OpPTICARVIs: Improving Automated Vehicle Functionality
Visualizations Using Bayesian Optimization to Enhance User

.
Experience
Ps ) wsw x S » ruf
»Ss RS R@um W W wx @un wmwm S m r ouss@um W
»S W »orR S m »S W » oIS m nS W ®oxRA S W
® xS ® xS » XS
m G v m m G e w m G e w
m T
x S
» xS nx W Z
» xS @un w W X M Z @um ww
»S W oIS W nS W OIS W
® xS » xS
m G e ® m G e w

Figure 1: OpT1ICARVIsS—human-in-the-loop multi-objective Bayesian optimization of automated vehicle (AV) functionality
visualization design to increase end-users’ subjective ratings of design objectives, for example, trust, perceived safety, acceptance,
and aesthetics, while reducing the cognitive load (obj, to obj,,). (1) OPTICARVIS selects a set of parameter values (e.g., the color
of semantic segmentation p; and whether to visualize vehicle trajectories p,) from the design space X. (2) The end-user views
the set of parameters x in a simulated AV ride and (3) returns subjective ratings. (4) In the next iteration, these are used as
values y of the objective functions f X — Y for which the design is optimized. Our approach finds a Pareto-optimal [61]
visualization design x* per end-user.
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2.2 Personalization and Computational
Methods of In-Vehicle UI Design
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Figure 2: Overview of the employed visualizations of an SAE Level 4 [72] AV’s functional levels of internal operation [20], CAD
[64], and status on an AR WSD, showing the possible variations in transparency (alpha) and size values (see brackets). Min
and Max represent the designs at the lower and upper bounds of the continuous parameter ranges, while Mid represents the

midpoints.
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Table 1: The 16 design parameters for the visualization design, with the ranges in Unity values. All design parameters are
modeled continuously, with values mapped to Boolean if necessary (“Bool”). Example visualizations of parameter values are

shown in Figure 2.
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Figure 3: AV study driving route used in the HITL MOBO iterations (blue) and long route used in the final assessments (orange).
Besides, examples of the driver’s perspective with all visualizations visible using mid transparency and size values (red).

Figure 4: The custom parameter design tool allows for adjusting 16 parameters (see Table 1). (1) Users modify values using
checkboxes and sliders, with untouched settings highlighted in red. (2) The adjusted values are displayed in a preview that
loops the AV driving environment. (3) After interacting with all settings once (their adjustment is optional), (4) the “confirm”
button activates. The parameter explanation view (see Figure 5) is accessible via the "help” button.
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Figure 5: Excerpt of the information given to study participants at the start. Participants were also questioned about the

visualizations to ensure understanding.

Figure 6: Study procedure of the six conditions C1-Cé6.

MmO rXEpr PwNSs xmx T »
®zZ Mppr Ss x P RZIT P x
Segm mrx X S mr s sp »
»or »S rgu VRIS » » W 8
1 SS WS Pr ™ w WS o o
O T ) » s s wup MRA S W
» oer AW O Wpr WS W s ngPr fi s
su msPr Prms @w ®m WX W W x ®wg S S
S Z WS X Pprmax  m m »orwa wus x o
wmwoow s
4.5.1 Subjective Ratings. wr ng T m®mmwmz wmprx
®»RST sSM Z W S@mws s "X S
fin =S »  after x ® ss x ”

S or 1 NoVis. w » » SS sS »

m( s wmss ®m S s [ ] w s ss s
@ M W S WS W W su oz W r Sss w

» fim wsrr wg W ser s m or s fim
»S » » Sgm PX W USNWg » «us ®s
rom » [] »n pw r s s(1 Strongly disagree
Strongly agree) o w User Expectation Confor-
mity T fim S gm m swm wm g® w Satisfaction w
» s fim s gm  Confidence Sgnm s

® .  rw  Agency mowmr sgmpr  ss
»m  Ownership fim Sgm swm g r wg Interac-

tivity p x  mpwms s pr ®oST sgm wr

s ( mS X sp S ¥ ® Sr WX r S§ WNF


https://researcher-help.prolific.co/hc/en-gb/articles/360009223553-Prolific-s-Attention-and-Comprehension-Check-Policy
https://researcher-help.prolific.co/hc/en-gb/articles/360009223553-Prolific-s-Attention-and-Comprehension-Check-Policy

CHI *25, April 26-May 1, 2025, Yokohama, Japan

X sgn )Pxr pwms w wr x X o
wawa m s s gr S mWmms r P o
s s »
4.5.2  Objective Measures. roox S ™ P WZCIS
PrX TR M TS W » o » e »
rans mwm r r sp ws s ) m ws m sgwn( 0w )
o » S X rom »
su P ®ooox rs wmrxrs( spPp srw
rfi sgnp sr mmAm W W o X
X r spr m s us Pr mns x
r x x su s W owawm ox x
us m ®OR WK g sSgn W x »
s ®» ™ wmww r wgrw sT X wg sm
us s W oW S ®m P wzZrx
5 Results
5.1 Quantitative Results
5.1.1 Data Analysis. x rs s s
raur  sswwyp ws( g m rm ST W W) W™ XS W
44 n Swu mors w4 r o wap » g s
o » x4 us T » s
x [ ] rmwmprmx s »
S W ppr px RIS v} srow » mor
X ®ormps ss T pr wr s r T
9 x ®p rs mSrmr wS no 1 ws all Pareto
front wspr » P rwus r Tgur  Tgur
s »n sgnfi o m ffrwm s XS US WG WAWS S X
»s ®Yp XS WS ®xx »n T mr grss m
PR oW X s during r ®mS X s  mNW
Sgur 1 Fgur 1 wm Sgur 14
T rxxx rxsxprsm srp wmi o wm wm ox s
oR_ ) rr Rmrwmrpreg Pr rwmgrp
e (1) $ MMFL X Prm r w W W NS—
» fi sx S ¥ WFRMm W WM WS Sgw
prw xs( wxrs m i a wss T 1) x x ppr
w » ss mom wms—m () rsw wmg wg S
® oS oz mow § mawa x wams ws(pr...p1)

5.1.2  Number of Applied Stopping Criterion. T s ppwmg r r m

s W » S S gm sx »r s rsm
ws w r mws(s S »n )T s wrr rl
“prx pws(1 )m r  nmg T rom
xom 4 S x wr m Pr oW oW mwa S ox
n i oW ST WM rm maS ¢ T ng
pr ( m  wmew/mmwes)s rSs T osswan P s
S ng g W Wg 1 P ORW s s
e WmswmTgur 1 Tgur 14 m € s rs x
Pr P WSSkgs S » ¥ WS W rsw mmar
us rs x - I s s »nxpr s s »
wrs ppRwg r r ™ W ssewp W norg m wrs
a«u
5.1.3 Design Performance. xS ST W swwa S ww
sgnfi m ff visualization condition = perceived safety

(x () 44p< 1x 1ls Tgur )

pPRS U - W R

Jansen, Colley et al.

wm 4 s x T Ssg

SD=1") m rws  perceived safety

»rs(M= SD=1 ). adj.
®» ws rs (M=~

»s s
nfi oW g r(M=1
N uS W S gm
p< 1) mwmpr us W s gw
SD=1 ‘). adj.p< 1)
®s s s wm prow
T ssgnfi m e (M=
perceived safety  wap x us W S gm » s (M=
SD=1 ). adj. p= ) ™ mpr us W S gm
» ws rs(M= = SD=1 ").adjp< 1)

s s fin s ww ST W orm jec)
Sr T ssgnfi m e (M= "4 SD=1 ) nm
wwas  perceived safety  wap x s W s gm »

ws xs (M=~ SD=1 ). adj. p= 14)
rus srm sewma s wwm  sgwnfi om ff visu-
alization condition » gm (x() v p< 1rx
s “gur ) ms s wum ®s W S gw
prs ssgnfi m e r (M= SD=4") » rms
cognitive load  wap x 4 s x T M= "1
SD= " ). adj. p= )  wap ST WM xma ma S
T (M=~ SD=4 1). adj. p= ) !
Pr o om oI maS © T (M= 1 SD=4 ).
adj. p< 1 » s s s wuw us W s gw
ssgnfi w g r(M= SD= 4) m rms
cognitive load wap 4 s T (M= "1
SD= " ). adj. p= )  mpox SX N rm mwa S
T (M= SD=4 1). adj. p= ) w wp
Pr oW orw maS r T (M= 1 SD=4 ).
adj.p= )
rus srm swwa s ww sgnfi owm ff visu-
alization condition » xus (y () 44 p< 17x s g
wr ) ms s ww 4 s T s
sgnfi » ¢ r(M= 4 SD=1 ') w» xms trust wp r
us wa S gm ®rs(M= 4 SD=11"). adj.p< 1)

i

X

» W x

» us rs

» s s s "o »r o™ o mwa S x
T ssgnfi m e r(M= SD= ) m rws
trust  wap x us W s gw mrs(M= 4 SD=11")

adj.p= )

rus srm sawa s wwm  sgnfi om ff visu-
alization condition = pr (x () p< 1x .
s  Tgur ) m»s s ww 4 s r T

ssgnfi w e r (M=4 SD=1 ) m rwas

predictability  wap us W S gm »rs(M= 1
SD=11).adj.p< 1) wpr 1 s (M= SD=1 ).
adj. p= 1) = wp x us W S gm WS xS
(M= SD=11"). adj.p= 1) p»s s s ww

i IRy maS x T ssgnfi ®m

¢ r(M= 4 SD= ) w» rms predictability wp x
us W S gw prs(M=1 SD=11).adjp= 1) m

»r 1 s (M SD=1 ). adj. p= 41)
TS srm swwa s wm wm osgnfi m ff s W
Py (x@  p- x s fgw )
rus srm swwa s wm @ sgnfi m ff s W
s s(y 49 1p= " x 1).s “gur )T «r s
» sz » Sgwm x o1 s s s w » s



OPTICARVIs: Bayesian Optimization of Automated Vehicle Functionality Visualizations

~2
€ ordinal

2
Yiruskar-watis(D) = 39-44, p = 1.94e-07,

5.0- Phoim-ag) = 3.87€-04
o~
Prom-ad, = 979 6
Tiomag, — B
PHoim-ag) ~ 1-69¢-0%4

- 2.5-
2
X
©
2]
°
[
=
@
O 00-
o}
[a8

-2.5-

Cc2- C3- C4- C5- C6-
Custom design Custom design  Cold-Start  Expert-Informed User-Informed
by experts by end-users  HITL MOBO Warm-Start Warm-Start

HITL MOBO HITL MOBO

C1-
No Vis.

(a) Statistical comparison of perceived safety.

=0.11, Clgsy [0.06, 1.00], Ngps = 366

1UED1UBIS JUMOUS S1BQ “UUNQ 1531 BSIEY

Cognitive Load

CHI 25, April 26-May 1, 2025, Yokohama, Japan

~2

€ ordinal

PHolm-adj, = 3.37€-03
PHoTad — O

2
XKruskal-Wallis(s) =30.17, p =1.37e-05,

PHom-a0 — O
ToT—ad) — O
PHoT-ad) — O

PHoTm-ad) — O

20-
10-
0- i 0
C1- C2- C3- C4-
No Vis. Custom design Custom design Cold-Start
by experts by end-users  HITL MOBO Warm-Start
HITL MOBO

(b) Statistical comparison of cognitive load.

Figure 7: Statistical comparison of perceived safety and cognitive load over the conditions.
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Figure 8: Statistical comparison of trust and predictability over the conditions.
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Figure 11: Visualization of parameter values from participants’ Pareto front in conditions C3-C6 and the experts’ standard
design in condition C2 (see Figure 10). The parameters displayed are transparency (), size (s), and visibility (v). A visualization

is OFF if v <

and ON if v > . . C2 shows the mean parameter values from the experts’ design. Conditions C3—-C6 present

participant parameter values at the interquartile range’s lower (25th percentile, Q1) and upper (75th percentile, Q3) ends.
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6.6 Limitations and Future Work

wroox s B WS TWR W WSS SS Wg »p »
wypr st pr ow U su z

»S r oW »s s T .

» S o S S »

=t
"
=
3

an
"

[
<
w
=t
=
L]
»
=t
L}
[
2

—
)
=
»n
)
L]
)
=
L]
=
=
&
=
=
L]
)

¥ R X AR WmSSK SW X S

rfi wmwm ssa sp sr m ws s
S PTr PWS x| osar

» ms T sxp

T pr  sss »

S PR W
sp ®oox
4.1 s s
UL NECHEE TR < IR x fim
X oan m g N Sw
Z W SgWs WrnNg X mS o owr rs w
P X ®mX s S mr P sur BMwW W » ®S
S

X

=
172]
2 4
=
"
L]
=
=

S X RR W r ne s
X MR R e
»noxm m »p NS rgmwmrx z »
1 ME S WXXsSMS x gnmnr z sp
rfi » O sSs b J NS a4 B S W

» owsrs ow S L

=
=
=t
3
"m
©»

s ™ x norow » ss ® xS »
»p WS » » w r x RS QU W S P
PR®S Wmr s x fl r su X P WS W
r Mg S wmw ns[ ] s s wms rwg wp
¥ X WS mMrx s W i I rfi  wgrs wr

r P Ss wm w nE oW S wan BT AR w
s W sw X s w oW T »

=

W CU
wowmomr
P WS Ng pr S
» wypr i
(85 rs (1)

Jansen, Colley et al.

LY @ rs xr gmz ssu [1 14 ] maw ox
wWp wNg sp i I Sa zZ WP rXw XS
w» x CURCT-0 T SX WgWS XS X S wrwg
Ss W IR WM W wrsw wa X wpr
ns s z W xs u X Ng ®ox rmm
»
woar ffrwm swflum wsrxpr p ws s [ 4]
rws m » oW mwmw rs[ ] s iig
ne Xmrom m we m SW Z WS wrsw
s W ®ow o x 12 »pr
wswg T pwz w» w wawa XS WS rm S
S WaNANg X W W wr » T ssss s ff WSS W wx
rs r s w Ul 1o ws xs rwa ffrw
u s
7 Conclusion
T s r wp T »n 8 S gm sp
woow sa z MS W Ss ™ m®mswu
11" mx mwms » roomoppr
whrmang s fli P WZNg SW Z WS T S
s s sgnfi m smox wyp x s
z ®»(1) s s xpr r wgs r always
xox 4 S T s s s S r wm
maS ©r p wmz wmsgnfi w wpr »r s
an o res IS "N s » ff x
X » R nS qu W 1P »r s »
XX Ng®ISm™m zZ ® su Z S gns
wpr ® WS T Pr WM S W X s PR W W
» WSS
Open Science
wa s ®m ®wmzrx(s ws//g w  w/P s
) ws w/ S ®m oPwWZ W r W ) » » »
Wp MK AL S W (mmmz ) (s ms //
s w W/ /® s ) T moopr

Supp rSW » S WX S ® oW wg S »

S Ngsr gr mg sr x M WX sSrxa wr x now

sw S r wg[ ] w r mg x

Acknowledgments
» s Ppr pPpws » » Swwa
m xS oW »oOwmor noorpr ngsgnfi m
NS S W wpY m pmwmz »T s x s supp *
G v w w ng Sr ( ) s
References
[1] »nS  rw T om w rff = W W wr
1 rMs W Xror us r »w » g
» ®» g r W W W ous Transportation research part A:
policy and practice 11 (1) 1 -

[1Sp» w» X s w mwn G r rs m
S s w s 1T s »WZ R »s
EURO Journal on Computational Optimization (1) 1 11

[17J uw Y omg wS w» » ) ss »g 1 "rm o

r e w owm r e 1 xs o ® Proceedings of
the 11th International Conference on Automotive User Interfaces and Interactive
Vehicular Applications ( x x w s) (AutomotiveUl '19) x

S - 1 114/ 41 44

ws// s sum s r W /


https://github.com/Pascal-Jansen/Bayesian-Optimization-for-Unity
https://github.com/Pascal-Jansen/Bayesian-Optimization-for-Unity
https://github.com/M-Colley/opticarvis-data
https://github.com/M-Colley/opticarvis-data
https://doi.org/10.1145/3342197.3344529
https://cixschool2022.cs.uni-saarland.de/

OpTICARVIs: Bayesian Optimization of Automated Vehicle Functionality Visualizations

(4]

1]

(]

(1]

» » xmoxrr o ow J mg S mawm ® om R oW
mr Gr w sm oW » s T x r oW
r r fi w » X s » p wmz w» w» Advances in Neural
Information Processing Systems 33 »/x rg/ s/11 4
) RS x s s®m 0w x x 1
X or— ® W W W X » oW ppr swmg w ™ »owox
®»  Human Factors (1)1 1141 111/ 14
X ws// g/l 1177/ 1 1 4 P 44 4
g T ms s T sOrss Pupp w» H u g
w x n ox) g » x S m 1 w »
swg ¥ wg ® x x m W Pr »nw Twa = The 34th
Annual ACM Symposium on User Interface Software and Technology ( r w »
S ) (UIST 21) X S 1 1 114 / 4 "4 44
rom ur w 1 S ™ Wz ®op NS wWR N
Advances in neural information processing systems (1)
" rm » s 1 w ox » s W
s wm  ws » » ws v
e ng arXiv preprint arXiv:1012.2599 ( 1)
» G rg Jowm) ow woow wg P rx
rs WSS M W W w s r » s g wgPs » s
L3 s waoR m P PWZ W X SguWwNg W ¥ »nT
» «u s ® Proceedings of the 2022 CHI Conference on Human Factors in Computing
Systems ( X ms S ) (CHI 22) r S
11 14pgs 1114 /4 11 1
Su g »oroww » oW W W w s r » X Prx
sS® zZ W ssfirs *» p sng w s
® wmz w w Proceedings of the 313t ACM Conference on User Modeling, Adap-
tation and Personalization ( ®a ss prus) (UMAP °23) x
S 44 1114/ 4
s ng " ow wmow T
weonw » Frwm Susp S
» Sp ACM Trans. Graph. 4« (1
114 / 4
T EH S ®» ss S » T grs 1w x
»mwmz » Gnwarx g ng us Mg S au ®
» » ®» s Gu w» w» Computer Graphics Forum 4 » R

rr -

»
L

X

g'rs » ne o

x XS M rwmr xr oW RZX % R wwm ew
»oowr "z i sa z W P osrmmoam ow g
» »Trus » gn w 12th International Conference on Automotive
User Interfaces and Interactive Vehicular Applications( r w » S ) (Au-
tomotiveUI °20) X S 11-11 1 114 / 4 1 41 4
x nowan Xrymw nom o wr "z 1 ff s
Swmm Sgmn » su z ®m »nTras S w w TR ss W
an » 8 % owm s m Proceedings of the 2021 CHI
Conference on Human Factors in Computing Systems x S
vl pgs  ops/ re/l 114/ 411 4 441
x S s » 1 g » ar Tm »ws »owr w z
4 w T rw s 0w » wmr T xm mr o oswm 0w
®nOFS R OW s Proceedings of the ACM on Interactive, Mobile, Wearable

and Ubiquitous Technologies Sop» 4) 4 1 114/
x Ps Jwmswm wr wz % jJnCugnm mwmrx S
xS » rtwRg » F s momox »ow C
w W r mg Swg rz S S Proc. ACM Interact.
Mob. Wearable Ubiquitous Technol. 4 x 1 ( ) mss 1
114 / 4 4
x S m rwss r W NZX B WK "z 1 S w
u m s wawem x Swu wms wap r ® ss
sa z ®» w ps Proc. ACM Interact. Mob. Wearable Ubiquitous Technol.
r 4(sp 1) »es 1 114 / 4 111
x X W NZ X)W WK 3 x » WK "z
1 u we wp s m r xS «x »RPxp »aw
Ppr m Prswm z wm w om s s m 13th
International Conference on Automotive User Interfaces and Interactive Vehicular
Applications ( s m ng m) (AutomotiveUI "21) X
S - 1 114 / 4 11 4 1
x » mow o m r%ss m o x z x
» o wr wz w7 » S g wg ff s P
su zZz WS N W W rowmox Proc. ACM Interact. Mob. Wearable
Ubiquitous Technol. ’ x (um ) mses 1 114 / 4
r ) ms@ mamwm w wr w oz s
S = »S m Pr now »mu P meng sa z WS W
Tras S w w» rmss W gn u W s
Proc. ACM Interact. Mob. Wearable Ubiquitous Technol x 4 (w )
imsgs 1 114/ 4
x xSp ymSrx Jm mym o owr zZ m
nr "z 4 ff s »or wmTr r Pr »osw oz WW
8 u W s »Tras S w  w WSS W gn

(]
(]
[ 4]
(]
(]
(]
(]
(]
(]
(1]
(]
(]
[ 4]
(]
(]
(]
(]
(]
(4]
[41]

CHI 25, April 26-May 1, 2025, Yokohama, Japan

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. © 4 x 1 (0w 4)
»es 1 114/ 14
wrr mo S nPx n) W s x » ns m
Sr m 1 r we s p sp P wfla
m s x xsPr p ws w W s m Proceedings of the 2021 CHI
Conference on Human Factors in Computing Systems X S
x 111 psgs ws// xg/l 114 / 4117 4 44
Sx s 1 Px uS WwW sSSP s s W WS ¥ »
» »orm oW » & MiSquarterly(1 ) 1 - 4
us wmoor 1 Pr wg ™ »pro® O® rowom T we
Autonomous driving: technical, legal and social aspects (1) 4 "—4 4
Twm x sw z fowmowm oW s W x S
sgePrm ®» s xPxsm z ®» ma @»w w W X wWg Sr W
x s s w»T x » wpr ®» w2023 IEEE Intelligent Vehi-

cles Symposium (IV) X S 1- 111/ 1
11
) owmy ow jswmT) aus » Prx rs wss m 1 x s wur wg
»ox ur sgw s m m wz w» wm Proceedings of the 2019
CHI Conference on Human Factors in Computing Systems (G sg S » )
(CHI ’19) x S 1-1 1114 / 4
oW pow ) ow » 1 w wmws wm Prx » Wz w
Twu s w» xs rSp W ox » o Rpr Sp ng »
Proceedings of the SIGCHI Conference on Human Factors in Computmg Systems
(ws»T s S )(CHI’12) x S
114 / :
X m mweewS wmS wmpr wn T xP z 1 xss w owr ffr
mosw »ow s mS W om s Applied ergonomics
(D1 4
S = s mrx » TR uwa Am ng ¥ W
Swu S E ) wngS ws » wm w S X wg
P sxrmwmx ®» ™ Proceedings of the 2020 CHI Conference on Human
Factors in Computing Systems ( ®» ww S ) (CHI ’20) x
S 1-14 1 114/ 1 1 44
» o JTgnaw o wm x mm 1 Prprmg ®» = r o ™ W ws
S PP TrTWM S XX XS WP romwm W ws Transportation
Research Part A: Policy and Practice " (1) 1 =11
rmz Yo gr x x w Rr ow x G rg wg S
s » rwm ssuswgG P x 1 Tss rx rr M W X grss W
®» s s Behavior research methods 41 4 ( ) 114 -11
w s T xysp S s w oW rer m x P
Pr PR w W W WS n s s »
T ma oS oz W™ W oW zZx zSw »
Proceedings of the 2023 ACM Designing Interactive Systems Conference (P s wrg
P S )(DIS 23) x S 1 -1 1 114 / '
1

G zz ) » 1 n wg T » g
»w ssss w wm m Cogn Tech Work 14 (1) -4
ws// rg/1 1 "/s1 111 11 1 4
G nor x W rs S wm “wmaw oW xS s
» » x wgS W » xs
ros r 0w s gm m Proceedings of the 2022 CHI Conference on Human
Factors in Computing Systems ( r o ms S ) (CHI ’22) x
r 1 1mgs 1114 / 4 11 174
R S T (Ts
wap » x rs o« » Advances in psy-
chology s r ms r wmT rms 1l -1
» us s WA »o s nPlgng » wmr s wz 1
Supp r mgTrus ®» w w wa ws r mg w Proceedings of the 22nd International
Conference on Intelligent User Interfaces ( wa ss wrus) (IUI '17)

r S 1 - 1 114/ 11 1

»ow r ) mgr s G wz noRow s m ms w
1 4 Sgn B W » Wz W » 8 » ®r
Advances in robot kinematics and computational geometry (1 4) -
T nGrw® mw x x » S ffw ssw» 1 Pr
s®mMgSs M M X m W ¥ W s rSupp r wg Tras x

®mw w wmow ws r mg = Proceedings of the 5th International Confer-
ence on Automotive User Interfaces and Interactive Vehicular Applications ( »
» x m s) (AutomotiveUl ’13) r S 1-1
1 114/ 1 4 1 4,
»oTRW rgmz ™ xS wm xrz wm 1 s— rg ™ W
sp s ¥ RSP X W rm »ow MX S S ms-— g M WM g MWW
PER P S W wmp wopr wrs S S wm x ws// s rg/
s m x/ w ss 4 1
»Om » g Wz » xS W™ r z » 1 g ™ WS wem
ss mm x »n=-Pr 11 s fim wms w» w» ps S S wm x
ws// s rg/s m x/ W ss 4 1
»oxm » rgwz ®» rSwm xrz w» 1 g ™ ® S ARSI
SSs m W x »n-Px 1 weewm wr sgn r W x S s ms


http://arxiv.org/abs/1910.06403
https://doi.org/10.1177/0018720813482327
https://arxiv.org/abs/https://doi.org/10.1177/0018720813482327
https://doi.org/10.1145/3472749.3474775
https://doi.org/10.1145/3491102.3501850
https://doi.org/10.1145/3565472.3592956
https://doi.org/10.1145/3386569.3392409
https://doi.org/10.1145/3386569.3392409
https://doi.org/10.1145/3409120.3410648
https://doi.org/10.1145/3411764.3445351
https://doi.org/10.1145/3678503
https://doi.org/10.1145/3494968
https://doi.org/10.1145/3494968
https://doi.org/10.1145/3478111
https://doi.org/10.1145/3409118.3475132
https://doi.org/10.1145/3596249
https://doi.org/10.1145/3534609
https://doi.org/10.1145/3631408
https://doi.org/10.1145/3411764.3445575
https://doi.org/10.1109/IV55152.2023.10186755
https://doi.org/10.1109/IV55152.2023.10186755
https://doi.org/10.1145/3290605.3300482
https://doi.org/10.1145/2207676.2208659
https://doi.org/10.1145/2207676.2208659
https://doi.org/10.1145/3313831.3376484
https://doi.org/10.1145/3563657.3596051
https://doi.org/10.1145/3563657.3596051
https://doi.org/10.1007/s10111-011-0194-3
https://doi.org/10.1145/3491102.3517704
https://doi.org/10.1145/3025171.3025198
https://doi.org/10.1145/2516540.2516554
https://www.iso.org/standard/69238.html
https://www.iso.org/standard/69238.html
https://www.iso.org/standard/63500.html

CHI

[4]

[4]

[44]

[]

[]

[

’25, April 26-May 1, 2025, Yokohama, Japan

S S » «x ws// s rg/s m x /" w ss 4 1
Ps Jmswmju »m xr wm » r ws T Sgs w x x
»oowr "z s ™ wg AR XS ® ss
% wm srw x o »Sw s wm Proceedings of the 2023 CHI Con-
ference on Human Factors in Computing Systems ( wa wrg G rwa » )(CHI '23)
x S x ’ ?»es 1 114/ 44 4
Ps Jnmsw x T wa P X o™ wx "z 4 su zwg
wproos W 0w »owopr R ow W s W ors w

NG US XS P X P WS us x s ms w r s Transportation Research Part F:
Traffic Psychology andBehavzourl 4( 4
Ps Jwmsw x nr uz s gw Sp Xooww W
Swsr m w % ows oW »ox » s ™ Ssm X
wr Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. x
(u ) 1psgs 1114/ 41
Torom IR ) o nS MW » 1 »
K SN W s »g Sp Gwnr R » s m
® ®z ® m Proceedings of the 2021 CHI Conference on Human Factors in
Computing Systems ( ) w) (CHI 21) x S
* pgs 1114/411'44414
waw s x ns woR ow w
zr 1 sé'n'n; wg gwgC m s swg S ® PpPWZ W
» Proceedmgs of the 2016 CHI Conference on Human Factors in Computmg Systems
Swmjys m S ) (CHI ’16) x S -
1 114 /
) mam Jumgsu » o Ju rmS wmr xx X om ff r
ss 1 » X ous P RMNES W ¥ W W WS T N
ws  wpr r rewm s m wmg ras w pr xwa wm International
Journal on Interactive Design and Manufacturing (IfIDeM) 4 ( 1) -
rz rr 1 T x ®S r WS W pRaw ws w
»ox sur Tras ®m w wa ® w Proceedings of the 20th Congress of the
International Ergonomics Association (IEA 2018) S s = ev X
Tr g Srx » T ms m r w» ws " ( s)Sprwgr
» ™ wm Pu s wg w1 -
» wmow s G S sss W swg s mop
mz ®» r swm rmwus Gwr wg sgwSugs s wms w Proceedings
of the 35th Annual ACM Symposium on User Interface Software and Technology
(w» S ) (UIST ’22) x S x " l4pgs
1 114/ 11 4 4
wm ss S » s G S au ®» G 1
x su sgn » wmz w ACM Trans. Graph. 4 =« (ug
)1 mes 1114/ 444
» r wwz S P W) Swwawa xs uss xS » s 8 )
T omoss 1 ngw W s® S r  mwmww ¥ W X W
B oTR W R W W x wg m Proceedings of the 10th International
Conference on Automotive User Interfaces and Interactive Vehicular Applications
(Trw » ) (AutomotiveUI ’18) X S 1 4-1"
1 114/ 4
» r wwz S P W) Swwawa xs uss xS » s 8 )
T omss 1 » g ™ r W s swgPRxp x XMmss sp s
» » u om x mg m Proceedings of the 11th International
Conference on Automotive User Interfaces and Interactive Vehicular Applications
(x r ® 8) (AutomotiveUI ’19) x S - 41
1 114/ 417 44

s x s »ox o » ) s ¥ » r 1 Pu Py ow
»ow oW r e sw s n W R M oequ S NN X W Ng
®» w s Transportation research part F: traffic psychology and behaviour

(1)1 -14

x W wzrx %rmzs " » » wg "Wg W) wwmwm wg
» R L ) SgRNg  Wwww nSr g s u W owws

s P sxr ws wmw rww Sa wI2thInternational Conference

on Automotive User Interfaces and Interactive Vehicular Applications

x S 1 -11
Jom » rw S 4 Tras » w ®m W
Human factors4 1( 4) -

Sgmwmg T v

waon m » sgv pwmz w»( )
) omy ow G rg uw » ng now
w s » P rs mss m o ® osgm "
s » » waz w IEEE Pervasive Computing 1 ( ) -
G rg Jom) o w wow »e »Px
XS WSS M W W s r 4 Pr »pr s gr up
wan S M PWMZ RER T » wnan  sgn Collective
Intelligence 1(  4) 1 41 411
P ox » owmoww T g » Gr r g 1 wx
NgsS w w TMSS r g " ow X Ng » P W X
® s sp wsrtowox Multimodal Technologies and Interaction 4
(1)
row row rw x » % W oW ows s

» x ws xsp fi rsp i oW »ow wam ws User

[1] T rrw®» S rrx 4 Swurx ww

"] mr o osw o owm ) ow

‘1] wmr s gr ®mr s W

‘4] rwm =S » S

] S rxr »S xs w W »nP ms m » x

"]ymsS m o w N ss

Jansen, Colley et al.

experience design in the era of automated driving ( ) 1-
» Wz mm s
r wgw rwg Structural and Multidisciplinary Optimization ( pr 4)
- 11 /s 1

] ss sym s » ST WSS W X oW rs W
noyRR Wz u oW / s wg Mg S ™SS WS W
X owapr ® 2020 46th Euromicro Conference on Software Engineering and
Advanced Applications (SEAA) x S 111

] x G Gr m s® 0w rs »m S p® m ®m W™ r s«x

P ss ng s P mrom roow s » S
P ss wg r ® © ®m s m Proceedings of the 35th Annual ACM Symposium on
User Interface Software and Technology (= S ) (UIST 22)
X S X 1 mes 1114/ 11 4

gru ®m  wrx u oz 4

rom T » w g ® sz 0w

X Aaw u W x  wg Proc. ACM Hum.-Comput. Interact.

E ) ‘mgs 1114/ 41
x 1 sgn W w ow T w
Prsm z » sr o mox International Journal of Hu-
man—Computer Interaction 1 11 ( 1) = 1-'4 11 /1 44" 1 1
14 4 x ws// xg/1 1 /1 445 1 1 1 4 4
] s S xx » Swm mSw 14 » wNg ™
f T ®g ssurr ww wg P r @ wm st r Reviewof social studies
11( 14) -

] g w® W » us S w» ¥ OmNr S wz T
uwv w W wnfim s Swu » Ng W » ®wNg
Wi m o » » ° wr s w Proceedings of Mensch Und Computer

2022 ( rwas G wm ) (MuC 22) x S 1 -1

1114 / 4 41

s wPfl gng  wr g W rox 1 » sg wg s7x s x

»n x wNg s wrmg W W x wg ® Proceedings of the
15th International Conference on Mobile and Ubiquitous Multimedia ( oW

“m m ) (MUM ’16) x S 1- 1 114/ 1
1"

] sPz ) wg ®» P x Trzox 1 s r omg s W

® w2016 Winter simulation conference (WSC) x

s -1

»
(

Ts ss 1

P sx WS sar r o omopr

Transportation Systems 1 (1) -1

romw M WS MWW 1 » x

w » s g wg ® T omSp T » s sp mowoox
u x wg Mensch und Computer 2019-Workshopband (1)

moow» [ ]S s r wg w owm W™ fin x X
™w "w oW ws// S re/  8/s 1 wup

S = ) om s s swms w» S [ wor

»u® r wm wsgr SQGr X 1 » » wrs  Trws

» w w w ws r wg wm Proceedings of the 2021 CHI

Conferenceo n Human Factors in Computing Systems X S

x 111 mgs ws// xg/l 114 / 4117 4 44 4

14 A survey of public opinion about

autonomous and self-driving vehicles in the US, the UK, and Australia T =
pr ™ xS gm wmm o r rTrmspr ®» s r W w

u oW ows s mor
IEEE Transactions on Intelligent

s 1. T wg W wow i I
Proc. IEEE1 4 1( 1) 14 -1°

s ®pWMZ W

PT wmasja P auws w» uwmw
oo sS® W™ S W pr  wmpr ss sswa w
®» © s Emerging perspectives on judgment and decision research ( )

— 41
"] Srm Sr xowm x ¥ rs »T noow w s 1
®» s g wg x u Twgrx wpm x x T nrw
Proceedings of the 33rd Annual ACM Conference on Human Factors in Computing
Systems(S w  pu x )(CHI’15) x S 4 -
1 114/ 1 T
"] wm S wmap x O "z T rs wp »
x »n R g U] s Ss m rowr
Proc. ACM Hum.-Comput. Interact. x 11(sp ) 1psgs
1 114/ 4~
] T g 1 » w oW wpu »ous W » s
PRZ R W WW W w w Proc. I[EEE ( n1-
111 / 4.4
1w »noox » row »oow S s W
»r W sS Ssw W »w » x msp s

Transportation Research Part C: Emerging Technologies 1 (1 ") 1-1

[1] Twar =wS 2z P pp wmirxs rgr mr s mnr mjsp G

X 1 wmr swgTras » “w ) r owg W W » R OR
nugwa » wp sy ® Proceedings of the 8th ACM International


https://www.iso.org/standard/77520.html
https://doi.org/10.1145/3544548.3580760
https://doi.org/10.1145/3534617
https://doi.org/10.1145/3411764.3445140
https://doi.org/10.1145/2858036.2858253
https://doi.org/10.1145/3526113.3545664
https://doi.org/10.1145/3386569.3392444
https://doi.org/10.1145/3239060.3239074
https://doi.org/10.1145/3342197.3344537
https://doi.org/10.1007/s00158-003-0368-6
https://doi.org/10.1145/3526113.3545657
https://doi.org/10.1145/3546712
https://doi.org/10.1080/10447318.2015.1045240
https://doi.org/10.1080/10447318.2015.1045240
https://arxiv.org/abs/https://doi.org/10.1080/10447318.2015.1045240
https://doi.org/10.1145/3543758.3543761
https://doi.org/10.1145/3012709.3012735
https://doi.org/10.1145/3012709.3012735
https://www.sae.org/blog/sae-j3016-update
https://doi.org/10.1145/3411764.3446647
https://doi.org/10.1145/2702123.2702136
https://doi.org/10.1145/3546726
https://doi.org/10.1109/5.949485

OpTICARVIs: Bayesian Optimization of Automated Vehicle Functionality Visualizations

Symposium on Pervasive Displays (P rwa ) (PerDis ’19) x
r ‘mses 1 114/ 1 4 4
gn r x » x s » WK "z
»r wwmg sr% wm Pugwn moroz Tr  wg
»ow ®» r mwa ™ s w Proceedings of Mensch Und Computer 2024
ra G v w ) (MuC '24) r S 1-1 1 114/
[ 1 »8 »g ru rr WM WMIX N N FWIXS S xS
» ysp F g ® 1 T X Mg S mn W X SS SSWg
rmos oW o W™ mor S wprs W fi
s wg Ergonomics (1) 4 4-4
»mrSp wm » e r x S wug »r
e W) W™ s W IR 1 Assessing pedestrians’ percep-
tions and willingness to interact with autonomous vehicles T~ » pr S
prwmn  Trmsp r » ™ orox »  Tr msp r »
[ ] Xz ® H XZ SZ Xz
x » s »oowx o s
mow w Tx  wg w 2022 Symposium on Eye Tracking Research
and Applications (S S )(ETRA 22) x S x
‘mes 1114/ 11 1
) x 2 meGrg W Jwms) ggws 11
T & » Trws ma x wprwmr F x m SS sSwg W
»  Pr wr s m Proceedings of the SIGCHI Conference on Human Factors
in Computing Systems ( » & x ®» ) (CHI’11) x
S 14 -14 1 114 /17 4 1~
[] «» = wwr JAMA Guideline for In-Vehicle Display Systems
S T = Pwpr 1 S oMW ws// s rs/
»u ws/ » s/ w ow/ 1 / ss » 4
[ ] ng wma ng » o T w s oW
» »or pp» ms PG Human-Centric Intelligent
Systems 4 ( ) 1 4-1
[ ] »ng Mg WM T S ¥ »u  Pr » T ar ) ss
ng ®» »n P x T wp T » g Susp »
» T nggmn » i » ss » ®»  ws IEEE Access 11
( ) 1 o1-1 4 111/ SS 1
[ 1] ng % W ng G ng » ne 1 Sp xm s gm
X W swg g s rup oW W oMWW WX Gw Pr
gr wawa wg W Proceedings of the 2021 CHI Conference on Human Factors in Com-
puting Systems ( w ) » w) (CHI 21) X S X

[4s

w w Srowa wa
WP XS W

Z x Z

» X

]

CHI 25, April 26-May 1, 2025, Yokohama, Japan

1 11pgs 1 114 / 4117 4 44
[ 1] N wwu ng ) N W T » uomow
» Wz 0w » s gm PP Wg W oWIr P 4
x Applied Sciences 1 ( ) 1 / mpl

A Expert Study to Inform the Standard
Visualization Design

B Procedure
" n nr [} »n

You will see a video of a driving session in an automated
vehicle. The vehicle takes over lateral and longitudinal
control (braking, accelerating, steering). The vehicle at-
tempts to assess the situation and determine the intent of
nearby pedestrians and cars. While watching the video,
you are supposed to imagine sitting in such an auto-
mated vehicle, following the entire journey attentively,
and then assessing it.
nrow W xS x 4

After each trip, please rate the visualization. The vehi-
cle will adapt its design based on your feedback. This
continues until the vehicle finalizes a design, and you’ll
take one more ride with that selected design.

C Results
C.1 Objective Values over Iterations
C.2 Eye-Tracking Results
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Table 2: Results of the expert study regarding the 16 design parameters normalized to a [ , 1] range. Experts (E1 - E8) used the
custom parameter design tool to manually select parameters they deemed fitting for the given driving scenario.

Design Parameter E1 E2 E3 E4 E5 E6 E7 E8 Mean SD
p1: Sem. Segmentation ! : : ! ! : 1
p :Sem. Segmentation Alpha 1 1 1 1 1 4 1
p :Pedestrian Intention ’ ’ 1
pPa: Pedestrian Intention Size 1 14 1 11 1 1 1 1 4
p :Trajectory ’ 1
p :Trajectory Alpha 1 4 41 1 4 1 1
p : Trajectory Size 1 1 4 4 1 4 14
p :Ego Trajectory
p :Ego Trajectory Alpha 1 1 1
p1 : Ego Trajectory Size 41 1 4 1
p11: CAD-Covered Area
p1 : CAD-Covered Area Alpha 1 4 1 1 1 1 4
p1 : CAD-Covered Area Size 4 1
P14: Occluded Cars
p1 : Vehicle Status HUD
p1 : Vehicle Status HUD Alpha 1 1 4 1 1
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(a) Progression of perceived safety over the MOBO iterations.

(b) Progression of cognitive load over the MOBO iterations.

Figure 12: Value progression of perceived safety and cognitive load. The Warm-Start conditions had no sampling phase (i.e.,
iteration five was their first iteration) as they were initialized by the averaged expert design (in C5) or a custom user design (in

Cs).
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Figure 13: Value progression of trust and predictability.
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Figure 14: Value progression of acceptance and aesthetics.
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Figure 15: Eye fixations without the instances that the participants looked at the monitor but not at an AOI For C6-User-
Informed Warm-Start HITL MOBO, C2-Custom design by experts, and C3-Custom design by end-users, particular emphasis
was placed on the speedometer. In C5-Expert-Informed Warm-Start HITL MOBO, emphasis was put on the car, which was also
gazed upon comparatively frequently in the other conditions.



	Abstract
	1 Introduction
	2 Background and Related Work
	2.1 In-Vehicle Visualizations of Automated Vehicle Functionalities
	2.2 Personalization and Computational Methods of In-Vehicle UI Design
	2.3 Human-in-the-Loop Multi-Objective Bayesian Optimization

	3 OptiCarVis: Optimizing Automated Vehicle Functionality Visualizations
	3.1 Design Parameters
	3.2 Objective Functions
	3.3 Hyperparameter Setup for Bayesian Optimization

	4 Experiment
	4.1 Apparatus
	4.2 Design and Optimization Conditions
	4.3 Expert Study to Inform the Standard Visualization Design
	4.4 Participants
	4.5 Procedure

	5 Results
	5.1 Quantitative Results
	5.2 Pareto Front Parameter Set
	5.3 Qualitative Results

	6 Discussion
	6.1 Applicability of Bayesian Optimization on In-Vehicle Visualization Design
	6.2 Naturalistic User Reactions to Optimizer-Led Design Processes
	6.3 Empowering Non-Experts in Designing In-Vehicle Visualizations
	6.4 Towards Implicit Design Optimizations of In-Vehicle Visualizations
	6.5 Necessity of Optimization Explainability
	6.6 Limitations and Future Work

	7 Conclusion
	Acknowledgments
	References
	A Expert Study to Inform the Standard Visualization Design
	B Procedure
	C Results
	C.1 Objective Values over Iterations
	C.2 Eye-Tracking Results


