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The Impact of Color and Opacity on Depth
Order Perception in Visualization
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Reasonable color and opacity settings can show correct depth layers in
overlapped spaces and improve data understanding.
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Inappropriate settings may show wrong depth layer perception and cause visual clutter.
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This problem becomes more severe in realistic visualization applications.
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color fine-tune)

What colors and opacities should | use to make people perceive correct depth orders?
What depth orders might be perceived by users?
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Using warmer colors in the foreground and colder colors in the background.
- Bailey et al. 2006; Sundet JM et al. 1978

Using cold colors in the foreground, overlapped with warm colors in the background.
- Wang et al. 2008

Increasing the lightness contrast between foreground and background layers can
further emphasize depth ordering. - Chuang et al. 2009; Englund et al. 2016
Increasing the opacity of foreground objects can enhance depth ordering accuracy.

- Edward et al. 1990; Wang et al. 2008
Excessively high opacity should be avoided in contexts where transparency conveys
critical information or when subtle layering effects are needed. - Sakano et al. 2018

Opacity has only a limited influence on the accuracy of depth perception.
- Kersten et al. 1992:Kersten et al. 2006

Combining highly saturated colors with lower opacity to enhance visual prominence.
- Chan et al. 2009

Placing cold colors in the foreground and warm colors in the background can
improve depth perception even at low opacity levels. - Wang et al. 2008
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Top Layer Back Layer Supported Papers

Color Opacity Color Opacity
Warm color / Cool color / Bailey et al. 2006
Cool color Low opacity Warm color / Wang et al. 2008
/ High opacity / / Adelson et al. 1990
High contrast / Low contrast / Chuang et al. 2009
High saturation Low opacity / / Chan et al. 2009

? However, existing considerations often overlook interaction effects, and
2D may produce conflicting design recommendations.
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What are the impacts of color, opacity, and their
iInteraction on depth order perception?
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 Inferential Analyses
* Predictive Analyses

» Exploratory Analyses
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 Inferential Analyses
* Predictive Analyses

« Exploratory Analyses
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Results | Effect of Color Hue

H=20.51, p=.0046 H=27.08,p=.0003 H=44.26, p <.0001
® RED -_—l— —_—,r— - &
©® ORANGE —_— -_— —_—
PINK
YELLOW rb
ocreen | thesmallest o —_— the smallest —_—
error rates error rates
® BLUE —_— f’ ——— —_———
@ PURPLE —_— the smallest P — —_———
error rates
. BROWN —_— ‘ —._
0.10 0.15 0.20 0.25 0.30 0.35 0.40 010 0.5 0.20 0.25 0.30 0.35 0.40 0J0 0.5 0.20 0.25 0.30 0.35 0.40
-— better error rate error rate error rate

(a) overall effects of color hues (b) effects of color on front layers (c) effects of color on back layers



Results | Effect of Opacity

H=81.11, p<.0001 H =266.36, p<.0001
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H=15.70, p=.0004

0.7 =@= H=7122,p<.0001 @ H=21051,p<.0001 e H=7.18,p=.022
0.5 =@= H=224p=4 w=== H=061,p=100 / e H=141,p=71
0.3 H=4821,p<.0001 H=14.96, p=.0003
H=188.41,p<.0001
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
-— better error rate error rate error rate

NS error rate is smaller with high opacity,
and larger with low opacity.

\s error rate is smaller with high opacity, and
larger with low opacity.

(a) overall effects of opacity levels

7 conversely, error rate is larger with high
opacity, and smaller with low opacity.

(b) effects of opacity on front layers (c) effects of opacity on back layers
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Results | Interaction Effect between Color & Opacity

0=0.3 H=7.40,p=.39

a=0.5

H=13.03,p=.071

@®0=07 H=725p=4

041 0.2 0.3 0.4

-— better error rate

(a) overall effects of
color and opacity

in front H=28.71, p=.0002

® RED
ORANGE
PINK
VELLOW

® GREEN

® BLUE smallest

@ PURPLE

@® BROWN

H=32.76, p <.0001

smallest

H=10.88,p=.14

* smallest

-
-

0.2 0.4 0.6

\‘ a significant difference between
the effects of color hues on the front
/§ and back layers (H = 121.79, p <.0001)

0.2 0.4 0.6

no significant difference
between the front and
back layers (H =0.88, p = .35)

0.2 0.4 0.6

a significant difference
between the front and back
layers (H=76.89, p<.0001)

in back H=19.03, p=.0081 H=16.89,p=.018 H=12.79, p=.077
® RED —_——

ORANGE

PINK smallest smallest smallest

YELLOW
® GREEN
® BLUE —_——
@® PURPLE —_—
® BROWN —_——

0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6
-— better error rate error rate error rate

(b) Effects of color
whena =0.3

(c)a=0.5

(d)a=0.7
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* Inferential Analyses
* Predictive Analyses

« Exploratory Analyses
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Overview

Hue Front

. HueBack | \ /\.f

Opacity Front B ’ [ 0/1 ]
) ’ Predictive Model

Opacity Back
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Data

4862
Incorrect answer

14768 ”///////

Correct answer



Features

HUE FRONT: color hue assigned to the front layer

HUE BACK: color hue assigned to the back layer

OPACITY FRONT: opacity assigned to the front layer

OPACITY BACK: opacity assigned to the back layer

HUE MIN: the smaller hue value between the two layers

HUE MAX: the larger hue value between the two layers

HUE MEAN: the average hue value between the two layers

HUE DISTANCE: the hue distance between the two layers
OPACITY MIN: the smaller opacity between the two layers
OPACITY MAX: the higher opacity value between the two layers
OPACITY MEAN: the average opacity value between the two layers
OPACITY DISTANCE: the opacity distance between the two layers

CHI2925
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Architectures

Logistic regression
Decision tree

Random forest

SVM with linear kernels

SVM with radial basis function (RBF) kernels
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Metrics

TP+TN
TP+TN+FP+FN

 Accuracy =

Precision*Recall 2TP
Precision+Recall 2TP+FP+FN
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Results | Performance

o _ best
logistic regression —— —e— performing
decision tree —— —a
random forest —a— ———
SVM linear |e o
SVM RBF —a— ——
0.749 0.763 0.776 0.790 0.803 0.851 0.858 0.864 0.870 0.877
better —= better —

(a) accuracy of 12 features (b) F1 score of 12 features



Results | Feature importance

hue front
hue back
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opacity front

L)

opacity back
hue min

hue max

hue mean

hue distance
opacity min
opacity max
opacity mean
opacity distance

o oilgl®

]

-1.47

Logistic regression

0.39

2.24

=

-0.006

0.061

0.127

Decision tree

0.000

0.026

0.052

Random forest

-0.0039 0.0039 0.0118

SVM (Linear)

0.000

0.019 0.038

SVM (RBF)



Results | Sensitivity Analysis

better —

0.81

0.80

0.79

0.75

1 2 3 4 5 6 7 8 9 10 1
Number of features

(a) accuracy changes

Best performance model: random forest with four features

12

0.880

0.875

0.870

0.865

0.860

0.855

0.850

0.845

1 2 3 a4
Number of features

5

6

7

8

9 10 N

(b) F1 score changes

(opacity front, hue front, hue back, opacity back)

12
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Results | Design Tool

Depth Perception Predictor

Input front back front back front back
Front H 0 S 0 L 50 Opacity 1 ‘
Back H 0 S 0O L 50 Opacity 1 -]

Meodel  Random Forest

Result RN

Correctness Probability
Incorrectness Probability

Depth Perception Prediction
Correctness Probability 0.1929 Correctness Probability 0.9411 Correctness Probability 0.2701
Incorrectness Probability 0.8071 Incorrectness Probability 0.0589 Incorrectness Probability 0.7299
Depth Perception Prediction incorrect Depth Perception Prediction correct Depth Perception Prediction incorrect
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* Inferential Analyses
* Predictive Analyses

« Exploratory Analyses



hue_front
hue_back |
opacity_front
opacity_back |
hue_min
hue_max
hue_mean
hue_distance
opacity_min
opacity_max
opacity_mean
opacity_distance
lightness_front
lightness_back
lightness_min
lightness_max
lightness_mean
lightness_distance

-1.48

hue_front
hue_back
opacity_front
opacity_back
hue_min
hue_max
hue_mean
hue_distance
opacity_min
opacity_max
opacity_mean
opacity_distance
saturation_front
saturation_back
saturation_min
saturation_max
saturation_mean
saturation_distance

-1.48

logistic regression decision tree random forest SVM (Linear)
f |
f
f
f
f
|
f
f
f
f |
f |
f |
f |
f
f
|
f J
f |
039 226 0.000 0.068 0.136  0.000 0.026 0051 -0.0045  0.0045  0.0136 -0.003
logistic regression decision tree random forest SVM (Linear)
039 226 -0.007 0.064 0.134  -0.002 0.024 0.051 -0.0046  0.0047  0.0141 -0.004

SVM (RBF)

0.022

SVM (RBF)

0.023

0.047

0.049
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Lightness has
minimal influence

Saturation has
minimal influence
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Design Guidelines

1. Blueand (or ) can be considered a priority in selecting colors for depth
order perception tasks in the front and back layers, respectively.

2. Cold colors can be used for the front layer and warm colors for the back layer,
except red and purple.

3. Front layers should be assigned to higher opacity, while back layers should be
assigned to lower opacity.

4. In applications that require frequently adjusting opacity levels—such as medical
imaging for exploring different organ structures—using colors like red, blue and

green can be more effective.
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Practical Application

still hard to tell the
BErd el e correct depth order

LA

0.3 PINK 0.3 ORANGE 0.3 BLUE 0.7 PINK 0.5 ORANGE 0.3 BLUE @® 0.6 BLUE @ 0.5GREEN 0.45 YELLOW
Front Middle Back Front Middle Back Front Middle Back

(a) Bad design case (b) Still bad after adjusting opacity (c) Easy to see the depth order
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Thanks for your attention!

More details and source code can be found on:
https://amesholland.github.io/DepthOrderStudy/
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