the ATD response curve relative to the mean PMHS response curve. When, the ATD curve was shifted, the left or 
right side of the PMHS mean response curve was padded, as applicable, to maintain a constant interval of 
evaluation for Equations 6-9. Note that the possible phase shift is limited to the length of the PMHS response 
curve and can be greater than the allowable left and right shifts calculated using Equation A5.  
 
 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷±𝑏𝑏 = ∑ |𝐷𝐷(𝑡𝑡 ± 𝑏𝑏) − 𝐷𝐷𝑚𝑚(𝑡𝑡)|𝑛𝑛

𝑡𝑡=0  (A6) 
 𝑆𝑆𝑆𝑆±𝑏𝑏 = 𝑆𝑆𝐷𝐷𝐷𝐷𝑆𝑆±𝑏𝑏

𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆
 (A7) 

 𝑃𝑃±𝑏𝑏 =

⎩
⎨

⎧
𝑏𝑏

𝐷𝐷𝐴𝐴𝑆𝑆𝑅𝑅
, 𝑏𝑏 > 0

𝑏𝑏
𝐷𝐷𝐴𝐴𝑆𝑆𝐿𝐿

, 𝑏𝑏 < 0
0,        𝑏𝑏 = 0

 (A8) 

 𝑅𝑅𝑆𝑆𝑆𝑆±𝑏𝑏 = �𝑆𝑆𝑆𝑆±𝑏𝑏
2 + 𝑃𝑃±𝑏𝑏

2 (A9) 

 
DCAD is the ATD cumulative difference and b is the set of left and right time shifts of the ATD response curve. 

SM is the shape and magnitude score. P is the phase score. APSL and APSR are the left and right allowable phase 
shifts respectively. RMS is the root mean square of the SM and P scores. The shifted ATD response curve that 
resulted in the lowest value of RMS was considered the phase optimised ATD response curve. Therefore, the 
minimum RMS that resulted from all possible phase shifts was the biofidelity response score for BioRank 2018.  

The same hierarchical averaging scheme was used for both BioRank 2009 and 2018 in the current study. An 
equation representation of the averaging scheme used in the current study is as follows: 
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 𝐵𝐵 =

∑

⎝

⎜
⎜
⎜
⎜
⎛∑

⎝

⎜
⎛∑ ��𝑅𝑅𝑖𝑖,𝑗𝑗,𝑘𝑘 𝑜𝑜𝑜𝑜 𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗,𝑘𝑘�

𝑝𝑝
𝑘𝑘=1

𝑝𝑝

⎠

⎟
⎞𝑚𝑚

𝑗𝑗=1

𝑚𝑚

⎠

⎟
⎟
⎟
⎟
⎞

𝑙𝑙
𝑖𝑖=1

𝑙𝑙
 (A10) 

 
where B is the overall biofidelity (or BioRank) score, l is the number of body regions, m is the number of test 

conditions within a body region, p is the number of response measurements within a test condition and body 
region, √R is the BioRank 2009 biofidelity score for a particular response measurement, and RMS is the BioRank 
2018 biofidelity score for a particular response measurement. Table AII shows all of the response measurements 
included in this study divided by body region. 
 

TABLE AII 
ALL RESPONSE MEASUREMENTS DIVIDED INTO BODY REGIONS 

Body Region Response Measurement Conditions Included 

Head 

CG Acceleration X All 
CG Acceleration Z All 

CG Angular Velocity X All 
CG Angular Velocity Y All 
CG Angular Velocity Z All 

CG Excursion X All 
CG Excursion Z All 

Thorax 

Chest Acceleration X All 
Chest Acceleration Z All 

Chest Angular Velocity X All 
Chest Angular Velocity Y All 
Chest Angular Velocity Z All 
Left Shoulder Excursion X All 
Left Shoulder Excursion Z All 

Right Shoulder Excursion X All 
Right Shoulder Excursion Z All 
Upper Sternum Deflection All 

Upper Left Chest Deflection All 
Upper Right Chest Deflection All 
Lower Left Chest Deflection All 

Lower Right Chest Deflection All 

Pelvis 

Pelvis Acceleration X All 
Pelvis Acceleration Z All 

Pelvis Angular Velocity X All 
Pelvis Angular Velocity Y All 
Pelvis Angular Velocity Z KB/SWAB, KBAB/SWAB 

Knee 

Left Knee Excursion X All 
Left Knee Excursion Z All 

Right Knee Excursion X All 
Right Knee Excursion Z All 

Ankle 

Left Ankle Excursion X All 
Left Ankle Excursion Z All 

Right Ankle Excursion X All 
Right Ankle Excursion Z All 
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Case Study of High Magnitude, Short Duration Signals 
A case study was undertaken within the confines of the current study to evaluate whether the addition of the 

phase score improves the subjective accuracy of BioRank for high magnitude, short duration signals. The best 
example of such a signal within the current study is the forward head acceleration during the KB condition, where 
the head strikes the steering wheel/hub for all surrogates. The characteristic average responses for each ATD are 
shown in Figure A1 along with the mean PMHS response with one standard deviation corridors, the BioRank 2009 
score (√R), and the BioRank 2018 SM, P, and RMS scores. The HIII response was a higher magnitude and out of 
phase compared to the PMHS response. This resulted in a very poor BioRank 2009 score over 6.0. The 2018 P 
score of 1.27 accurately captured that the HIII response was out of phase, and the SM score showed 
approximately a 1.0 reduction in score compared to BioRank 2009. Overall, the phase optimisation in BioRank 
2018 resulted in a lower response score compared to BioRank 2009 for the HIII, but the difference in magnitude 
between the responses prevented a substantial improvement in the BioRank score even when the phasing 
difference was considered. Conversely, the THOR BioRank scores for the same response increased from the 2009 
version to the 2018 version. Since the THOR signal seemed only slightly out of phase, the increase seemed to be 
driven by an increase of the SM score that was independent of the phase correction. Instead, the change from 
using the cumulative variance in BioRank 2009 to the cumulative absolute difference in BioRank 2018 appears to 
have caused the increase. This limited analysis demonstrates that the phase shift can provide some correction to 
improve BioRank scores for short duration, high magnitude, out of phase signals; however, this correction can be 
dwarfed by the contribution of the SM component.  

 

  
Fig. A1. Forward head accelerations of the HIII (left) and THOR (right) compared to the PMHS response for the KB 
condition. 

 
 

 
Fig. A2. Simulated human and ATD response curves illustrating differences between the 2009 BioRank score (2009 
√R) and non-phase optimised 2018 BioRank shape and magnitude score (2018 SM). 
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