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Figure� 4:� An� idea� case� of� smoothing� asynchronicity-induced� jitter� by�
re-sampling�the�input�signal�to�match�the�display�refresh�rate,�using�in-
terpolation�and�extrapolation.�

dpre� values� therefore� increase� the�chances�of�extrapolation,�
which�in�turn�can�introduce�“prediction”�side-effects�[24,�23]�
(including�more�jitter).�Interpolation�offers�smooth�transitions�
between�known�input�values,�but�increases�the�delay�between�
input�and�output�signals.�

Measuring spatial jitter 
Jitter�is�usually�measured�as�a�noise,�i.e. as�a�metric�of�variation�
around�a�reference�signal.�This�reference�signal�can�represent�
a� neutral� state,� e.g. measuring� the� amount� of� spatial� jitter�
when�a�user�holds�a�motion-tracked�hand�in�mid-air.�This�is�
however�not�applicable�in�our�situation,�since�when�a�finger�is�
in�contact�with�the�screen�but�not�moving,�the�touch�surface�
will�not�report�any�event�in�many�cases.�

The�reference�signal�can�also�be�inferred�from�the�output�trajec-
tory�itself,�e.g. the�viewport�positions�in�a�scrolling�task,�using�
filtering�to�produce�a�“smooth”�trajectory�for�comparison� [19].�
However,�this�often�requires�to�tune�smoothing�parameters�by�
hand,�as�the�distinction�between�noise�vs.�meaningful�trajec-
tory�can�sometimes�only�be�distinguished�via�human�expertise.�
When�trying�to�use�that�approach,�we�noticed�that�these�pa-
rameters�can�be�quite�sensitive�to�input�and�output�frequencies.�
For�example,�our�best�guesses�for�the�cutoff�frequency�of�a�
zero-phase�shift�filter�were�respectively�0.95�Hz�and�0.5�Hz�for�
output�frequencies�of�30�Hz�and�90�Hz.�While�a�feasible�ap-
proach,�hand-tuned�parameters�also�decrease�replicability,�as�
different�practitioners�can�have�different�subjective�thresholds�
for�what�constitutes�noise�vs.�trajectory�variation.�

Finally,�in�some�situations�a�reference�signal�can�be�obtained�
directly�from�the�input�signal.�This�is�trivial�when�the�input�
and�output�events�are�fully�synchronized,�but�requires�adjust-
ments�when�not,�as�is�our�case�here.�We�use�a�method�similar�
to�DL( j),�but�applied�to�position�instead�of�time:�given�a�ref-
erence�time�ti,�we�calculate�the�signed�difference�vector�D(ti) 
between� the�positions� in� the� input�signal�Pin(ti) and� in� the�
resulting�output�signal�Pout(ti):�

D(ti) = Pout(ti) � Pin(ti) (15)�

This�is�the�spatial equivalent�of�L( j) in�Eq.�(2,�9).�If�this�differ-
ence�is�the�same�at�every�frame�time,�there�is�no�asynchronicity-

induced jitter� to� observe—only� possibly� the� one� already�
present�in�the�input�signal.�

Asynchronicity-induced�spatial�jitter�results�from�variations�
in�that�difference,�which�will�translate�into�cursor�or�viewport�
jumps.� Similar� to�DL( j) above,� we� express� instantaneous�
spatial�jitter�introduced by input-output asynchronicity in�terms�
of�variations�of�D,�i.e. :�

DD(ti) = D(ti) � D(ti-1) (16)�

A�general�estimation�of� the�asynchronicity-induced�spatial�
noise�over�an�entire�gesture,�measured�at�times�ti�2 T,�can�be�
formulated�similarly�to�|DL| as�a�mean�of�absolute�differences:�

n�11�|DD| = Â |DD(ti)| (17)
n 

i=1�
n�11�

= Â |Pout(ti) � Pin(ti) � Pout(ti-1) + Pin(ti-1)| (18)
n 

i=1�

However,�in�most�setups�Pin�and�Pout�are�not�continuous�signals�
but�collections�of�measurements,�and�they�might�not�always�
contain�values�corresponding�to�ti.� In�this�case�we�need�to�
estimate�these�positions,�either�using�the�most�recent�available�
value,�or�through�interpolation�or�extrapolation.�

For�our�purposes,�a�spatial�jitter�metric�does�not�need�to�be�
usable�in�real�time,�so�the�reference�signal�Pin(ti) can�be�inter-
polated�from�values�prior�and�posterior�to�ti.�In�what�follows�
we�denote�this�interp[Pin(ti)].�The�signal�Pout� to�which�this�ref-
erence�is�compared,�on�the�other�hand,�is�calculated�throughout�
the�movement�in�real�time,�and�therefore�cannot�take�future�
events�into�account.�In�the�general�case�without�re-sampling,�
and�since�in�the�context�of�direct�touch�we�do�not�apply�any�
spatial�transformation�like�C-D�gains,�this�means�that�for�each�
timestamp�tswap,i the�value�Pout(tswap,i) is�the�position�of�the�
last�sensed�input event�prior�to�tswap,i,�as�illustrated�in�Fig.�1.�
Reusing�the�notations�in�Equation�(1),�we�denote�this�as�fol-
lows:�Pout(ti) = Pin(tk(i)).�

In�the�case�of�re-sampling,�the�reference�times�are�defined�as�
t
0 = tswap,i � dpre.�Since�input�events�can�occur�prior�to�tswap,ii 

but�after�t
i

0,�some�Pout� values�can�be�interpolated,�and�others�
need�to�be�extrapolated:�

⇢
extrap[Pin(ti

0)] if�tk(i)�< t
i

0
Pout(ti 

0) = (19)
interp[Pin(ti

0)] otherwise�

Since�reference�values�Pin(ti) are�always�interpolated,�as�ex-
plained�above,�it�results�that�

D(ti) = Pout(ti) � Pin(ti) 
⇢

extrap[Pin(ti
0)] � interp[Pin(ti

0)] if�tk(i)�< t 0
= i (20)

0� otherwise�

Interpolation�and�extrapolation�can�be�computed�using�differ-
ent�models,�linear�being�the�most�straightforward�(see�e.g. in�
Figure�5).�Other,�more�complex�models�can�be�used,�typically�
using�higher-level�polynomials�and�prediction�algorithms.�We�
will�evaluate�candidate�techniques�in�the�following�study.�

SIMULATOR STUDY WITH GOOGLE PIXEL DEVICES 
To�evaluate�the�effects�of�re-sampling�methods�on�input/output�
asynchronicity-induced�jitter,�we�developed�a�program�that�
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Expérience 

12 participants 
2 smartphones (Pixel 3 XL ou Pixel 4) 
x 3 tâches (recherche, navigation, lecture) 
x 3 tailles de pages (10, 20, 30 sections) 
x 2 directions (haut en bas et bas en haut)
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Figure�8:� Average�spatial�jitter�(pixels)�over�output�frequency�(Hz)�for�
the�baseline�and�different�values�of�linear�resampling.�Error�bars�repre-
sent�95%�CI.�

Standard�Filtering�Techniques�
We�also�assessed�how�general-purpose�filtering� techniques�
fare�with�asynchronicity-induced�jitter,�in�comparison�to�re-
sampling.�We�chose�simple�moving�average�(MA)�as�a�stan-
dard�approach,�which�has�the�advantages�of�being�straight-
forward� to� implement,� requiring�no�parameter� tuning,� and�
introducing�a�deterministic�and�constant�amount�of�latency�
l = 0.5(N � 1)/Fi� where�N�is�the�number�of�samples�used�in�
the�moving�average�and�Fi� is�assumed�constant.�

As�shown�in�Figure�9,�a�moving�average�with�N = 2�introduces�
overall�more�latency�than�linear�resampling,�but�reduces�spatial�
jitter� compared� to� the� baseline,� for� all� output� frequencies.�
Linear�re-sampling�systematically�reduces�spatial�jitter�better�
than�moving�average�except� for�dpre�= 0�ms�(prediction�at�
frametime)�for�output�frequencies�of�30,�60,�and�120�Hz.�

More�sophisticated�filtering�techniques�like�the�1e filter�could�
introduce�less�latency�for�the�same�reduction�of�spatial�jitter.�
However,�the�exact�latency�introduced�by�such�techniques�is�
variable�and�difficult�to�quantify.�Without�an�accurate�estima-
tion�of�this�added�latency,�we�cannot�apply�our�spatial�jitter�
metric.�Taken�together,�filtering�techniques�do�not�seem�best�
suited�to�solve�the�problem�compared�to�linear�re-sampling.�

Comparison�of�Extrapolation�Techniques�
To�re-sample�input�events,�coordinates�in�the�near-future�of�
a�trajectory�can�be�estimated�in�a�number�of�ways�in�addi-
tion�to�linear�extrapolation.�Such�techniques�can�be�used�for�
instance�to�predict�the�next�few�points�of�a�movement�in�or-
der�to�compensate�latencies�[19,�23],�allowing�for�different�
degrees�of�accuracy�and�negative�side-effects�depending�on�
the�predicted�duration�[24],�or�“horizon”.� In�particular,�sec-
ond�order�polynomial�curve�fitting�(dubbed�CU�RV�E� in�[24])�
and�Double-Exponential�Smoothing�Predictor�(DESP)�from�
LaViola�[19]�were�found�to�generate�fewer�side-effects�overall�
compared�to�other�predictors�[23].�Other�prediction�techniques�
such�as�Kalman�filters�or�the�TurboTouch�Predictor�[23]�can�
also�offer�reliable�predictions,�but�are�designed�to�predict�at�

Figure�9:� Trade-off�between�spatial�jitter�(pixels)�and�latency�(ms)�for�
the�baseline�technique,�moving�average�(MA)�and�linear�resampling�for�
0,�2,�4,�6,�8�and�10�ms,�and�different�frequencies.� Negative�latency�cor-
responds� to� some� latency�compensation�compared� to� the�baseline�and�
positive�values�correspond�to�latency�added�to�the�baseline.�
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Figure�10:� Average�visual�jitter�(pixels)�over�output�frequency�(Hz)�for�
the�baseline�and�different�predictors.�Error�bars�represent�95%�CI.�

fixed�horizons.�In�our�case,�the�horizon�to�predict�h = tswap�� t 
is�variable,�so�we�did�not�include�these�techniques�in�our�tests.�

We�compared�CU�RV�E� and�D�E�SP� to�predict�0,�2�and�4�ms�
before�frame�time�(Figure�10).� CU�RV�E� shows�performance�
very�similar�to�linear�extrapolation,�reducing�spatial�jitter�even�
when�predicting�at�frame�time�(dpre�= 0).�DESP�also�reduces�
spatial�jitter,�compared�to�no�re-sampling,�but�to�a�lower�extent.�
These�results�could�indicate�a�lower�robustness�of�DES�P�to�
predict�at�any�time�in�the�future�instead�of�fixed�time�intervals.�

DISCUSSION 
This�work�describes�and�characterizes�the�phenomenon�that�
asynchronous�input�and�output�(display)�rates�can�generate�
visual�jitter�in�interactive�systems,�even�when�every�individual�
component�of�the�interaction�pipeline�functions�perfectly.�We�
proposed�a�mathematical�model�of�this�jitter�in�time�units,�and�
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“To improve on it, we experimented with different algorithms, using automation to replay the same input over 
and over again and evaluating the screen displacement curves. After tuning, this landed at the 1€ filter 
implementation that visibly and drastically improved the scrolling experience. With this filter, the screen 
tracks closely to your finger and websites smoothly scroll, preventing jank caused by inconsistent input events. 
The improvement is visible in our manual validation, on both top-end and low-end devices”

https://blog.chromium.org/2023/08/smoothing-out-scrolling-experience-in.html
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Identification d’une nouvelle cause de bruit spatial 

Proposition de deux métriques pour le mesurer  

Développement d’une nouvelle technique pour réduire ce phénomène 

Maintenant intégré sur tous les périphériques Androïd


