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Table 1. EEG datasets collected for Trance evaluation 
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THE CASE FOR A WAKE-UP COMMAND 
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There is a limited battery life problem with BCI headsets: 
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Control knobs are available to improve battery life: 
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The case for a wake-up command: 
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RELATED WORK 

Enabling the power-saving mode in user-devices 
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Eye-blinks as an input modality 
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RATIONALE FOR USING EYE-BLINKS 
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��� ����
�a��o� ���� ���� ��	â

ýòï ke÷ íï�ïbõô �ù öïî÷ø�ÿ �� e÷ïyíîø�
 íìôïó ú�xxì�ó ìöï

�� ào��oh�w

• Signal consistency: TÕË a	Ø Ùf eÞË �ÝÛÚkÛÚR affË	ØÊ ØÕË òòó

i+ % &i'(i+/( 2%++$) %' /023%)$& (0 (h$ 0(h$) 20&%�i(i$'¡

TÕË ÙÜÜÙÊÛØË ËÝË	ØpÛ	 ÜÙÝÖpÛØÞ �ËØ�ËËÚ ØÕË 	ÙpÚËÖ ÖÚ× retinÖ
$''$+(i%��� (-)+' (h$ e�$ i+(0 %+ $�$/()i/ &i30�$� distorti+,
tJ8 868;t9=; �86� 594t>� tJ8 e:8�H IJ=� 868;t9=; �86� ;J5>\8
UjqWn^\� jW WX\  ^Y]Wj_ \_\UW^Y�\Z s] EE�Ñ uj]s \ZWZ j con-
������� ������ �� ll
m ��� ���� mak�� �� ������
� �� ������
h���o�� ��� ���
��
������ ��� ������
�v�� ���
���� [5]â
• Absence of the hardware control: A surveì Cf offf@K=f?K=>f
øùú h$%&'$(' ($¡,¡� Emoti· "��ù�� ú+'i,h(�M-'$� Mind-
wavËdÙ�ÛÝË ÍÌ ÔÚØËÚ×Û� SpellerÌNËÙ	ÙdÛdÛÌMind¯e�Ì ËØ	Ñ�
sho�� ���� ��� ���h���� h� n�� ���h��� c��� �������h ����
ÙØÕËp ÛÚÜÉØ dÙ×ÖÝÛØÛËÊ likË bÉØØÙÚÊ Ùp ØÙÉ	Õ interfÖ	ËÊÑ TÕÉÊÌ
;9CFBE� =E   ! ?E@  F9a"CBE#G $HB%H AH9 B&' H?;@$?;9 BG

6«?e6­B ee¨077e­ ;: 5¨77:?;4 05 <:250­e?6ª«B @:?e ­e50?6ª«e

à
o� ��� �����	o��� oà ��a����
� ��
�h�
� �o��;a���o��â

• Competition for the action: ­ª ´£¯¶°¥ ±�¥ª§©¶£± �¥���² run-
���(, driv��(, ���)*, us��s ���� �� pa� a�������� �� �+� envi-
pÙÚdËÚØÌ ÖÚ× ØÖkÛÚR ÕÖÚ×-�ÖÊË× actioÚÊdÛRÕØ �Ë ×ÖÚRËpÙÉÊ
[95�� ,��-����. ��ï�í ë�êê��í prov�í�ï � conv������ w��
�o hak���	 ��� B
� ��v�a� �� ��a� �a���
�o�â
• Non-intrusive: öÚË Ùf ØÕË 	ËÚØpÖÝ RÙÖÝÊ Ùf ØÕË ÒÓÔ �ËÖpÖ�ÝË

i� �o allo/ � 	o	0i	�
��iv� w�1 o2 �o33�	i���io	 4��/��	

\`ST` Q^d []iZ\RST`¤ RSlUV^¢ ]^ b\RR]^ ]T R]\[YX ¢S`R\TS`X

�� ���î��� v��ë� í�ï�îd�ï ��� env����ê����� ï���� ���î�í ���
user¡ �-%+, $( %�¡ [34� 30  '-330)(' (h$ non-intrusiv$+$''
oà ����á����� �� ao�����a���o� �o������â

TÕË Ö	Ø Ùf �ÝÛÚkÛÚR 	ÖÚ bË ÜËpfÙpdË× �ÛØÕÙÉØ anÞ e�ØËpÚÖÝ ÖÛ×Ñ
ø-/h É-%�i(i$' mak$ e�$ ��i+k % 3$)�$/( r( �0) (h$ /022%+&
modality5 W	 now pro6��	 a qualitativ	 ��m�a����� w�
t 
t	

{z|jr �{yynb�j wakjem� i{��}q~ �{~}�nznjym 7|j i}q~n~}zj
'3%/$ �0) (h$ /022%+& 20&%�i(� /%+ �$ �)0%&�� /�%''ir$&

s]WY twY catezY^s\ZÑ SsV user¡jUWsY] gjZ\� UYuuj]�ZÑ j]� SssV
user���o���� á���� ao������â

Comparison with user-action based modalities 

ù%�h0-+ $( %�¡ [16  &$'/)i�$' (h$ h%+&'��)$$ i+3-( interf%/$'
�0) (h$ *$%)%��$ de·i/$'¡ Wi(hi+ user�%/(i0+'� *$ /0+'i&$)
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�� 9���� U��
 Hardw�
� Cognitiv� �àào
� 
o�	�����o� Intrusiv�
: Eàfectiv����� Positiv� ���� T
������ 
�ß��
����� (ao�ào
��á�����) ào
 �a��o�

T�a���� ��	�� # # # 

E
� (9acial/Jah) # # G# # G# # 

�����
�� G# G# # G# # # 

8���
�� �o�a� # # G# # 

Table 2. Preference for different wake-up command modality (in comparison to eye-blinks) over various design parameters. 
: Preferred #: Not Preferred G#: Comparable or can’t say 
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%+& (&v +%(-)%� v0i/$¡ Schaff$) $( %�¡ [77 � 3)$'$+($& v%)i0-'
f¼Â±Ã²¸ ÂÃ¶¸³½µ²µ½ ÌÍ t¾µ ¹¸µ²¸ ÀÃ² ³¶Á¹± ÄÃ½¼Î³±Í ¸µÎµÂ±³Ã¶ Æ

WË ÊËÝË	ØdÉÝØÛÜÝË user- ÖÚ× system- �ÖÊË× fÖ	ØÙpÊ ØÙ provÛ×Ë Ö
qualitativF GHIJKLOPHQ UHL VWF JLFUFLFQGF HU userXKGVOHQ YKPFZ
�o�������� ������� ��� ����á����� �� \�á�� 2â

T%/(i�$ i+3-( pro·i&$' (h$ �$'( i+3-( 3$)�0)2%+/$ *i(h (h$
f%'($'( (%'k /023�$(i0+ (i2$ [75� 78� 9� 14 ¡ However� i( re-
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/022%+& 3�%�' % 'i,+ir/%+( )0�$ i+ -'$) %&03(i0+ i+ hands-
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ïìêìîêíñðì êäòöåîä electromyographó ]^_`g æìéæöòæç ëäèîä
25n 567- '* pick*8 %p 'j kkl *6*2p+-8*7 [87, 28, 33qs x4*7*
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ev$+ �0) % 'i+,�$ user¡ �$+/$� ()-$ 3)030)(i0+%� /0+()0� i'

difr/-�( %+& )$É-i)$' ()%i+i+, [16 ¡ ø-/h i+/0+'i'($+/i$' %)$
AF:B%?CCF ?@@;9GG9@ AH;={�H G=:HBGAB%?A9@ ?C�=;BAH>G |76} 81~
(h%( /%++0( �$ %//0220&%($& �� �i2i($& /023-(%(i0+%� ca-
pa�������s) �+us, w� ar(u� �+a� su�+ user�a�����s a�� a�s� ���

r)2�� '-i(%��$ /%+&i&%($' �0) (h$ wak$�-3 /022%+& modal-
ity¡ �+0(h$) i''-$ i' (0 '$�$/( % �0&� (0) 2-'/�$v mov$2$+(
(h%( &0$' +0( i+($)�$)$ *i(h (h$ +0)2%� �-+/(i0+' 0� (h$ -'$)

0) /%+ �$ &i'/)i2i+%($& )0�-'(�� %,%i+'( (h$ i+%&·$)($+( 0+$¡

Additionally÷ ûúö ÿòûô�ôýÿûöo frequenc� ói tõö ütõû �ö taköò
³¶±Ã ¼ÂÂÃ¹¶±] ¼¸ À²µ�¹µ¶± ¹¸µ¸ ÃÀ ja� ÂÎµ¶Â¾µ¸ Â¼¶ aggrav¼±µ
Tempero-Mandib���
 �o��� (\
�) ���o
��
 �79	â

"xi'(i+, øùú h$%&'$(' %)$ $É-i33$& *i(h 20(i0+��%'$& sen-
���� ������ accelerometer� �����c����� ��nc�� c��������� ����
½µ±µÂ±³¶´ movµÄµ¶±¿±²³´´µ²µ½ ´µ¸±¹²µ¸Æ KµÎ¼ µ± ¼ÎÆ [39» sug-
,$'($& ,$'(-)$' %' % +%(-)%� 20&%�i(� �0) /022%+&' *i(h %

'3%(i%� %''0/i%(i0+ i+ &$'i,+ en·i)0+2$+(%� /0+()0�¡ Voice-
�%'$& '�'($2' %)$ (h$ 20'( +%(-)%� w%� 0� h-2%+�/023-($)
i+($)%/(i0+� %' i( i' 'i2i�%) (0 (h$ w%�' h-2%+' i+($)%/( *i(h
º·Á¶ ¿¼¶º¸ [40�Ç The� ·¸º º·»� ¼¿ Ãº¸�¿¸Å ·¹Æ Ã¸º»º¹¼ · com-
3%)%��$ (i2$ �0) /022%+& delivery¡ F0) øùú h$%&'$('� (h$
IEJHLEì J??G= J? @K= J<?@L>>L@JC< Cf LèèJ@JC<L> hardwLE= C< @K=
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en·i)0+2$+('� %+& 'h0-�& +0( i+($)�$)$ *i(h re,-�%) h-2%+
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+0( �$ %33)03)i%($ (0 -'$ [16 ¡ �0)0+h% $( %�¡ [60  sho*$&
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20)$ '%�$� $%'� %+& effectiv$ (0 -'$ %' (h$ 0(h$) 20&%�i(i$'
(i¡$¡� v0i/$� "M# ,$'(-)$ /0+()0�v (h)0-,h subjectiv$ assess-
2$+( %+& -'$) É-$'(i0++%i)$' i+ % �-2%+��0�0( ú+($)%/(i0+

(��úv (%'k¡ Nov%+&% e( %�¡ [61  �0-+& +0 'i,+ir/%+( differ-
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BE:{A modalitF w?G l9?GA enjoF?"C9 <=; AH9 {G9;G£ RudnickF 9A
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Comparison with user-thought based commands 
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$i(h$) �$ %i&$& (0) ()i,,$)$&v �� %+ ex($)+%� s(i2-�-' ($¡,¡�
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(a). Blink Statistics (b). Multiplicity of Blinks 
Figure 2. Study of blink patterns 

TRANCE: WAKE-UP COMMAND AND ALGORITHM 

W� no� ������� �� ������ ��� ��������� �ñ ��������� � wake-
-3 /022%+& %+& % rob-'( &$($/(i0+ strategy� i¡$¡� ho* øùú'
[Q^ dSRS[R wakSò\Z []iiQ^d V^ tYS TS`]\T[Sò[]^`RTQV^Sd en-
�i
o	3�	�� óô� neõ� ��4����io	 eõ
��i	� �ô� i	�2ficac1 o2 �ô�

'i+,�$ ��i+k %' % wak$�-3 /022%+& %+& 3)$'$+(' (h$ &$'i,+
a�o�a� á���� o� ��� �����	�� ��� á�����â

Learnings from natural eye-blink patterns 

ö�������( �� �+� va���us s�u���s [58, ÷øù, �� �s �s���a��� �+a�

% health� %&-�( ��i+k' ev$)� ��[ '$/0+&'¡ Th$ ��i+ki+, )%($
i' hi,h�� v%)i%��$ %/)0'' dif�$)$+( 3$03�$ %+& (%'k'¡ ú+ [10 �
Bentiv����� �� ��� ï����ï ���� ��� ����.��� ���� �ï úû ����.ïüê��
|� �xÐ�� ý�þ z���ÿÐb}�� u���x �x|~���� |�~ 2� z���ÿÐb}�� u���x

(%�ki+,¡ W$ -'$ (h$ EEG-VV %+& EEG-VR &%(%'$( (T%��$
.v (0 '(-&� +%(-)%� ��i+k /h%)%/($)i'(i/'¡ W$ sho* (h$ ��i+k
¸·¼º »¼·¼À»¼ÀÁ» À¹ FÀ�½¸º �·Ç F¸¿Å ¼¶º»º exÃº¸ÀÅº¹¼»� À¼ Á·¹ �º

��ï��� ����ë�í ���� ��� ���î��� ����.��� ���� �ï v��� ����� (���û
�Ò����	��� av���Ñ�� �� ���� activ�����
Ï T��� �� �� �¢¢�����¢�
6&*h $3# ~).|*$|~). e%"+#&+7}+/ )7~ thus a standalone single 
blink is an unfeasible candidate for the wake-up commandâ

WË ÖÚÖÝÞñË× ØÕË pË	Ùp×Ë× ×ÖØÖ fÙp �ÝÛÚk ×ÉpÖØÛÙÚ ÖÚ× frequencÞ
�� ��� �������� Í������ ������ 
� ���� show� ��� v�������� ��
À>J<� èGEL@JC<N W= <C@JF= @KL@ @KJ? de�JL@JC< J? KJéK ç?@L<èLEè

de·i%(i0+ i' ,)$%($) (h%+ �O 0� (h$ 2$%+ ��i+k &-)%(i0+v�

(h$)$�� )$'()%i+i+, -' �)02 r&&�i+, *i(h ��i+k &-)%(i0+ �0)

(h$ /022%+& &$'i,+¡ Fi,-)$ �� 3)$'$+(' (h$ cumulativ$
frequenc� 0� 2-�(i3�$ ��i+k'¡ ú( i' e·i&$+( �)02 (h$ abov$
������ ���� m������� d����� ��� d� lev������ ñ�� ��� ��mm���

������� h��a� �� 
����
a��� �� ������ �� ��� ��x� ��á��a��o�â

Wake-Up Command Design Rationale 

W� ¢������� �� ����a �� ��Ò���Ò� ea�y�Ò���� ����� ¢�������
%' (h$ /%+&i&%($ '3%/$ �0) wak$�-3 /022%+&'� %+& %+%��y$
(h$2 i+ ($)2' 0� thei) F%�'$ Positiv$ �%($ (F��v (0 '$�$/( %
def���� wak���	 ao�����â \�� ����
�� 9:� �� ��� à
�ß���a�
*i(h *hi/h (h$ wak$�-3 /022%+& *i�� �$ &$($/($& &-$ (0
@K= <L@GEL> À>J<�J<é IL@@=E< Cf @K= user, JN=N, G?=E I=EfCEH? @K=

wakË-ÉÜ 	ÙddÖÚ×�ÛØÕÙÉØ anÞ ÛÚØËÚØÛÙÚ Ùf ÉÊÛÚR ØÕË�ËÖpÖ�ÝË
de·i/$¡ W$ '(-&� (h$ +%(-)%� F�� �0) ·i&$0 ( EEG-VVv %+&
öïìó (EEG-VR) óìõìôïõô (Tìíîï 1)û F�ö �yíîø�
ôý �ìõnöìî ���

wÖÊ 4ÍÑ�� ÖÚ× �ÏÑ�4 �ÜËp hour� fÙp vÛ×ËÙ ÖÚ× pËÖ× ØÖÊk respec-
tively¡ Th$ +%(-)%� F�� �0) ����i+k' &)%2%(i/%��� )$&-/$' (0
�¡!� %+& O �0) ·i&$0 %+& )$%&� respectively¡ ù023%)i+, (h$
avËpÖRË ÚÖØÉpÖÝ �Ù� Ùf Í-�ÝÛÚkÊ �Í�Ñ�� ÜËp ÕÙÉp� ÖÚ× ��Ñ4Î ÜËp

h0-)v� %' %�'0 %+%��y$& �%($) i+ Fi,-)$ 9� *$ '$�$/( ����i+k'

%' 0-) def%-�( wak$�-3 /022%+&¡ ú+ '$/(i0+ �� *$ /0+&-/(
t�89 �tt�=8� t4 8�t576=�J tJ5t 3�76=>� ;4ee5>� =� ;4eK49t5768
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

CHI 2020, April 25–30, 2020, Honolulu, HI, USA

t/0 57087 9:t/ t/0 c/;:c0 ;o 79:tc/:s< t; ;t/08 =5>t:?>0@A>:sB

%CDD $�&E GH�& "$ '!"& *H" IJK +" # '!" �&"#& *C *�$" *H"

wak"e�p %CDD $�  %%C#��$L *C *H"�# $ *�# ! '!�$M�$L pat-
NOPQR] SUVãUPNWXYZYNP WQ\ ]OPãUPVWQSO ^\YRS_RRO\ YQ ROSNYUQ `d`

�"$%". �$ *H" follo+�$L &"%*�C$&. +" pro���"  L"$"#�% algo-
#�*HD *C �"*"%* Me'!�$M& (k-consecutiv" eg"e'!�$M&h wak"e�p
c;==isj isj >it08 0vi>5it0 t/0 ?08o;8=isc0 o;8 �≤ k ≤ �k

Design Goals: l�h universality:  s�$L!" univ"#& !  !LC#�*HD
¤¦§¤ c§ª §��£�ª¤ ¨£© ¤¦¥ �±¥© §ª� ±¤§¤¥ variability² §ª� w£�°�
$C* eqp!�%�*!g #"É��#" *# �$�$L C# r$"e*�$�$L. l��h small form-
factor: D�&* f�$%*�C$ C$ C$" C# twC rrz %H $$"!&. l���h

lightweight: t/0 i><;8:t/= /i7 t; A0 7:=?>0 {>:</t90:</t| isj

}~� effectiv~ ��� ������ �~ ���~ �� ��~���~ �� �~������~ ������~�

9/:>0 80>�:s< ;s>� ;s >:=:t0j /i8j9i80 807;58c07k

Trance Algorithm: Wake-Up Command Detection 

Algorithm 1: Trance A><;8:t/=

Input :Ew ��� 8i9 �iti � kw s5=A08 ;o A>:sB7 :s

c;==isj� fsw 7i=?>:s< o80�50sc�

Parameters :delta_init w :s:t:i> t/807/;>j o;8 ?0iB

j0t0ct:;s� in f w :s�50sc0 oactor� corrthreshw

c;880>it:;s t/807/;>j

Output :T�M� RY �XZZIS� RN ���N�SG XG����RN� FIJN�
�s:t:i>:�0w delta ← delta_init� f ound ← False 
�â×�âÕÛ×ãã� loä�ßãã  ÝÔ×â ÛÙãÚàÝ åÕ¡ÚàÝ ßv×âßÝ×Þ E äÚÔà

cut-ofo o80�50sc� ;o ¢£¤�

[tpeaks] = peak_detect(E,delta) 

if size([tpeaks])|
¥ < k then return Fi>70¦ ¦

[tstart ], [tmin], [tend ] ← identify_blink_candidates(E ] [tpeaks]]
delta|

valid ← validate_blink_candidates(E§ [tstart ]§ [tmin]§ [tend ]¨
if not valid then return Fi>70¦ ¦
for i = 1,2, · · · , size([tmin] − 1) do 

(i) (i) (i)
corr ← correlate(E� tstart © tmin © tend �

(i+1) (i+1) (i+1)
tstart © tmin © tend |

if corr > corrthresh then 
blinkamp ← compute_amplitude(E�

(i) (i) (i) (i+1) (i+1) (i+1)
tstart © tmin © tend � tstart © tmin © tend |

delta ← blinkamp · in f + delta · (¢− in f ) 
else 

f ound ← False 
end 

end 
return f ound 

W" p#"&"$* C�# !�LH*+"�LH*  $� C$!�$" %CDD $� �"*"%*�C$

ª«¬­®¯°±²³ Trance³ ¯´ µ«¬­®¯°±² ¶· Trance ¯¸ ª ¸¯²¹«º »º° ef-
fectiv~ �����~ ��¼������½ ¾�����~ �¿ �~�~¾���¼ � �~��~� �¿ ����À�
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 $ C$!�$" f &H�C$. Trance lev"# L"& *H" f %* *H * *H" �&&�"�

wak×�ØÙ ÚÛÜÜÝÞß àáââ alwÝãä hav× twÛ Ûå ÜÛå× consecutiv×
����À�æ Trance �� b���� ���� ��~ rob��� ����~ �������¼ ��� �~�À

�"*"%*�C$ D"*HC�C!CL�"& p#CpC&"� �$ *H" &�L$ ! p#C%"&&�$L

!�*"# *�#" [çè-E Trance tak"& ra+ rrz � *  $� *H" %HC&"$

wakéêëì íîïïðñò k ðó ðñ ôñìëõö ðñò ÷éõë÷ñó True ôø õùé ôñìëõ

,X (2) X (size(X)) 9[Xú ûüýûüþüÿrþ a þür (aÿ aûûa�� o� üeü�üÿrþ X (1) , · · · 
w���� s���	
� �
������� d�����s ��� ����t �n���� �� �t�����s �� [X]
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89:;< =8>>;<=?@A BA@9C8<>D [27EF Vourv8B8GA8D ;9 @AF [91E
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S=A@DD?T=@9?8J accuracRy @JH GD@u?A?9R S=8>C8<9P @BB;@<@J=;P

;@D; 8C D;9GByP @JH C8GJH IB;JKLM 98 u; D?>?A@< 98 9:@9 8C

UVILXF Y;=8JHP 9:; :@<HN@<; @<=:?9;=9G<; 8C 9:; IB;JKLM

Z[ \^Z_` representativ` bf _gb[` bf _g` b_g`j k`ljlmv` heads`_[x
Specifically& p�� p���� ke# �$�p�$� z�${i |}� ��$�z rat�& ~��

=:@JJ;ADP @JH N?<;A;DD <@H?8y 9:@9 N; <;AR 8J 98 mak; Open-
��� ������� �� low-po��� ���� ��� ��� ������� �� ���� [82��

����� [21�� l�� Neurosk� [93�x �v[b� _g` signav \^lvZ_� pro-
� ¡¢¡ £¤ de� ¥¢¦ ¦§¥¨ a¦ ©ª«¬­ ®¯¡ °§¦¢  ¦ ± ¥¨ ¢¯²§³¨ ´²±

eµ¶·¸¹º»¼ de½¶¾½º¿» [74À 52ÁÂ Ã¶»¾¶À Ä¶ ÅÆ¶ ¾¿»ÇÈ¶»½ ½ÉÅ½ ½É¶
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firmwÞßà áâ ãäå äæàã âäçßèàé Þãê theë êä ãäå havà devàìäæàß

íVMD 98 î@D: 9:; firmw@<;F ï:; YðñD C8< Emotiò @JH óGD;

ôõö avô÷øôùøö úûõ devöøûü÷ýþ ôüüø÷ÿôa÷ûý�� bua ýûa úûõ firmwôõö
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SCOPE AND LIMITATIONS 

ï:; =8J9;x9 f8< 9:; B@B;< ?D @ D=;J@<?8 N:;<; 9:; GD;< N;@<D
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