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ABSTRACT
Insomnia—difficulty in initiating andmaintaining sleep—affects a significant portion of the
global population. The mainstream adoption of wearable computing presents a unique
opportunity to study and aid sleep at an individual level. Here we introduce Zzzonic, a smart
sleep-aid application designed for smartwatches that leverages cognitive psychology and
human-computer interaction (HCI) to facilitate sleep onset by engaging users in audio tasks as
a form of intrusive thought control. A significant aspect of Zzzonic's functionality is its adaptive
control system, which estimates sleep onset latency in realtime by monitoring indicators such
as motion and user response. The system then progressively modifies the characteristics of the
audio tasks to minimize sleep onset latency. This thesis evaluates Zzzonic through a series of
user trials conducted throughout the development of the app, accessing the capacity to
predict and control sleep onset. The results indicate accurately predicting sleep onset latency
in realtime as a control signal is possible but there was no evidence indicating the system
could minimize slope onset latency. The inclusion of more indicator signals and machine
learning techniques is likely to significantly improve realtime sleep onset latency prediction.
Future work on computer-modulated intrusive thought control would benefit from the
evaluation of task design, intrusive thought indicators and identifying an adequate control
framework.
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A c k n o wl e d g e m e n t s

S a m a n t h a C h a n a n d N a t h a n W hi t m o r e, t h a n k y o u f o r p a ti e n tl y l e n di n g m e y o u r e x p e r ti s e
a n d e q ui p m e n t i n s u p p o r t of e a rl y e x pl o r a ti o n s of t hi s p r oj e c t.

M y t h e si s s u p e r vi s o r — T o n y H u — t h a n k y o u f o r n u r t u ri n g m y c u ri o si t y, f o r y o u r g e n e r o u s
s u p p o r t a n d m o s t of all f o r y o u r i n c r e di bl e l e a d e r s hi p a s di r e c t o r of I D M — o u r m a v e ri c k d e si g n
f a mil y a t MI T. I will al w a y s b e d e e pl y g r a t ef ul f o r i n vi ti n g m e t o p a r ti ci p a t e i n o n e of t h e ri c h e s t
a d v e n t u r e s of m y lif e.

M y b e s t f ri e n d S u n n y — t h a n k y o u f o r al w a y s b ei n g s o cl o s e, e v e n w h e n y o u a r e n o t.

I e s p e ci all y t h a n k m y p a r e n t s — N o r eli s a n d Ri c h a r d J a c o b s — w h o h a v e b o t h gi v e n m e
u n b eli e v a bl e a n d u n c o n di ti o n al s u p p o r t. A n d e s p e ci all y m y f a t h e r — w h o h el p e d m e
i m m e a s u r a bl y o n t hi s p r oj e c t t h r o u g h m a n y h o u r s of di s c u s si o n, a n al y si s a n d d e b a t e —I h o p e
i n v e n ti o n c o n ti n u e s t o b e a n e x c u s e t o s p e n d ti m e t o g e t h e r.

A n d fi n all y m y si s t e r a n d b e s t f ri e n d N a t ali e, w h o i n s pi r e d t hi s p r oj e c t —I h o p e t hi s h el p s y o u
fi n d b e t t e r sl e e p.
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I n t r o d u c ti o n

F o r a si g ni fi c a n t mi n o ri t y li vi n g wi t h c h r o ni c i n s o m ni a 1⸺ t o o u r b e s t k n o wl e d g e a r o u n d 6-1 0 %
of t h e gl o b al p o p ul a ti o n[1] ⸺ sl e e p i s p ai nf ull y el u si v e. P e o pl e s uff e ri n g f r o m c h r o ni c i n s o m ni a
f e el i t a s a n i m p ai ri n g, d e t ri m e n t al a n d l a r g el y u n r e s ol v e d ail m e n t[ 2]⸺ a d r a g o n t h ei r q u ali t y
of lif e.[ 3] T hi s i s c o n si s t e n t wi t h a n a b u n d a n c e of s t u di e s t yi n g sl e e p d e p ri v a ti o n t o a d e c r e a s e
i n w ell b ei n g, p a r ti c ul a rl y i n t h e c o n t e x t of m e n t al h e alt h, w h e r e i n s o m ni a i s f r e q u e n tl y
o b s e r v e d al o n g si d e d e p r e s si o n[ 4] a n d a n xi e t y[ 5]. S o m e s t u di e s h a v e e v e n ti e d l o n g- t e r m sl e e p
d e p ri v a ti o n t o a d e c r e a s e d lif e s p a n[ 6].

I n s o m ni a i s a c o m pl e x c o n di ti o n⸺ i t c a n h a v e m ulti pl e c a u s e s] a n d i t i s a d d r e s s e d wi t h
m ulti pl e t r e a t m e n t s[ 7]. C u rr e n tl y, o u r fi r s t-li n e t r e a t m e n t, c o g ni ti v e b e h a vi o r al t h e r a p y f o r
i n s o m ni a ( C B T-I) i n c o m bi n a ti o n wi t h m e di c a ti o n s], i s o nl y eff e c ti v e i n 7 0- 8 0 % [ 7] of c a s e s a n d
h a s d r a w b a c k s — s u c h a s a c c e s si bili t y a n d a d h e r e n c e. Gi v e n t h e d e g r e e b y w hi c h p e r si s t e n t
sl e e p d e p ri v a ti o n c a n d e g r a d e a p e r s o n’ s q u ali t y of lif e a n d t h e li mi t s of o u r c u rr e n t t r e a t m e n t
o p ti o n s, t hi s t h e si s i s, a t o n e l e v el, a s h o t a t f o r gi n g a n e w p a t h f o r i n t e r v e n ti o n.

Y e t, o n e of t h e m o s t i n t ri g ui n g a s p e c t s a b o u t i n s o m ni a — a t l e a s t t o m e —i s j u s t h o w m u c h of a
m y s t e r y t h e c o n di ti o n c a n b e t o t h e p e o pl e w h o e x p e ri e n c e i t. F o r t h e m o s t p a r t, p e o pl e wi t h
c h r o ni c i n s o m ni a o nl y h a v e a v a g u e i d e a of h o w t o m a n a g e i t d e s pi t e c o n s ulti n g t h ei r
p h y si ci a n s [1], m u c h l e s s a n u n d e r s t a n di n g of t h e r o o t of t h ei r o w n i n a bili t y t o sl e e p.[ 3] E v e n
a m o n g s t p h y si ci a n s, t h e r e r e m ai n s u n c e r t ai n t y [1] a n d mi s c o n c e p ti o n [1] a b o u t i n s o m ni a.

A n d t hi s m a k e s s e n s e — gi v e n all t h e p o t e n ti al c o nf o u n di n g f a c t o r s, t h e r e i s n o t a d e fi ni ti v e
c o n s e n s u s a b o u t w h a t c a u s e s i n s o m ni a, w h a t d e t e r mi n e s w h e t h e r a t r e a t m e n t will b e
s u c c e s sf ul f o r a n i n di vi d u al o r m u c h l e s s w h a t t h e r o o t of a n i n di vi d u al’ s sl e e pi n g dif fi c ulti e s i s.
T a k e sl e e p h y gi e n e — a v e r y b r o a d s e t of h e alt h y sl e e pi n g h a bi t s — p r e s u m a bl y h oli s ti c b e c a u s e
a n y o n e h a bi t i s u nli k el y t o b e a sil v e r b ull e t. I n a t l e a s t o n e s e n s e t h e c u rr e n t s t a t e of
t r e a t m e n t i s t h r o wi n g s p a g h e tti a t t h e w all a n d s e ei n g w h a t s ti c k s. T h e n e e d f o r m o r e
c u s t o mi z e d t r e a t m e n t s i s c e r t ai nl y b ei n g r e c o g ni z e d. S o a t a m o r e g e n e r al l e v el, t hi s t h e si s
p r o p o s e s a pl a tf o r m t o e n a bl e t a r g e t e d i n s o m ni a m a n a g e m e n t s t r a t e gi e s.

T h e c o r e i d e a b e hi n d t hi s t h e si s i s l o o s el y i n s pi r e d b y w h a t i s li k el y t h e e a rli e s t a n d m o s t wi d el y
r e c o g ni z e d w e s t e r n s t e r e o t y p e r e g a r di n g t h e t r e a t m e n t of i n s o m ni a: c o u n ti n g
s h e e p 2 ⸺ a d mi tt e dl y, m o s t i n s o m ni a c s a r e u nli k el y t o fi n d c o u n ti n g t o b e p a r ti c ul a rl y h el pf ul.
N e w S ci e n ti s t b ol dl y w r o t e “ Sl e e p s ci e n ti s t s di s c o u n t s h e e p” 3 af t e r r e p o r ti n g o n a p o p ul a r b u t
f r e q u e n tl y mi si n t e r p r e t e d 2 0 0 2 s t u d y b y A. H a r v e y[ 8]. S t u d e n t s wi t h s y m p t o m s of i n s o m ni a
w e r e s pli t i n t o g r o u p s a n d a s k e d t o r e p o r t t h ei r p e r c ei v e d sl e e p o n s e t l a t e n c y 4 af t e r e n g a gi n g
i n v a ri o u s t y p e s of m e n t al di s t r a c ti o n a s t h e y f ell a sl e e p. T h e c o n cl u si o n w a s t h a t c e r t ai n

4 Sl e e p o n s e t l a t e n c y ( S O L) i s t h e t e r m f o r t h e a m o u n t of ti m e i t t a k e s u s t o f all a sl e e p.

3 I n t e r e s ti n gl y, c o u n ti n g s h e e p i s n e v e r m e n ti o n e d i n t h e r ef e r e n c e d s t u d y.

2
D o u gl a s G al bi w r o t e h a s d eli g h tf ul bl o g a r ti cl e d e s c ri bi n g t h e e a rli e s t k n o w n r ef e r e n c e t o c o u n ti n g s h e e p a s a sl e e pi n g

t e c h ni q u e ⸺ a c o mi c al 1 2 t h c e n t u r y s t o r y “ T h e Ki n g a n d hi s S t o r y- t ell e r” i n a L a ti n t e x t c all e d Di s ci pli n a Cl e ri c ali s b y P e t r u s
Al p h o n si, w h o s e t elli n g s u g g e s t s t h e o ri gi n i s e v e n ol d e r.

1 I n t h e c o n t e x t of t hi s t h e si s, c h r o ni c i n s o m ni a i s d efi n e d b y t h e di a g n o s ti c c ri t e ri a s e t b y t h e A m e ri c a n A c a d e m y of
Sl e e p M e di ci n e ( A A S M) i n t h e I C S D- 3- T R w hi c h r e q ui r e s t h e f oll o wi n g c o n di ti o n s: 1) a p e r s o n r e p o r t s dif fi c ult y sl e e pi n g
2) a n d i t r e s ult s i n s o m e ki n d of d a y ti m e i m p ai r m e n t 3) t h a t o c c u r s a t l e a s t t h r e e ti m e s p e r w e e k 4) o v e r t h e c o u r s e of
t h r e e m o n t h s 5) a n d i t i s n o t ci r c u m s t a n ti al 6) o r r el a t e d t o a n o t h e r m e di c al c o n di ti o n.
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mental distractions actually appeared to shorten the time someone believed it took them to
fall asleep⸺at least temporarily⸺while others had no effect.

To be fair the results are not cut and dried but perhaps, like many fables⸺there may be
some grain of truth to “counting sheep”. There is something deeply intuitive about seeking to
unwind and relax before falling asleep⸺to occupy ourselves with something⸺even when
we are already tired. So intuitive perhaps that I would postulate it is an adaptation⸺a sleep
primer perhaps.

A recent study[9] identified higher concentration and diffusion of glutamate⸺a
neurotransmitter⸺in the lateral prefrontal cortex⸺a region of the brain that largely
manages cognitive control⸺in people that had engaged in high-demand cognitive work
when compared to various controls. They proposed the resources required to restore balance
constitute a metabolic cost that makes executing cognitive control more difficult. In other
words⸺demanding more from our brain results would result in less executive power.

From the perspective of insomnia this is a fascinating conjecture[10]; the predominant
model[11] of insomnia basically attributes it to a deficient control of anxious thoughts. Perhaps
the very quality that someone with insomnia lacks is the quality we seek to induce by
unwinding before we sleep[12]. It evokes moments when I have gone to bed directly after a
long night of immersive work⸺only to be plagued by a sort of repetitive-obsessive dream
about the work itself⸺certainly not restful sleep.

In any case, even if it is only a learned behavior, there is something to be said about the sheer
ubiquity of our tendency to occupy ourselves with something before bed. A recent poll[13]
conducted on behalf of the American Academy of Sleep Science (AASM) reported 29% of
respondents read as part of their bedtime routines. Another AASM poll[14] reported that 80%
of Americans had lost sleep viewing social media. Losing sleep is not an inability to sleep—but
it does show that bedtime activities are not all made equal. My intuition says that somewhere
between what engages us and what relaxes us is an opportunity to facilitate sleep.

This brings us into the current state of insomnia treatment⸺there is strong, highly
corroborated data indicating CBT-I is effective[15]. But this should not trick us into feeling that
the problem is solved. Far from it⸺a significant portion⸺20-30%[7] of people do not
respond to treatment and for those who do there is still a significant chance of recurrence[15].

Part of this can be explained by adherence[15]⸺CBT-I asks a lot from a patient that is already
fatigued in exchange for an improvement that may take some time to show. CBT-I is evolving
to address this through digital CBT-I (dCBT-I) designed to be more engaging and accessible.
But what if the treatment looked more like the very bedtime activities we seem so motivated
to seek? Oddly enough⸺some of the most clinically doubtful sleep aids, such as white noise
apps⸺are also enduringly popular.

Finally there are wearables⸺which have evolved into powerful computers in their own right
and are now mainstream consumer device platforms with the capacity to reach millions of
people. Given the extraordinary things deep learning is enabling and the richness of the data
wearables are privy to⸺wearables seem like a grossly underutilized technology.

I believe there is an opportunity where all of these converge to deliver better sleep aid at scale
and to exploit that scale to deliver better treatment.
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B a c k g r o u n d

T h e R e s tl e s s Mi n d: P a t h o g e n e si s

T o u n d e r s t a n d t h e p hil o s o p h y b e hi n d Z z z o ni c —i n p a r ti c ul a r w h a t t h e p o t e n ti al of a
c o m p u t a ti o n al a p p r o a c h mi g h t b e —i t i s u s ef ul t o c o n si d e r i n s o m ni a’ s c o m pl e xi t y a n d w h a t
t h e c u rr e n t t r e a t m e n t o p ti o n s a r e. A s m e n ti o n e d p r e vi o u sl y, t h e p r e v aili n g p a t h o p h y si ol o gi c al
t h e o r y of i n s o m ni a i s o n e of h y p e r a r o u s al — t h a t i s, a n a b n o r m al s t a t e of p h y si c al a n d o r
p s y c h ol o gi c al al e r t n e s s m a k e s i t dif fi c ult t o f all a sl e e p a n d s t a y a sl e e p. M ulti pl e m o d el s h a v e
b e e n p r o p o s e d t o e x pl ai n t h e h y p e r a r o u s al b u t i n g e n e r al t h e y f all i n t o t w o u ni q u e b u t
i n t e r c o n n e c t e d p e r s p e c ti v e s.

T h e m o s t cli ni c all y p r e v al e n t, a r g u a bl y, i s t h e c o g ni ti v e m o d el[11], w hi c h p ri m a ril y a tt ri b u t e s
i n s o m ni a t o i n t r u si v e t h o u g h t s, w o rr y a n d r u mi n a ti o n t h a t i n d u c e di s t r e s s — m a ki n g i t diffi c ult
t o r el a x a n d f all a sl e e p. E v e n t u all y t h e mi n d b e c o m e s p r e o c c u pi e d wi t h t h e l a c k of sl e e p i t s elf,
i t di s p r o p o r ti o n a t el y p e r c ei v e s e n vi r o n m e n t al di s t u r b a n c e s a n d e v e n t u all y i n t e r n ali z e s a n
e x a g g e r a t e d s e n s e of sl e e p d e fi ci e n c y — r ei nf o r ci n g i t s elf a n d f u r t h e r e x a c e r b a ti n g r e al sl e e p
d e fi ci t s.

T o c o n s t r u c t a s e n s e f o r t hi s m o d el c o n si d e r t h a t:

I. P e o pl e wi t h c h r o ni c i n s o m ni a m o s t f r e q u e n tl y a tt ri b u t e t h ei r sl e e pi n g diffi c ult y t o t h e
e m o ti o n s a n d t h o u g h t s t h e y h a v e i n b e d[1 6] [ 3]. C o rr o b o r a ti n g t hi s, a s e ri e s of s t u di e s
b y A. H a r v e y[1 7][1 8][1 9] r e c o r d e d t h e c o g ni ti v e s t a t e of p e o pl e wi t h i n s o m ni a ri g h t
b ef o r e sl e e p a n d c o m p a r e d t h e m t o p e o pl e wi t h o u t sl e e pi n g dif fi c ulti e s ⸺ t h e y f o u n d
p e o pl e wi t h i n s o m ni a w e r e m o r e li k el y t o b e f o c u s e d o n w o rri e s, o n w a k ef ul n e s s i t s elf,
u n pl e a s a n t i m a g e r y a n d ⸺ a s a w h ol e ⸺ t o p e r c ei v e t hi s ti m e t o b e m o r e di s t r e s si n g
a n d l e s s c o n t r oll a bl e t h a n t h o s e wi t h o u t i n s o m ni a. T h e eff e c t of a n xi o u s p r e sl e e p
c o g ni ti o n o n o u r a bili t y t o f all a n d s t a y a sl e e p h a s b e e n c o rr o b o r a t e d i n m a n y
s t u di e s[1 2][ 2 0][ 21][ 2 2].

II. A s w e will r e vi e w s u b s e q u e n tl y, c o g ni ti v e b e h a vi o r al t h e r a p y f o r i n s o m ni a
( C B T-I)⸺ w hi c h a d d r e s s e s o u r b eli ef s a n d b e h a vi o r s a b o u t sl e e p ⸺ i s c u rr e n tl y t h e
m o s t cli ni c all y eff e c ti v e t r e a t m e n t f o r i n s o m ni a.[ 7][ 2 3]

III. T h e r e a r e p o o rl y u n d e r s t o o d p a r a d o x e s b e t w e e n i n s o m ni a t h a t c a n b e o bj e c ti v el y
m e a s u r e d, i n s o m ni a t h a t c a n n o t a n d diff e r e n c e s i n s u bj e c ti v e p e r c e p ti o n of sl e e p
o n s e t a n d sl e e p q u ali t y b e t w e e n p e o pl e wi t h i n s o m ni a a n d p e o pl e wi t h o u t. [ 2 4][ 2 5],
[ 2 6][ 2 7]

I V. Fi n all y, a c o n s e n s u s of s t u di e s h a v e c o nfi r m e d i n s o m ni a f r e q u e n tl y c o e xi s t s wi t h o t h e r
m e n t al h e alt h di s o r d e r s[ 5][ 2 8][ 2 9]. T o g e t h e r t h e s e p oi n t s of vi e w i n di c a t e a t l e a s t s o m e
p o r ti o n of i n s o m ni a i s i n t h e d o m ai n of t h e mi n d.

T h e p h y si ol o gi c al m o d el, o n t h e o t h e r h a n d, f o c u s e s o n h o w h y p e r a r o u s al s p ri n g s f r o m o u r
b o di e s — t hi s d y sf u n c ti o n t h e n l e a d s t o p r o bl e m s i ni ti a ti n g a n d m ai n t ai ni n g q u ali t y sl e e p.[ 3 0]
S o m e r el e v a n t c o n si d e r a ti o n s:

I. S t u di e s h a v e d e t e r mi n e d p h y si ol o gi c al diff e r e n c e s b e t w e e n t h o s e wi t h i n s o m ni a a n d
t h o s e wi t h o u t[ 31].
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II. A d di ti o n all y t h e r e a r e p e o pl e wi t h o bj e c ti v el y m e a s u r e d i n s o m ni a t h a t h a v e n o
i d e n tifi a bl e p s y c hi a t ri c c o n di ti o n s[ 3 2]. T o g e t h e r, t h e s e fi n di n g s b uil d a pi c t u r e of a
c o n di ti o n t h a t i s al s o r o o t e d i n t h e b o d y.

T hi s t h e si s p ri m a ril y f o c u s e s o n t h e c o g ni ti v e a n gl e of i n s o m ni a a n d f o r t h a t r e a s o n I will n o t
el a b o r a t e f u r t h e r o n t h e e xi s ti n g p h y si ol o gi c al m o d el s o r p h a r m a c ol o gi c al ai d s — b u t i n g e n e r al
t h e r e i s m u c h s till t o u n d e r s t a n d a b o u t t h e bi ol o g y of i n s o m ni a, a n d — a t l e a s t f o r n o w — p e o pl e
wi t h i n s o m ni a a r e g e n e r all y h e si t a n t t o r el y o n t h e a v ail a bl e sl e e p m e di c a ti o n s.[ 2][ 3 3][ 3 4] I n
s o m e s e n s e t hi s i s al s o t r u e a b o u t C B T-I.[ 3 5]

I n a n y c a s e — t h e d e g r e e t o w hi c h i n s o m ni a i s a p h y si c al o r p s y c h ol o gi c al c o n di ti o n f o r m o s t
i n di vi d u al s i s n o t o b vi o u s. O n e u nif yi n g t h e o r y i s t h a t a p h y si ol o gi c al p r e di s p o si ti o n[ 3 6], [ 3 7]
c a n e v e n t u all y e v ol v e i n t o o r c o nf o u n d wi t h c o g ni ti v e i n s o m ni a. Sl e e p l a b s m a y s e e m li k e t h e
a n s w e r e x c e p t t h e y of t e n 5 j u s t c o nfi r m w h a t p h y si ci a n a n d p a ti e n t al r e a d y k n o w — p o o r sl e e p
q u ali t y — a n d s o m e ti m e s t h e y r ai s e m o r e q u e s ti o n s t h a n a n s w e r s[ 3].

T o a d d t o t h e c o nf u si o n t h e r e i s a n o p e n q u e s ti o n r e g a r di n g c o nf o u n di n g c o m o r bi di t y[ 2 9],
[ 3 8]. A s m e n ti o n e d b ef o r e i n s o m ni a f r e q u e n tl y c o e xi s t s wi t h a n xi e t y[ 3 9] a n d d e p r e s si o n[ 4 0] a s
w ell a s o t h e r p s y c hi a t ri c di s o r d e r s. I n s o m ni a c a n b e a s y m p t o m of t h e s e [ 41] b u t t h e r e i s al s o
e vi d e n c e t h a t i t c a n a c t u all y p r e ci pi t a t e a n xi e t y a n d d e p r e s si o n [ 4 2][ 4 3]. Cl a s si c c hi c k e n a n d
t h e e g g p r o bl e m — a s wi t h b ef o r e, r e ali s ti c all y i t i s a li ttl e of b o t h. A r e c e n t p oll of p h y si ci a n s
r e v e al e d a m aj o ri t y i d e n tif y i n s o m ni a a s a s e c o n d a r y di s o r d e r[ 4 4] — e s s e n ti all y a
s y m p t o m — w hil e cli ni c al sl e e p e x p e r t s di s a g r e e d — m ai n t ai ni n g t h a t t r e a ti n g i n s o m ni a a s a
p ri m a r y c o n di ti o n r e s ult e d i n b e tt e r o u t c o m e s f o r b o t h.

T h e r e a r e al s o m a n y t y p e s of i n s o m ni a [ 4 5] y e t t h e di s ti n c ti o n s a r e h a r dl y u s e d i n a cli ni c al
s e tti n g [ 4 4].

Fi n all y, mi s c o n c e p ti o n s a b o u t i n s o m ni a t r e a t m e n t a r e c o m m o n. T h e r e i s a w ell d o c u m e n t e d
a n d r e a s o n a bl e a p p r e h e n si o n t o t a k e sl e e p m e di c a ti o n[ 3 3] — b u t t h e r e a r e s t u di e s t h a t s h o w
t h a t t h e c o m bi n a ti o n of C B T-I a n d sl e e p m e di c a ti o n c a n r e s ult i n b e tt e r r e mi s si o n s r a t e s o v e r
a n e x t e n d e d f oll o w u p p e ri o d[ 4 6]. Sl e e p h y gi e n e — w hi c h i s of t e n p e r c ei v e d t o b e i n eff e c ti v e[ 2]
[ 3 5] h a s b e e n p r o v e n t o e n h a n c e t r e a t m e n t eff e c t s — b u t o nl y w h e n p r e s c ri b e d a n i n t e g r a t e d
c o m p o n e n t of C B T-1.[ 4 7] W hi t e n oi s e m a c hi n e s o n t h e o t h e r h a n d — a r e v e r y p o p ul a r, d e s pi t e
mi x e d e vi d e n c e, a t b e s t, of t h ei r eff e c ti v e n e s s[ 4 8].

S o i t i s of n o s u r p ri s e, a t l e a s t t o m e, t h a t o n e of t h e m o s t c o m m o n s e n ti m e n t s a m o n g s t t h o s e
li vi n g wi t h c h r o ni c i n s o m ni a i s p e r pl e xi t y a r o u n d w h a t i n s o m ni a i s, w h a t c a u s e s i t a n d h o w t o
m a n a g e i t[ 2][ 3], e v e n a m o n g s t t h o s e w h o h a v e s o u g h t h el p[ 4 4].

C o n t r olli n g I n s o m ni a: A c o n t r ol s y s t e m s p e r s p e c ti v e

Gi v e n t h e c o m pl e x d y n a mi c s of t h e i n s o m ni a s y s t e m — t h e g r a n d e r s pi ri t of t hi s t h e si s i s t h e
d e v el o p m e n t of a s y s t e m t h a t c a n s t u d y sl e e p a t s c al e a n d t r a n sf o r m all t h e c o nf o u n di n g
v a ri a bl e s a n d u n c e r t ai n t y of i n s o m ni a i n t o t a r g e t e d i n si g h t s t h a t n o t o nl y gi v e s o m e o n e t h e
r eli ef of s e ei n g t h e p a tt e r n i n t h ei r i n s o m ni a b u t al s o r e d u c e t h e eff o r t of m a n a gi n g i t.

A p r oj e c t b y Y al a e t. al. e n c a p s ul a t e s t hi s s pi ri t — u tili zi n g a r ei nf o r c e m e n t l e a r ni n g f r a m e w o r k
t o o p ti mi z e p e r s o n ali z e d b r e a s t c a n c e r s c r e e ni n g p oli ci e s t h a t i m p r o v e s c r e e ni n g o u t c o m e s i n
a w a y t h a t w o ul d b e t o o c o m pl e x f o r a r a di ol o gi s t t o d o al o n e [ 4 9]. E v e n i n t h e d o m ai n of sl e e p,

5 H o w e v e r t h e y r e m ai n v al u a bl e f o r diff e r e n ti al di a g n o s e s.
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K h a o k a e w e t al. h a v e r e c e n tl y e x pl o r e d h o w t o c o m bi n e l a r g e l a n g u a g e m o d el s ( L L M s) a n d
sl e e p d a t a i n a s y s t e m c all e d Z z z G P T t o c o n v e r s a ti o n all y p r o b e sl e e p d a t a a n d p r o vi d e
p e r s o n ali z e d i n si g h t s ti e d t o sl e e p ef fi ci e n c y p r e di c ti o n s[ 5 0].

A n i d e al s y s t e m c o ul d e x t e n d i n t o di r e c t c o n t r ol of t h e sl e e p e n vi r o n m e n t. H a g h a y e g h e t al.
d e v el o p e d a s m a r t m a tt r e s s wi t h a n o v el t e m p e r a t u r e c o n t r ol t o i m p r o v e sl e e p[ 51] — w hi c h
c o ul d h el p all e vi a t e t h e r m o r e g ul a ti o n di s o r d e r s[ 5 2] t h a t di s r u p t sl e e p. M o d eli n g t h e i n s o m ni a
s y s t e m t o t hi s d e g r e e w o ul d r e q ui r e a si g ni fi c a n t n u m b e r of p e o pl e t o c o n t ri b u t e d e t ail e d
sl e e p d a t a — a n d t h e b e s t w a y t o m o ti v a t e t hi s mi g h t b e t o f a cili t a t e sl e e p i n r e t u r n.

T h e r e i s al s o r e s e a r c h e x pl o ri n g c o n t r ol n e a r t h e sl e e p s y s t e m i t s elf. T h e u s e of V R bi of e e d b a c k
a t b e dti m e t o f a cili t a t e sl e e p h a s b e e n e x pl o r e d a n d h a s s h o w n p o si ti v e r e s ult s
d o w n r e g ul a ti n g p h y si ol o gi c al a r o u s al. [ 5 3] A. H o r o wi t z e t al. h a s d e v el o p e d a s y s t e m, D o r mi o,
d e si g n e d t o e x pl oi t t h e h y p n a g o gi c s t a t e i n s e r vi c e of c r e a ti vi t y t h r o u g h c o m p u t e r c o n t r oll e r
t r a c ki n g of bi o si g n al s a n d u s e r i n t e r a c ti o n [ 5 4]. Cl o s el y r el a t e d t o t hi s p r oj e c t i s a n i n v e s ti g a ti o n
t o p r e di c t sl e e p o n s e t i n r e al- ti m e f o r cl o s e d-l o o p sl e e p c o n t r ol i n a mi c e m o d el [ 5 5] a s w ell a s
a n e v al u a ti o n of r e a c ti o n ti m e a s a u s ef ul i n di c a t o r f o r a n i n t r u si v e t h o u g h t c o n t r ol s y s t e m. [ 5 6]

R e t u r ni n g t o t h e c o g ni ti v e m o d el of i n s o m ni a —if t h e c o r e i s s u e i s s o h ef til y a p r e o c c u pi e d
mi n d a s w e l a y i n b e d — t h e n p r e s u m a bl y a n y t hi n g t h a t c o n t r ol s n e g a ti v e t h o u g h t s f r o m
i n u n d a ti n g t h e mi n d — wi t h o u t si g nifi c a n tl y a r o u si n g —i t mi g h t a c t u all y ai d sl e e p. I i m a gi n e a
s y s t e m t h a t i s c o m p elli n g, li k e a p u z zl e, a dj a c e n t t o sl e e p, li k e li s t e ni n g t o m u si c i n b e d a n d
hi g hl y p e r c e p ti v e of t h e sl e e p s t a t e

● S o m e s t u di e s h a v e f o u n d pl a yi n g T e t ri s , a g a m e, r e d u c e d t h e f r e q u e n c y of i n t r u si v e
m e m o ri e s, alt h o u g h t h e r e w e r e c o n fl i c ti n g o u t c o m e s i n t h e r e d u c ti o n of t h e r el a t e d
di s t r e s s[ 5 7]

● I n t h e c o n t e x t of sl e e p t h e m o s t wi d el y ci t e d e x p e ri m e n t s w e r e c o n d u c t e d b y A H a r v e y
e t al. — o n e s t u d y s h o w e d c e r t ai n t a s k s s e e m e d t o i m p r o v e s u bj e c ti v e[ 8] m e a s u r e s of
sl e e p o n s e t — t h ei r l o n g- t e r m eff e c ti v e n e s s w a s u n c e r t ai n.

● A n o t h e r s t u d y di d i d e n tif y a r e d u c ti o n i n t h e f r e q u e n c y of i n t r u si v e t h o u g h t s a n d
o bj e c ti v e [1] sl e e p o n s e t l a t e n c y.

I t i s s af e t o s a y t h a t all t h e mi ni m u m el e m e n t s t h a t w o ul d b e r e q ui r e d t o f ai rl y a s s e s s t h e
p o t e n ti al of a s y s t e m li k e t hi s — a d mi ni s t r a ti o n b y a t hi r d- p a r t y, n a t u r al sl e e p e n vi r o n m e n t,
a c c u r a t e r e al- ti m e m e a s u r e s of sl e e p o n s e t a n d i n t r u si v e t h o u g h t s — h a v e n o t y e t c o m e
t o g e t h e r.

T r e a t m e n t: C B T-I

T h e fi r s t-li n e t r e a t m e n t f o r i n s o m ni a i s c u rr e n tl y c o g ni ti v e b e h a vi o r al t h e r a p y f o r i n s o m ni a[ 2 3]
[ 5 8]( C B T-I) — s o m e ti m e s i n c o nj u n c ti o n wi t h sl e e p m e di c a ti o n —i n o n e a n al y si s 4 5 % of p a ti e n t s
t r e a t e d wi t h C B T-I w e r e a bl e t o i n c r e a s e t h ei r t o t al sl e e p ti m e ( T S T) a n d r e d u c e t h ei r sl e e p
o n s e t b y 5 0 %.[ 7] A d di ti o n all y C B T-I h a s f e w e r k n o w n si d e eff e c t s t h a n sl e e p m e di c a ti o n a n d
l o n g e r l a s ti n g r e s ult s t h a n sl e e p m e di c a ti o n s al o n e [ 7], p r e s u m a bl y a r e s ult of a d d r e s si n g a
c a u s e f o r i n s o m ni a m o r e di r e c tl y.
C B T-I i s a m ulti- c o m p o n e n t t r e a t m e n t t h a t f u n c ti o n s b y a tt e m p ti n g t o r e pl a c e d e t ri m e n t al
b eli ef s, c o n di ti o ni n g a n d b e h a vi o r s r e g a r di n g sl e e p wi t h e d u c a ti o n, di s c u s si o n a n d
m a n a g e m e n t s t r a t e gi e s, t y pi c all y o v e r t h e c o u r s e of 4-1 0 w e e k s.[ 4 7]
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I. Cognitive Therapy (CT)

The core objective of cognitive therapy is to identify and replace detrimental beliefs about a
person’s capacity to fall asleep that interfere with inducing and maintaining sleep. This is an
important component of the existing treatment protocol that a theoretical, distraction-based
intervention alone would not address—for that reason we refer to distraction-based
interventions as an aid rather than a treatment. Still—much like the inclusion of medication
with CBT-I—it could conceivably improve results in conjunction with CBT-I by facilitating
adherence and positive conditioning with the sleep process.

That being said, the emergence of digital cognitive behavioral therapy for insomnia (dCBT-I) is
a natural complement that in recent studies has proven to be effective [59][60] although not
quite at the level of traditional CBT-I yet. This could be integrated into distraction-based
intervention to produce stronger outcomes. Given the current state of large language models,
it is reasonable to believe that artificial intelligence might one day allow dCBT-I to approximate
the performance of face-to-face CT at a fraction of the cost.[61][60] For example a chat based
interaction might be able to track changing beliefs over time—evaluating the effectivity of the
treatment on the fly.

II. Sleep Restriction Therapy (SRT)

This component addresses conditioning that drives people with insomnia to seek to lay in bed
longer—reinforcing detrimental beliefs about their sleep efficacy. By restricting the amount of
time a person with insomnia lays in bed to the amount that induces them to fall and stay
asleep quickly—patients can gradually reinstate confidence in their sleep efficacy.

This is probably the most problematic individual component of CBT-I for patients to adhere to
since they are already sleep-deprived.[34] This is another element of CBT-I that
distraction-based interventions would not address—but this is a natural complement for
wearable devices—which can monitor vitals to optimize bedtimes, automatically manage
bedtimes and use location data in the home to support adherence.

III. Stimulus Control Therapy (SCT)

SCT addresses conditioning that drives people with insomnia to engage in bedtime activities
that extend their sleep onset—such as watching TV—because they can not sleep. This in turn
prolongs their sleep onset, reinforces negative beliefs about their sleep efficacy and creates
detrimental associations with the sleep environment. In SCT patients abstain from these
activities.

This is one dimension of CBT-I that would be an inherent component of distraction-based
interventions since engagement with the system would necessarily exclude these other
activities—with the added effect of potentially being more inherently motivating given the
interactive element.

IV. Sleep Hygiene (SH)

Sleep Hygiene is a broad set of healthy sleeping habits that include things such as exercising,
regular bedtimes, conditioning the sleep environment exclusively with sleep, avoiding naps
and the consumption of substances that are known to interfere with sleep—like caffeine. No
evidence has been found that prescribing these alone improves insomnia [1] perhaps because
it is difficult to adhere to [1] or because it is insufficiently targeted [1] (what works for one person
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might not work for another) but sleep hygiene has been shown to improve results as a
component of CBT-I [1].

One element of sleep hygiene is to engage in relaxing and somewhat monotonous activities
before bed—this would be an inherent characteristic of a distraction -based intervention.
Additionally sleep hygiene is particularly well suited for an intelligent sleep management
system that might track and support adherence as well as identify what is most and least
effective on an individual basis.

V. Relaxation Techniques

The goal of relaxation techniques is to train a patient to induce physical or mental arousal at
will via techniques such as progressive muscle relaxation and biofeedback. This is another
element a distraction-based intervention inherently addresses—with the added benefit of
being administered by an independent entity, perhaps making it easier to practice since it
does not require training or discipline.

Considering the clinical effectiveness of CBT-I there may appear to be little need for an
alternative but this is not the case. The most significant problem with CBT-I is that it does not
address the needs of a significant group of people who do not respond—approximately
20-30%[15]—and for those who do, insomnia will remerge in a follow up period in about
40-50% of cases[15]. One might imagine that:

● Perhaps some cases of insomnia are simply unrelated to a person’s mental relationship
to sleep. In this case it would be valuable to be able to identify it—allowing a person to
focus on other management strategies.

● It might also simply represent the people who have not successfully adhered to the
treatment[15] in this case we should seek ways to make it easier for people to adhere to
CBT-I.

Finally there are problems with accessibility—it can be expensive and feel inconvenient.[60]
Adherence and accessibility are among the core elements dCBT-I strives to address. Still this is
a lot of inertia to overcome for a population already plagued by fatigue and exhaustion.

In this way a theoretical distraction-based intervention would have a strong advantage since it
is a passive solution requiring little effort on the users end while filling the natural instinct to
occupy the mind when you cannot fall asleep. It would also have the added strength of being
independent of a person’s beliefs, meaning it can help prevent remissions when a person’s
state of mind falters—as sleep medication does in conjunction with dCBT-I. Finally it is a
non-pharmacological approach for those that might seek it. Just like CBT-I is a holistic set of
therapies that are stronger together than alone—it is likely that any positive effect, if any, from
a distraction-based intervention would best perform as an interpreted element of CBT-I.

Having mentioned some of the potential benefits it is important to note there also a number
of conceivable risks that will need to be evaluated:

I. Little is known about how the character of a distraction affects our thoughts—much
less its tendency to affect our sleep onset. Based on our initial testing it seems easy to
extend someone’s sleep onset by arousing them too frequently. The effect, if any, in the
other direction is unclear.
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II. E v e n if i t w a s eff e c ti v e — t h a t b e n efi t mi g h t n o t b e p e r c e p ti bl e b y p e o pl e w h o al r e a d y
h a v e di s t o r t e d b eli ef s a b o u t sl e e p —f aili n g t o a d d r e s s t h e f u n d a m e n t al i s s u e.

III. I t i s al s o c o n c ei v a bl e t h a t t h e e x p e ri e n c e i t s elf c o ul d b e c o m e a n i n di c a t o r of sl e e p o n s e t
l a t e n c y — b e c o mi n g a f e a t u r e f o r s el e c ti v e a tt e n ti o n t o l a t c h o n t o, e x a c e r b a ti n g
i n s o m ni a. F o r e x a m pl e, a u s e r mi g h t l e a r n t o a s s o ci a t e a n el e m e n t of t h e i n t e r a c ti o n
wi t h sl e e p o n s e t l a t e n c y —f o c u si n g o n i t a s a p e r s o n wi t h i n s o m ni a mi g h t d e t ri m e n t all y
f o c u s o n t h e cl o c k.

I V. T h e r e i s al s o t h e p o s si bili t y of r u n- a w a y eff e c t s — a p a r ti c ul a r di s t r a c ti o n c o ul d a r o u s e
s o m e o n e — t h e s y s t e m c o ul d r e s p o n d b y a dj u s ti n g t o t h ei r l e v el of al e r t n e s s w hi c h
c o ul d t h e n f u r t h e r a r o u s e s o m e o n e u n til t h e y a r e f ull y a w a k e.

V. I t s eff e c ti v e n e s s c o ul d al s o b e s h o r t-li v e d. I t i s r e a s o n a bl e t o t hi n k a p e r s o n mi g h t g r o w
f a ti g u e d wi t h a si m pl e r e p e ti ti v e t a s k —l o si n g t h e c a p a ci t y t o e n g a g e a n d di s t r a c t t h e
u s e r.

I r e c o g ni z e a n i n t e r v e n ti o n of t hi s ki n d i s hi g hl y s p e c ul a ti v e — b u t I al s o b eli e v e f o r gi n g a n e w
o p ti o n f o r i n s o m ni a r e q ui r e s e x pl o ri n g u n c e r t ai n a n d u n c o n v e n ti o n al p a t h s.

S o u n d A sl e e p: T h e ef f e c t of s o u n d s o n sl e e p

Fi n all y — a b ri ef n o t e o n s o u n d s a n d sl e e p. T h e u s e of w hi t e n oi s e a s a sl e e p ai d h a s g r o w n
s t e a dil y p o p ul a r si n c e i t w a s fi r s t i n t r o d u c e d i n t h e 1 9 6 0 s[ 6 2]. A p oll c o n d u c t e d o n b e h alf of t h e
A A S M i n 2 0 2 3 i n di c a t e d t h a t 1 8 % of r e s p o n d e n t s r e p o r t e d u si n g a w hi t e n oi s e m a c hi n e o r a p p
w h e n t h e y sl e p t[ 6 3]. C o rr o b o r a ti n g t hi s t r e n d, a s of t hi s w ri ti n g, f o u r of t h e t o p t e n a p p s f o r i O S
i n t h e H e alt h & Fi t n e s s c a t e g o r y a r e w hi t e n oi s e a p p s.

T hi s e n d u ri n g d e m a n d f o r w hi t e n oi s e sl e e p ai d s p r e s u m a bl y m e a n s t h e y a r e p e r c ei v e d t o b e
eff e c ti v e a n d i n a n y c a s e e n d o r s e fi n di n g s a b o u t p e o pl e’ s s e a r c h f o r n o n- p h a r m a c ol o gi c al
sl e e p ai d s. T h e p r e v aili n g e x pl a n a ti o n f o r w hi t e n oi s e sl e e p ai d s w o r k i s t h a t t h e y m a s k
e n vi r o n m e n t al n oi s e. I n d e e d, a s t u d y e v al u a ti n g i n s o m ni a c’ s s u bj e c ti v e e x p e ri e n c e f o u n d a
p r o p o r ti o n a tt ri b u t e d t h ei r l a c k of sl e e p t o s o u n d di s t u r b a n c e s.[ 2], [ 4 8] T hi s i s n o t s u r p ri si n g
u n d e r t h e c o g ni ti v e m o d el of i n s o m ni a, w hi c h a tt ri b u t e s t hi s t o di s p r o p o r ti o n a t e c o n c e r n of
sl e e p di s t u r b a n c e s vi a s el e c ti v e a tt e n ti o n. A s s u mi n g i t eff e c ti v el y m a s k s n oi s e s t h e n t hi s w o ul d
i n f a c t e a s e s o m e of t h e d e t ri m e n t al s el e c ti v e a tt e n ti o n.

Y e t, e vi d e n c e a b o u t t h e cli ni c al eff e c ti v e n e s s of w hi t e n oi s e a s a sl e e p ai d m e a s u r e d o bj e c ti v el y
i s mi x e d[ 6 4]. T hi s i s al s o n o t p a r ti c ul a rl y s u r p ri si n g si n c e t h e m aj o ri t y of t h e s e s t u di e s h a v e n o t
f o c u s e d o n t h e s u bj e c ti v e a n gl e of sl e e p — t h e o n e s t h a t n o t e d s u bj e c ti v e i m p r o v e m e n t s i n
sl e e p t y pi c all y r e p o r t e d a n i m p r o v e m e n t.

S o u n d s m a y al s o i n d u c e p h y si c al r el a x a ti o n. O n e r a n d o mi z e d c o n t r ol t ri al o b s e r v e d t h a t E E G
s h o w e d d e c r e a s e d al p h a p o w e r ( t h e p r e d o mi n a n t b r ai n w a v e w hil e l yi n g i n b e d wi t h y o u r e y e s
cl o s e d) a s w ell a s i n c r e a s e d h e a r t r a t e v a ri a bili t y ( H R V) — a n i n di c a t o r of d e c r e a s e d s t r e s s w h e n
li s t e ni n g t o Ti b e t a n si n gi n g b o wl s w h e n c o m p a r e d t o p e rf o r mi n g p r o g r e s si v e m u s cl e
r el a x a ti o n ( P M R) a n d a c o n t r ol w ai ti n g li s t[ 6 5] — t h e y al s o c o rr o b o r a t e s t hi s n o ti n g s u bj e c ti v e
p e r c e p ti o n s of r el a x a ti o n.

Z z z o ni c b uil d s o n w hi t e n oi s e i n o r d e r t o c r e a t e a r el a ti v el y n e u t r al s o u n d s c a p e a s w ell a s a
m e a n s of r e a c hi n g a p o p ul a ti o n t h a t i s al r e a d y s e e ki n g a p p- b a s e d sl e e p ai d b u t i t d o e s n o t
n e c e s s a ril y i n t e n d t o m a s k n oi s e o r s ti m ul a t e r el a x a ti o n. I n s t e a d w e a s s u m e d a g o o d
i n t e r a c ti o n m o d ali t y w o ul d all o w a u s e r t o cl o s e t h ei r e y e s. T h a t b ei n g s ai d, t h e r e a p p e a r s t o b e
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a p o t e n ti all y f r ui tf ul c o n v e r g e n c e b e t w e e n w hi t e n oi s e sl e e p ai d a p p s, d C B T-I a n d
c o m p u t e r- c o n t r oll e d sl e e p t h a t c o ul d b e e x pl oi t e d t o d eli v e r e a si e r a n d eff e c ti v e sl e e p ai d a t
s c al e.

T h e S t ai r w a y t o Sl e e p: B r e a ki n g d o w n a n d t r a c ki n g t h e sl e e p o n s e t p e ri o d.

Sl e e p S t a g e s

T h e sl e e p c y cl e — w hi c h t y pi c all y l a s t s 9 0 t o 11 0 mi n u t e s —i s n o r m all y c h a r a c t e ri z e d b y 5 s t a g e s:
w a k e, r a pi d e y e m o v e m e n t ( R E M) a n d n o n- R E M ( N1- N 3) a n d r e p e a t s a p p r o xi m a t el y 4 t o 5
ti m e s t h r o u g h o u t t h e ni g h t.[ 6 6]

1. W a k e —l a yi n g i n b e d, s till, wi t h y o u r e y e s cl o s e d i s t y pi c all y c h a r a c t e ri z e d b y t h e
d o mi n a ti o n of al p h a w a v e s i n t h e b r ai n, w hi c h a r e a s s o ci a t e d wi t h r el a x a ti o n a n d
m e di t a ti o n. I t i s al s o a s s o ci a t e d wi t h f ull m u s cl e t o n e a n d will m o s t li k el y c o n t ai n t h e
m o s t m o ti o n. A t t hi s s t a g e t h e h e a r t r a t e will s t a bili z e a r o u n d a p e r s o n’ s r e s ti n g h e a r t
r a t e. T hi s m a r k s t h e s t a r t of t h e sl e e p p e ri o d Z z z o ni c i s c o n c e r n e d wi t h.

2. N1 —i s t h e li g h t e s t s t a g e of sl e e p —i t c o n s ti t u t e s a b o u t 5 % of t o t al sl e e p ti m e a n d l a s t s
s o m e w h e r e b e t w e e n 1 a n d 5 mi n u t e s. I t i s n o t c o n si d e r e d p a r ti c ul a rl y r e s tf ul. M u s cl e
t o n e i s s till p r e s e n t b u t i t b e gi n s t o d e c r e a s e al o n g wi t h s h all o w e r b r e a t hi n g a n d a
d e s c e n di n g h e a r t r a t e. D u ri n g t hi s s t a g e a p e r s o n i s s till c a p a bl e of r e s p o n di n g t o
s ti m uli b u t t h ei r al e r t n e s s a n d r e a c ti o n ti m e mi g h t d r o p. [ 6 7] T h e r e mi g h t b e s o m e l o s s
i n e n vi r o n m e n t al a w a r e n e s s — n o t a bl y —i t d o e s n o t c o n s ti t u t e w h a t m o s t of u s w o ul d
p e r c ei v e a s sl e e p. P e o pl e wi t h i n s o m ni a h a v e s h o w n a hi g h e r p r o b a bili t y of
t r a n si ti o ni n g b a c k f r o m N 2 t o N1[ 6 8] a n d o v e r all m o r e ti m e i n N1 a n d l e s s ti m e i n N 3[ 6 9].

3. N 2 —i s t h e b e gi n ni n g of “ d e e p” sl e e p —i t l a s t s a r o u n d 2 5 mi n u t e s a n d t h e n g e t s
p r o g r e s si v e l o n g e r — c o n s ti t u ti n g a b o u t 4 5 % of sl e e p. M u s cl e t o n e i s m a r k e dl y r e d u c e d
a t t hi s s t a g e b u t n o t c o m pl e t el y a b s e n t. A p e r s o n mi g h t s till b e a bl e t o r e s p o n d t o
s ti m uli b u t t h ei r r e s p o n s e r a t e s a n d r e a c ti o n ti m e s will h a v e p r o b a bl y d r o p p e d
m a r k e dl y [1]. P e o pl e i n t hi s s t a g e g r o w b u t l a r g el y di s c o n n e c t e d f r o m t h e e n vi r o n m e n t.
H e a r t r a t e a n d b o d y t e m p e r a t u r e c o n ti n u e t o d r o p s t e a dil y. T hi s al s o c o n s ti t u t e s w h a t i s
c o n si d e r e d r e s tf ul, r e s t o r a ti v e sl e e p — m a ki n g i t a n i m p o r t a n t f a c t o r i n sl e e p q u ali t y. A
p e r s o n will m o s t li k el y l o s e c o n s ci o u s n e s s a t s o m e p oi n t d u ri n g t hi s s t a g e. T hi s i s t h e
e n d of t h e p o r ti o n of sl e e p t h a t Z z z o ni c i s t r yi n g t o t r a c k, c u rr e n tl y.

4. N 3 — t h e d e e p e s t s t a g e of sl e e p — c o n s ti t u t e s a b o u t 2 5 % of t o t al sl e e p ti m e a n d l a s t s
a b o u t 2 0 t o 4 0 mi n u t e s. I t i s c o m p o s e d b y t h e p r e d o mi n a n c e of l o w-f r e q u e n c y d elt a
w a v e s. A p e r s o n i s u nli k el y t o w a k e u p o r r e s p o n d t o s ti m ul u s. Al o n g wi t h N 2 t hi s
d e fi n e s r e s tf ul sl e e p.

5. R E M —i s a s s o ci a t e d wi t h d r e a mi n g a n d n o t c o n si d e r e d a r e s tf ul s t a g e of sl e e p alt h o u g h
i t i s i m p o r t a n t. I t c o n s ti t u t e s a b o u t 2 5 % of sl e e p. O u r b r ai n a c ti vi t y a t t hi s s t a g e i s si mil a r
t o w h e n w e a r e a w a k e. T hi s fi r s t o c c u r s af t e r 9 0 mi n u t e s a n d l a s t s 1 0 mi n u t e s g e tti n g
p r o g r e s si v e l o n g e r.

P ol y s o m n o g r a p h y ( P S G)

P S G i s t h e g ol d s t a n d a r d of sl e e p s t a gi n g ⸺ p r o d u ci n g a h oli s ti c a n d d e t ail e d c h a r a c t e ri z a ti o n
of t h e sl e e p c y cl e t h r o u g h a v a ri e t y of si g n al s f r o m t h e b o d y i n cl u di n g E E G, e y e m o v e m e n t,
a c ti g r a p h y a n d h e a r t r a t e. I t i s al s o r el a ti v el y i n t r u si v e, r e m o vi n g a p e r s o n f r o m t h ei r n a t u r al
sl e e p e n vi r o n m e n t a n d a tt a c hi n g n u m e r o u s s e n s o r s, b o t h of w hi c h c a n i n t r o d u c e bi a s. T h e
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cost and logistical complexity of PSG is a concern when thinking about highly accurate
characterization of sleep at scale.

Actigraphy and Consumer-grade wearables

Consumer-grade wearables, on the other hand are relatively cheap and accessible⸺if not as
precise⸺and have the potential to enable more natural studies that reach more people for
longer periods of time. These wearables primarily characterize sleep states using motion and
are sufficiently accurate in estimating metrics such as sleep onset latency and sleep efficiency
in most use cases. But this is not always the case—actigraphy has a tendency to underestimate
the sleep onset latency during the early stages of sleep for example[70] .

Historically, actigraphy devices reduced the raw acceleration signal into “activity counts” to
characterize the activity level for a particular epoch, a result of hardware limitations at the time
that made storing and processing the whole signal impractical. As a result, actigraphy-based
sleep scoring algorithms have typically been limited to making binary classifications of an
epoch (sleep or awake)—so called sleep/wake algorithms—having limited information to make
the additional discriminations typically seen in polysomnographic sleep scoring. Another
implication of “activity counts” is that most widely cited actigraphy-based sleep scoring
algorithms were developed around this feature. Being device-specific, “activity counts”are
typically proprietary, with little information out there on their determination, making
actigraphy based sleep scoring algorithms rather difficult to use without one of these devices
or software. This has been a challenge for this project.

Still, many important assessments about sleep health can be made using these two states
alone. As recent as 2020, Apple’s sleep-scoring algorithm only determined sleep or awake
states[1]. As of May 2024, Apple’s actigraphy-based sleep-scoring algorithms breaks-down sleep
into “Core Sleep”, “Deep Sleep” and “REM” although it is unclear to what degree, if any, this is
enabled by the use of other signals such as heart rate. It is worth noting that in this case N1
seems to be clumped somewhere between “Awake” and “Core Sleep”, perhaps suggesting the
issues in discriminating against such a light-phase of sleep.

Behavioral Response Monitoring

Although characterizing sleep stages via interaction may seem counterintuitive, it actually has
a surprisingly early precedent. The first recorded use of auditory stimuli to characterize sleep
was in 1862, when Ernst Kohlschütter wrote Messungen der Festigkeit des Schlafes
distinguishing sleep depth by measuring differences in responsiveness to auditory stimuli.

A study from 1997 sought to evaluate the potential of behavioral response monitoring (BRM) in
identifying sleep onset latency and compare its performance to actigraphy by comparing both
to PSG. A subject would respond to audio tones or blinking lines as they fell asleep. The study
found that BRM was significantly more accurate than actigraphy—which is consistent with its
tendency to underestimate SOL. Relevantly, the BMR using audio tones resulted in more
responses and arousals prior to and during N1 than using light. The SOLs also tended to
overestimate—which is consistent with some of our own results. For the tones stimulus nights
sleep latencies shortened over successive SOLS trials although no explanation is provided for
this except that people seemed to be sleepier.[71]

More recently a team investigating brain signals that might further characterize N1 used motor
responses to auditory stimulus to investigate the relationship between behavioral responses
and brain signals. The study found that the number of responses and the reaction time of the
responses appeared to decrease in a gradual way across N1. Interestingly they also found that
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sound didn’t really influence the response rate, this would imply the tasks or sound were not
producing an identifiable effect on the person—this has implications for the control
system.[67]
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Z z z o ni c

Fi g u r e 1 A) P o s t sl e e p s u bj e c ti v e r a ti n g of sl e e p o n s e t l a t e n c y a n d sl e e p q u ali t y. B) Pr e sl e e p
s u r v e y f o r c o n t r ol. C) S t a r t b u tt o n. D) U s e r s e tti n g s.

Z z z o ni c I n t e rf a c e

Z z z o ni c i s a s m a r t, sl e e p- ai d a p p d e si g n e d f o r w e a r a bl e d e vi c e s a n d g ui d e d b y t h e f oll o wi n g
p ri n ci pl e s:

i.  Si g nifi c a n t e vi d e n c e p oi n t s t o a n xi o u s p r e- sl e e p c o g ni ti o n a s a c ul p ri t of i n s o m ni a.

ii. T h e r e i s a m ai n s t r e a m m a r k e t d e m a n d f o r w e a r a bl e s — t h e s e, al r e a d y a r m e d wi t h a
g r o wi n g n u m b e r of s e n s o r s, h a v e e v ol v e d i n t o p o w e rf ul c o m p u t e r s c a p a bl e of r u n ni n g
a p p s a n d m a c hi n e l e a r ni n g i nf e r e n c e i n d e p e n d e n tl y. A d v a n c e s i n m a c hi n e
l e a r ni n g —i n p a r ti c ul a r d e e p l e a r ni n g — a r e e n a bli n g n e w l e v el s of p r e di c ti o n, a n al y si s
a n d c o n t r ol i n t h e h e alt h c a r e s e tti n g.

iii. T h e e m e r gi n g u s e of d C B T-I a n d p o p ul a ri t y of w hi t e n oi s e a p p s p r e s e n t s a u ni q u e
i n t e r s e c ti o n t o d e pl o y a n i n t e g r a t e d di gi t al pl a tf o r m f o r sl e e p- ai d.

I n t e r a c ti n g wi t h Z z z o ni c g o e s a s f oll o w s:

I. A u s e r l a y s i n b e d wi t h t h ei r s m a r t w a t c h a n d a n e a r b y wi r el e s s a u di o s p e a k e r — o n c e
c o mf o r t a bl y t u c k e d i n — t h e y d o u bl e t a p t h e s t a r t b u tt o n ( fi g.1 C) t o b e gi n t h e
e x p e ri e n c e. A t t hi s p oi n t t h e s c r e e n g o e s d a r k a n d t h e i n t e rf a c e g o e s f r o m b ei n g
vi s u al- t o u c h t o a u di o- g e s t u r e.

II. T h e s y s t e m s t a r t s b y p r e s e n ti n g a u s e r wi t h a u di t o r y s ti m uli — t w o c o n s e c u ti v e
i n s t r u m e n t al n o t e s o v e r a w hi t e n oi s e s o u n d s c a p e. T h e s e t w o t o n e s c o n s ti t u t e a “ t a s k”
of v a ri a bl e dif fi c ult y — t h e t a s k i s t o s el e c t w h e t h e r t h e s e c o n d t o n e i s hi g h e r o r l o w e r
pi t c h e d t h a n t h e fi r s t — a n d t h e u s e r i s a s k e d t o r e s p o n d a s q ui c kl y a s p o s si bl e.

III. T h e u s e r c a n r e s p o n d b y g e n tl y fl i c ki n g t h ei r w ri s t c o u n t e r cl o c k wi s e o r cl o c k wi s e,
i n di c a ti n g a r e s p o n s e of “ hi g h e r" o r “l o w e r” r e s p e c ti v el y. A s li ttl e a s a 1 7 ° tilt i s r e q ui r e d
f o r a s y s t e m t o r e c o g ni z e a r e s p o n s e. T h e u s e r i s f r e e t o m o v e i n b e d a n d i n t e r a c t wi t h
t h e s y s t e m i n w h a t e v e r sl e e pi n g p o si ti o n t h e y fi n d m o s t c o mf o r t a bl e.

I V. Af t e r a u s e r r e s p o n d s, t h e s y s t e m i n di c a t e s w h e t h e r t h e r e s p o n s e w a s c o rr e c t o r
i n c o rr e c t b y pl a yi n g a hi g h- pi t c h e d o r l o w- pi t c h e d Ti b e t a n si n gi n g b o wl s o u n d.
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Fr o m t h e p e r s p e c ti v e of t h e u s e r t hi s c o n s ti t u t e s m o s t of t h e i n t e r a c ti o n e x c e p t t h a t t h e y m a y
p e r c ei v e t h e f r e q u e n c y of a u di o t a s k s t o g e t f a s t e r o r sl o w e r ( w h a t w e r ef e r t o a s c a d e n c e) a n d
t h e t o n e s h a r d e r o r e a si e r t o di s ti n g ui s h ( w h a t w e r ef e r t o a s dif fi c ult y). T h e y will al s o p e r c ei v e
t h e o v e r all v ol u m e t o i n c r e a s e o r d e c r e a s e.

T h e i d e a i s t o c r e a t e a s o m e w h a t m o n o t o n o u s y e t c o m p elli n g f o c al p oi n t t h a t a u s e r c a n
r e s t r ai n t h ei r mi n d a r o u n d. O n c e t h e u s e r i s e n g a g e d i n t h e s e q u e n c e of t a s k s, t h e s y s t e m
a tt e m p t s t o s m o o t hl y t r a n si ti o n t h e m i n t o a s t a t e of u n c o n s ci o u s n e s s. I t d o e s t hi s b y
i n c r e a si n g t h e i n t e n si t y ( t h e c o m bi n a ti o n of c a d e n c e, diffi c ult y a n d v ol u m e) if i t e s ti m a t e s t h e
p e r s o n i s t o o m e n t all y p r e o c c u pi e d — o r b y d e c r e a si n g t h e i n t e n si t y if i t e s ti m a t e s t h e p e r s o n i s
p ri m e d t o f all d e e p e r i n t o t h e sl e e p o n s e t p e ri o d. O n c e t h e s y s t e m e s ti m a t e s a u s e r i s n e a r
sl e e p o n s e t i t will s h u t off a u t o m a ti c all y —if t h e u s e r c e a s e s t o r e s p o n d af t e r s o m e ti m e t h e
s y s t e m will al s o a s s u m e t h e u s e r i s u n c o n s ci o u s a n d s h u t off o n i t s o w n.

Z z z o ni c t r e a t s t h e h u m a n- c o m p u t e r i n t e r a c ti o n a s a c o n t r ol s y s t e m, s e e ki n g t o mi ni mi z e
p r e di c t e d sl e e p o n s e t l a t e n c y —i t s elf a f u n c ti o n of f e e d b a c k si g n al s f r o m t h e b o d y a s w ell a s
t h e i n t e r a c ti o n — b y a dj u s ti n g t h e a v ail a bl e c o n t r ol v a ri a bl e s —i n t hi s c a s e c a d e n c e, dif fi c ult y
a n d v ol u m e. T hi s gi v e s i t a n a d d e d a d v a n t a g e

O n e w a y t o f r a m e t h e b al a n c e Z z z o ni c s t ri v e s t o s t ri k e i s t o c o n si d e r t h a t if a c o g ni ti v e t a s k i s
t o o d e m a n di n g t h e mi n d will b e a r o u s e d a n d t h e t a s k will p r e v e n t a p e r s o n f r o m f alli n g a sl e e p.
Alt e r n a ti v el y if a t a s k i s i n s uf fi ci e n tl y e n g a gi n g t h e mi n d h a s t o o m u c h r o o m t o w a n d e r a n d i t
m a y n o t r e s t r ai n c o g ni ti o n e n o u g h t o b e eff e c ti v e. T h e s y s t e m m u s t a dj u s t t h e e x p e ri e n c e t o
si m ult a n e o u sl y m a t c h a n d d ri v e a u s e r’ s s t a t e of sl e e pi n e s s a t a n y gi v e n p oi n t i n ti m e — a n d i t
d e p e n d s o n e s ti m a ti n g h o w sl e e p y a u s e r i s t o d o s o.

A s a n i n t e rf a c e, Z z z o ni c i s i n t e n ti o n all y d e si g n e d t o mi ni mi z e a r o u s al a n d cl o s el y fi t i n t o t h e
n a t u r al sl e e p s y s t e m. T hi s i s w h y, b e si d e s a mi ni m al vi s u al u s e r i n t e rf a c e f o r s e tti n g s a n d b a si c
c o n t r ol, t h e e n ti r e e x p e ri e n c e i s a h a n d s-f r e e, cl o s e d- e y e s i n t e r a c ti o n t h a t c a n b e c o mf o r t a bl y
e n g a g e d f r o m a n y p o si ti o n i n b e d. R e pl a ci n g t h e vi s u al m o d ali t y wi t h a u di o o u t p u t eli mi n a t e s
t h e n e e d f o r li g h t, w hi c h h a s b e e n s h o w n t o di s r u p t sl e e p i n t h e c o n t e x t of e n vi r o n m e n t al li g h t
a n d mi ni mi z e s s ti m ul a ti o n of t h e vi s u al c o r t e x.

A si d e f r o m t h e p ri m a r y i n t e r a c ti o n t h e u s e r h a s t h e o p ti o n of p r o vi di n g r el e v a n t i nf o r m a ti o n
t h a t m a y i m p a c t t h ei r sl e e p o n s e t l a t e n c y a n d sl e e p ef fi ci e n c y b ef o r e a s e s si o n ( fi g.1 A ) a s w ell
a s a r a ti n g of t h e sl e e p o n s e t l a t e n c y a n d sl e e p ef fi ci e n c y t h e n e x t m o r ni n g ( fi g.1 B ).
A d di ti o n all y a u s e r c a n c h o o s e a n u m b e r of s e tti n g s r e g a r di n g t h e f r e q u e n c y di s t ri b u ti o n of
t h e w hi t e n oi s e a n d d u r a ti o n of w hi t e n oi s e ( fi g.1 D ). F o r e x a m pl e b a c k g r o u n d n oi s e c a n p e r si s t
t h r o u g h o u t t h e ni g h t o r b e p r o g r a m m e d t o s h u t- off o n c e t h e p e r s o n h a s f all e n a sl e e p.

Z z z o ni c P r e di c t o r

Z z z o ni c m a k e s p e ri o di c e s ti m a t e s of sl e e p o n s e t l a t e n c y t o u s e a s t h e n e c e s s a r y c o n t r ol
f e e d b a c k si g n al. T o d o t hi s t h e s y s t e m r eli e s o n a c ti g r a p h y a s w ell a s b e h a vi o r al r e s p o n s e
m o ni t o ri n g f e a t u r e s d e ri v e d f r o m t h e i n t e r a c ti o n t o p r e di c t a p e r s o n’ s sl e e pi n e s s.

Z z z o ni c p ri m a ril y o p e r a t e s w h e n a u s e r i s s till c o n s ci o u s e n o u g h t o r e s p o n d t o s ti m uli — w hi c h
r a n g e s f r o m t h e f ull y a w a k e s t a t e t o s o m e w h e r e wi t hi n N 2, w h e n a p e r s o n t y pi c all y f all s
c o m pl e t el y u n c o n s ci o u s. T hi s r a n g e i s bi s e c t e d b y t h e fi r s t a n d li g h t e s t s t a g e of sl e e p, N1, t h e
t y pi c al m a r k e r of sl e e p o n s e t. I t e n c o m p a s s e s N1 b e c a u s e a p e r s o n c a n s till r e s p o n d t o s ti m uli
a t t hi s p oi n t. T hi s i s r el e v a n t b e c a u s e i t i m pli e s t h a t t r a di ti o n al sl e e p s t a gi n g ( a w a k e, N1, N 2, N 3
a n d R E M) d o e s n o t p r o vi d e a d e q u a t e r e s ol u ti o n t o di s ti n g ui s h t h e ~ 2 0- 3 0 mi n u t e s p ri o r t o
u n c o n s ci o u s n e s s ( a n e a rl y bi n a r y s e t of v al u e s — A w a k e, N1 a n d N 2). F o r t hi s r e a s o n, Z z z o ni c
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a tt e m p t s t o di r e c tl y p r e di c t sl e e p o n s e t l a t e n c y r a t h e r t h a n a n y di s c r e ti z a ti o n of t h e sl e e p
o n s e t p e ri o d [1]— p r o vi di n g a c o n ti n u o u s m e a s u r e of t h e u s e r’ s sl e e p s t a t e.

B y n a t u r e of i t s i n t e r a c ti vi t y, t h e Z z z o ni c i n t e rf a c e c a n u s e t h e v e r y r e s p o n s e s u s e d f o r i n t r u si v e
t h o u g h t c o n t r ol t o g ai n a d di ti o n al i nf o r m a ti o n a b o u t a u s e r’ s sl e e pi n e s s — w hi c h i s p a r ti c ul a rl y
u s ef ul i n t h e sl e e p o n s e t p e ri o d si n c e t h e a c c u r a c y of a c ti g r a p h y b a s e d sl e e p s t a gi n g i s
t y pi c all y w e a k e s t d u ri n g t hi s p e ri o d. T h e s e f e a t u r e s c a n s e r v e a s p r o xi e s f o r m u s cl e t o n e o r
h e a ri n g a n d c o g ni ti v e a c ui t y, w hi c h a r e k n o w n t o d e t e ri o r a t e a s a p e r s o n a p p r o xi m a t e s sl e e p
o n s e t ]. T h e s e r e s p o n s e- d e p e n d e n t i n di c a t o r s c a n b e c o m bi n e d wi t h r e s p o n s e-i n d e p e n d e n t
i n di c a t o r s r e a dil y a v ail a bl e i n m a n y s m a r t w a t c h e s, s u c h a s a c ti g r a p h y, b r e a t hi n g r a t e, h e a r t
r a t e a n d b o d y t e m p e r a t u r e. A d di ti o n all y, Z z z o ni c m a k e s n o t e of f a c t o r s s u c h a s e m o ti o n al
s t a t e, s t r e s s, c o n s u m p ti o n, p h y si c al e x h a u s ti o n a n d t h e sl e e p e n vi r o n m e n t vi a t h e p r e sl e e p
s u r v e y ( fi g.1 B ) — w hi c h c a n all pl a y si g nifi c a n t r ol e s i n t h e sl e e p o n s e t o u t c o m e o n a n y gi v e n
ni g h t.

T h e i n t e r a c ti v e n a t u r e of t h e a p p al s o e n a bl e s a n a d di ti o n al f u n c ti o n: a l a c k of r e s p o n s e f r o m
t h e u s e r i s a r o b u s t si g n al s u g g e s ti n g u n c o n s ci o u s n e s s a n d a fl a g f o r t h e s y s t e m t o s h u t d o w n.
T hi s, al o n g wi t h a p e r s o n' s s u bj e c ti v e p e r c e p ti o n of sl e e p o n s e t ( fi g.1 B ) c a n b e u s e d i n t h e
l e a r ni n g m e c h a ni s m of t h e m o d el. Fi n all y t h e c u rr e n t i m pl e m e n t a ti o n i s a n i n t e n ti o n all y
si m pl e li n e a r m o d el — m e a ni n g t h e r e i s a l o t of p o t e n ti all y u p si d e i n l e v e r a gi n g m a c hi n e
l e a r ni n g.

Z z z o ni c C o n t r oll e r

T h e Z z z o ni c c o n t r oll e r m o d ul e p r e s c ri b e s t h e i n t e n si t y ( c a d e n c e, dif fi c ult y a n d v ol u m e) of t h e
a u di o t a s k s p e rf o r mi n g t h e i n t r u si v e t h o u g h t c o n t r ol u si n g a p e ri o di c e s ti m a t e of a u s e r’ s sl e e p
o n s e t l a t e n c y a s a f e e d b a c k si g n al. T hi s i s c u rr e n tl y a si m pl e r a ti o n al f u n c ti o n, d e si g n e d t o
m a k e a u di o t a s k s e x p o n e n ti all y s p a r s e a n d q ui e t a s a p e r s o n g r o w s sl e e pi e r, gi vi n g t h e mi n d
i n c r e a si n g s p a c e t o d e s c e n d i n t o d e e p sl e e p.

A m o r e s o p hi s ti c a t e d c o n t r oll e r mi g h t a c t u all y t r y t o mi ni mi z e t h e sl e e p o n s e t l a t e n c y f u n c ti o n
wi t h a b r o a d e r s e t of c o n t r ol v a ri a bl e s — s u c h a s c o n t r ol of t h e sl e e p e n vi r o n m e n t i t s elf a n d
t a r g e t e d i n s o m ni a m a n a g e m e n t p r o t o c ol s. A d di ti o n all y, t h e diff e r e n c e b e t w e e n a p e r s o n’ s
o bj e c ti v e m e a s u r e s of sl e e p o n s e t l a t e n c y a n d t h ei r s u bj e c ti v e p e r c e p ti o n of sl e e p o n s e t
l a t e n c y, c oll e c t e d vi a t h e p o s t sl e e p r a ti n g (fi g.1 B ) mi g h t b e a u s ef ul f e e d b a c k si g n al f o r t h e
c o n t r oll e r t o e v al u a t e i n s o m ni a a n d c o u n t e r a c t p o t e n ti al s el e c ti o n a tt e n ti o n.
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R e s ul t s

E x p e ri m e n t

I ni ti al E x p e ri m e n t D e si g n

W h e n i t c o m e s t o r e s e a r c h o n t h e r ol e of di s t r a c ti o n o n sl e e p o n s e t l a t e n c y, t h e m o s t r el e v a n t
e x p e ri m e n t s r e q ui r e d p a ti e n t s t o s elf- a d mi ni s t e r di s t r a c ti o n s a n d di d n o t i n cl u d e a n o bj e c ti v e
m e a s u r e of sl e e p.

Gi v e n t hi s, t h e i ni ti al g o al f o r t hi s p r oj e c t w a s t o c oll e c t d a t a o n t h e r el a ti o n s hi p b e t w e e n
i n d e p e n d e n tl y a d mi ni s t e r e d i n t r u si v e t h o u g h t c o n t r ol a n d o bj e c ti v e sl e e p o n s e t l a t e n c y i n a
c o n t r oll e d m a n n e r. T h e g o al w a s t o c o n t r ol f o r a s m a n y f a c t o r s a s p o s si bl e w hil e c a rr yi n g o u t
t h e e x p e ri m e n t i n a s n a t u r al of a n e n vi r o n m e n t a s p o s si bl e.

F o r t hi s r e a s o n, o u r e x p e ri m e n t w a s d e si g n e d wi t h a wi t hi n- s u bj e c t f r a m e w o r k ( e v e r y
p a r ti ci p a n t w o ul d r e c ei v e t h e e x p e ri m e n t al c o n di ti o n —i n t e r a c ti v e m o d e — a s w ell a s t w o
c o n t r ol c o n di ti o n s, n oi s e- o nl y a n d sil e n c e) w hi c h all o w e d f o r c o n t r ol of t h e p h y si ol o gi c al a n d
p s y c h ol o gi c al diff e r e n c e s b e t w e e n p a r ti ci p a n t s. P a r ti ci p a n t s w o ul d ei t h e r b e n o r m al sl e e p e r s
o r p e o pl e s elf- r e p o r ti n g sl e e pi n g dif fi c ulti e s t h a t m e t t h e r e q ui r e m e n t s of t r a n si e n t i n s o m ni a
a s d e fi n e d b y t h e A A S M, w hi c h w o ul d di s c ri mi n a t e a g ai n s t t h e eff e c t s of t h e v a ri o u s c o n di ti o n s
o n t h e t w o g r o u p s of p e o pl e — w h o mi g h t r e a c t diff e r e n tl y.

E a c h s u bj e c t w o ul d s p e n d t w o ni g h t s u n d e r e a c h c o n di ti o n a n d t h e s e w o ul d b e a s si g n e d
r a n d o ml y i n o r d e r t o c o n t r ol f o r w e e k d a y eff e c t s a n d t h e fi r s t- ni g h t eff e c t ( F N E) — w hi c h i s
w h e n sl e e p q u ali t y d e cli n e s i n a n u nf a mili a r e n vi r o n m e n t. T h e c o n di ti o n s w o ul d b e
a d mi ni s t e r e d r e m o t el y vi a t h e s a m e v e r si o n of t h e a p p i n o r d e r f o r t h e p a r ti ci p a n t s t o sl e e p a t
h o m e a n d t o r e d u c e a n y eff e c t t h e p e r c e p ti o n of b ei n g o b s e r v e d mi g h t h a v e o n t h ei r
sl e e p — a d di ti o n all y i t w o ul d e n s u r e c o n t r oll e d a d mi ni s t r a ti o n of t h e c o n di ti o n.

W e w o ul d c oll e c t a c ti g r a p h y a n d i n t e r a c ti o n d a t a vi a t h e d e vi c e d u ri n g t h e i n t e r a c ti v e p o r ti o n
of t h e s e s si o n s a s w ell a s t h r o u g h o u t t h e ni g h t i n a d di ti o n t o t w o s h o r t s u r v e y s. T h e fi r s t w o ul d
b e p r e s e n t e d r e m o t el y a t t h e b e gi n ni n g of e a c h s e s si o n vi a t h e u s e r i n t e rf a c e — t hi s w o ul d b e
u s e d t o c o n t r ol f o r a n y f a c t o r s t h a t mi g h t i m p a c t t h e r e s ult s, s u c h a s s t r e s s l e v el, c o n s u m p ti o n
of c aff ei n e, e t c. T h e s e c o n d w a s p r e s e n t e d t h e n e x t m o r ni n g vi a t h e u s e r i n t e rf a c e t o c oll e c t
a n d o b s e r v e s u bj e c ti v e m e a s u r e s of sl e e p q u ali t y a n d sl e e p o n s e t l a t e n c y f r o m t h e p r e vi o u s
ni g h t.

T h e s a m e a c ti g r a p h y b a s e d sl e e p/ w a k e cl a s si fi e r w o ul d b e u s e d t o g e t a c o n si s t e n t a n d
o bj e c ti v e m e a s u r e of sl e e p q u ali t y a n d sl e e p o n s e t l a t e n c y b a s e d o n a c ti g r a p h y — w hi c h w o ul d
m a k e p r e ci si o n of t h e al g o ri t h m l e s s i m p o r t a n t. A t t h e e n d of t h e s t u d y, a v e r a g e sl e e p o n s e t
l a t e n c y a n d a v e r a g e sl e e p effi ci e n c y a c r o s s t h e g r o u p s w o ul d b e c o m p a r e d f o r s t a ti s ti c al
si g ni fi c a n c e.

T e s ti n g

II. Af t e r s o m e i ni ti al t e s ti n g i t b e c a m e cl e a r t h a t p r e ci s e f u n c ti o ni n g of t h e sl e e p o n s e t
l a t e n c y ( S O L) p r e di c t o r a n d c o n t r oll e r w o ul d b e n e c e s s a r y b ef o r e a s s e s si n g t h e
p o t e n ti al eff e c t of c o m p u t e r- m o d ul a t e d i n t r u si v e t h o u g h t c o n t r ol o n sl e e p o n s e t
l a t e n c y si n c e a n o b vi o u sl y d y sf u n c ti o n al c o n t r oll e r w o ul d e a sil y bi a s t h e r e s ult s. F o r t hi s
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reason we shifted our focus on exploring and evaluating a basic SOL predictor and
controller as a proof of concept.

This would require an ensemble of indicators. Our initial intention was to include a number of
other signals that are typically available on wearables:

I. Heart rate is a component of polysomnographic (PSG) sleep scoring[1]. As of watchOS
10.4, Apple does not allow real-time access to heart rate measurements for commercial
apps except for use during an active workout[1]. With standard HealthKit privileges, the
effective sampling frequency for heart rate measurements ranged between 0.1 to 1HZ, a
function of private operating system rules. The sparse and irregular sampling
introduced the potential for signal aliasing while limiting its utility as a real-time
feedback signal.

II. HRV is also a component of PSG scoring[1][1] and has the additional potential of serving
as a stress indicator[1]—making it a good candidate for SOL prediction. For the time
being HRV could only be sampled approximately once every 4 hours.

III. Respiratory is another component of PSG scoring[1] this, in addition to Apple’s sleep own
sleep stage scoring analysis, were only available for query once the sleep session had
ended, excluding their use as a feedback signal.

Given the current limits and the added complexity of interfacing with the HealthKit, these
variables were excluded in the scope of this project but have the potential to be included
throughmore clever signal processing, an exception from Apple or via another device.

From all the potential response-independent variables (heart rate, HRV, respiratory rate, sleep
analysis, motion) available on Apple Watch Series 6 and newer, we ultimately chose to focus on
motion and interaction derived features at this stage.

This consisted of evaluating three indicators we arrived at through process of elimination
during testing:

I. Total motion—the log10 of the sum of all the magnitudes of the acceleration vectors
from triaxial acceleration measurements sampled at 50Hz within a 60 second epoch.

II. Response latency—the time interval between the perceptible end of an audio task and
the beginning of a user’s response—i.e. reaction time.

III. Gesture magnitude—the sum of all the magnitudes of the acceleration vectors from
triaxial acceleration measurements sampled at 50Hz within the duration of the gesture.

The indicators would be evaluated by assessing their capacity to change gradually over time in
a way that reasonably indicated a relationship to sleepiness—this was necessary since
traditional sleep scoring would not provide sufficient resolution, particularly in the initial
phases of sleep which is our concern.
We would also test the predictive and controlling functions:

I. SOL predictor—this is composed of two functions. The first is three linear functions (one
for each indicator) that were empirically parametrized—these take a moving average of
the indicator measurement and output individual predictions of the SOL. The second
takes the three individual SOL predictions and outputs an equally weighted composite
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average. For reasons explained below this would be evaluated by determining how
closely it had managed to predict the moment someone stopped responding.

II. SOL controller—a rational function that takes as input the SOL prediction and outputs
an exponentially large parameter (cadence) as the SOL prediction becomes smaller,
which defines the distribution frequency of the audio tasks. Since we would not be able
to compare sleep onset latency unbiasedly across interactive and control nights, this
would be evaluated, for now, by its capacity to induce some discernible change in
“activity” in the user—i.e. sleepiness.

We had hoped to evaluate the SOL prediction using the device itself (Apple’s sleep analysis)
but we eventually discovered a number of problems with this:

I. The most immediate being that the operating system appeared to unilaterally
terminate Zzzonic while the device was in Sleep Focus mode, which is required for
sleep analysis. In other words, we had difficulty running Zzzonic and Sleep Focus
simultaneously. It is possible efficiency improvements might make Zzzonic compatible
with Sleep Focus but we were not able to address this within the scope of the thesis.

II. The more general and problematic issue is that actigraphy based sleep-wake
algorithms will tend to classify user responses as awake time—resulting in a sleep onset
latency that probably lags the first appearance of N1. We confirmed this in early tests
using a Dreem Headband which is more accurate at scoring sleep than actigraphy
alone. An implementation of Oakley’s algorithm consistently classified the interactive
portion of the sessions as awake yet using the Dreem Headband, we were able to
observe people fully interacting with an early version of the system in the N1 and N2
sleep stages, which is consistent with a number of studies showing people can respond
to verbal auditory stimuli while they sleep, including during N2[72]. Studies evaluating
sleep/wake algorithms have identified it is particularly insensitive during the early
moments of falling asleep[1]. Future work needing to evaluate behavioral response
monitoring systems will benefit from relying on a secondmore holistic device, such the
Dreem Headband for development and evaluation.

III. Additionally the lack of transparency in traditional sleep/wake algorithms make it
difficult to apply the same algorithm to data from different devices. Luckily, the activity
count algorithm for certain devices has been described well in one study[73] and
implemented as a Python package which could be combined with the Oakley
algorithm to produce a usable measure of sleep onset latency and sleep efficiency for
this experiment. The Oakley algorithm was chosen since it has been shown to have
higher sensitivity for people with sleep disorders [74]. Importantly, it’s been shown that
using raw accelerometer data from a different device, including the Apple Watch,
produces similar accuracy under the same “activity count” algorithms.[75] The
implication being we can reasonably expect that inputting the raw acceleration signals
from the Apple Watch will produce similar “activity counts'' and sleep-awake
classifications.

IV. Initially we assumed the moment a person stopped responding (unconsciousness)
could serve to mark sleep onset accurately, as long as the person confirmed they had
fallen asleep rather than intentionally ignoring the system once we followed up. In
practice we found this is not a particularly accurate indicator of sleep onset either since
it also significantly lagged the first appearance of N1, as confirmed by the Dreem
Headband. Nevertheless, this became the most adequate option so we adjusted our
evaluation accordingly. Still—our grander objective remains to assess the potential of a
technology like this as an intervention.
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R e s ul t s

I t i s w o r t h n o ti n g t h e s e r e s ult s a r e b a s e d o n d a t a t h a t c o m e s f r o m m ulti pl e v e r si o n s of t h e a p p
w hil e w e w e r e i t e r a ti v el y b uil di n g, d e b u g gi n g, c ali b r a ti n g a n d e v al u a ti n g t h e p r e di c ti o n a n d
c o n t r ol s y s t e m. H e r e w e r e p o r t t h e a v e r a g e p e rf o r m a n c e of t h e sl e e p o n s e t i n di c a t o r s,
p r e di c t o r a n d c o n t r oll e r a c r o s s t hi s e n ti r e p e ri o d.

I n t o t al w e c a p t u r e d 6 0 s e s si o n s of w hi c h 4 9 s e s si o n s w e r e d e e m e d v ali d —l a s ti n g m o r e t h a n
2 0 mi n u t e s — a c r o s s m ulti pl e v e r si o n s of t h e a p p ( v. 0.1.1 - v 0.1. 9) wi t h a n a v e r a g e d u r a ti o n of 4
h o u r s a n d 1 2 mi n u t e s. Of t h e s e, 2 3 w e r e i n t e r a c ti v e ni g h t s, wi t h t h e i n t e r a c ti v e p o r ti o n of t h e
s e s si o n l a s ti n g a n a v e r a g e of 2 2 mi n u t e s. 5 s e s si o n s o c c u rr e d o n Fri d a y, S a t u r d a y a n d S u n d a y
ni g h t s, a n d 4 4 s e s si o n s o c c u rr e d i n t h e r e s t of t h e w e e k.

T h e s e s e s si o n s r e p r e s e n t 11 p e o pl e, 7 m al e a n d 4 f e m al e. 7 u s e r s i d e n ti fi e d a s h a vi n g sl e e pi n g
dif fi c ulti e s a n d 4 u s e r s i d e n ti fi e d a s h a vi n g n o sl e e pi n g dif fi c ulti e s. Alt h o u g h t h e s a m pl e si z e
w a s s m all, w e c h e c k e d f o r a s t a ti s ti c all y si g ni fi c a n t diff e r e n c e i n sl e e p ef fi ci e n c y u si n g t h e
c o n t r ol s e s si o n s of e a c h g r o u p, s h o wi n g a 2 0 % d e c r e a s e i n sl e e p ef fi ci e n c y ( t = 0. 0 4) P( < 0. 0 5) i n
t h e g r o u p wi t h sl e e pi n g dif fi c ulti e s.

I. I n di c a t o r s

W e o b s e r v e d t w o p a s si v e v a ri a bl e s (i n d e p e n d e n t of a u s e r r e s p o n s e) t h r o u g h o u t all 4 9
s e s si o n s. T o t al m o ti o n w a s n e g a ti v el y c o rr el a t e d wi t h t h e fi r s t 3 0 mi n u t e s of a s e s si o n f o r t h e
c o n t r ol a n d i n s o m ni a g r o u p s, - 0. 0 2 9 ( p- v al u e < 0. 0 0 5) a n d - 0. 0 3 4 ( p- v al u e < 0. 0 0 5) r e s p e c ti v el y.
A d di ti o n all y t h e r e w a s a cl e a r di s ti n c ti o n b e t w e e n t h e i n s o m ni a a n d c o n t r ol g r o u p s, wi t h t h e
i n s o m ni a g r o u p h a vi n g a b a s eli n e t o t al m o ti o n of a t l e a s t 7 % hi g h e r t h a n t h e c o n t r ol g r o u p.
M o ti o n i n t e r v al, w hi c h i s a f u n c ti o n of ti m e, w a s p o si ti v el y c o rr el a t e d wi t h t h e fi r s t 3 0 mi n u t e s
of a s e s si o n f o r t h e c o n t r ol a n d i n s o m ni a g r o u p s.

T h e i n t e r a c ti v e v a ri a bl e s ( d e p e n d e n t o n a u s e r r e s p o n s e) w e r e o b s e r v e d t h r o u g h o u t 2 3
i n t e r a c ti v e s e s si o n s. T h o s e c h a r a c t e ri zi n g t h e m o ti o n of t h e g e s t u r e ( m a g ni t u d e of t h e g e s t u r e,
r o t a ti o n r a t e of t h e g e s t u r e, r o t a ti o n of t h e g e s t u r e a n d d u r a ti o n of t h e g e s t u r e) a r e f u n c ti o n s
of o n e a n o t h e r a n d w e r e n e g a ti v el y c o rr el a t e d wi t h t h e p r o g r e s si o n of t h e a u di o t a s k s
s e q u e n c e. G e s t u r e m a g ni t u d e w a s n e g a ti v el y c o rr el a t e d f o r b o t h t h e i n s o m ni a a n d c o n t r ol
g r o u p s wi t h - 0. 0 4 4 ( p- v al u e < 0. 0 0 5) a n d - 0. 0 2 4 ( p- v al u e < 0. 0 0 5) r e s p e c ti v el y.

N ei t h e r of t h e v a ri a bl e s c h a r a c t e ri zi n g t h e c o g ni ti o n of t h e r e s p o n s e ( r e s p o n s e l a t e n c y a n d
r e s p o n s e a c c u r a c y) h a d a si g ni fi c a n t c o rr el a ti o n wi t h t h e p r o g r e s si o n of t h e a u di o t a s k s
s e q u e n c e. R e s p o n s e l a t e n c y f o r b o t h g r o u p s w a s n e a rl y fl a t wi t h - 0. 0 0 3 a n d - 0. 0 0 3 sl o p e s
r e s p e c ti v el y ( p- v al u e < 0. 0 0 5). R e s p o n s e l a t e n c y w a s al s o aff e c t e d b y a p e r si s t e n t b u g i n s o m e
d e vi c e s t h a t w a s dif fi c ult t o c o n t r ol f o r a n d mi g h t h a v e aff e c t e d t h e r e s ult s.
R e s p o n s e a c c u r a c y w a s al m o s t u nif o r m a c r o s s s e s si o n s of v a r yi n g l e n g t h f o r b o t h g r o u p s. I n a
f e w c a s e s w e o b s e r v e d n e a rl y 1 0 0 % a c c u r a c y f o r t h e w h ol e s e s si o n.

II. S O L Pr e di c t o r

F o r all i n t e r a c ti v e s e s si o n s, t h e s y s t e m s h u t off b y m e a n s of a p e r s o n i g n o ri n g t h e s y s t e m
(i n v ol u n t a ril y o r v ol u n t a ril y) r a t h e r t h a n b y r e a c hi n g a n e s ti m a t e d S O L < = 5 mi n u t e s, i n di c a ti n g
a c o n si s t e n t o v e r e s ti m a ti o n of t h e S O L.
O n a v e r a g e t h e m o d el o v e r e s ti m a t e d t h e S O L b y a p p r o xi m a t el y 1 2. 5 mi n u t e s. T h e b e s t
p e rf o r mi n g p r e di c ti o n s wi t hi n t h e n o r m al r a n g e f o r sl e e p o n s e t (1 0 - 3 0 mi n u t e s) l a g g e d t h e
m o m e n t a u s e r f ell u n c o n s ci o u s b y a p p r o xi m a t el y ~ 6 mi n u t e s, t h e s e r e p r e s e n t e d p e o pl e i n
b o t h c o n t r ol a n d i n s o m ni a g r o u p s.
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T h e s a m e u s e r s i n b o t h t h e i n s o m ni a a n d c o n t r ol g r o u p s r e p o r t e d t h a t t h e s y s t e m h a d s h u t off
a t t h e a d e q u a t e m o m e n t a n d t h a t e x p e ri e n c e h a d b e e n g e n e r all y pl e a s a n t a s w ell a s t h a t t h e
c o n t r oll e r h a d b e h a v e d e rr a ti c all y a n d e x t e n d e d t h ei r sl e e p u n pl e a s a n tl y wi t h diff e r e n t
v e r si o n s of t h e a p p.

III. S O L C o n t r oll e r

N o i d e n ti fi a bl e c o rr el a ti o n b e t w e e n t h e c o n t r ol v a ri a bl e s a n d t h e a c ti vi t y of t h e u s e r s e m e r g e d.
U s e r s di d r e p o r t f e eli n g li k e t h ei r sl e e p o n s e t w a s e x t e n d e d w h e n t h e c a d e n c e w a s t o o
f r e q u e n t o r t h e v ol u m e t o o hi g h b u t m a d e n o m e n ti o n of t h e diffi c ult y.

2 3



Fi g u r e 2 s h o w s a s e s si o n wi t h a n i n t e r a c ti v e d u r a ti o n of ~ 3 0 mi n u t e s. T h e bl u e li n e t r a c k s a c c el e r o m e t e r r e a di n g s, t h e
v e r ti c al r e d li n e s m a r k t h e di s t ri b u ti o n of a u di o t a s k s o v e r ti m e, t h e bl a c k li n e m a r k s t h e t r aj e c t o r y of t h e p r e di c t e d
S O L o v e r ti m e.

Di s c u s si o n

I n t o t al w e w e r e a bl e t o u s e d a t a f r o m 4 9 s e s si o n s — t h e s e w e r e s e s si o n s t h a t h a d n o t e n d e d a s
a r e s ult of t h e a p p c r a s hi n g o r b ei n g p r e m a t u r el y t e r mi n a t e d b y t h e o p e r a ti n g s y s t e m. Of
t h e s e 2 3 i n cl u d e d a n i n t e r a c ti v e p o r ti o n.

T h e u s e r s i n t h e i n s o m ni a g r o u p all r e p o r t e d h a vi n g sl e e pi n g dif fi c ulti e s t h a t m a t c h e d t h e
c ri t e ri a of t r a n si e n t i n s o m ni a. T h e c o n t r ol c o n si s t e d of 4 p e o pl e w h o i d e n ti fi e d a s n o r m al
sl e e p e r s. T h e a v e r a g e sl e e p ef fi ci e n c y f o r b o t h g r o u p s w a s c al c ul a t e d a c r o s s t h e 2 6 c o n t r ol
s e s si o n s ( sil e n c e) u si n g a n i m pl e m e n t a ti o n of t h e O a kl e y al g o ri t h m r e s ulti n g i n a s t a ti s ti c all y
si g ni fi c a n t l o w e r sl e e p ef fi ci e n c y i n t h e i n s o m ni a g r o u p c o m p a r e d t o t h e c o n t r ol. T h e p oi n t of
t hi s w a s t o h a v e m o r e c e r t ai n t y e a c h g r o u p a c t u all y r e p r e s e n t e d t h ei r p o p ul a ti o n.

I d e all y, e a c h p a r ti ci p a n t w o ul d h a v e p a r ti ci p a t e d e q u all y i n e a c h c o n di ti o n t o e n s u r e bi a s
i n t r o d u c e d f r o m i n di vi d u al u s e r s w a s c o n t r oll e d f o r b u t t hi s w a s n o t p o s si bl e si n c e p e r si s t e n t
b u g s wi t h t h e i n t e r a c ti v e m o d e o n c e r t ai n A p pl e W a t c h d e vi c e s f r e q u e n tl y t e r mi n a t e d
s e s si o n s. S e s si o n s w e r e di s t ri b u t e d a s r a n d o ml y a s p o s si bl e t o c o n t r ol f o r w e e k d a y diff e r e n c e s.
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Fi g u r e 3 s h o w s t h e a v e r a g e r e s p o n s e l a t e n c y i n s e c o n d s ( t hi c k li n e s) a t e a c h p oi n t i n t h e s e q u e n c e of a u di o t a s k s
a c r o s s all i n t e r a c ti v e s e s si o n s f o r b o t h t h e i n s o m ni a a n d c o n t r ol g r o u p s. T h e r e g r e s si o n li n e s ( t hi n li n e s) f o r t h e e n ti r e
di s t ri b u ti o n s a r e al s o pl o tt e d. I n o r d e r t o g e t a s e n s e f o r t h e el a p s e d ti m e, t h e v e r ti c al li n e ( bl a c k d a s h e d) m a r k s
r e s p o n s e n u m b e r 5 9 w hi c h a p p r o xi m a t el y m a r k e d 3 0 mi n u t e s o n a v e r a g e. T h e di s t ri b u ti o n of p oi n t s ( ci r cl e s) f o r e a c h
p o p ul a ti o n i s al s o i n cl u d e d t o g e t a s e n s e f o r t h e v a ri a n c e.

R e s p o n s e L a t e n c y

R e s p o n s e l a t e n c y — a u s e r’ s r e a c ti o n ti m e t o t h e a u di o t a s k — w a s h y p o t h e si z e d t o i n c r e a s e a s a
u s e r’ s d r o w si n e s s i n c r e a s e d a s i n v e s ti g a t e d i n si mil a r s t u di e s. [1][ 6 7] W e w e r e u n a bl e t o i d e n tif y
a si g ni fi c a n t c o rr el a ti o n wi t h t h e p r o g r e s si o n of t h e s e s si o n — e v e n af t e r a tt e m p ti n g t o
n o r m ali z e i t a c r o s s s e s si o n s of v a r yi n g l e n g t h s a n d c ali b r a ti o n s e tti n g s. T hi s m a k e s i t t h e m o s t
a m bi g u o u s of t h e i n di c a t o r s w e e v al u a t e d si n c e i t a p p e a r e d —i n m ulti pl e i n di vi d u al
s e s si o n s — t o p r o g r e s s u p w a r d s o r b e a w ei g h t y d ri v e r of t h e S O L p r e di c ti o n. T h e r e w a s al s o n o
o b vi o u s diff e r e n c e i n r e s p o n s e l a t e n ci e s b e t w e e n t h e i n s o m ni a a n d c o n t r ol g r o u p s — o t h e r
i n v e s ti g a ti o n s s e e m e d t o b e a bl e t o i nf e r i n s o m ni a f r o m r e s p o n s e l a t e n ci e s d u ri n g t h e
d a y ti m e, p r e s u m a bl y f r o m b ei n g m o r e ti r e d.[ 7 6]

A k e y f a c t o r i n i n t e r p r e ti n g t h e r e s ult s f o r r e s p o n s e l a t e n c y i s t h a t i t w a s t h e m o s t r e c ali b r a t e d
i n di c a t o r — t h a t i s, t h e m o s t r e d efi n e d a c r o s s diff e r e n t v e r si o n s of t h e a p p. I t w a s al s o t h e m o s t
aff e c t e d b y b u g s, di s q u alif yi n g a t l e a s t t w o s e s si o n s — all of w hi c h m e a n s t h e r e s ult s m a y b e
n oi s y. B e si d e s t h e u n c e r t ai n t y, r e s p o n s e l a t e n c y w a s c ri ti c al i n t ri g g e ri n g t h e s h u t- off p r o c e s s
a u t o m a ti c all y w hi c h s e r v e d a s t h e cl o s e s t e s ti m a t e of sl e e p o n s e t. R e g a r di n g t h e n oi s e — t hi s
h a s s o m e e x t ri n si c a n d i n t ri n si c e x pl a n a ti o n s.

E x t ri n si c all y — a k e y p r o bl e m mi g h t b e a p o o r n oi s e- t o- si g n al r a ti o — r e s p o n s e l a t e n c y t y pi c all y
r a n g e d b e t w e e n 0. 2 5 a n d 1. 2 5 s e c o n d s — w hi c h c o ul d e a sil y b e b u ri e d b y n oi s e s u c h a s
i n a tt e n ti v e n e s s w hil e t h e u s e r i s s till t u c ki n g i n t o b e d, di s p r o p o r ti o n all y sl o w r e s p o n s e s a s a
u s e r l e a r n s t o u s e t h e s y s t e m o r o c c a si o n al l a g gi n g i n t h e s y s t e m’ s g e s t u r e d e t e c ti o n. Li k e t h e
r e s t of t h e i n di c a t o r s, r e s p o n s e l a t e n c y w a s p a r ti c ul a rl y n oi s y a t t h e b e gi n ni n g. A d di ti o n all y
s o m e s e s si o n s e n d e d v ol u n t a ril y — a n d t h e s e t e n d e d t o b e s h o r t e r, w hi c h w o ul d i m pl y t h a t
a d di ti o n al n oi s e w a s r ei n t r o d u c e d f r o m a p e r s o n r e t u r ni n g t o w a k ef ul n e s s. T hi s i s o n e
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explanation for why the typical trajectory of response latency is flat in the first half of the
session and then increases slightly in the second half of the session.

Response latency has a few characteristics that potentially make it intrinsically variable.
Assuming it is a good measurement of attention or focus then it is reasonable to expect that it
might vary as quickly and frequently as our thoughts. As an indicator this means we would be
particularly interested in how it has tended to change across longer periods of time as
opposed to how it has changed frommoment to moment. This has a few implications:

i. If response latency is a high frequency signal then its change over time is a low
frequency signal which potentially means the indicator is vulnerable to aliasing.
Perhaps this is why it appeared to be a clearer signal to the predictor (which used a
smoothed average as input) and in the latter half of a session (where a slower cadence
of audio tasks represented a lower sampling rate of the signal) both of which effectively
work as a low-pass filter. Response latency might benefit from anti-aliasing techniques.

ii. Although less important, its potential behavior as a low frequency signal also brings
into question to what degree it might work as a feedback signal. If the required signal
duration is too long it may not function for short sessions or may even have limited use
in sessions of typical length.

Returning to its intrinsic variability—there is also the consideration that response latency is
probably a function of a number of variables that introduce variability:

i. Although we did not identify any correlations between difficulty and response latency,
it is reasonable to believe response latency would increase on average when the pitches
are harder to distinguish, either as a result of a small difference in pitch or low volume.
For our testing, difficulty was programmed to decrease as a user grew sleepier. In
theory this might cancel out any increases in response latency coming from sleepiness,
explaining its flat trajectory although our observations of response accuracy suggest
this is less likely.

ii. Individual differences in a user’s hearing and cognitive acuity or interaction style could
result in a substantially different range of response latencies.

Finally, it remains possible that response latency is only a useful indicator at some yet
unknown point along a user’s progression towards unconsciousness—also explaining the
tendency to increase in the second half of longer sessions.
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Fi g u r e 4 s h o w s t h e a v e r a g e g e s t u r e m a g ni t u d e i n m/ s 2 s a m pl e d a t 5 0 H z a t e a c h p oi n t i n t h e s e q u e n c e of a u di o t a s k s
a c r o s s all i n t e r a c ti v e s e s si o n s f o r b o t h t h e i n s o m ni a a n d c o n t r ol g r o u p s ( t hi c k li n e s). T h e r e g r e s si o n li n e s f o r t h e w h ol e
di s t ri b u ti o n s a r e al s o pl o tt e d [ t hi n li n e s].

G e s t u r e M a g ni t u d e, R o t a ti o n R a t e, R o t a ti o n a n d D u r a ti o n

G e s t u r e m a g ni t u d e — t h e s t r e n g t h of a u s e r’ s fl i c k of t h e w ri s t — a n d i t s c o rr el a t e s w e r e t h e b e s t
p e rf o r mi n g c o n ti n u o u s i n di c a t o r s t h a t c o ul d b e u ni q u el y d e ri v e d f r o m t h e i n t e r a c ti o n. T h e
h y p o t h e si s w a s t h a t t h e s e s e r v e d a s p r o xi e s f o r m u s cl e t o n e, w hi c h h a s b e e n o b s e r v e d t o
d e c r e a s e a s a p e r s o n g r o w s sl e e pi e r[ 7 7]. W e c o n si s t e n tl y o b s e r v e d t h a t t h e s t r e n g t h of a u s e r’ s
r e s p o n s e a s m e a s u r e d b y t h e s e i n di c a t o r s d r o p p e d a s t h e s e s si o n p r o g r e s s e d o r i n c r e a s e d
w h e n a u s e r b e c a m e m o r e al e r t — s u c h a s b ef o r e a p e r s o n v ol u n t a ril y s t o p p e d t h e s e s si o n.

Of t h e s e, g e s t u r e m a g ni t u d e h a d t h e s t r o n g e s t c o rr el a ti o n wi t h t h e p r o g r e s s of t h e s e s si o n
a n d w a s a s s u m e d t o b e t h e m o s t e x pl a n a t o r y —f o r t hi s r e a s o n i t w a s s el e c t e d a s t h e i n di c a t o r.
T h e r e s t w e r e hi g hl y c o rr el a t e d t o g e s t u r e m a g ni t u d e a n d a s s u m e d t o b e r e d u n d a n t. A m o r e
s o p hi s ti c a t e d m o d el c o ul d c o n c ei v a bl y m a k e b e tt e r u s e of i n cl u di n g t h e m. A d di ti o n all y t h e r e
m a y b e c a s e s w h e r e t h e r e d u n d a n c y mi g h t b e u s ef ul. F o r e x a m pl e, if t w o u s e r s diff e r wi d el y i n
g e s t u r e m a g ni t u d e t h e n g e s t u r e r o t a ti o n mi g h t b e e a si e r t o c ali b r a t e.

T h e g e s t u r e m a g ni t u d e t y pi c all y d e c r e a s e d s h a r pl y wi t hi n t h e fi r s t 5 mi n u t e s of a s e s si o n
b ef o r e s t a bili zi n g i n t o a g r a d u al d e s c e n t. T h e i ni ti al d r o p p r o b a bl y r e p r e s e n t s t h e u s e r
c ali b r a ti n g t h ei r o w n s t r e n g t h a t t h e s t a r t of e a c h s e s si o n a n d s h o ul d b e c o n si d e r e d w h e n
s e tti n g t h e b o u n d s of t h e i n di c a t o r.

O u r a n al y si s s h o w s t h e t y pi c al d e c r e a s e i n t h e s t r e n g t h of t h e r e s p o n s e w a s n e a rl y t wi c e a s f a s t
i n t h e i n s o m ni a g r o u p t h a n i n t h e c o n t r ol g r o u p — t h e i n s o m ni a g r o u p al s o s e e m e d t o v a r y
c o n si d e r a bl y m o r e i n t h e s t r e n g t h of t h ei r r e s p o n s e s. Gi v e n t h e s a m pl e si z e, t hi s i s p r o b a bl y
j u s t a n a r tif a c t of v a ri a n c e i n t h e i n s o m ni a g r o u p. O n e e x pl a n a ti o n f o r t h e v a ri a n c e i s t h a t a f e w
u s e r s i n t h e i n s o m ni a g r o u p p a r ti ci p a t e d i n t h e t e s ti n g r e m o t el y — a n d di d n o t b e n e fi t f r o m
t r ai ni n g o n h o w t o u s e t h e s y s t e m. T h u s t h e y mi g h t h a v e b e e n u n a w a r e t h e y c o ul d r e s p o n d
g e n tl y. T h e r e w e r e al s o m o r e p e o pl e i n t h e i n s o m ni a g r o u p, r e p r e s e n ti n g m o r e p o t e n ti al
g e s t u r e s t yl e s.
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Fi g u r e 5 s h o w s c o rr el a ti o n pl o t s f o r e a c h alt e r n a ti v e g e s t u r e i n di c a t o r pl o tt e d a g ai n s t g e s t u r e m a g ni t u d e f o r e v e r y
d a t a p oi n t i n t h e d a t a s e t.

O n e m a tt e r t h e s e i n di c a t o r s b ri n g u p i s t h e q u e s ti o n of t o w h a t d e g r e e m u s cl e t o n e
r e p r e s e n t s p h y si c al r el a x a ti o n v e r s u s sl e e pi n e s s. Alt h o u g h c o n n e c t e d [1] t hi s c o ul d p o t e n ti all y
i n di c a t e a p e r s o n i s r el a x e d b u t n o t sl e e p y.

R e s p o n s e A c c u r a c y

R e s p o n s e a c c u r a c y — w h e t h e r a u s e r a n s w e r e d t h e a u di o t a s k c o rr e c tl y — w a s h y p o t h e si z e d t o
d e c r e a s e a s a u s e r g r e w ti r e d, a p r o x y f o r t h e d e c r e a s e i n c o g ni ti v e a n d h e a ri n g a c ui t y t h a t h a s
b e e n o b s e r v e d w h e n p e o pl e g r o w sl e e p y i n o t h e r s e tti n g s [1][1]. T h e t e n d e n c y f o r t h e r e s p o n s e
l a t e n c y S O L t o d e c r e a s e d o e s s u g g e s t s o m e m e a s u r a bl e d e g r a d a ti o n of c o g ni ti v e a c ui t y mi g h t
e xi s t. D e s pi t e t hi s, o u r t e s ti n g f o u n d t h e c u rr e n t a u di o t a s k d e si g n d o e s n o t all o w t h e u s e of
r e s p o n s e a c c u r a c y a s a f e e d b a c k si g n al si n c e t h e r e w a s n o cl e a r r el a ti o n s hi p wi t h t h e p r o g r e s s
of t h e s e s si o n.

W e o b s e r v e d n e a rl y p e rf e c t a c c u r a c y i n s e s si o n s l a s ti n g m o r e t h a n 3 0 mi n u t e s a n d n o g e n e r al
t e n d e n c y t o d e c r e a s e o v e r ti m e — d e s pi t e p r o g r a m mi n g t h e dif fi c ult y t o i n c r e a s e if a u s e r w a s
n o t sl e e p y. T hi s i n di c a t e s, a t t h e v e r y l e a s t, t h a t t h e a u di o t a s k s di d n o t off e r a w a y t o m e a s u r e
t h e d r o p s i n c o g ni ti v e o r h e a ri n g a c ui t y, if a n y, t h a t mi g h t b e u s ef ul t o i nf e r a u s e r i s sl e e p y.
B e y o n d t h e p o s si bili t y t h a t n o m e a s u r a bl e r el a ti o n s hi p e xi s t s, t h e r e a r e a f e w p o t e n ti al
e x pl a n a ti o n s f o r t h e l a c k of v a ri a bili t y:

I. I t i s p o s si bl e t h e diffi c ult y of t h e c u rr e n t t a s k s n e e d s b e tt e r c ali b r a ti o n, c u rr e n tl y t h e
mi ni m u m diff e r e n c e i n pi t c h b e t w e e n t o n e s i s 1/1 2 t h of a n o c t a v e, w hi c h mi g h t b e t o o
e a s y t o di s c ri mi n a t e. T e s t s wi t h a n e a rl y p r o t o t y p e t h a t all o w e d f o r s m all e r pi t c h
diff e r e n c e s s h o w e d s o m e w h a t m o r e v a ri a bili t y i n r e s p o n s e a c c u r a c y. A s e p a r a t e
i m pli c a ti o n i s t h a t i t c a n b e diffi c ult t o d e t e r mi n e if c h a n g e s i n r e s p o n s e a c c u r a c y a r e
d u e t o sl e e pi n e s s o r t a s k dif fi c ult y — e a si e r t a s k s will n a t u r all y h a v e hi g h e r a c c u r a ci e s
t h a n m o r e dif fi c ult o n e s.

II. A bi n a r y o u t c o m e ( c o rr e c t o r i n c o rr e c t) m a k e s r e s p o n s e a c c u r a c y a l e s s s e n si ti v e a n d
m o r e v ol a til e f e e d b a c k si g n al si n c e t h e r e a r e n o d e g r e e s of c o rr e c t n e s s. I n t h e o r y a
m o vi n g a v e r a g e, a s i m pl e m e n t e d, w o ul d i m p r o v e t h e s e n si ti vi t y b u t i t d o e s n o t a p p e a r
t o b e s uf fi ci e n t, e s p e ci all y a s a u di o t a s k s b e c o m e m o r e s p a r s e. A d di ti o n all y, i n a n y c a s e
t h e r e w a s a fi f t y-fi f t y c h a n c e of g e tti n g i t c o rr e c t.
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Fi g u r e 6 [ L ef t] s h o w s t h e a c c u r a c y a s a p e r c e n t a g e of c o rr e c t g u e s s e s a c r o s s all s e s si o n s a n d g r o u p s f o r e a c h a u di o
t a s k i n t h e s e q u e n c e. Fi g u r e 7 [ Ri g h t] s h o w s t h e a c c u r a c y a s a p e r c e n t a g e of c o rr e c t g u e s s e s a c r o s s n o r m ali z e d
p r o g r e s s of t h e s e s si o n.

Alt h o u g h t h e v a ri a n c e of t h e a v e r a g e a c c u r a c y a p p e a r e d t o i n c r e a s e wi t h ti m e — t hi s eff e c t
al m o s t e n ti r el y di s a p p e a r e d o n c e t h e l e n g t h s of t h e s e s si o n s w e r e n o r m ali z e d. T hi s i s n o t
s u r p ri si n g si n c e t h e r e w e r e f e w e r l o n g s e s si o n s. U s e r s r e p o r t e d a n s w e ri n g i n c o rr e c tl y w h e n
t h e y f o r g o t i n w h a t di r e c ti o n t o fl i c k t h ei r w ri s t o r w hil e t h e y w e r e s till b u s y t u c ki n g i n t o b e d.
T hi s mi g h t r e p r e s e n t a mi s s e d o p p o r t u ni t y —i t i s w o r t h c o n si d e ri n g h o w t h e t a s k c a n b e
r ef r a m e d t o g a t h e r m o r e i nf o r m a ti o n. F o r e x a m pl e, o n e s t u d y [1] a s k e d p a r ti ci p a n t s t o i d e n tif y
d e vi a n t s o u n d s, w hi c h r e d u c e s t h e c h a n c e s of r a n d o m g u e s s e s.

T o t al M o ti o n, M o ti o n I n t e r v al

T o t al m o ti o n — a m e a s u r e of a u s e r’ s t o t al m o v e m e n t d u ri n g a p e ri o d of ti m e —i s a f o r m of
s t a n d a r d a c ti g r a p h y — a n d h a s al r e a d y b e e n t h o r o u g hl y i n v e s ti g a t e d [1][1]. S till, w e w e r e
i n t e r e s t e d i n u n d e r s t a n di n g i t s s ui t a bili t y a s a f e e d b a c k si g n al. O u r t e s ti n g s h o w e d o u r
i m pl e m e n t a ti o n c o n si s t e n tl y d e c r e a s e d a s t h e s e s si o n p r o g r e s s e d i n a r el a ti v el y g r a d u al a n d
c o n ti n u o u s m a n n e r — p r e s u m a bl y t r a c ki n g a p e r s o n’ s t e n d e n c y t o m o v e l e s s f r e q u e n tl y a n d
m o r e g e n tl y (i n cl u di n g b r e a t hi n g) a s t h e y g r o w ti r e d.

T h e p ri m a r y i s s u e wi t h m o ti o n g e n e r all y a s a f e e d b a c k si g n al i s i t s p o t e n ti al r a n g e w hi c h v a ri e s
i m m e n s el y b e t w e e n m o m e n t s of r el a ti v e s till n e s s a n d s t r o n g m o v e m e n t — m a ki n g i t a v ol a til e
i n di c a t o r. I t al s o c o n t ai n s m ulti pl e si g n al s a t v a ri o u s s c al e s —f o r e x a m pl e, t h e f r e q u e n c y of l a r g e
m o v e m e n t s mi g h t r e v e al c o mf o r t l e v el s w hil e s m all m o v e m e n t s mi g h t r e v e al b r e a t hi n g
p a tt e r n s. F o r t hi s r e a s o n w e t r a c k e d t o t al m o ti o n a n d m o ti o n i n t e r v al — t h e ti m e i n t e r v al
b e t w e e n l a r g e m o v e m e n t s — s e p a r a t el y. A d di ti o n all y w e u s e d t h e l o g 1 0 of t o t al m o ti o n t o
a tt e n u a t e l a r g e m o v e m e n t s, si n c e s e s si o n s w e r e p ri m a ril y c o m p o s e d of m o m e n t s of r el a ti v e
s till n e s s.

O u r t e s t s r e v e al e d m o ti o n i n t e r v al w a s n o t s ui t a bl e f o r a f e w r e a s o n s:

I. I t h a d a t e n d e n c y t o e rr o n e o u sl y i n t e r p r e t t h e p a s si n g of ti m e a s sl e e pi n e s s a n d t o
c h a n g e a b r u p tl y — m a ki n g i t a n i n s e n si ti v e a n d v ol a til e i n di c a t o r.

II. I t w a s al s o a s p a r s e m e a s u r e m e n t, p r o vi di n g n o i n si g h t s b e t w e e n l a r g e e v e n t s.
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III. I n cl u di n g b o t h t o t al m o ti o n a n d m o ti o n i n t e r v al i s p a r ti all y r e d u n d a n t, si n c e t o t al
m o ti o n al s o c o n si d e r s t h e f r e q u e n c y of m o v e m e n t s, p a r ti c ul a rl y l a r g e r o n e s. T hi s h a s
t h e eff e c t of d o u bli n g t h e i n fl u e n c e of l a r g e m o v e m e n t s.

Fi g u r e 8 [ L ef t] s h o w s t h e a v e r a g e m o ti o n i n t e r v al f o r all s e s si o n s f o r e a c h 6 0- s e c o n d e p o c h, s e p a r a t e d b y g r o u p.

Fi g u r e 9 [ Ri g h t] s h o w s t h e a v e r a g e t o t al m o ti o n f o r all s e s si o n s f o r e a c h 6 0- s e c o n d e p o c h, s e p a r a t e d b y g r o u p a s w ell
a s t h e r e g r e s si o n li n e s f o r e a c h g r o u p.

F o r t h e s e r e a s o n s w e ulti m a t el y d e ci d e d t o o nl y i n cl u d e t o t al m o ti o n w hi c h al r e a d y p r o vi d e s
c o n ti n u o u s i nf o r m a ti o n a n d c a n b e f e d i n t o a n u m b e r of fi lt e r s t o f o c u s o n diff e r e n t si g n al s.
Si n c e o u r m o d el l a r g el y i g n o r e s l a r g e m o v e m e n t s, f u t u r e w o r k c o ul d i n v e s ti g a t e h o w t o m a k e
b e tt e r u s e of t hi s i nf o r m a ti o n.

O n e i s s u e w e r a n i n t o wi t h b o t h t o t al m o ti o n a n d m o ti o n i n t e r v al w a s c ali b r a ti o n. U nli k e t h e
o t h e r i n di c a t o r s t h e r e w a s si g ni fi c a n t v a ri a bili t y i n t h e b o u n d s of t h e i n di c a t o r b e t w e e n u s e r s,
p a r ti c ul a rl y b e t w e e n t h e i n s o m ni a a n d c o n t r ol g r o u p s. F o r e x a m pl e — t h e l o w e r b o u n d of t o t al
m o ti o n w a s si g ni fi c a n tl y hi g h e r f o r t h e i n s o m ni a g r o u p, w h o t e n d e d t o m o v e m o r e. Si mil a rl y,
t h e l o w e r b o u n d f o r m o ti o n i n t e r v al w a s si g ni fi c a n tl y l o w e r f o r t h e i n s o m ni a g r o u p, w h o
t e n d e d t o m o v e m o r e f r e q u e n tl y.
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Fi g u r e 1 0 [ L ef t] s h o w s t h e t r aj e c t o r y of t h e a v e r a g e c o m p o si t e S O L a c r o s s ti m e a s w ell a s t h e S O L p r e di c ti o n s f o r i t s
c o m p o n e n t p a r t s [ s oli d li n e s]. I t al s o s h o w s t h e a v e r a g e t r aj e c t o r y of t h e c o m p o si t e S O L a n d i t s c o m p o n e n t p a r t s af t e r
n o r m ali zi n g f o r t h e s e s si o n l e n g t h.

Fi g u r e 1 1 [ Ri g h t] pl o t s t h e p r e di c t e d S O L a g ai n s t t h e r e al S O L ( t h e m o m e n t s o m e o n e s t o p p e d r e s p o n di n g) [ r e d d o t s]
a s w ell a s t h e t r aj e c t o r y of t h e p r e di c t e d S O L o v e r ti m e f o r t h e t o p 3 b e s t p e rf o r mi n g s e s si o n s [ bl a c k s oli d li n e s]. T h e
d o tt e d li n e s m a r k t h e t a r g e t r a n g e p r e di c t e d S O L < = 5 mi n u t e s A N D 1 0 mi n u t e s < R e al S O L < 3 0 mi n u t e s.

Sl e e p O n s e t L a t e n c y P r e di c t o r

T h e sl e e p o n s e t l a t e n c y ( S O L) p r e di c t o r c o n si s t e n tl y o v e r e s ti m a t e d t h e S O L b y a p p r o xi m a t el y
1 2 mi n u t e s. Fi g.1 0 s h o w s t h e a v e r a g e S O L p r e di c ti o n b r o k e n d o w n b y c o m p o n e n t af t e r
n o r m ali zi n g f o r t h e s e s si o n l e n g t h w hi c h pl a t e a u s a t a n e s ti m a t e d 1 2 mi n u t e S O L af t e r a b o u t
1 2 mi n u t e s of el a p s e d ti m e. Fi g.1 1 s h o w s 1 4 of i n t e r a c ti v e s e s si o n s ( 6 0 %) e n d e d wi t h a S O L
p r e di c ti o n b e t w e e n 1 0 a n d 1 5 mi n u t e s.

I. I n di c a t o r C ali b r a ti o n a n d W ei g h ti n g

A p e r si s t e n t i s s u e t h r o u g h o u t o u r t e s ti n g w a s t h e c ali b r a ti o n of t h e i n di c a t o r s — a s p r e vi o u sl y
di s c u s s e d t h e r e w e r e si g ni fi c a n t diff e r e n c e s i n t h e u p p e r a n d l o w e r b o u n d s of e a c h i n di c a t o r
a c r o s s g r o u p s, i n di vi d u al s a n d e v e n s e s si o n s. T hi s h a d t h e eff e c t of s a t u r a ti n g o n e o r m o r e of
t h e i n di c a t o r s a n d p r e v e n ti n g t h e S O L f r o m e v e r d e s c e n di n g si n c e i t w a s a n e q u all y w ei g h t e d
a v e r a g e of t h e t h r e e c o m p o n e n t s.

I d e all y i n di c a t o r s w o ul d b e c ali b r a t e d f o r e a c h u s e r. T h e m o s t p e rf o r m a n t S O L p r e di c ti o n s
w e r e m a n u all y c ali b r a t e d t o t h e u s e r — e v e n t h e n v a ri a bili t y r e m ai n e d b e t w e e n ni g h t s. W e
a tt e m p t e d t o d e fi n e t h e s e r a n g e s a u t o m a ti c all y b y o b s e r vi n g s o m e i ni ti al p o r ti o n of e a c h
s e s si o n b u t i t w a s dif fi c ult t o c h a r a c t e ri z e a u s e r’ s “ sl e e p y” b e h a vi o r wi t h t hi s i nf o r m a ti o n al o n e.
I t s e e m s li k el y t h a t a g o o d c ali b r a ti o n will d e p e n d o n a t l e a s t a f e w ni g h t s of d a t a.

I t i s al s o r e a s o n a bl e t o b eli e v e t h a t i n di c a t o r s will v a r y i n i m p o r t a n c e t h r o u g h o u t t h e p r o g r e s s
of a s e s si o n. D y n a mi c all y a dj u s ti n g t h e w ei g h t s t o e m p h a si z e t h ei r e x pl a n a t o r y p o w e r o v e r
ti m e mi g h t i m p r o v e p e rf o r m a n c e. I t i s w o r t h n o t hi n g t h a t t h e i nf o r m a ti o n w e g e t f r o m a
u s e r’ s r e s p o n s e c a rri e s m o r e “ w ei g h t” w h e n t h e y a r e sl e e p y (i. e. i t h a s a l o n g e r eff e c t o n t h e
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e x p e ri e n c e) — t hi s i s t r u e f o r all r e s p o n s e d e ri v e d m e t ri c s a n d i s p e r h a p s a d e si r a bl e f e a t u r e
a s s u mi n g t h e S O L p r e di c ti o n s a r e a c c u r a t e.

II. I n di c a t o r P e rf o r m a n c e

Fi g u r e 1 2 [ L ef t] i s a m o difi e d v e r si o n of Fi g u r e 11 s h o wi n g t h e si m ul a t e d p e rf o r m a n c e of t h e m o d el w h e n e x cl u di n g t h e
g e s t u r e m a g ni t u d e ( m u s cl e t o n e) i n di c a t o r. T h e g r e e n a n d r e d li n e s r e p r e s e n t d e c r e a si n g a n d i n c r e a si n g e rr o r s
r e s p e c ti v el y. T h e bl a c k li n e s s h o w t h e n e w t r aj e c t o ri e s of t h e c o m p o si t e S O L f o r t h e t o p 2 b e s t p e rf o r mi n g s e s si o n s.

Fi g u r e 1 3 i s a m o difi e d v e r si o n of Fi g u r e 11 s h o wi n g t h e si m ul a t e d p e rf o r m a n c e of t h e m o d el u si n g t h e g e s t u r e
m a g ni t u d e ( m u s cl e t o n e) i n di c a t o r al o n e.

A s m e n ti o n e d e a rli e r, t h e g e s t u r e m a g ni t u d e i n di c a t o r h a d a t e n d e n c y t o d r o p s h a r pl y a t t h e
b e gi n ni n g of a s e s si o n f oll o w e d b y a n o s cill a ti n g d e s c e n t b e t w e e n 0 a n d 1 5 mi n u t e s w hi c h h a s
b e e n o b s e r v e d i n o t h e r s t u di e s t r a c ki n g g e s t u r al r e s p o n s e s[ 71]. T h e fi r s t d r o p p r o b a bl y
r e p r e s e n t s t h e i ni ti al a dj u s t m e n t p e ri o d w hil e a u s e r c ali b r a t e s h o w m u c h s t r e n g t h a r e s p o n s e
r e q ui r e s. T hi s i s c o n si s t e n t wi t h t h e o b s e r v a ti o n t h a t g e s t u r e m a g ni t u d e w a s t h e l e a s t li k el y t o
s a t u r a t e t h e S O L p r e di c ti o n — s u g g e s ti n g t h e u p p e r b o u n d w a s w ell a b o v e t h e i n di c a ti o n
r a n g e.

Fi g. 4 s h o w s t hi s m o s t li k el y c o n s ti t u t e s t h e i ni ti al d r o p b e t w e e n 4. 5 m/ s 2 a n d 2. 5 m/ s 2 s till
l e a vi n g a n a p p r o xi m a t e 1 m/ s2 of r a n g e t o u s e a s i n di c a ti o n. C ali b r a ti n g t o t hi s s m all e r r a n g e
d o e s m e a n i t m a y b e c o m e m o r e v ul n e r a bl e t o v a ri a bili t y —f u t u r e u s e of g e s t u r e m a g ni t u d e
s h o ul d c o n si d e r t hi s a dj u s t m e n t eff e c t.

T h e o b s e r v a ti o n s i n fi g u r e x s u g g e s t t h e o s cill a ti n g d e s c e n t i s m o r e li k el y t o r e p r e s e n t r e al
c h a n g e s i n m u s cl e t o n e si n c e i t c o n ti n u e s t o d e s c e n d r a t h e r t h a n pl a t e a u. G e s t u r e m a g ni t u d e
a p p e a r s t o b e t h e “ b e s t” i n di c a t o r w h e n u s e d al o n e ( fi g.1 3 ), i m p r o vi n g t h e S O L p r e di c ti o n i n
al m o s t e v e r y s e s si o n of t hi s s e t, s o m e of w hi c h a r e b r o u g h t i n t o t h e t a r g e t r a n g e. B u t t hi s
s h o ul d n o t n e c e s s a ril y b e a tt ri b u t e d t o i t s p o w e r a s a n i n di c a t o r al o n e.

I. F o r e x a m pl e, t h e w o r s t p e rf o r mi n g si m ul a t e d s e s si o n i n (fi g.1 3 ) i s a r e s ult of a
c ali b r a ti o n s e tti n g t h a t s a t u r a t e s t h e S O L p r e di c ti o n — o n e mi g h t i m a gi n e t h a t t hi s
mi g h t h a p p e n m o r e f r e q u e n tl y if t h e u p p e r b o u n d i s d e c r e a s e d t o b e tt e r f o c u s o n i t s
sl e e p- r el a t e d r a n g e.
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II. S e c o n d, t h e si m ul a t e d r e s ult s a r e m o s t li k el y u n d e r e s ti m a ti o n s of t h e r e al S O L —i n a
f e w s e s si o n s t hi s r e s ult s i n a n S O L p r e di c ti o n t h a t r e a c h e s t h e t a r g e t r a n g e wi t hi n 1 0
mi n u t e s — w hi c h i s p r o b a bl y t o o e a rl y. I t r e m ai n s p o s si bl e t h a t g e s t u r e m a g ni t u d e i s a
f r o n t l o a d e d i n di c a t o r, b e c o mi n g l e s s i m p o r t a n t af t e r 1 0 mi n u t e s. T hi s w o ul d b e
a n o t h e r e x pl a n a ti o n f o r i t s t e n d e n c y t o fl a tt e n o u t ( fi g.1 0 ).

III. I t w o ul d b e v al u a bl e t o i n v e s ti g a t e w h a t t h e e x pl a n a t o r y d e c a y of e a c h i n di c a t o r i s.
Alt e r n a ti v el y, e x cl u di n g g e s t u r e m a g ni t u d e p r o d u c e d r el a ti v el y li ttl e d a m a g e t o t h e
si m ul a t e d S O L p r e di c ti o n s, i m pl yi n g i t b e h a v e d r el a ti v el y i n d e p e n d e n tl y.

Fi g u r e 1 4 [ L ef t] i s a m o difi e d v e r si o n of Fi g u r e 11 s h o wi n g t h e si m ul a t e d p e rf o r m a n c e of t h e m o d el w h e n e x cl u di n g
t h e t o t al m o ti o n i n di c a t o r. T h e g r e e n a n d r e d li n e s r e p r e s e n t d e c r e a si n g a n d i n c r e a si n g e rr o r s r e s p e c ti v el y. T h e bl a c k
li n e s s h o w t h e n e w t r aj e c t o ri e s of t h e c o m p o si t e S O L f o r t h e t o p 2 b e s t p e rf o r mi n g s e s si o n s.

Fi g u r e 1 5 i s a m o difi e d v e r si o n of Fi g u r e 11 s h o wi n g t h e si m ul a t e d p e rf o r m a n c e of t h e m o d el u si n g t h e t o t al m o ti o n
i n di c a t o r al o n e.

T o t al m o ti o n i s t h e m o s t li k el y c ul p ri t f o r t h e s t a g n a ti o n of t h e S O L p r e di c ti o n s d u ri n g t e s ti n g.
Fi g.1 4 s h o w s t h e si m ul a t e d r e s ult s of u si n g t o t al m o ti o n al o n e, w hi c h si g ni fi c a n tl y w o r s e n s t h e
p r e di c t e d S O L f o r a m aj o ri t y of s e s si o n s. T h e r e a s o n f o r t hi s i s u p p e r b o u n d s a t u r a ti o n of t h e
p r e di c t e d S O L, w hi c h c a n b e s e e n b y t h e p r o xi mi t y of t h e r e s ulti n g S O L p r e di c ti o n s t o t h e t o p
of t h e r a n g e a s w ell a s t h e n e w t r aj e c t o ri e s of t h e b e s t s e s si o n S O L p r e di c ti o n — w hi c h o nl y
a p p e a r af t e r ~ 7. 5 mi n u t e s.

F o r t h e s e s e s si o n s, a si g ni fi c a n t p o r ti o n of ti m e w a s s p e n t wi t h o n e t hi r d of t h e S O L i n di c a ti n g
f ull w a k ef ul n e s s — t hi s p r o b a bl y p r e v e n t e d t h e c o m p o si t e S O L f r o m d e s c e n di n g b el o w 1 2
mi n u t e s. N a t u r all y, e x cl u di n g t o t al m o ti o n i m p r o v e d all t h e s e s si o n s t h a t w e r e aff e c t e d b y t hi s.

O u r f o c u s o n s m all- s c al e m o ti o n c a rri e s t h e i m pli c a ti o n t h a t si g ni fi c a n t ti m e m u s t p a s s b ef o r e
t o t al m o ti o n m e a s u r e m e n t s e n t e r t h e i n di c a t o r r a n g e — t h u s i t mi g h t b e n e fi t f r o m d y n a mi c
w ei g h ti n g. O n c e t h e i n di c a t o r w a s i n r a n g e i t h a d a t e n d e n c y t o d r o p s h a r pl y — t hi s w a s
p r o b a bl y a m o vi n g a v e r a g e eff e c t b ef o r e s t a bili zi n g i n t o v e r y g r a d u al d e s c e n t s wi t h li ttl e
v a ri a bili t y w hi c h a r e c h a r a c t e ri s ti c s of a g o o d f e e d b a c k si g n al. T hi s b ri n g s i n t o q u e s ti o n t o w h a t
d e g r e e t hi s r e p r e s e n t s b r e a t hi n g r a t e a n d if s o, w h e t h e r t o t al m o ti o n i s t h e b e s t w a y t o t r a c k i t.

Fi n all y, w e o b s e r v e d t h a t s uf fi ci e n tl y l a r g e o r f r e q u e n t m o v e m e n t s c o ul d b u m p t h e i n di c a t o r
b e y o n d i t s u p p e r b o u n d, a b r u p tl y r e- s a t u r a ti n g t h e p r e di c t e d S O L —i m pl yi n g t h e l o g 1 0
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t r a n sf o r m a ti o n h el p e d b u t di d n’ t f ull y r e s ol v e t h e s c al e a n d v ol a tili t y i s s u e s. T hi s i s c o n si s t e n t
wi t h t h e o b s e r v a ti o n t h a t t h e t o t al m o ti o n c o m p o n e n t of t h e p r e di c t e d S O L t e n d e d t o ri s e i n
t h e s e c o n d h alf of t h e s e s si o n ( fi g.1 0 ).

Fi g u r e 1 6 [ L ef t] i s a m o difi e d v e r si o n of Fi g u r e 11 s h o wi n g t h e si m ul a t e d p e rf o r m a n c e of t h e m o d el w h e n e x cl u di n g t h e
r e s p o n s e l a t e n c y i n di c a t o r. T h e g r e e n a n d r e d li n e s r e p r e s e n t d e c r e a si n g a n d i n c r e a si n g e rr o r s r e s p e c ti v el y. T h e bl a c k
li n e s s h o w t h e n e w t r aj e c t o ri e s of t h e c o m p o si t e S O L f o r t h e t o p 2 b e s t p e rf o r mi n g s e s si o n s. Fi g u r e 1 7 i s a m o difi e d
v e r si o n of Fi g u r e 11 s h o wi n g t h e si m ul a t e d p e rf o r m a n c e of t h e m o d el u si n g t h e r e s p o n s e l a t e n c y i n di c a t o r al o n e.

Gi v e n t h e u n c e r t ai n t y a r o u n d r e s p o n s e l a t e n c y, w e i ni ti all y s u s p e c t e d i t mi g h t h a v e b e e n
b e hi n d t h e u n d e r p e rf o r m a n c e of t h e S O L p r e di c t o r. A s m e n ti o n e d e a rli e r, r e s p o n s e l a t e n c y
w a s t h e m o s t dif fi c ult i n di c a t o r t o c ali b r a t e. T hi s c o n t r a di c t e d i t s p e rf o r m a n c e a s a n i n p u t t o
t h e S O L p r e di c t o r w hi c h d e m o n s t r a t e d a t e n d e n c y t o d e c r e a s e t h r o u g h o u t a s e s si o n a n d d a t a
f r o m o t h e r s t u di e s t h a t h a v e u s e d i t s u c c e s sf ull y[ 6 7] — t hi s h a s a f e w e x pl a n a ti o n s:

R e s p o n s e l a t e n c y w a s t h e m o s t li k el y i n di c a t o r t o “ b o tt o m- o u t” t h e S O L p r e di c ti o n — m e a ni n g
w e h a d t r o u bl e s e tti n g t h e l o w e r b o u n d. I t s p e n t c o n si d e r a bl e ti m e i n di c a ti n g a u s e r w a s
a sl e e p i n a n u m b e r of s e s si o n s — t hi s i s a p p a r e n t f r o m t h e n u m b e r of s e s si o n s t h a t “i m p r o v e” t o
t h e mi ni m u m r a n g e i n fi g.1 7 . T hi s i s a li k el y e x pl a n a ti o n f o r w h y i t s c o m p o n e n t of t h e S O L
q ui c kl y pl a t e a u e d a r o u n d 7. 5 mi n u t e s o n a v e r a g e ( fi g.1 0 ). T hi s i s al s o c o n si s t e n t wi t h o t h e r
s t u di e s u si n g r e a c ti o n ti m e s, w hi c h h a d si mil a r u p p e r b o u n d s b u t diff e r e n t l o w e r b o u n d s. [ 6 7]

T h e r e w e r e s e s si o n s wi t h m o r e s ui t a bl e c ali b r a ti o n s t h a t di d w o r k t h o u g h — d e s c e n di n g o v e r
t h e l o n g r u n — b u t i t r e m ai n e d hi g hl y v a ri a bl e a s a f e e d b a c k si g n al. If i t c a n b e p r o p e rl y
c ali b r a t e d, r e s p o n s e l a t e n c y w o ul d b e n e fi t f r o m h e a vi e r s m o o t hi n g a s w ell a s c o n si d e ri n g i t a
l o w-f r e q u e n c y si g n al.

E x cl u di n g i t l a r g el y w o r s e n s t h e p e rf o r m a n c e of t h e m o d el b e c a u s e t h e s e h a p p e n t o b e t h e
s a m e p oi n t s t h a t w e r e aff e c t e d b y t o t al m o ti o n, a tt e n u a ti n g t h e e rr o r.

O v e r all t hi s d e m o n s t r a t e s a s t r o n g n e e d f o r fl e xi bl e a n d a c c u r a t e c ali b r a ti o n of e a c h of t h e
i n di c a t o r s i n t h e p r o d u c t c o n t e x t. D y n a mi c w ei g h ti n g i s al s o li k el y t o i m p r o v e t h e
p e rf o r m a n c e —f u t u r e w o r k s h o ul d i n v e s ti g a t e t h e e x pl a n a t o r y d e c a y of e a c h i n di c a t o r.
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Fi g u r e 1 8, 1 9, a n d 2 0 ( L ef t, C e n t e r, Ri g h t) s h o w s t h e v a ri a bili t y of e a c h i n di c a t o r o v e r ti m e af t e r r e m o vi n g t h e m o s t
s e v e r el y mi s c ali b r a t e d s e s si o n s. Pl o tt e d a r e t h e m a x ( r e d), m e a n( bl a c k) a n d mi n( bl u e) v al u e s f o r e a c h mi n u t e a c r o s s all
s e s si o n s.

T hi s a n al y si s al s o d e m o n s t r a t e s t h e m o s t r eli a bl e p e rf o r m a n c e of a n S O L p r e di c t o r will
p r o b a bl y c o m e f r o m a n e n s e m bl e of i n di c a t o r s t h a t b al a n c e t h ei r s t r e n g t h s a n d w e a k n e s s e s
a s a w h ol e. I t i s i n t e r e s ti n g t o n o t e t h a t t h e b e s t p e rf o r mi n g s e s si o n s, s u c h a s s e s si o n 4 0 a n d
4 8 c h a n g e d mi ni m all y w h e n o n e of t h e i n di c a t o r s w a s e x cl u d e d.

Gi v e n t h e p e rf o r m a n c e of s u c h a si m pl e m o d el, t h e r e i s a l o t of p o t e n ti al u p si d e i n i n t e g r a ti n g
m o r e si g n al s a n d e m pl o yi n g m a c hi n e l e a r ni n g. T h e s e r e s ult s s u g g e s t r e al- ti m e sl e e p o n s e t
l a t e n c y p r e di c ti o n o n a w e a r a bl e d e vi c e i s p r o b a bl y p o s si bl e.

M o m e n t of U n c o n s ci o u s n e s s a s Sl e e p O n s e t I n di c a t o r

Fi n all y, a s m e n ti o n e d i n t h e e x p e ri m e n t s e c ti o n, w e o b s e r v e d t h a t sl e e p o n s e t, a s m e a s u r e d b y
t h e D r e e m H e a d b a n d, t y pi c all y p r e c e d e d t h e m o m e n t s o m e o n e f ell c o m pl e t el y u n c o n s ci o u s.
T hi s h a s a n u m b e r of c u ri o u s i m pli c a ti o n s — o n e i s t h a t t hi s i s p r o b a bl y a n o t h e r m a r k e r t h e
p r e di c t o r h a s o v e r e s ti m a t e d t h e S O L.

I d e all y t h e s y s t e m w o ul d s h u t off a s a r e s ult of i d e n tif yi n g t h e r e al m o m e n t of sl e e p o n s e t,
n e c e s s a ril y t hi s p r e c e d e s t h e m o m e n t a p e r s o n s t o p s r e s p o n di n g i n v ol u n t a ril y. Y e t i n o u r t e s t s
n e a rl y e v e r y i n t e r a c ti v e s e s si o n e n d e d b y m e a n s of u n c o n s ci o u s n e s s. A n d d e s pi t e t hi s, w e
f o u n d t h a t u s e r s r e p o r t e d t h e s y s t e m s h u t off a t t h e c o rr e c t m o m e n t a n d t h a t t h e e x p e ri e n c e
w a s pl e a s a n t w h e n t h e y p e r c ei v e d t h e c a d e n c e of a u di t o r y t a s k s w a s a d e q u a t e, i m pl yi n g t h e
S O L p r e di c ti o n e rr o r w a s s m all e r. I n c o n t r a s t, t h e s a m e u s e r w o ul d r e p o r t t h e s y s t e m
d e t ri m e n t all y e x t e n d e d t h ei r sl e e p o n s e t w h e n t h e y p e r c ei v e d t h e c a d e n c e of t h e a u di t o r y
t a s k s w a s t o o f a s t, i m pl yi n g t hi s e rr o r w a s l a r g e r. I n o t h e r w o r d s t h e m o m e n t of
u n c o n s ci o u s n e s s c o ul d h a p p e n wi t h a n e a rl y a c c u r a t e o r g r o s sl y i n a c c u r a t e S O L e s ti m a t e,
w hi c h r e d u c e s i t s u tili t y a s a n o bj e c ti v e m e a s u r e of S O L.

A n o t h e r i m pli c a ti o n i s — w h a t t h e n, if n o t u n c o n s ci o u s n e s s, d e fi n e s t h e ri g h t m o m e n t t o s h u t
off ? D e fi ni n g t h e ri g h t m o m e n t will ulti m a t el y b e e s s e n ti al f o r t h e eff e c ti v e n e s s of a n y
p r e di c t o r. F o r e x a m pl e t h e fi r s t i n s t a n c e of N1 (i. e. t y pi c al sl e e p o n s e t) mi g h t b e t o o s o o n si n c e
t h e mi n d m a y s till h a v e a c h a n c e t o r u mi n a t e.

A t t h e o t h e r e n d w e h a v e al r e a d y o b s e r v e d t h a t u n c o n s ci o u s n e s s (i. e. s o m e p oi n t b e t w e e n N 2
a n d N 3, i n cl u si v e) c a n b e t o o l a t e. I d e all y t h e r e e xi s t s a p oi n t of n o r e t u r n, a t h r e s h ol d b ef o r e
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unconsciousness beyond which it is too late for intrusive thoughts to dominate the natural tide
of sleep. Presumably it exists since people with insomnia ultimately do fall asleep, albeit with
more difficulty.

This point would also, ideally, be able to be identified via indicators. The interactive element
allows for some interesting possibilities. For example, during our testing of an early version of
the system along with the Dreem Headband, we observed that a frequent, fixed cadence
seemed to indefinitely maintain a user between wakefulness and N1, never beyond N2.
Adjusting the cadence allowed a user to enter N2.

Aside from suggesting that the right cadence is critical to avoid disrupting sleep, it also
suggests there is a cadence that marks a person’s ability to fall asleep. Perhaps crossing a
similar interaction based threshold can define the right moment to shut off.
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Fi g u r e 21 i s a c o rr el a ti o n pl o t s h o wi n g a c u rr e n t c h a n g e i n i n t e n si t y
p r e s c ri b e d b y t h e c o n t r oll e r b e t w e e n ti m e t n a n d t n-1 pl o tt e d
a g ai n s t t h e f u t u r e c h a n g e i n a c ti vi t y b e t w e e n t n +1 a n d t n .

Sl e e p O n s e t L a t e n c y C o n t r oll e r

S u p e r fi ci all y, t h e i m pl e m e n t a ti o n of t h e O a kl e y
sl e e p/ w a k e al g o ri t h m i n di c a t e s t h a t t h e i n t e r a c ti v e
s e s si o n s e x t e n d e d t h e S O L f o r u s e r s i n b o t h t h e
c o n t r ol a n d i n s o m ni a g r o u p s b y 5 mi n u t e s a n d 7. 5
mi n u t e s r e s p e c ti v el y.

T h a t b ei n g s ai d, t hi s i s a p o o r a s s e s s m e n t of t h e r e al
S O L si n c e t h e al g o ri t h m — w hi c h i s b a s e d o n
m o ti o n — t e n d e d t o d e si g n a t e t h e e n ti r e i n t e r a c ti v e
bl o c k of g e s t u r e r e s p o n s e s a s a w a k e. A s m e n ti o n e d i n
b ef o r e, w e k n o w t hi s i s n o t n e c e s s a ril y t h e c a s e f r o m

o u r e x p e ri m e n t s wi t h t h e D r e e m H e a d b a n d a n d c o rr o b o r a ti n g s t u di e s. A d di ti o n all y t h e r e w e r e
m a n y f a c t o r s w e w e r e n o t a bl e t o c o n t r ol f o r t h a t mi g h t h a v e e x t e n d e d t h e S O L d u ri n g
i n t e r a c ti v e s e s si o n s.

L o o ki n g a t t h e d a t a w e w e r e u n a bl e t o i d e n tif y p a tt e r n s d e m o n s t r a ti n g t h e S O L c o n t r oll e r w a s
i nfl u e n ci n g t h e u s e r s’ S O L i n a n y w a y. O u r h y p o t h e si s w a s t h a t a t a mi ni m u m, a di s c e r ni bl e
i n c r e a s e i n al e r t n e s s w o ul d e m e r g e a s t h e c o n t r oll e r hi k e d t h e i n t e r a c ti v e i n t e n si t y — t hi s w a s
t h e w o r s t c a s e s c e n a ri o a n d a r e a s o n a bl e a s s u m p ti o n gi v e n u s e r r e p o r t s.

Fi g. 2 1 i s a c o rr el a ti o n pl o t s h o wi n g t h e c u rr e n t c h a n g e i n i n t e n si t y p r e s c ri b e d b y t h e c o n t r oll e r
b e t w e e n ti m e t n a n d t n-1 pl o tt e d a g ai n s t t h e f u t u r e c h a n g e i n a c ti vi t y b e t w e e n t n +1 a n d t n . A n
i d e al c o n t r oll e r w o ul d p r o d u c e a n X p a tt e r n, d e m o n s t r a ti n g a c o n si s t e n t c a p a ci t y t o i n d u c e a n
i n c r e a s e o r d e c r e a s e i n t h e u s e r’ s f u t u r e a c ti vi t y b y i n c r e a si n g o r d e c r e a si n g t h e i n t e r a c ti v e
i n t e n si t y.

O u r e x p e c t a ti o n w a s t o s e e a n a c c u m ul a ti o n of c o rr el a t e d p oi n t s i n t h e u p p e r ri g h t q u a d r a n t.
I n s t e a d p oi n t s w e r e r a n d o ml y s p r e a d — t hi s w a s t r u e f o r a n u m b e r of r el a ti o n s hi p s a c r o s s ti m e
( e. g. tn - t n-1 v s. t n + 5 - t n ) a n d af t e r a tt e m p ti n g t o c o n t r ol f o r t h e h e t e r o g e n e o u s di s t ri b u ti o n of
a u di o t a s k s o v e r ti m e a s w ell a s d y sf u n c ti o n s of t h e c o n t r oll e r a n d p r e di c t o r.

Alt h o u g h f u t u r e i n t e n si t y i s a f u n c ti o n of a u s e r’ s c u rr e n t a c ti vi t y ( t h e c o n t r oll e r u s e s a c ti vi t y a s
a f e e d b a c k si g n al) t h e a s s u m p ti o n w a s a u s e r’ s f u t u r e a c ti vi t y s h o ul d b e r el a ti v el y i n d e p e n d e n t
of c u rr e n t i n t e n si t y. S till, t h e l e a s t w e a k c o rr el a ti o n s w e r e b e t w e e n t h e m e a n c h a n g e s of
di s t a n t p oi n t s i n ti m e ( e. g. t n a n d t n + 5 ) w hi c h p r o b a bl y r e p r e s e n t s t h e u n d e rl yi n g t e n d e n c y f o r
b o t h i n t e n si t y a n d a c ti vi t y t o d e s c e n d o v e r ti m e.

O v e r all, t h e c o n t r oll e r’ s p e rf o r m a n c e w a s n o t s u r p ri si n g gi v e n t h e n u m b e r of f a c t o r s i t
p o t e n ti all y d e p e n d s o n, t h e m o s t i m p o r t a n t b ei n g a n a c c u r a t e S O L p r e di c ti o n a n d a w ell
c ali b r a t e d c o n t r ol p r o t o c ol. A d di ti o n all y, t h e a c ti vi t y m e t ri c a s c u rr e n tl y d e fi n e d b ri n g s wi t h i t a
f ai r a m o u n t of n oi s e — w hi c h f u r t h e r o bf u s c a t e s t h e eff e c t s, if a n y, of t h e c o n t r oll e r.

F u t u r e w o r k s h o ul d c o n si d e r a l e s s a r bi t r a r y c o n t r ol p r o t o c ol a s w ell a d di ti o n al p r o xi e s f o r
i n t r u si v e t h o u g h t s. I t w o ul d al s o b e v al u a bl e t o s t u d y t h e e n g a g e m e n t c h a r a c t e ri s ti c s of
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diff e r e n t t a s k s a n d e v al u a t e t h e m t h r o u g h m o r e p r e ci s e a n d i nf o r m a ti v e e q ui p m e n t, s u c h a s
E E G.

U s e r s i n b o t h g r o u p s s o m e ti m e s r e p o r t e d t h a t t h e e x p e ri e n c e h a d b e e n pl e a s a n t a n d t h a t i t
h a d n o t di s t u r b e d t h e m o r t h a t i t h a d b e e n e rr a ti c a n d t h a t i t e x t e n d e d t h ei r sl e e p o n s e t
l a t e n c y . A r e d u c e d sl e e p o n s e t w a s n o t m e n ti o n e d.

I. T h e m o s t p e r ti n e n t c o n t r ol f a c t o r s e e m e d t o b e c a d e n c e — t h e di s t ri b u ti o n of a u di o
t a s k s o v e r ti m e — w hi c h u s e r s a tt ri b u t e d t h e m o s t i n t e rf e r e n c e t o o. F o r e x a m pl e — o n a
f e w o c c a si o n s u s e r s r e p o r t e d t h a t t o o m a n y a u di o t a s k s i n a r o w h a d e x t e n d e d t h ei r
sl e e p o n s e t — b a si c all y p r e v e n ti n g t h e m f r o m g r o wi n g u n c o n s ci o u s. C o n v e r s el y, t o o f e w
a u di o t a s k s al s o s e e m e d t o i n d u c e a s o r t of a r o u s al — a f e w u s e r s r e p o r t e d p r e e m p ti v el y
a n ti ci p a ti n g t h e n e x t t a s k if t h e c a d e n c e w a s t o o sl o w — n o ti n g a f a s t e r c a d e n c e w o ul d
h a v e b e e n pl e a s a n t. Alt h o u g h s u bj e c ti v e, t h e p o si ti v e a n d n e g a ti v e a s s o ci a ti o n d o e s
i m pl y t hi s w a s t h e m o s t p e rf o r m a n t c o n t r ol f a c t o r.

II. V ol u m e w a s n o ti c e d b y u s e r s b u t t y pi c all y i n a n e g a ti v e s e n s e — ei t h e r t h e v ol u m e w a s
t o o hi g h, t o o l o w o r i t l a s t e d t o o l o n g. T hi s i m pli e s t h o u g h tf ul c o n t r ol of v ol u m e i s
i m p o r t a n t si n c e i t will p ri m a ril y di s r u p t r a t h e r t h a n e n g a g e. O t h e r wi s e t h e s o u n d s c a p e
w a s d e s c ri b e d a s pl e a s a n t a n d r el a xi n g.

III. T h e v a r yi n g diffi c ult y of t h e t a s k s w a s n e v e r m e n ti o n e d, p r o b a bl y b ei n g t h e m o s t
i n c o n s e q u e n ti al. O u r t e s ti n g s h o w s r e s p o n s e a c c u r a c y w a s of t e n u nif o r ml y
c o rr e c t —i m pl yi n g dif fi c ult y — a s c u rr e n tl y i m pl e m e n t e d — w a s n o t a s t r o n g c o n t r ol
f a c t o r si n c e i t w a s h a r dl y p e r c ei v e d. R e s p o n s e a c c u r a c y h a s b e e n u s e d s u c c e s sf ull y i n
o t h e r s t u di e s t h o u g h[ 6 7]. M o r e c o m pl e x a u di t o r y t a s k s mi g h t h a v e a m o r e n o ti c e a bl e
eff e c t o n t h e u s e r b u t i t i s u n cl e a r w h e t h e r t hi s w o ul d b e d e t ri m e n t al.

A n u m b e r of u n u s u al s y s t e m b e h a vi o r s r e p o r t e d b y u s e r s h el p e d u s i d e n tif y b u g s t h r o u g h o u t
t h e d e v el o p m e n t p r o c e s s. T h e s e i n cl u d e d pi t c h i n v a ri a n c e (i. e. e x h a u s ti v e r e p e ti ti o n of t h e
s a m e a u di o t a s k), e x t r e m e v a ri a ti o n s i n t h e c a d e n c e ( n e a rl y c o n s t a n t o r v e r y s p a r s e a u di o
t a s k s), s u d d e n c h a n g e s i n v ol u m e a n d s o u n d gli t c h e s, s u d d e n t e r mi n a ti o n of t h e a p p, g e s t u r e
r e c o g ni ti o n f ail u r e a n d i n d e fi ni t el y l o n g s e s si o n s. M o s t of t h e s e w e r e a c u t el y n o t e d b y
u s e r s — ei t h e r p a r ti all y o r f ull y a w a k e ni n g t h e m. Alt h o u g h t hi s d o e s n o t d e t r a c t f r o m t h e
p o t e n ti al ef fi c a c y of t h e s y s t e m, i t d o e s s u g g e s t t h e r e i s li ttl e r o o m f o r e rr o r — t h e s y s t e m c a n
e a sil y b e c o m e di s r u p ti v e.

D e si g n C o n si d e r a ti o n s

Fi n all y, o u r t e s ti n g r e v e al e d s o m e i m p o r t a n t i n si g h t s f r o m a d e si g n p e r s p e c ti v e. M ulti pl e u s e r s
n o t e d t h a t t h e b a tt e r y of t h e A p pl e W a t c h w a s d e a d o r si g ni fi c a n tl y d r ai n e d t h e f oll o wi n g
m o r ni n g — a n d p r o d u c e d a s o r t of “ r a n g e a n xi e t y” b ef o r e a s e s si o n. T h e d r ai ni n g of t h e b a tt e r y
w a s w o r s e w h e n t h e e x t e n d e d a u di o pl a y b a c k f e a t u r e w a s s e t. A n a t u r al d e si g n p r o g r e s si o n
w o ul d b e a w e a r a bl e- s m a r t p h o n e h y b ri d, of fl o a di n g t h e a n al y si s a n d a u di o pl a y b a c k t o t h e
s m a r t p h o n e w hil e t h e c o n n e c t e d w e a r a bl e s e r v e s a s s e n s o r. T hi s mi g h t al s o r e s ol v e t h e i s s u e s
wi t h t h e O S b a s e d a p p t e r mi n a ti o n s.

A d di ti o n all y, i n o r d e r t o r u n Z z z o ni c i n t h e b a c k g r o u n d, t h e o p e r a ti n g s y s t e m r e q ui r e d a
p e r si s t e n t Bl u e t o o t h c o n n e c ti o n. T hi s m e a n t u s e r s wi t h o u t a bl u e t o o t h s p e a k e r o r t h o s e w h o
di d n o t wi s h t o di s r u p t a p a r t n e r t h e y w e r e s h a ri n g t h e b e d wi t h w e r e f o r c e d t o u s e
h e a d p h o n e s. T hi s w a s d e s c ri b e d a s u n c o mf o r t a bl e a n d p r o b a bl y aff e c t s a p e r s o n' s c a p a ci t y t o
r el a x.
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