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Bigger is Better for Automated Scoring: 

Analysis of Minimum Constraints for RQ/CQ Ratios

Raymond Nelson

Abstract

$Q�DUFKLYDO�VDPSOH�RI�Q ����FRQÀUPHG�ÀHOG�SRO\JUDSK�H[DPLQDWLRQV�ZDV�XVHG�WR�VWXG\�WKH�HIIHFWV�
RI�PLQLPXP�FRQVWUDLQW�UDWLRV��IURP�����WR�����LQ�LQFUHPHQWV�RI������IRU�DXWRPDWHG�IHDWXUH�H[WUDFWLRQ�
DQG�DXWRPDWHG�VFRUH�DVVLJQPHQW��)RU�UHVSLUDWLRQ�GDWD�����RI�WKH�VFRUHV�ZHUH�]HUR� ����DW�D�PLQ-
LPXP�FRQVWUDLQW�UDWLR�RI�������� ,Q�FRQWUDVW��DSSUR[LPDWHO\�����RI�WKH�('$�VFRUHV�ZHUH�QRQ�]HUR�
DQG�����RI�WKH�FDUGLR�VFRUHV�ZHUH�QRQ�]HUR�DW�WKH�VDPH���������UDWLR��/RJ5&�5DWLRV�ZHUH�RSWLPDO�
with no minimum constraint, indicating that automated scoring methods are reasonable when they 
DWWHPSW�WR�PDNH�XVH�RI�DQ\�PHDVXUDEOH�GLIIHUHQFH�WKDW�FDQ�EH�H[WUDFWHG�IURP�UHOHYDQW�DQG�FRPSDU-
LVRQ�TXHVWLRQV��)RU�VLJQHG�LQWHJHU�VFRUHV��WKH�FRUUHODWLRQ�FRHIÀFLHQW��VLPLODU�WR�'(&��IRU�WKH������
QXPHULFDO�VFRUHV�ZDV�ODUJHO\�XQDIIHFWHG�E\�DQ\�FRQVWUDLQW�IRU�FDUGLR�GDWD��7KH�FRUUHODWLRQ�FRHIÀFLHQW�
for numerical scores of EDA data was minimally affected by the series of constraints, beginning at 
�����DW���������WKHQ�ULVLQJ�VOLJKWO\�WR� �����DW�UDWLR�RI��������DQG�HQGLQJ�DW� �����DW�WKH�PD[LPXP�
FRQVWUDLQW�UDWLR�RI������6FRUH�FRUUHODWLRQV�IRU�UHVSLUDWLRQ�VFRUHV��WRJHWKHU�ZLWK�WKH�DJJUHJDWHG�VFRUH�
FRUUHODWLRQ��VKRZQ�LQ�RUDQJH���VXJJHVW�WKDW�FRQVWUDLQLQJ�WKH�UHVSLUDWLRQ�VFRUH�H[WUDFWLRQ�WR�WKH�UDQJH�
IURP�������DQG�������PD\�EH�XVHIXO�WR�RSWLPL]H�WKH�FRQWULEXWLRQ�RI�UHVSLUDWLRQ�VFRUHV�WR�FRUUHFW�YV�
LQFRUUHFW�FRQFOXVLRQV��'DWD�IURP�WKLV�DQDO\VLV�LQGLFDWH�WKDW�QR�PLQLPXP�FRQVWUDLQW�UDWLR�LV�QHHGHG�
for automated analysis methods for EDA or cardio and provide general support for the validity of the 
ELJJHU�LV�EHWWHU�UXOH��

Introduction

$OO� VFLHQWLÀF� FRQFOXVLRQV�� LQ� ERWK� VFLHQWLI-
LF� UHVHDUFK� DQG� VFLHQWLÀF� WHVWLQJ�� DUH� PDGH�
ZLWK�UHJDUG�WR�RWKHU�SRVVLEOH�FRQFOXVLRQV��7KH�
process of science is intended to evaluate the 
strength of available evidence to support each 
of the different possible conclusions that at-
tempt to answer basic questions about the 
XQLYHUVH�DQG�UHDOLW\��:KDW� LV� LW"�+RZ�GRHV� LW�
work? Why? Regardless of whether science oc-
curs at the level of theoretical physics or at 
the level of practical forensic and risk-man-
agement decisions about how best to proceed 
with a single individual, reproducibility of an-
alytic results has become a de facto standard 
RU� H[SHFWDWLRQ� IRU� DOO� DUHDV� RI� VFLHQWLÀF� UH-
VHDUFK�DQG�VFLHQWLÀF�WHVWLQJ��3HQJ���������7KH�
need for reproducibility can be easily observed 
in credibility assessment testing – beginning 
with the fact that test data are permanently 
UHFRUGHG��$Q�DELOLW\�WR�UHFRUG�GDWD�LV�IRXQGD-
tional to an ability to study the signals in dif-

ferent ways so that analytic methods can be 
RSWLPL]HG��

Advancements in technology during the ear-
ly history of the polygraph profession involved 
both the development of sensors that can pro-
vide access to physiological signals that are 
correlated with deception and truth-telling, 
and methods to record changes in physiolo-
gy so that they may be studied more carefully 
DQG�VWXGLHG� UHSHDWHGO\��7RGD\�ZH�NQRZ� WKDW�
although deception itself cannot be measured 
SK\VLFDOO\��ZH�DUH�QRW� OLNHO\� WR�HYHU�ÀQG�DQ\�
physiological activity that is uniquely associ-
DWHG�GHFHSWLRQ��,QVWHDG��DOO�SRO\JUDSK�VLJQDOV�
will most likely continue to involve the auto-
nomic nervous system and multiple aspects of 
WKH�FHUHEUDO� FRUWH[��$QG�DOO�SK\VLRORJLFDO�DF-
tivity will likely continue to be associated with 
PXOWLSOH� W\SHV� RI� KXPDQ� EHKDYLRU�� ,Q� VKRUW��
WKHUH�LV�QR�VXFK�WKLQJ�DV�´3LQRFFKLR·V�QRVH�µ�

7KH�VWUHQJWK�RI�FRUUHODWLRQ�RI�GLIIHUHQW�SK\VLR-
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logical signals, along with the degree to which 
different signals may covary, will remain an 
underlying concern to anyone involved in poly-
graph validity research (or discussions about 
SRO\JUDSK� YDOLGLW\��� 7R� EH� XVH� XVHIXO�� SK\VL-
ological signals will ideally correlate with the 
FULWHULRQ�DW�D�VWDWLVWLFDOO\�VLJQLÀFDQW�OHYHO��EXW�
will not covary so strongly that they are redun-
GDQW�� 8VHIXO� VLJQDOV� ZLOO� FRQWULEXWH� XQLTXH��
non-redundant, information to a structural 
PRGHO� �L�H��� D�PDWKHPDWLFDO�VWDWLVWLFDO� UHSUH-
VHQWDWLRQ� RI� WKH� SKHQRPHQD� RI� LQWHUHVW��� 5H-
dundancy of physiological signal can be ob-
served when adding additional data to the 
model does not increase the effectiveness of 
the model, even though the added information 
is known to be correlated with the phenome-
QD�RI� LQWHUHVW�� ,Q� RWKHU�ZRUGV�� WKH� VLPSOLVWLF�
adage “more information is always better” is 
XQWUXH��PRUH�LQIRUPDWLRQ�LV�EHWWHU�ZKHQ�LW�LQ-
FUHDVHV�WKH�HIIHFW�VL]H�RI�LQWHUHVW��,I�WKH�DGGHG�
information does not increase the effect size of 
interest the actual effect will be an increase in 
ULVN�IRU�FRQIXVLRQ�DQG�XQUHOLDELOLW\��7KH�UHVXOW�
RI� DOO� RI� WKLV� LV� WKDW� VFLHQWLÀF� WHVWV� DUH� RIWHQ�
constructed of signals of moderate correlation 
strength – because signals for which the crite-
rion correlation is strong will tend to covary so 
PXFK�WKH\�FDQ�EHFRPH�UHGXQGDQW�

During the early part of the 20th century the 
kymograph was the best available technol-
ogy to record polygraph data for subsequent 
DQDO\VLV�� DQG� UH�DQDO\VLV�� $QDO\WLF� PHWKRGV�
through the mid-century period relied almost 
XQLIRUPO\�RQ�WKH�XQ�TXDQWLÀHG� LQWXLWLRQ�DQG�
H[SHULHQFH�RI� WKH�H[SHUW�REVHUYHU��2YHU� WLPH��
toward the latter half of the 20th century, the 
need for improved consistency and skill devel-
RSPHQW�DPRQJ�D�YDULHW\�RI� H[SHUWV� OHG� WR�DQ�
emphasis on numerical scoring systems such 
as the seven-position system and three-posi-
WLRQ� VFRULQJ�PHWKRG�� 7RZDUGV� WKH� ODWWHU� KDOI�
of the 20th� FHQWXU\� ZH� VDZ� DQ� H[SRQHQWLDO�
increase in the availability computing tech-
QRORJ\�� 3RZHUIXO� DQG� �UHODWLYHO\�� LQH[SHQVLYH�
FRPSXWLQJ�WHFKQRORJ\�KDV�LQÁXHQFHG�YLUWXDOO\�
every aspect of social and professional life – 
including recreation, entertainment, commu-
nication, transportation, education, adminis-
tration, employment, news and information, 
SXEOLFDWLRQ�� DQG� HYHQ� VFLHQFH� DQG� VFLHQWLÀF�
WHVWLQJ��

7RGD\� ²�ZHOO� LQWR� WKH� ��st century – there is 
no area of society and no area of science that 
does not make use of computing technology 
WR�UHFRUG�DQG�DQDO\]H�GDWD��7KH�N\PRJUDSK�RI�
the early 20th century is today virtually com-
SOHWHO\� VXSSODQWHG�� LQ� ERWK� SRO\JUDSK� ÀHOG�
practice and polygraph research, with analog 
to digital converters and computerized encod-
ing systems that record polygraph data not as 
a tracing on a cylinder or paper scroll but as a 
time-series of recorded numbers stored on an 
HOHFWURQLF�PHGLD��'DWD�DUH�SURFHVVHG�IRU�GLV-
play in the familiar form of time-series tracings 
RQ�D�FRPSXWHU�VFUHHQ��$�FRQYHQLHQW�DVSHFW�RI�
DOO� RI� WKLV� LV� WKDW� ROGHU� SRO\JUDSK� H[DPLQHUV�
can plot or print their “charts” onto paper and 
inspect them visually in ways similar to what 
WKH\�KDYH�GRQH�LQ�GHFDGHV�SDVW��

:KHUHDV�WKH�IDFWRUV�WKDW�LQÁXHQFH�WKH�SORWWHG�
lines in the days of early polygraph instrumen-
tation were entirely mechanical – involving the 
moving mass of carefully engineered hardware, 
LQFOXGLQJ�WKH�IULFWLRQ�FRHIÀFLHQWV�RI�SLYRWV�DQG�
bearings along the myriad of adjustments and 
calibrations necessary to ensure that recorded 
data, encoded as ink on paper, would be use-
ful – polygraph signal processing can today be 
more carefully and precisely designed through 
the careful efforts of electrical engineers who 
understand our hardware requirements and 
through software engineers and data scien-
tists who can enable us to make use of digi-
tal signal processing methods and statistical 
methods with more power than those we used 
during the era when all computations were 
GRQH�PDQXDOO\��

Electronic engineering and digital signal pro-
cessing methods can provide far greater pre-
cision and reliability, and with much greater 
convenience and economy, than mechanical 
VROXWLRQV�RI�WKH�SDVW��,Q�FRQWUDVW�WR�PHFKDQL-
FDO�SRO\JUDSK�V\VWHPV��LQ�ZKLFK�ÀOWHULQJ�DQG�
smoothing was sometimes an unintended or 
unanticipated byproduct of the friction of the 
weight of the capillary ink pen on the scrolled 
paper, computerized polygraph systems of to-
day – with high sampling rates and high reso-
lution analog-to-digital conversion – can pro-
YLGH�GDWD�WKDW�LV�RI�KLJKHU�ÀGHOLW\��LQ�WHUPV�RI�
recording and representing physiological ac-
WLYLW\��WKDQ�HYHU�LQ�WKH�SDVW��
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Simultaneous with advances in polygraph 
testing methods, signal processing and data 
recording, data analysis methods have also 
advanced as a result of available computing 
WHFKQRORJLHV�� 3RO\JUDSK� SURIHVVLRQDOV� QRZ�
have access to both empirical reference distri-
EXWLRQV��.UDSRKO�	�0F0DQXV��������.UDSRKO��
������1HOVRQ��.UDSRKO�	�+DQGOHU��������1HO-
VRQ� 	� +DQGOHU�� ������ DQG� PXOWLQRPLDO� UHI-
HUHQFH� GLVWULEXWLRQV� �1HOVRQ�� ������ �������
7KH� DYDLODELOLW\� RI� FRPSXWHU�EDVHG� VWDWLVWL-
cal reference models has led to the potential 
for convenient application of both frequentist 
DQG�%D\HVLDQ�VWDWLVWLFDO�PHWKRGV�LQ�SRO\JUDSK�
ÀHOG�SUDFWLFH��

7RGD\�� LQ� WKH� ��VW� FHQWXU\��ZH� KDYH� WKH� FD-
pability for both digital recording of polygraph 
signals and the potential convenient use of 
powerful mathematical and statistical meth-
ods that can go well beyond what polygraph 
professionals are willing to attempt with pencil 
DQG�SDSHU��:H�DOVR�KDYH�WKH�FDSDELOLW\�IRU�DX-
WRPDWHG�IHDWXUH�H[WUDFWLRQ�²�DQG�WKLV�ZLOO�EH�LQ-
KHUHQWO\�PRUH�UHOLDEOH�WKDQ�IHDWXUH�H[WUDFWLRQ�
through visual pattern recognition methods 
that may have been the best available solution 
IRU� DQDORJ�SRO\JUDSK� LQVWUXPHQWV��'HFHSWLRQ�
DQG�WUXWK�WHOOLQJ�DUH�FRPSOH[�SUREOHPV�²�EH-
JLQQLQJ�ZLWK�WKH�FRPSOH[�DV\PPHWU\�RI�HYHQ�
achieving a completely satisfactory epistemo-
ORJLFDO�SKLORVRSKLFDO� GHÀQLWLRQ� RI� GHFHSWLRQ�
DQG� WUXWK�� ,W� LV� DOVR� QRW� VXUSULVLQJ� WKDW� WKH�
analysis of credibility assessment test data is 
LQKHUHQWO\�FRPSOH[�²�DQG�WKHUHIRUH�VXEMHFW�WR�
a variety of forms of bias, subjectivity and in-
FRQVLVWHQF\��

7KH� PDJQLWXGH� RI� FRPSOH[LW\� VXUURXQGLQJ�
SRO\JUDSK�IHDWXUH�H[WUDFWLRQ�EHFRPHV�TXLFNO\�
apparent when considering the combination or 
LQWHUDFWLRQ�RI�IDFWRUV�WKDW�FDQ�LQÁXHQFH�D�QX-
PHULFDO�VFRUH�� LQFOXGLQJ�IHDWXUH�H[WUDFWLRQ�DW�
ERWK�WKH�UHOHYDQW�TXHVWLRQ��54��DQG�FRPSDUL-
VRQ�TXHVWLRQ��&4��DORQJ�ZLWK�WKH�FRPSDULVRQ�
RI�WKHVH�WZR�YDOXHV��7KH�PRVW�UHDOLVWLF�VROXWLRQ�
for the future of the polygraph profession will 
be to harness the power of digital computers 
to record process and analyze the variety of 
FRPSOH[LWLHV� DQG� LQWHUDFWLRQV�� LQFOXGLQJ� WKH�
WDVN�RI�DXWRPDWHG�IHDWXUH�H[WUDFWLRQ�DQG�DX-
WRPDWHG�VFRUH�DVVLJQPHQW��7R�GR�RWKHUZLVH�²�
to limit polygraph methodology to mid-century 
methods from the pre-computer epoch – will 
EH�WR� LQYLWH�HYHQWXDO�GLVUXSWLRQ��)RUWXQDWHO\��

a great deal of knowledge and methodology 
H[LVWV�IRU�WKLV�SXUSRVH��&RPSXWLQJ�SRZHU�DQG�
DQDO\VLV� WRROV� WRGD\� DUH� DEXQGDQW� DQG� LQH[-
pensive – quite often they are free and open 
VRXUFH��7KLV�SURMHFW� LV�DQ�RSWLPL]DWLRQ�VWXG\�
of automated numerical score assignment as a 
IXQFWLRQ�RI�WKH�UDWLR�RI�54�DQG�&4�DQG�SDLUV��
7KH�TXHVWLRQ�RI�LQWHUHVW�LV�ZKHWKHU�WKHUH�H[LVWV�
D� VHW� RI� PLQLPXP� 54�&4� UDWLR� FRQVWUDLQWV�
WKDW�ZLOO�PD[LPL]H�WKH�GLDJQRVWLF�LQIRUPDWLRQ�
that is achieved in the numerical scores for 
HDFK�RI�WKH�SRO\JUDSK�UHFRUGLQJ�VHQVRUV�

Methods

Data

'DWD� IRU� WKLV� SURMHFW� ZHUH� Q ���� FRQÀUPHG�
ÀHOG� H[DPV� WKDW� ZHUH� FRQGXFWHG� XVLQJ� WKH�
)HGHUDO�=RQH�&RPSDULVRQ�7HVW��)=&7��'HSDUW-
PHQW�RI�'HIHQVH��������IRUPDW��6DPSOH�FDVHV�
were conducted by a variety of federal, state, 
and municipal law enforcement agency and 
ZHUH�VXEVHTXHQWO\�LQFOXGHG�LQ�WKH�FRQÀUPHG�
case archive at the Department of Defense 
3RO\JUDSK� ,QVWLWXWH� �QRZ� WKH�1DWLRQDO�&HQWHU�
IRU�&UHGLELOLW\�$VVHVVPHQW���$OO�FDVHV�FRQVLVW-
ed of three iterations of a question sequence 
WKDW� LQFOXGHG� WKUHH� UHOHYDQW�TXHVWLRQV� �54V��
DQG�WKUHH�FRPSDULVRQ�TXHVWLRQV��&4V��LQ�DG-
dition to other procedural questions that are 
not subject to numerical or statistical anal-
\VLV�� $OO� H[DPV� FRQVLVWHG� RI� WKUHH� FRPSOHWHG�
WHVW� FKDUWV�� >5HIHU� WR� 1HOVRQ� ������� DQG� 'H-
partment of Defense (2006) for general infor-
mation on the comparison question test and 
KRZ�WKH�VDPSOH�FDVHV�ZHUH�FRQGXFWHG�@�

All of the sample cases included the standard 
array of sensors, including upper and lower 
respiration sensors, an electrodermal activ-
ity sensor, and cardiovascular activity sen-
VRU�IURP�ZKLFK�UHVSRQVHV�ZRXOG�EH�H[WUDFWHG�
DQG� QXPHULFDO� VFRUHV� DVVLJQHG�� 7KLV� VDPSOH�
was previously used in the development of 
the OSS-2 scoring method (Krapohl, 2002), at 
ZKLFK� WLPH� UHVSRQVH� IHDWXUHV�ZHUH� H[WUDFWHG�
from the recorded data using a computer soft-
ZDUH�SURJUDP��([WUDFW�H[H��+DUULV��LQ�.UDSRKO�
	� 0F0DQXV�� ������ WKDW� ZDV� GHYHORSHG� WR�
REMHFWLYHO\� H[WUDFW� WKH� .LUFKHU� IHDWXUH� PHD-
surements from respiration, EDA and cardio 
GDWD�RI�FRPSXWHUL]HG�SRO\JUDSK�GDWD��$� WRWDO�
of 21600 measurements were available for 
WKH�Q ����ÀHOG�FDVHV�ZLWK�WKUHH�LWHUDWLRQV�RI�
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D�TXHVWLRQ�VHTXHQFH�WKDW�LQFOXGHG�WKUHH�54V�
DQG�WKUHH�&4V��'DWD�ZHUH� LPSRUWHG�WR� WKH�5�
/DQJXDJH� IRU� 6WDWLVWLFDO� &RPSXWLQJ� �5� &RUH�
7HDP��������IRU�DQDO\VLV��

Analysis 

$OO� LWHUDWLRQV� RI� DOO� UHOHYDQW� TXHVWLRQV� �54V��
were evaluated using the comparison ques-
tion selected according to the standardized 
SURFHGXUH� IRU� WKH�)=&7� IRUPDW��7KH�54V�DUH�
labeled R5, R7 and R10, while the comparison 
TXHVWLRQV��&4V��DUH�ODEHOOHG�&���&���DQG�&���
)RU� HDFK� VHQVRU�� WKH� ÀUVW�54��5���ZDV� HYDO-
XDWHG�ZLWK�&4V�WKDW�DUH�LPPHGLDWHO\�SUHFHG-
LQJ�DQG�LPPHGLDWHO\�IROORZLQJ�WKH�54�²�HLWKHU�
&��RU�&��RQ�WKH�ÀUVW�UHFRUGHG�FKDUW��WKRXJK�
the questions may be rotated for subsequent 
FKDUWV�²�GHSHQGLQJ�RQ�ZKLFK�&4�SURGXFHG�WKH�
JUHDWHU� FKDQJH� LQ� SK\VLRORJLFDO� DFWLYLW\�� 7KH�
VHFRQG�DQG�WKLUG�54V��5���DQG�5���ZHUH�HYDO-
XDWHG�ZLWK�WKH�SUHFHGLQJ�&4�²�&��IRU�5��DQG�
&��IRU�5����WKRXJK�WKH�RUGHU�PD\�EH�URWDWHG�
IRU�VRPH�UHFRUGHG�WHVW�FKDUWV��$Q�54�&4�UD-
WLR���UHIHUUHG�WR�DV�DQ�5&�5DWLR��ZDV�FDOFXODWHG�
IRU�HDFK�SDLU�RI�TXHVWLRQV��)RU�('$�DQG�FDU-
GLR� VHQVRUV� JUHDWHU� H[WUDFWHG� YDOXHV� LQGLFDWH�
JUHDWHU�FKDQJHV�LQ�SK\VLRORJ\��,Q�FRQWUDVW��IRU�
WKH�UHVSLUDWLRQ�VHQVRU��VPDOOHU�H[WUDFWHG�YDO-

ues represent greater changes in physiological 
DFWLYLW\��

5&�UDWLRV�ZLOO�FRQIRUP�WR�DQ�DV\PPHWULFDO�GLV-
WULEXWLRQ��ERXQGHG�E\���DQG��� �LQÀQLW\��ZLWK�
D�PHDQ�RI���DQG�D�SRWHQWLDOO\�LQÀQLWH�UDQJH�RI�
values between 0 and 1, along with a poten-
WLDOO\� LQÀQLWH� UDQJH� RI� YDOXHV� EHWZHHQ� �� DQG�
LQÀQLW\��:KHQ�WKH�54�YDOXH�ZDV�JUHDWHU�WKDQ�
WKH� &4� YDOXH� WKH� 5&� 5DWLR� ZDV� D� YDOXH� EH-
WZHHQ���DQG�LQÀQLW\��:KHQ�WKH�&4�YDOXH�ZDV�
JUHDWHU�WKDQ�WKH�54�YDOXH�WKH�5&�5DWLRQ�ZDV�
D�GHFLPDO�YDOXH�EHWZHHQ���DQG����7R�DYRLG�WKLV�
asymmetry the natural logarithm was taken 
IRU�HDFK�5&�5DWLR��UHIHUUHG�WR�DV�D�ORJ5&�5D-
WLR��7KH�UHVXOWLQJ�GLVWULEXWLRQ�RI�ORJ5&�5DWLRV�
was a symmetrical distribution with a mean of 
��DQG�DQ� LQÀQLWH�QXPEHU�RI�SRWHQWLDO� YDOXHV�
EHWZHHQ���DQG����LQÀQLW\��DORQJ�ZLWK�DQ�LQÀQ-
LW\�QXPEHU�SRWHQWLDO�YDOXHV�EHWZHHQ���DQG����
�QHJDWLYH�LQÀQLW\���5&�5DWLRV�EHWZHHQ���DQG���
SURGXFHG�QHJDWLYH�ORJ5&�5DWLR�YDOXHV�EHWZHHQ�
�� DQG� QHJDWLYH�LQÀQLW\�� ZKLOH� 5&� 5DWLRV� EH-
WZHHQ���DQG�LQÀQLW\�SURGXFHG�SRVLWLYH�ORJ5&�
5DWLRV�EHWZHHQ���DQG�LQÀQLW\��7DEOH���VKRZV�
DQ�H[DPSOH�RI�WKH�XVH�RI�WKH�QDWXUDO�ORJDULWKP�
to produce ratios that are symmetrical around 
���

1RWLFH�� LQ� 7DEOH� ��� KRZ� 5&� 5DWLRV� DUH� QRW�
V\PPHWULFDO�DURXQG���ZKLOH�ORJ5&�5DWLRV�DUH�
V\PPHWULFDO�DURXQG����7KLV�V\PPHWU\�PDNH�LW�
possible to make use of linear statistical cal-
FXODWLRQV� VXFK� DV� WKH� FRUUHODWLRQ� FRHIÀFLHQW��
%HIRUH�SURFHHGLQJ�IXUWKHU��LW�ZDV�QHFHVVDU\�WR�
DGMXVW�WKH�VLJQ�YDOXHV�RI�WKH�ORJ5&�5DWLRV�IRU�
('$�DQG� FDUGLR� GDWD� VR� WKDW� QHJDWLYH� ORJ5&�
Ratios correspond to deceptive scores while 
SRVLWLYH� ORJ5&� 5DWLRV� FRUUHVSRQG� WR� WUXWKIXO�
scores for all sensor, including the respiration, 
('$�DQG�FDUGLR�

7ZHQW\�RQH� WKRXVDQG� VL[�KXQGUHG� ��������
PHDVXUHPHQWV� ZHUH� WDNHQ� IURP� WKH� Q ����

FDVHV��IURP�ZKLFK�D�WRWDO�RI�������ORJ5&�5D-
tios were calculated for the three iterations of 
WKUHH�54V��IRU�WKH�WKRUDFLF�DQG�DEGRPLQDO�UHV-
piration sensors, EDA sensor and cardio sen-
VRU�IRU�HDFK�RI�WKH�Q ����VDPSOH�FDVHV��$IWHU�
combining the data for the thoracic and ab-
dominal respiration sensors there were 8100 
ORJ5&�5DWLRV��LQFOXGLQJ������YDOXHV�IRU�HDFK�
UHFRUGLQJ�VHQVRU�� UHVSLUDWLRQ��('$��DQG�FDU-
GLR�� 7R� UHPDLQ� FRQVLVWHQW� ZLWK� WKH� IDPLOLDU�
intuition for integer scores used in polygraph 
ÀHOG�SUDFWLFH��ORJ5&�5DWLR�RI���VLJQ�YDOXH�FRU-
respond to truth-telling while integer scores of 
²�VLJQ�YDOXH�FRUUHVSRQG�WR�GHFHSWLRQ��'XULQJ�
the course of the analysis, automated signed 
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integer scores were assigned to the 10800 
ORJ5&� 5DWLRV� XVLQJ� WKH� ELJJHU�LV�EHWWHU�UXOH�
�%,%5��1DWLRQDO�&HQWHU�IRU�&UHGLELOLW\�$VVHVV-
PHQW���������1XPHULFDO�VFRUHV�RI�WKLV�W\SH�DUH�
VLPLODU�WR�WKH�VFRUHV�WKDW�KXPDQ�H[SHUWV�ZRXOG�
assign using manual scoring methods such 
DV�WKH�)HGHUDO� WKUHH�SRVLWLRQ�VFRULQJ�PHWKRG�
�1DWLRQDO� &HQWHU� IRU� &UHGLELOLW\� $VVHVVPHQW��
������RU�WKH�(PSLULFDO�6FRULQJ�6\VWHP��(66��
1HOVRQ��.UDSRKO�	�+DQGOHU��������

Respiration data

7KRUDFLF� DQG� DEGRPLQDO� ORJ5&� 5DWLRV� ZHUH�
combined to a single vector of 5400 values and 
the point-biserial correlation for respiration 
scores was rpb ������)RU�WKH�WKRUDFLF�UHVSLUD-
tion sensor alone, the value was rpb ������DQG�
for the abdominal sensor alone it was rpb ������
)RU� WKH� FRPELQHG� UHVSLUDWLRQ� VHQVRU� GDWD��
WKH�PD[LPXP�ORJ5&�5DWLR�ZDV������D�UDWLR�RI�
������� $�PD[LPXP� FRQVWUDLQW� YDOXH�ZDV� DS-
SOLHG�LWHUDWLYHO\�IURP������WR���������DQG�ZDV�
found to optimize the point-biserial correla-
WLRQV�DW���������D�UDWLR�RI��������7KDW�LV��ORJ5&�
5DWLRV�ZHUH�FRHUFHG�WR�]HUR�����LI�WKH\�H[FHHGHG�
WKH�YDOXHV�����RU���������/RJ5&�5DWLRV�IRU�UHV-
piration data were more likely to contribute to 
incorrect scores than to correct scores when 
WKH\� H[FHHGHG� WKLV� OHYHO�� 7ZHQW\�IRXU� ����� RI�
WKH������UHVSLUDWLRQ�VFRUHV���������H[FHHGHG�
WKH�PD[LPXP�FRQVWUDLQW��:LWK�WKH�PD[LPXP�
constraint value, the point-biserial correla-
tions were rpb �����IRU�WKH�WKRUDFLF�VHQVRU�DQG�
rpb ����� IRU� WKH� DEGRPLQDO� VHQVRU�� $Q� RXWHU�
RU�PD[LPXP�FRQVWUDLQW�FDQ�LPSURYH�WKH�FRU-
UHODWLRQ�FRHIÀFLHQWV�IRU�DJJUHJDWHG�UHVSLUDWLRQ�
VFRUHV��+RZHYHU��EHFDXVH�WKH�JRDO�RI�WKLV�SURM-
ect was to study optimal minimum constraints 
no further optimization was performed on the 
RXWHU� FRQVWUDLQW� IRU� UHVSLUDWLRQ� VFRUHV�� 7KH�
PD[LPXP� FRQVWUDLQW� UDWLR� ZDV� UHWDLQHG� IRU�
WKH�UHPDLQGHU�RI�WKH�DQDO\VLV�

Respiration scores for the thoracic and ab-
dominal sensors were then combined to a 
single set of 2700 scores using the procedure 
GHVFULEHG�E\�1HOVRQ�DQG�.UDSRKO���������8V-
LQJ� WKDW�SURFHGXUH��7KH�FRPELQHG� ORJ5&�5D-
tio was coerced to zero (0) if the sign values 
are opposite, and was set to the value with 
WKH�JUHDWHU�DEVROXWH�YDOXH�LI�QRW�RSSRVLWH��$I-
WHU�FRPELQLQJ�WKH�WZR�ORJ5&�5DWLRV�WR�D�VLQJOH�
UHVSLUDWLRQ�VFRUH�IRU�HDFK�LWHUDWLRQ�RI�HDFK�54�
for each case the point-biserial correlation was 

rpb ������5HVSLUDWLRQ�GDWD�ZHUH�DOVR�FRPELQHG�
E\�DYHUDJLQJ�WKH�ORJ5&�5DWLRV�IRU�WKH�WZR�UHV-
SLUDWLRQ�VHQVRUV��7KH�SRLQW�ELVHULDO�FRUUHODWLRQ�
for the averaging method of combining the 
sensor data was r

pb ������DQG�H[FHHGHG� WKDW�
RI� WKH�SURFHGXUDO�PHWKRG��)RU� WKH� FRPELQHG�
UHVSLUDWLRQ�YHFWRU��ÀYH�����RI�WKH������UHVSLUD-
WLRQ�ORJ5&�5DWLRV�ZHUH�]HUR������6HSDUDWH�YHF-
WRUV�RI�ORJ5&�5DWLRV�ZHUH�UHWDLQHG�IRU�DQDO\VLV��
including 2700 values for the thoracic sensor 
DQG� ����� YDOXHV� IRU� WKH� DEGRPLQDO� VHQVRUV��
7KRUDFLF�DQG�DEGRPLQDO�LQIRUPDWLRQ�ZRXOG�EH�
combined in a later step for each iteration of a 
VHULHV�RI�PLQLPXP�UDWLR�FRQVWUDLQWV��

7KH�ORJ5&�5DWLRV�ZHUH�WKHQ�VWDQGDUGL]HG�WR�D�
mean of zero (0) and standard deviation of one 
�����7KHUH�ZDV�QR�GLIIHUHQFH�LQ�WKH�FRUUHODWLRQ�
(r

pb ������IRU�WKH�VWDQGDUGL]HG�ORJ5&�5DWLRV�IRU�
the averaged thoracic and abdominal respira-
WLRQ�VHQVRUV��%HFDXVH�VWDQGDUGL]DWLRQ�RIIHUHG�
no advantage, the remainder of the analysis 
was completed with the un-standardized res-
SLUDWLRQ�GDWD��6WDQGDUGL]HG�YDOXHV�ZLOO�KDYH�D�
FRPPRQ�PHWULF��ZLWK�PHDQ ��DQG�VG ���DQG�
can be calculated at a later time when combin-
LQJ�GDWD�IURP�GLIIHUHQW�VHQVRUV��

/RJ5&� 5DWLRV� IRU� FRPELQHG� UHVSLUDWLRQ� GDWD�
were then aggregated by averaging the three 
LWHUDWLRQV�RI�WKH�WKUHH�54V�IRU�HDFK�FDVH��7KH�
SRLQW�ELVHULDO� FRUUHODWLRQ� IRU� WKH�PHDQ� ORJ5&�
Ratios for respiration data was r

pb ������ )RU�
the individual sensors the point-biserial cor-
relation after aggregating the scores for each 
case was r

pb �����IRU�WKH�WKRUDFLF�VHQVRU�DQG�
r

pb ����� IRU� WKH� DEGRPLQDO� VHQVRU� ZLWK� WKH�
RXWHU�FRQVWUDLQW��:LWKRXW�WKH�PD[LPXP�FRQ-
straint the correlations were r

pb ����� IRU� WKH�
thoracic and rpbE ����� IRU� WKH� DEGRPLQDO�� ,W�
LV� QRW� VXUSULVLQJ� WKDW� WKH� DJJUHJDWHG� ORJ5&�
Ratios for each case produced a substantially 
VWURQJHU�FRUUHODWLRQ�FRHIÀFLHQW�WKDQ�WKH�ORJ5&�
5DWLRV� IRU�HDFK�SUHVHQWDWLRQ�RI�HDFK�54��$J-
gregating data has the effect of improving the 
signal-to-noise ratio within the information 
H[WUDFWHG�IURP�WKH�UHFRUGHG�GDWD��

A series of minimum constraints was evalu-
DWHG��IURP��������WR�����LQ�LQFUHPHQWV�RI������
5DWLRV�IURP������WR���ZHUH�WUDQVIRUPHG�WR�WKHLU�
natural logarithms so that they could be ap-
SOLHG�V\PPHWULFDOO\�WR�WKH�ORJ5&�5DWLRV�which 
KDYH���DQG�²�VLJQ�YDOXHV�VLPLODU�WR�WKH�LQWX-
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LWLRQ� WKDW� ÀHOG� SRO\JUDSK� H[DPLQHUV� XVH� IRU�
WUXWKIXO�DQG�GHFHSWLYH�QXPHULFDO�VFRUHV��7KH�
series of possible constraints was applied iter-
DWLYHO\�WR�WKH�VDPSOH�RI�Q ����FDVHV��)RU�HDFK�
iteration of the series of minimum constraints, 
ORJ5&�5DWLRV�ZHUH�FRHUFHG�WR�]HUR�LI�WKH\�GLG�
QRW�H[FHHG� WKH�FRQVWUDLQW�� ,QWHJHU�VFRUHV�XV-
LQJ�WKH�%,%5�ZHUH�DOVR�FRHUFHG�WR�]HUR�IRU�YDO-
XHV�IRU�ZKLFK�WKH�ORJ5&�ZDV�FRHUFHG�WR�]HUR��
7KH� FRQVWUDLQW� YDOXH� ZDV� DSSOLHG� VHSDUDWHO\�
to the thoracic and abdominal sensor data 
before combining the sensor data using the 
PHWKRG�GHVFULEHG�E\�1HOVRQ�	�.UDSRKO���������
/RJ�5&�5DWLRV�ZHUH� DJJUHJDWHG� E\� DYHUDJLQJ�
DOO�LWHUDWLRQV�RI�DOO�54V�IRU�HDFK�FDVH��DQG�WKH�
point-biserial correlation was then calculated 
IRU�WKH�FDVH�FULWHULRQ�VWDWHV�FRGHG�DV�>������@�

/RJ5&� 5DWLRV� IRU� HDFK� SUHVHQWDWLRQ� RI� HDFK�
54�ZHUH� WKHQ� WUDQVIRUPHG� WR� VLJQHG� LQWHJHU�
scores for which the thoracic and abdominal 
scores were combined using the method de-
VFULEHG�HDUOLHU��6LJQ�YDOXHV�IRU�ERWK�WKH�ORJ5&�
Ratios and the signed integer scores conform 
to the familiar intuition for sign scores used 
E\�SRO\JUDSK�ÀHOG�H[DPLQHUV��6FRUHV�RI�SRVL-
WLYH�����YDOXH�FRUUHVSRQG�WR�WUXWK�WHOOLQJ��DQG�
scores of negative (-) sign value correspond to 
GHFHSWLRQ��)RU� HDFK� LWHUDWLRQ� RI� WKH� VHULHV� RI�
minimum constraint ratios the proportion of 
QRQ�]HUR� ORJ5&�5DWLRV�ZDV� FDOFXODWHG� ²� DOVR�
the proportion of non-zero signed integer 
scores – for the 2700 scores after combining 
WKH�WKRUDFLF�DQG�DEGRPLQDO�VHQVRU�GDWD���7KH�
proportion of correct non-zero signed integer 
scores was calculated by comparing the  inte-
ger scores with the case criterion state coded 
DV�>����@��)LQDOO\��WKH�VLJQHG�LQWHJHU�VFRUHV�ZHUH�
summed for each case and the point-biserial 
correlation was calculated for the numerical 
VFRUHV�DQG�WKH�FULWHULRQ�VWDWH��FRGHG�DV�>������@�
for each iteration of the minimum constraint 
UDWLR��

)RU�HDFK�LWHUDWLRQ�RI�WKH�PLQLPXP�FRQVWUDLQW�
ratio the correlation of the 2700 signed inte-
ger scores and the case criterion state was 
calculated using a procedure similar to the 
GHWHFWLRQ�HIÀFLHQF\� FRHIÀFLHQW� �'(&��.LUFKHU��
+RURZLW]��	�5DVNLQ�� �������'(&� LV� FDOFXODW-
ed as the Pearson correlation between integer 
VFRUH�FRGHV�>���������@�DQG�WKH�FULWHULRQ�VWDWH�

>������@��DQG�DUH�LQIRUPDWLYH�EHFDXVH�WKH\�UHS-
resent strength of information about correct, 
incorrect, and inconclusive outcomes in a sin-
JOH�FRUUHODWLRQ�VWDWLVWLF��7KLV�DSSOLFDWLRQ�RI�WKH�
'(&�GLIIHUHG�IURP�LWV�QRUPDO�XVH�LQ�WKDW�'(&�
ZDV�LQLWLDOO\�GHVFULEHG�IRU�XVH�ZLWK�FODVVLÀFD-
tions made with numerical or statistical cut-
scores using aggregated scores for each case 
using a complete array of recording sensors; 
it is use here with the individual scores for a 
VLQJOH�VHQRU�DQG�ZLWK�QR�QXPHULFDO�FXWVFRUHV��
,Q� WKLV� XVDJH� WKH� '(&� FRUUHODWLRQ� FDQ� WKH�
thought of as a numerical score correlation; 
it provides a measurement of the strength of 
information from the numerical scores at each 
minimum constraint rDWLR��

EDA data

)RU�('$�VFRUHV� WKH�SRLQW�ELVHULDO�FRUUHODWLRQ�
IRU� WKH������ ORJ5&�5DWLRV�ZDV� rpb ������7KH�
PD[LPXP�ORJ5&�5DWLR�ZDV������FRUUHVSRQGLQJ�
WR�D�UDWLR�RI������ZKHUH�WKH�&4�YDOXH�H[FHHGHG�
WKH�YDOXH�RI�WKH�54��7KH�PLQLPXP�ORJ5&�5D-
WLR�ZDV�������FRUUHVSRQGLQJ�WR�D�UDWLR�RI��������
ZKHUH�WKH�54�YDOXH�H[FHHGHG�WKH�&4�YDOXH��

$�PD[LPXP� FRQVWUDLQW� UDWLR� ZDV� DSSOLHG� LW-
HUDWLYHO\� IURP� ����� WR� ������ DQG� ZDV� IRXQG�
WR� PD[LPL]H� WKH� SRLQW�ELVHULDO� FRUUHODWLRQ�
ZLWK�D�PD[LPXP�FRQVWUDLQW�UDWLR�RI�����ZLWK�
rpb ������('$�/RJ5&�5DWLRV�WKDW�H[FHHGHG�WKLV�
level were more likely to contribute to incorrect 
VFRUHV�WKDQ�WR�FRUUHFW�VFRUHV��7KH�UHPDLQGHU�
RI�WKH�DQDO\VLV�ZDV�FRPSOHWHG�ZLWK�WKLV�PD[L-
PXP�FRQVWUDLQW�UDWLR��1LQHW\������RI�WKH������
ORJ5&�5DWLRV� �������H[FHHGHG� WKLV�FRQVWUDLQW�
YDOXH��

/RJ5&�5DWLRV�ZHUH�WKHQ�VWDQGDUGL]HG�WR�HYDO-
XDWH�WKH�HIIHFW�RQ�WKH�FRUUHODWLRQ�FRHIÀFLHQWV��
6WDQGDUGL]LQJ�WKH�ORJ5&�5DWLRV�GLG�QRW�FKDQJH�
WKH� SRLQW�ELVHULDO� FRUUHODWLRQV�� %HFDXVH� WKLV�
project did not involve the aggregation of data 
between sensors, the remainder of the analy-
sis was completed with the un-standardized 
ORJ5&�5DWLRV��6WDQGDUGL]DWLRQ�ZLOO�EH�DGYDQ-
tageous, and can be accomplished at a later 

$IWHU�DJJUHJDWLQJ�WKH�ORJ5&�5DWLRV�IRU�DOO�LWHU-
DWLRQV�RI�DOO�54V�IRU�HDFK�RI�WKH�Q ����VDP-
ple cases the point-biserial correlation was 
rpb ������ $JJUHJDWLQJ� GDWD� KDV� WKH� HIIHFW� RI�
improving the signal to noise ratio, and it is 
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therefore not surprising that the correlation 
IRU�DJJUHJDWHG�ORJ5&�5DWLRV�H[FHHGHG�WKH�FRU-
UHODWLRQ�IRU�WKH�LQGLYLGXDO�ORJ5&�5DWLRV��

A series of minimum constraint ratios was 
HYDOXDWHG�IURP��������WR�����LQ�LQFUHPHQWV�RI�
�����5HVXOWV� IRU� WKH�('$�GDWD�ZHUH�UH�FDOFX-
lated for each iteration of the constraint, in-
cluding the point-biserial correlation of the ag-
JUHJDWHG�ORJ5&�5DWLRV�ZLWK�WKH�FULWHULRQ�VWDWH�
RI�HDFK�RI�WKH�Q ����VDPSOH�FDVHV��)RU�HDFK�
iteration of the series of minimum constraints, 
ORJ5&�5DWLRV�ZHUH�FRHUFHG�WR�]HUR�LI�WKH\�GLG�
QRW�H[FHHG�WKH�FRQVWUDLQW��7KH������ORJ5&�5D-
tios were also transformed to signed integer 
VFRUHV�>���������@�DQG�WKH�FULWHULRQ�FRUUHODWLRQ�
with the sign scores was calculated for each 
LWHUDWLRQ�RI�WKH�PLQLPXP�FRQVWUDLQW�UDWLR��5H-
sults were also calculated for the proportion 
of correct sign scores and the proportion of 
QRQ�]HUR� VFRUHV�� )LQDOO\�� WKH� VLJQHG� LQWHJHU�
VFRUHV� ZHUH� VXPPHG� IRU� HDFK� RI� WKH� Q ����
cases and the correlation was calculated of the 
aggregated integer scores with the case crite-
ULRQ�VWDWH�

Cardio data

)RU� FDUGLR� VFRUHV� WKH� SRLQW�ELVHULDO� FRUUHOD-
WLRQ� IRU� WKH������ ORJ5&�5DWLRV�ZDV� rpb ������
7KH� PD[LPXP� ORJ5&� 5DWLR� ZDV� ���� ZKLFK�
FRUUHVSRQGV�WR�D�UDWLR�RI��������7KH�PLQLPXP�
ORJ5&�5DWLR�ZDV�������FRUUHVSRQGLQJ�WR�D�UDWLR�
RI�������

$�PD[LPXP�FRQVWUDLQW�UDWLR�ZDV�DSSOLHG�LWHU-
DWLYHO\�WR�WKH�FDUGLR�GDWD�IURP������WR�������
and was found to optimize the point-biserial 
FRUUHODWLRQ�ZLWK�D�PD[LPXP�FRQVWUDLQW� UDWLR�
RI������ZLWK�USE ������/RJ5&�5DWLRV�WKDW�H[-
FHHGHG�WKLV�WKH������OHYHO�ZHUH�PRUH�OLNHO\�WR�
contribute to incorrect cardio scores than to 
FRUUHFW�VFRUHV��7KH�UHPDLQGHU�RI�WKH�DQDO\VLV�
ZDV�FRPSOHWHG�ZLWK�WKLV�PD[LPXP�FRQVWUDLQW�
UDWLR��7ZR�����RI�WKH������ORJ5&�5DWLRV�H[FHHG-
HG�WKH������FRQVWUDLQW�YDOXH��

/RJ5&�5DWLRV�ZHUH�WKHQ�VWDQGDUGL]HG�WR�HYDO-
XDWH�WKH�HIIHFW�RQ�WKH�FRUUHODWLRQ�FRHIÀFLHQWV��
6WDQGDUGL]LQJ�WKH�ORJ5&�5DWLRV�GLG�QRW�FKDQJH�
WKH� SRLQW�ELVHULDO� FRUUHODWLRQV�� %HFDXVH� WKLV�
project did not involve the aggregation of data 
between sensors, analysis further analysis 

of the cardio data was completed with the 
XQ�VWDQGDUGL]HG� ORJ5&� 5DWLRV�� 6WDQGDUGL]D-
tion of the cardio can be accomplished at a 
later time when data are combined for the ar-
UD\�RI�UHFRUGLQJ�VHQVRUV��

$IWHU�DJJUHJDWLQJ�WKH�ORJ5&�5DWLRV�IRU�DOO�LWHU-
DWLRQV�RI�DOO�54V�IRU�HDFK�RI�WKH�Q ����VDP-
ple cases the point-biserial correlation was 
rpb ������$JJUHJDWLQJ�WKH�FDUGLR�GDWD�KDV�WKH�
effect of improving the signal to noise ratio, 
and it is therefore not surprising that the cor-
UHODWLRQ�IRU�DJJUHJDWHG�ORJ5&�5DWLRV�H[FHHGHG�
WKH�FRUUHODWLRQ�IRU�WKH�LQGLYLGXDO�ORJ5&�5DWLRV��

7KH�VDPH�VHULHV�RI�PLQLPXP�FRQVWUDLQW�UDWLRV��
IURP�������� WR����� LQ� LQFUHPHQWV�RI� �����ZDV�
DSSOLHG�WR�WKH�FDUGLR�GDWD��5HVXOWV�ZHUH�UH�FDO-
culated for each iteration of the constraint, in-
cluding the point-biserial correlation of the ag-
JUHJDWHG�ORJ5&�5DWLRV�ZLWK�WKH�FULWHULRQ�VWDWH�
RI�HDFK�RI�WKH�Q ����VDPSOH�FDVHV��)RU�HDFK�
iteration of the series of minimum constraints, 
ORJ5&�5DWLRV�ZHUH�FRHUFHG�WR�]HUR�LI�WKH\�GLG�
QRW�H[FHHG�WKH�FRQVWUDLQW��7KH������ORJ5&�5D-
tios were also transformed to signed integer 
VFRUHV�>���������@�DQG�WKH�FULWHULRQ�FRUUHODWLRQ�
ZLWK� WKH� VLJQ� VFRUHV�ZDV� FDOFXODWHG��5HVXOWV�
were also calculated for the proportion of cor-
rect sign scores and the proportion of non-zero 
VFRUHV�IRU�WKH�FDUGLR�GDWD��)LQDOO\��WKH�VLJQHG�
integer scores were summed for each of the 
Q ����FDVHV�DQG�WKH�FRUUHODWLRQ�ZDV�FDOFXODW-
ed of the aggregated cardio integer scores with 
WKH�FDVH�FULWHULRQ�VWDWH�

Results

7DEOH���VKRZV�WKH�PHDQ�SRLQW�ELVHULDO�FRUUHOD-
WLRQ�FRHIÀFLHQWV�IRU�WKH������ORJ5&�5DWLRV�DQG�
the criterion state for each recording sensor, 
along with the mean point-biserial correlation 
FRHIÀFLHQW�IRU�WKH�DJJUHJDWHG�ORJ5&�5DWLRV�DQG�
VXPPHG�LQWHJHU�VFRUHV��,W�FDQ�EH�VHHQ�LQ�7DEOH�
�� WKDW� FRUUHODWLRQV� IRU� DJJUHJDWHG� VFRUHV� H[-
FHHG�WKRVH�RI�WKH�LQGLYLGXDO�VFRUHV��7KLV�LV�DQ�
H[DPSOH�RI� WKH�YDOXH�RI�XVLQJ�SRO\JUDSK� WHVW�
IRUPDWV�ZLWK�PXOWLSOH�54V�DQG�multiple itera-
WLRQV�RI�WKH�TXHVWLRQ�VHTXHQFH��
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)LJXUH���VKRZV�D�SORW�RI�WKH�VHULHV�RI�PLQLPXP�
UDWLR�FRQVWUDLQWV��IURP��������WR������ZLWK�WKH�
respiration data, including the point-biserial 
FRUUHODWLRQ� IRU� WKH� ORJ5&�5DWLRV�DQG�QXPHUL-
cal scores after aggregating the data for each 
FDVH��$OVR�VKRZQ�LV�WKH�SRLQW�ELVHULDO�FRUUHOD-
tion for the 2700 integer scores, along with 

proportion of non-zero scores at each min-
imum constraint level and the proportion of 
FRUUHFW�QRQ�]HUR�VFRUHV��)LJXUH���VKRZV�D�SORW�
RI�WKH�VDPH�LQIRUPDWLRQ�IRU�WKH�('$�GDWD��)LJ-
XUH���VKRZV�WKH�VDPH�LQIRUPDWLRQ�IRU�WKH�FDU-
GLR�GDWD�
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Discussion 

)RU�HDFK�RI�WKH�UHFRUGLQJ�VHQVRUV��UHVSLUDWLRQ��
EDA, and cardio, the point-biserial correla-
WLRQ�EHWZHHQ�WKH�DJJUHJDWHG�ORJ5&�5DWLRV�ZDV�
JUHDWHVW�ZLWK�QR�PLQLPXP�FRQVWUDLQW��$SSOL-
cation of the series of increasing minimum 
constraints resulted in continuous weakening 
RI�WKH�SRLQW�ELVHULDO�FRHIÀFLHQW��1RW�VXUSULVLQJ-
ly, for each of the recording sensors the pro-
SRUWLRQ�RI�QRQ�]HUR�YDOXHV�²�ERWK�ORJ5&�5DWLRV�
and numerical scores – was greatest with no 
minimum constraint and became progressive-
ly smaller as the minimum constraint ratio 
LQFUHDVH�� 7KLV� HIIHFW� ZDV� PRVW� SURQRXQFHG�
IRU�WKH�UHVSLUDWLRQ�GDWD��IRU�ZKLFK�����RI�WKH�
scores were zero (0) at a minimum constraint 
UDWLR�RI��������,Q�FRQWUDVW��DSSUR[LPDWHO\�����
RI�WKH�('$�VFRUHV�ZHUH�QRQ�]HUR�DQG�����RI�
the cardio scores were non-zero at the same 
��������UDWLR��7KH�FRUUHODWLRQ�FRHIÀFLHQW��VLPL-
ODU�WR�'(&��IRU�WKH������QXPHULFDO�VFRUHV�ZDV�
ODUJHO\�XQDIIHFWHG�IRU�FDUGLR�GDWD��7KH�FRUUHOD-
WLRQ�FRHIÀFLHQW�IRU�('$�VFRUHV�ZDV�PLQLPDOO\�
affected by the series of constraints, beginning 
DW� �����DQG�ULVLQJ�VOLJKWO\� WR� �����DW�UDWLR�RI�
������� DQG� HQGLQJ� DW� ����� DW� WKH� PD[LPXP�
FRQVWUDLQW�UDWLR�RI������

7KH�SURSRUWLRQ�RI�FRUUHFW�VLJQHG�VFRUHV�²�ERWK�
ORJ5&�5DWLRV�DQG�QXPHULFDO�VFRUHV�²�LQFUHDVHG�
to small degree across the range of increasing 
minimum constraint ratios for the EDA and 
FDUGLR� GDWD�� +RZHYHU�� WKH�PDJQLWXGH� RI� WKLV�
increase was substantially less than the in-
crease in the number of scores of zero (0) for 
WKHVH� VHQVRUV��)RU� UHVSLUDWLRQ�GDWD�� WKH�SUR-
portion of correct signed scores increased to a 
SHDN�DW�D�UDWLR�RI��������DQG�EHFDPH�XQVWDEOH�
D� UDWLRV� H[FHHGLQJ�������� 7KLV� LQVWDELOLW\� FDQ�
be attributed to the small number of non-ze-
ro-scores that remained at constraint ratios of 
������DQG�KLJKHU��

7KH� SRLQW�ELVHULDO� FRUUHODWLRQ� IRU� WKH� ORJ5&�
5DWLRV� �VKRZQ� LQ� EODFN� LQ� )LJXUHV� ��� ��� DQG�
����WRJHWKHU�ZLWK�WKH�VFRUH�FRUUHODWLRQ��VKRZQ�
LQ�EOXH��²�VLPLODU�WR�D�'(&�FRUUHODWLRQ�IRU�UH-
sult, but calculated in this analysis with no 
numerical cutscores – provides a convenient 
V\QWKHVLV� RI� WKH� FRPSOH[� LQIRUPDWLRQ� FRQ-
WDLQHG�LQ�WKLV�DQDO\VLV��7KLV�FRUUHODWLRQV�FDS-
tures information about correct, incorrect and 
QXOO�����VFRUHV�LQ�D�VLQJOH�QXPHULFDO�LQGH[�IRU�

which the familiar intuition for correlation co-
HIÀFLHQWV�FDQ�EH�DSSOLHG��)RU�FDUGLR�VFRUHV�QR�
PLQLPXP�FRQVWUDLQW�FDQ�EH�LGHQWLÀHG�WKDW�ZLOO�
increase the effectiveness of the scores that 
FDQ�EH�H[WUDFWHG�IURP�UHFRUGHG�GDWD��)RU�('$�
scores the effect of a minimum constraint ra-
WLR�WR�LPSURYH�WKH�FRUUHODWLRQ�FRHIÀFLHQW�RI�QX-
PHULFDO�VFRUHV�ZDV�PLQLPDO��:KDW�UHPDLQV�LV�
ZKHWKHU�DQ\�VWDWLVWLFDOO\�VLJQLÀFDQW�DGYDQWDJH�
H[LVWV�IRU�WKH�XVH�RI�D�PLQLPXP�FRQVWUDLQW�UD-
WLR�IRU�QXPHULFDO�VFRUHV��+RZHYHU��WKHVH�GDWD�
suggest that there is no advantage to the use 
RI�D�PLQLPXP�FRQVWUDLQW�ZLWK�WKH� ORJ5&�5D-
tios used in automated scoring methods – and 
this same conclusion would be observed us-
LQJ�UDWLRV�ZLWKRXW�D�ORJ�WUDQVIRUPDWLRQ��6FRUH�
correlations for respiration scores, together 
with the aggregated score correlation (shown 
in orange), suggest that constraining the score 
H[WUDFWLRQ� WR� WKH� UDQJH� IURP�������DQG�������
may be useful to optimize the contribution of 
respiration scores to correct vs incorrect con-
FOXVLRQV��

One obvious limitation of this study is the lack 
RI�DQ\�WHVW�RI�VWDWLVWLFDO�VLJQLÀFDQFH��,QFOXVLRQ�
of such a test is possible, but would require 
FRPSOH[�PHWKRGRORJ\�WKDW�ZRXOG�VXEVWDQWLDO-
ly increase the burden to readers, and might 
reduce the level of interest in this important 
WRSLF�� 6WDWLVWLFDO� RSWLPL]DWLRQ� RI� IHDWXUH� H[-
traction and numerical scores is a non-trivial 
analytic challenge that deserves greater atten-
WLRQ� LQ� SXEOLFDWLRQ�� ,W�ZDV� WKRXJKW� WKDW� OLP-
iting this project to a correlation study, and 
the presentation of high dimensional analytic 
results in the form of a three graphic plots, 
might serve to maintain the readability and 
FODULW\� DPRQJ� LQWHUHVWHG� UHDGHUV�� 'DWD� IURP�
WKLV�DQDO\VLV�VXSSRUW�WKH�YDOLGLW\�RI�WKH�%,%5�
as a reasonable solution, and suggest that no 
minimum constraint ratio is needed for auto-
PDWHG� DQDO\VLV� PHWKRGV�� �&RPSXWHU� VFRULQJ�
algorithms have already presumably made 
use of any measurable difference that could 
EH� H[WUDFWHG� IURP� UHOHYDQW� DQG� FRPSDULVRQ�
TXHVWLRQV���$QRWKHU�OLPLWDWLRQ�RI�WKLV�DQDO\VLV�
is the lack of a second sample with which to 
FRPSDUH�WKHVH�UHVXOWV��&RQWLQXHG�LQWHUHVW�DQG�
research is recommended in the optimization 
RI�IHDWXUH�H[WUDFWLRQ�DQG�QXPHULFDO�WUDQVIRU-
mation for both automated and manual test 
GDWD�DQDO\VLV�PHWKRGV��
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