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ABSTRACT

Virtual and augmented reality head-mounted displays (HMDs)
are currently heavily relying on spatially tracked input devices
(STID) for interaction. These STIDs are all prone to the phe-
nomenon that a discrete input (e.g., button press) will disturb
the position of the tracker, resulting in a different selection
point during ray-cast interaction (Heisenberg Effect of Spatial
Interaction). Besides the knowledge of its existence, there
is currently a lack of a deeper understanding of its severity,
structure and impact on throughput and angular error during a
selection task. In this work, we present a formal evaluation of
the Heisenberg effect and the impact of body posture, arm po-
sition and STID degrees of freedom on its severity. In a Fitt’s
law inspired user study (N=16), we found that the Heisenberg
effect is responsible for 30.45% of the overall errors occurring
during a pointing task, but can be reduced by 25.4% using a
correction function.
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INTRODUCTION AND MOTIVATION

Augmented and Virtual Reality head-mounted displays
(HMDs) use the physical space around a user to superimpose
information or fully immerse the user and can be classified
as spatial computing devices [24]. Most spatial computing
devices rely on spatially tracked input devices (STIDs) which
allow the user to point at and select virtual content. All these
STIDs are prone to the phenomenon that a discrete input such
as a button press will disturb the position of the tracker and re-
sult in a different selection point (Heisenberg Effect of Spatial
Interaction [3]).

Despite this phenomenon being observed by several re-
searchers [4, 10], it is mostly ignored or compensated for
by moving the selection to the non-pointing hand. This so-
Iution works inside a lab study but is difficult to apply for
current consumer devices. Therefore, there is a current lack
of understanding of the nature of the phenomenon (e.g., How
much percentage of selection errors can be attributed to the
Heisenberg effect? Does the Heisenberg effect follow certain
characteristics? How can the effect be mitigated?).

To gain an understanding of the severity and characteristics of
the Heisenberg effect, we conducted an IS09241-9 inspired
pointing task (N=16) using an HTC VIVE and measuring the
Heisenberg effect and its impact on accuracy and throughput
during selections in VR. To disentangle the spatial disturbance
during discrete selections from ballistic movement during
pointing, we collected both, stationary and ballistic data for
each target. Additionally, we used body posture (standing,
sitting), arm posture (stretched, bent) and degrees of freedom
of the STID (3DoF, 6DoF) as independent variables.

We found that during ballistic selections the Heisenberg effect
accounts for 30.45% of the selection errors. We also found
that the Heisenberg effect is a systematic upwards shift. We
hypothesize that this is related to the positioning of the trigger



button of the HTC Vive. Our results further indicate that throughput T R) [13]. According to the ISO 9241-9 pointing
angular error increases with larger targets and longer click task, effective throughput can be modeled via

duration. Finally, we present a set of compensation techniques TP. = ID.=MT @)
that can be applied to reduce the error dow8:&%. We argue © ©

that with the progress of display quality and the ability to see wherelD, is the effective index of dif culty of the target and
and point at small targets further away, the Heisenberg effectMT the mean movement time. According to the Shannon
will become more relevant but can be easily compensated forformulation of Fitts' law [13],ID¢ is de ned as

in software.
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The main contributions of this work are IDe = log, W +1 3

1. An in-depth analysis of the impact of the Heisenberg effect

e . ) whereDg is the effective distan ween tar i.e. n-
of spatial interaction on selection throughput and error rate. ereDe is the effective distance between targets i.e., sta

dard deviation of over- and undershoots from the intended
2. An analysis of the unique characteristics of the Heisenberg target center projected on the optimal path), sds the
effect and its systematic behavior during selection. effective width of the target (i.e., 4.133 standard deviations of
. . _ ~the end-point positions) calculated as proposed by Soukoreff
3. Compensation strategies for the Heisenberg effect duringand MacKenzie [25]. Considering the end-point distribution,

selection. the effective width is a more precise estimate for the actual
target width that the users were selecting. This model allows

RELATED WORK us to recalculate effective throughput for corrected end-point
Selection in 2D and 3D positions and thus compare the ef ciency of compensation

A widely used HCI technique for interacting with distant tar- Strategies.

gets in 2D and 3D is via pointing. The current pointing po-

sition of a hand or STID is usually de ned via ray-casting THE HEISENBERG EFFECT

by extending the selecting hand or STID and calculating the The Heisenberg Effect was originally observed by Bowman et
intersection point with objects and planes along the ray [22]. @l as a side effect when using STIDs [3]. The authors gave a
Visualization techniques for the current pointing position in- beautiful description of the effect that they observed during a
clude cursors [9,11, 14, 18] and virtual hands [5, 23]. Depend- User study:

ing_on the STID used, pointing suffer_s from jitter and Iaten_cy "[.]a user wants to select an object using ray casting. She
which can affect user performance with latency largely being gjens the ray so that it intersects the object, but when she

m?re (_jetrimer;]tal tovsslection ﬁerfo;}man%e [19]'hST|DS for 3f|f3 presses the button, the force of the button press displaces the
selection such as VR controllers have been shown to sufferray <o that the object is not selected.”

from additional positional [26] and rotational jitter [2]. These
types of jitter do not affect selection precision signi cantly if In Figure 1, we show an abstract depiction of the Heisenberg
target size is kept above a viable value. Teather et al. furtherEffect that we created based on the insights gathered in our
concluded that similar to 2D input, latency in 3D selection is user studies. We present this model early in the paper to give
affecting human performance more than low spatial jitter [26]. the reader a visual understanding of the effect and its interplay

. L . . . with hand jitter, target size and direction.
In addition to tracking-induced jitter and inherent hand jitter J g

of users, Bowman et al. observed the so called “HeisenbergThe angular offset between selection start and selection end is
Effect of Interaction”, a spatial disturbance that occurs during in the following referred to ableisenberg MagnitudeSelec-
discrete selections on an STID [3]. While some researchers retions that started within a target but were displaced due to the
verted to STID positions measured before the actual selectionHeisenberg Effect and thus led to a miss are cafletsenberg
in order to avoid this effect [4, 10, 28] or asked participants Errors. Therefore, developers and researchers that want to
“to click with the non-dominant hand on the button of a re- avoidHeisenberg Errorst all cost, need to design targets with
mote control” [15], we are motivated to formally evaluate this a radius larger than thdeisenberg Magnituddn section 6,
phenomenon in order to gain a deeper understanding of itswe will explain why this approach is not always desirable
severity and impact on selection precision and throughput. — and present further correction mechanisms. Additionally, we
found a systematic shift to the top left during our study. We
Fitts' Law partially explain this with the location of the physical trigger
The Fitts' law models the expected movement time in respect button on the controller.
to the index of dif culty of a target via
EXPERIMENT

MT=a+b IDe (1) To explore the impact of the Heisenberg Effect on selection
wherea and b are factors that are determined empirically performance and quantify the in uence of input parameters,
via linear regression. While this relationship is of predictive we conducted a user study consisting of two pointing tasks.
nature, we are more interested in deriving the performanceThe rst one was an ISO 9241-9 pointing task (in the following
metric of throughput. As throughput can be affected by user referred to adallistic). The second task removed the ballistic
performance, McKenzie et al. introduced an approach to cor-motion from the selection to allow us to quantify the “pure”
rect the throughput for input errors by calculating the effective Heisenberg Effect (in the following referred to stationary).



updates in an interval of 6-8 ms. Temporal and spatial jitter
are therefore not considered an issue for the experiment.

Variables

Independent Variables: Our experimental design consisted
of ve independent variablesBodyPosition ArmPosition
DoF, Width and Distancg. Since the Heisenberg effect is

a disturbance in the pointing accuracy resulting from the press
of a physical button, we hypothesized that the stability of the
pointing arm is a relevant factor that should probably in uence
the magnitude of the Heisenberg Effect. Therefore, we were
choosing variable postures that all result in a different level of
stability (e.g. extending an arm is less stable than applying it
and similarly sitting is less stable than standing [27]). Inspired
by previous work, thé&odyPositionhad two levels $itting,

e.g., Barrera and Stuerzlinger [1] aBthnding e.g., Kopper et

al. [12]). TheArmPositionhad also two levels in which users
eitherExtendedheir arm during pointing (e.g., Grossman and
Balakrishnan [7] or Miller et al. [16]) oAppliedit (elbow at

90 degrees, pressed against body, e.g., Gielen et al. [6]). The
DoF of the STIDs were eitheFhreedegrees (only rotational)

or Sixdegrees (rotation and translation). We sele@e# as

a variable, since we were interested if the Heisenberg Effect
would be stronger for 3DoF STIDs which are currently widely
used for mobile VR HMDs (e.g. Oculus Go). The last two
independent variables were contributed by the pointing task:
Widthof the targets15, 30, 50cm) andDistancebetween the
targets 150, 350cm). We want to emphasize that this distance
refers to the distance between targets and not between user
Apparatus and target. In our study the user was always at a xed distance
We implemented the selection task inside a simple VR sceneto the selection targets (8m).

using LinitySD_ anddan 'tl:lTC \@VEG%'\SE (\t/ 1£) connected toda Dependent Variables:To be able to calculate what percent-
ﬁlor_r:jpu Ce;[&qgggg Wi h_an 1o vy (s ocd )tIEJrotc_essort?ntt @Nage of the overall pointing errors occurred due to the Heisen-
viaia graphics card. Ve used the trigger button o pfect and to quantify the severity of the Heisenberg Ef-

of the HTC Vive controller as the selection button (as itis o \ye measureBffectiveThroughpuOverallError, Heisen-
commonly used). The trigger button gives values about the bergError andHeisenbergMagnitude

trigger state of the button (starting from O for no contact and
going linearly up to 1.0 depending on how far the user pushed TheEffectiveThroughputvas measured as proposed by Souko-
the button in) and additionally res a selection event when the reff and MacKenzie [25] and helped us to quantify how per-
trigger is completely pushed through. formance can be improved by compensating the Heisenberg
Effect. TheOverallError was measured as the overall percent-
age of missed targets. TleisenbergErrowas measured

as the percentage of targets in which the selection (start of
button press) started inside the target but ended outside of the
target (end of button pre¥s TheHeisenbergMagnitudeas
measured as the distance in angular degrees between the start
of the selection (button trigger value >0) and the end of the
selection (button completely pushed through).

Figure 1: A theoretical model of the Heisenberg Effect for
spatial interaction, showing the systematic shift to the top left,
the relationship to hand jitter and the de nition of a Heisenberg
Error: Starting a selection inside the target but ending outside
due to a disturbance of the input device.

To establish a baseline for the angular offset during a pointing
task with a VR controller, the spatial jitter for the controller
and HMD device was measured in a resting position lying on
the oor. The Vive base stations (V 1.0) were 2.5 meters apart
with the currently measured device being in the center of the
tracking space. Angular data was recorded in a time frame
of 120 seconds and resulted in a positional jitte®:625
0:085 mean-to-peak for the controller a@D094  0:059
mean-to-peak for the HMD. To be able to quantify the characteristics of the Heisenberg
o . : N Effect, we recordeffalsePressed eft, TopandClickDuration
Through a combination of optical tracking an_d inertial sensors FalsePressewere de ned as the amount of button presses
s i e B vlugsigher i zero i e ot compltly pusher
the API is siani v d q pd th : a[hrough. This is a good indicator of how often users acciden-
e IS signi cantly Jower and depenas on the periormance tally started a selection without nishing it. To further quantify

of the computer used. To _measure_the tgmporal jiteer, 1.e.o systematic directional offset of the Heisenberg Effect, we
the change of latency over time, the time difference between

Con_secutlve frames during several pointing tasks was %nalyzedzAs the end of the button press we used the event which is normally
A histogram of these values revealed that over 96.5% of all ysed as a selection event. With the HTC Vive controller this happens
updates happened in an interval of 9-11 ms and all remainingafter the trigger is completely pushed through.




Figure 3: Participant view during tregationaryselection. Left:

A red visual indicator displays the remaining time before the
Figure 2: Participant view of the target plane in the study participant has to click. Right: A green indicator symbolizes
environment. Only one target at a time was shown during the that the participant should perform a click.
pointing task.

Participants
counted the amount of target selections which ended up bei6 participants (8 male, 7 female, 1 non-binary) were recruited
ing above the targefop) and the amount of target selections via convenience sampling. Participants were aged between
which ended up being left of the targéteft). Finally, we 20 and 30 (M = 24.5, SD = 2.85). 15 participants were right-
measured the time a fully executed selection (i.e., trigger value handed and 7 had corrected-to-normal vision. All but three
>0 leading to a trigger press) took from start (trigger value >0) participants had prior VR experience and 8 participants re-
to nish (trigger press) aflickDuration ported to play VR games where pointing was the main task

(e.g., shooting or selecting).

Procedure

The study was executed inside a quite room at our institution. RESULTS , .
After an informed consent and demographics, participantsAtOta| of 19968 selections were recorded and ana!yzed using
were introduced to the experiment and asked to follow the @ repeated measures ANOVA with Greenhouse-Geisser correc-
instructions on the interface presented in the VR environment.tion where sphericity was violated. Pairwise comparisons are
The users saw a set of circular at targets oating 8 meters in reported with Bonferronni adjusted p-values. For the sake of

front of them and could select them using a ray cast metaphorreadability, all statistical results are presented in Table 1 and
with the HTC Vive controller. Table 2. In the following result section, we will only highlight

. o brie y a subset of signi cant results.
Theballistic task was the 1ISO 9241-9 pointing task where at

circular targets with a given widthidth) are arranged on a

. . . . i - Characteristics of the Heisenberg Effect
circle with a given diametemistance see Figure 2). For each

. 1 o ) Hand jitter was measured during a time frame of 500 ms dur-
Widthx Distancecombination, participants had to select 13 jng stationary selections. Departure from normal distribution
disks. for all three angular offset distributions caused by hand jitter

To be able to measure the “pure” Heisenberg Effect (i.e., the during thewidth conditions was tested with D'Agostino and
offset induced by a button press from a stationary position Pearson’s test and was found to be not signi cant [20] (p>.05).
while a regular selection error consists of the disturbance us-Therefore, a normal distribution was assumed for hand jitter
ing the button and the overshooting from a ballistic motion) during all selections.

and hand jitter without ballistic over- or undershoot, we addeq Irelevant of the target position, the Heisenberg Effect ex-

a second pointing task. After each ballistic selection, partici- yregsed a systematic upwards shift (see Figure 4 top). Ag-
pants had time to position themselves above the target (henc‘gregated selection offsets over target width can be found in
removing the ballistic motion). Once above the target, the (Figure 4 bottom). For smaller targets, a higher percentage

pointer had to stay within the target for a duration of 500 selections ended outside of the target, leading to a higher
ms while a visual indicator was lling up in a red color to HeisenbergError

display the remaining time (see Figure 3 left). After 500 ms

the indicator turned green and participants had to perform aSampling over the angular offsets during a button press (sam-
selection (press the trigger from value 0 to 1.0, see Figure 3pling rate: click duration/10), resulted in a nearly linear
right). Participants were instructed to aim for the center of the relationship between button press value and angular offset:
target. Afterwards, the next ballistic target was activated. This I = :737, p<:001 (see Figure 5).

separation inttallistic andstationaryallowed us to be certain

about the user's intended selection position ingtaionary Impacting Factors

condition (i.e., the center of the target). In the following anal- ArmPosition: During both selection tasklickDuration

ysis the center of the target was always used as the intendedvas signi cantly higher in the appliedrmPositioncondi-
start of the selection. tion (stationary: M=308.303 ms, SE=58.858 ms; ballistic:



\ OVERALLERROR HEISENBERGERROR HEISENBERGAVIAGNITUDE TR

df | F p h? F p h2 F p h? F p h2

stationary 1,15.10 ns .007 | .42 ns .027 1.39 ns .025 |- - -
BODYPOSITION \liistic ~ 1,15| .46 ns  .029 | .01 ns .00l |0.43 ns  .028 (.45 ns  .029

stationary 1,191.16 ns .072 |3.33 ns .182 | .16 ns .010 |- - —
ARMPOSITION |- listic ~ 1,15(.16  ns 011 |.17 ns 011 |2.37 ns 136 |.01 ns .00

DOE stationary 1,131.44 ns .088 | 2.70 ns .153 | .28 ns .018 |- - —
ballistic  1,15/1.83 ns .108 | 6.63 .307 | 4.19 .059 .218 [18.19 .548

WIDTH stationary 2,30 158.90 914 |115.18 ¢= :658) .885 | 16.03 ¢= :564) 517 |- - -
ballistic  2,30| 592.43 975 | 13.76 479 | 1.39 .266 | 16.51 524

DISTANCE stationary 1,15 .25 ns .016 | .04 ns .003 [ 6.34 297 |- - -
ballistic  1,15| 25.58 .630 |2.52 ns 144 | 5.44 .266 | 117.91 .887

Table 1: Results for dependent variables split by stationary and ballistic task. Signi cant results are marke@gwidb),
(p<.001) and  (p<.0001). Greenhouse-Geisser-corre¢tedhlues are reported wittrvalues.

\ FALSEPRESSES Topr LEFT CLICKDURATION
df | F p h2 F p h2 F p h2 F p h2
stationary 1,15 .63 ns .040 | .68 ns .043 | 2.10 ns 123 | .57 ns .036
BODYPOSITION pliistic ~ 1,15 .28 ns 018 |.08  ns 005 |02 s 001 |1.56 ns 094
stationary 1,18 4.31 .055 223 [2.81 ns 158 [.10 ns .007 [6.40 .299
ARMPOSITION o istic ~ 1,15 2.76  ns 155 |26  ns 017 |5.02 251 |6.63 306
DOF stationary 1,15 .65 ns .041 |1.61 ns .097 |.02 ns .001 [.25 ns .016
ballistic  1,15| 2.75 ns 155 [1.21 ns .075 |[2.89 ns 161 | .82 ns .052
WIDTH stationary 2,30 .28 ns .019 |.34 ns 022 | .42 ns .027 | 15.61 €= :509) .510
ballistic ~ 2,30| .29 ns .019 |1.07 ns .067 |4.56 .233 15.73 ¢ = :507) 512
DISTANCE stationary 1,15 .07 ns .005 |.88 ns .055 |3.76 .072 .20 3.16 ns 174
ballistic 1,15/ 11.80 .440 2.76 ns 156 | 7.33 .328 12.36 452

Table 2: Results for Heisenberg characteristics split by stationary and ballistic task. Signi cant results are markép<sih),
(p<.001) and  (p<.0001). Greenhouse-Geisser-corre¢iedhlues are reported witrvalues.

M=272.426 ms, SE=46.555 ms) than in the stretchedPo- In the stationarycondition, we found thateisenbergMag-

sition condition (stationary: M=250.870, SE=60.403; ballistic:
M=231.754, SE=50.021). Furthermore, signi cantly more
selections were shifted to the left during ballistic selections
with an appliedArmPosition(M=0.512, SE=0.020) than with

a stretchedrmPosition(M=0.548, SE=0.023).

DoF: HeisenbergError for a DoF of SIX (M=0.112,
SE=0.016) was signi cantly lower than foroF of THREE
(M=0.124, SE=0.018). FurthermotteffectiveThroughpuor
aDoF of SIX(M=1.793, SE=0.105) was signi cantly higher
than for aDoF of THREE(M=1.656, SE=0.082). This was a

nitudefor a Distanceof 150 cm(M = 0:652 ; SE= 0:043)

is signi cantly lower than for aDistanceof 350 cm(M =
0:680 ; SE= 0:036 ); p=0.024. Similar results were found in
theballistic condition. HeisenbergMagnitudior a Distance

of 150(M = 2:536 ; SE= 0:695) is signi cantly lower than
for aDistanceof 350 cm(M = 4:538 ; SE= 1:54); p=.034.
UnsurprisinglyOverall Error for a Distanceof 150 (M=0.351,
SE=0.029) was signi cantly lower than forlistanceof 350
(M=0.423, SE=0.026, p<.001) in the ballistic condition which
can be attributed to the inertia of ballistic movements.

rather surprising insight for us as we expected that more de- ) _

grees of freedom would lead to a hightgisenbergErrodue ~ Correlation of Dependent Variables _ _

to higher probabilities of disturbing the input via rotation and There was a signi cant correlation betwe€fickDurationand
translation). However, this indicates that the Heisenberg Effect HeisenbergMagnitudgp <: 001 r = 0:327), ClickDuration

is less in uenced by a translational disturbance but more by a andHeisenbergError(p <:00Lr =

rotational.

There were no signi cant differences between BedyPosi-
tion conditions.

Target Width and Distance: We found that th®verallError,
HeisenbergErrorandClickDurationall increased for smaller
targets while théHeisenbergMagnituddecreased (see Fig-
ure 6). This means that smaller targets lead to a hiblegsen-
bergError while having a smalleHeisenbergMagnitudeThis
further indicates that theisenbergMagnitudis also in u-
enced by the visual representation of the targets.

0:04), ClickDuration
0:599), ClickDurationand
0:126), andClickDurationandLeft (p <

andFalsePresseép <:001r =
Top(p<:00%Lr=
:00Lr = 0:075H).

Discussion

Characteristics of the Heisenberg Effect

Our results indicate that the Heisenberg Effect is responsible
for 81:98% of the errors during stationary ad@:49%during
ballistic selections. The low percentage of Heisenberg Errors
in the ballistic condition can be explained by the low number of
selections that started in a targé8(3%). For these selections,
the Heisenberg Error value for the ballistic condition was
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