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Figure 1: A sketch showcasing the applications of weighted lines in art. The insets highlight various uses for (a) Light and shadow (heavier
lines at the points of contact between clothing), (b) Hierarchy of importance (contrast in stroke weight between the subjects and their
clothing), (¢) Object depth (a line of diminishing weight from foreground to background), (d) Emotion (expressive strokes around the grip),
and (e) Scene depth (difference in line-weight between the mother’s and child’s garments). Peasant Mother and Child, Mary Cassatt, 1894.

Abstract

Sketches have been a well-studied field of research in recent years due to their power in communicating concepts in an abstract
manner. Paradoxically, the building blocks of these sketches, namely strokes, have been less analysed, leaving room for a deeper
understanding of how individual stroke attributes are perceived and collectively shape the sketch’s overall visual character.
Tapered strokes, in particular, have been under-represented in sketch generation and analysis, despite conveying meaning
beyond their geometry. To highlight the power of these strokes, we conduct a user study and provide evidence that tapers yield
timeline inference for artists and untrained viewers alike, which showcases the importance of line weights. Furthermore, we
introduce a parameter that defines the principal orientation of complex strokes using Principal Component Analysis (PCA)
over the stroke’s area. Our findings suggest that this implementation is consistent with human perception as opposed to other
methods that rely on temporal characteristics. Although the effects of tapering remain inconclusive as a depth cue, the results
presented here make a case for broader inclusion of tapered strokes in sketch analysis and generation.

CCS Concepts
* Human-centered computing — Empirical studies in visualization; User studies; * Computing methodologies — Shape
modeling;
1. Introduction This inclusivity makes the analysis and understanding of these
forms more complicated, as they differ in purpose, level of abstrac-
The term “sketch” can cover a wide range of illustrations, from tion, and, most importantly, the drawing instruments employed.

rudimentary scribbles to the refined works of artists and architects.
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The final appearance of a stroke is determined by a combination of
technique and drawing tool, and the application of the same tech-
nique across multiple pens or brushes can yield markedly different
results. One of these important techniques is pressure, which un-
derpins the artistic concepts of line quality, weight and tapering,
as well as the more technical notion of line width. Line quality in
art communicates far more than its shape, depending on the end
goal. Namely, it carries weight, emotion and intent. For example,
in animation, line quality is used to represent flow in a charac-
ter’s movements; in perspective drawings, to define depth; and in
concept sketching, to highlight areas of importance. As such, these
considerations for generating weighted lines have been of interest
in Non-Photorealistic Rendering (NPR), for generating 2D appear-
ances from 3D models using tapered strokes [GVH07; LFHK21],
or in Human-Computer Interaction (HCI) for implementing more
varied brushes to help artists control line intensity [CGL*24].

With all the attempts to generate tapered strokes and means to
create them in different formats, one missing piece is how individ-
ual strokes are perceived, and what information can be extracted
from them in isolation that impacts the bigger picture. The impor-
tance of these individual analyses becomes clear when considering
the target audience for any illustrations. Where artists aim to com-
municate meaning through their techniques, some of this informa-
tion remains imperceptible to untrained viewers; for instance, in
an informal pilot study, non-artists most readily identified depth
and shadow as perceptible stroke qualities, while concepts such as
‘flow’ proved more ambiguous to untrained viewers. Understand-
ing whether tapering impacts perceived attributes is a necessary
step for building systems that support the generation or analysis
of illustrations composed of weighted lines.

The obstacles to studying such an approach are twofold: first,
what are the criteria to categorise someone as a non-artist? The an-
swer to the first question can narrow down the options for the latter
by limiting how intuitive the term should be for laypeople. While
some people may not be considered artists in the literal sense, their
understanding of art may have been shaped through different art-
related activities, from visiting art galleries and museums to reading
graphic novels. The closest assessment to this approach is presented
in Chatterjee et al.’s work [CWS*10], which proposes a question-
naire that separates artists from non-artists based on the aforemen-
tioned interactions.

The second obstacle concerns terminology: what term can bet-
ter describe the perceptual qualities expressed through tapered
sketches? The answer to the second question stems from exam-
ining what tapered strokes can communicate and the qualities that
are second nature to human perception. In most cases, line weight
is used to indicate one or more of the following: scene depth, object
depth or mass, hierarchy of importance, light and shadow, and, fi-
nally, emotion [Cli23]. Novice viewers may not perceive emotion;
light and shadow have more meaning for realistic objects than for
abstract ones; and importance and scene depth can be defined only
through the interaction of multiple elements in the scene, where
the hierarchy of the elements is visible. To better understand the im-
pacts of tapering, we shift our focus to individual objects or strokes,
making object depth the primary variable of interest. Depth percep-
tion arises from both binocular and monocular cues [HRO08], the

latter of which is commonly exploited in art through perspective or
occlusion, making it a broadly accessible quality to assess.

While depth can be conveyed within a single object, the per-
ceptual contribution of an individual stroke to the overall compo-
sition remains largely unexplored, especially in the context of ta-
pered strokes. Therefore, a complementary direction is to take a
quantitative approach, analysing strokes using a variable sensitive
to width variation—in particular, orientation. The notability of this
measure is underlined by its applications in downstream tasks such
as vectorisation and clean-up [LB25], as well as in texture gener-
ation pipelines [LGH13]. This work extends orientation measure-
ment to tapered strokes by incorporating line weight via a PCA-
based parameter and explores its alignment with human perception
to assess its practical suitability for interactive tools.

With the importance of line weight motivated and depth percep-
tion established as a suitable means of evaluation, we conduct our
study with the following contributions:

e A stroke-level parameter derived from stroke area, providing a
measure of overall stroke orientation, designed for pipelines that
treat individual strokes as discrete elements within a sketch.

e A perceptual user study validating the alignment of the proposed
parameter with human perception, outperforming a timeline-
based approximation used by Chen et al. [CKF23].

e Insights into the intuitiveness of artistic terminology to both
artists and non-artists, through the designed study and qualitative
feedback, unveiling the perceptual accessibility of tapered stroke
properties to viewers regardless of their background in art.

e Evaluation of the perceptible characteristics resulting from taper-
ing effects—specifically, object depth and drawing timeline—
across artists and non-artists.

2. Related Work

Considering the background research on tapered strokes in both
HCI and NPR, we first discuss how interactive interfaces are de-
signed to help artists, methods used to generate these lines, and
lastly perception studies of sketches.

2.1. Interactive Creativity Support Tools

Drawing assistant systems are divided according to their target au-
dience and drawing styles. For training purposes, interfaces such as
Painting with Bob [BWCS14], designed for novice sketch artists,
and Magical Brush [HSZ23], targeting Chinese art style, aim to
provide feedback and enhance the learning experience. For profes-
sional users, the most common approach is to look at individual
strokes as elements. This way, the patterns drawn by the artist can
be imitated, and then used to autocomplete the rest of the draw-
ing [XCW14], or to generate stroke patterns on an image derived
from the sampled drawn area [CKF23]. In the latter, stroke orien-
tation is determined by averaging vectors along the stroke’s me-
dial axis, with all vectors originating from the starting point of the
drawing and ending at a point mid-stroke. The focus on the stroke’s
skeleton inherently disregards variations in width, and can lead to
miscalculations in more complex lines. More broadly, these inter-
faces consider all strokes to be short and simple, rendering them
unable to handle more complex lines.

© 2026 The Author(s).
Proceedings published by Eurographics - The European Association for Computer Graphics.



H. Mailee, T. Morley, R. K. dos Anjos & D. Petrescu / How Folks See Strokes 30f9

The studies with greater facilitation of complex strokes are
commonly found in texture synthesis from an exemplar. These
approaches generally simplify the elements of a texture, either
strokes or other primitives, through the following techniques: me-
dial axis transforms [LBW*14], simplified boundary representa-
tions [LGH13], or bounding boxes [BBT*06; dPWS10; OMC22].
These primitives are then used to determine the arrangements, ori-
entations, and repetitions of components in a pattern, with the
downside of data loss due to these simplifications. As such, our
method aims to achieve perceptually accurate orientation results
without data loss through calculations within the stroke geometry.

2.2. Generating Sketches with Tapered Strokes

Establishing isophote distance as a means of controlling stroke
thickness, Goodwin et al. [GVHO7] inspired subsequent work on
line-art rendering of 3D models. One such work is that of Ejiri
et al. [EMT14], who apply line weight variation to communicate
light and shadow by computing tapered areas dependent on the
positioning of a 2D light source. Recent works have extended the
field further by employing machine-learning techniques to generate
stylised line drawings from 3D models by transferring style from
a single artist example [LFHK21]. To increase the control over the
generated results, some works use the option of programmable ren-
dering [GTDS10; LH25], while others propose alternatives to con-
ventional strokes in 2D, replacing them with ribbons to render the
contours for more artistic effect [WdGF*23]. Parallel to 3D render-
ing, works on generating 2D sketches with width-varying brushes
have explored stroke thickening based on curvature [SKCNO7], in-
teractive stylisation [LYFD12], and GPU-accelerated rendering of
vector brush strokes [CGL*24].

2.3. Perception of Sketches

Understanding human perception when it comes to hand-drawn
sketches goes back to noting how artists decide which parts to draw
based on the subject [CGL*08]. In analysing hand-drawn sketches,
recent papers depend on the human perception in defining stroke
clusters [LRS18; VLV*21] or intended connectivity [YLL*22],
considering the geometrical aspects of single strokes in accordance
with human perception. The focus of some research, on the other
hand, has been to examine perceptual differences between trained
and untrained observers in the context of drawing [OKS12]. In our
work, we aim to bridge these two viewpoints by examining how
tapered stroke properties are perceived by both groups.

3. A Perceptually-Motivated Stroke Orientation Parameter

To study the geometrical properties of drawn strokes, we consider
the sketches in their vectorised form, most commonly stored in
SVG files. This format stores the boundary of a drawn stroke as
a path composed of lines, arcs, and Bézier curves, providing pre-
cise geometrical boundary extraction and accounting for tapering
effects on the edges. Following this representation, we proceed as
below to calculate orientation, as shown in Fig. 2:

1. Fitting a bounding box to a given stroke.
2. Sampling the area inside the bounding box uniformly, and filter-
ing out the points that fall outside of the stroke’s outline.

© 2026 The Author(s).
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3. Using Principal Component Analysis (PCA) [Jol86] to deter-
mine the main directionality of the points.

PCA is a dimensionality reduction technique that identifies the di-
rections of greatest variance in a dataset. These principal compo-
nents are eigenvectors of the covariance matrix of sampled points,
where the first vector represents the direction that maximises the
variance of the projected points, and the other vector (in the 2D
case) is orthogonal to the first and captures the direction of the sec-
ond greatest variance. The first eigenvector—known as the domi-
nant principal component—is what we consider to be the orienta-
tion of a stroke, which, accompanied by the eigenvalues, can repre-
sent the proportion of variance along each axis.

Compared to methods using Oriented Bounding Boxes
(OBBs) [BBT*06; OMC22], our parameter results in fewer cluster-
ing problems in pattern extension applications, since our method’s
definition is confined within the geometric boundaries of a stroke;
as opposed to OBBs, which are enclosing approximations that may
overlap with neighbouring elements. Furthermore, weighting the
orientation towards the thicker regions of a stroke accounts for
the visual dominance of weighted areas over thinner regions. As
demonstrated in perception-driven sketch processing tasks such as
stroke connectivity [YLL*22], parameters that align with human
perception are essential for artist-targeted tools. Whether this area-
weighted orientation closely matches human-perceived orientation
is examined in the following user study.

4. Materials & Methods
4.1. Participants

We recruited a total of N = 33 participants (48.5% male, 39.4% fe-
male, 12.1% non-binary or preferred not to disclose), consisting of
25 non-artists and 8 artists, with a mean age of M = 28.8 years
(SD = 8.4, range: 22-57). Advertisements were shared through
UK higher education channels, with inclusion criteria of normal
or corrected-to-normal vision and university-level English reading
proficiency. Participation was voluntary, and respondents were free
to withdraw at any point during the study.

The classification of artists and non-artists was conducted us-
ing the questionnaire of Chatterjee et al. [CWS*10], which as-
sesses participants’ prior engagement in art-related activities. Fol-
lowing the threshold recommended by the original authors, partic-
ipants with score > 14 were assigned to the artist category. Ethi-
cal approval was granted by The University of Manchester’s Com-
puter Science departmental ethics panel (Ref: 2026-25405-45947).

Figure 2: The process of calculating the orientation based on the
dominant principal component. The sampled points are filtered
based on whether they fall inside (orange) or outside (blue) the
stroke boundary. The PCA eigenvectors are overlaid on the figure,
with the longer green arrow representing the final orientation.
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Figure 3: Representative stimuli for depth perception (H1) in (a)
Isolated stroke and (b) Within-object strokes. In both cases, the left
image shows the tapered version and the right shows the uniform-
width counterpart.

All participants provided informed consent electronically via the
Qualtrics survey platform prior to beginning the study.

4.2. Perceptual Study Design

We propose the following hypotheses for investigating the effects
of tapered strokes on depth perception:

Hypothesis 1 (H1): Perception of depth in tapered strokes is inde-
pendent of art experience, i.e., there is no significant difference in
depth perception accuracy between artists and non-artists.

Hypothesis 2 (H2): Participants’ perceived stroke orientation
aligns with the orientation predicted by the PCA-based parameter.

Hypothesis 3 (H3): Participants more readily associate a definite
start and end point with tapered than with uniform-width strokes.

We examine all these hypotheses across both groups of art en-
thusiasts and untrained viewers.

4.2.1. Depth Perception (H1)

Given that the term ‘depth’ is more accessible to non-professionals
following our informal pilot study, participants were asked to com-
pare side-by-side images of tapered and non-tapered sketches and
respond to the question, “Which image gives you a stronger sense
of depth?” As individual strokes may not convey a strong sense
of depth in isolation, participants were shown images of both in-
dividual strokes and complete objects (as shown in Fig. 3). The
test images also include varying levels of tapering, as well as com-
parisons between non-tapered objects of differing widths, to assess
participants’ comprehension of the task. The sub-hypotheses for
this section are as follows:

H1.a. Isolated tapered strokes carry perceivable depth information
without reliance on object context.

H1.b. Tapered strokes convey depth more effectively when part of
a complete object than when presented in isolation.

Hl.c. Artists perceive depth in isolated strokes more readily than
non-artists, while both groups perform similarly in object contexts.

This block consists of 17 trials: 10 comparisons between ta-
pered and non-tapered drawings, 5 trials exploring the effect of

Figure 4: Representative stimuli for orientation perception (H2),
with the computed PCA orientation (blue line) and Chen et
al. [CKF23] method (yellow dashed line). Divergence between
methods on different cases allows us to test which computational
approach better predicts human perception.

varying tapering intensities, and 2 catch trials using uniform-width
strokes. Trials are designed separately for isolated strokes and
strokes within objects.

4.2.2. Orientation Perception (H2)

Given four main axes—horizontal, vertical, and two diagonals—
as options, participants were asked: “Which axis best describes
the overall orientation of this stroke?” The stimuli in this section
consist of tapered and non-tapered strokes of varying complexity
and directionality (Fig. 4). While some orientations are unambigu-
ous, others are more challenging, motivating the following sub-
hypotheses:

H2.a. Perceived orientation responses agree with our PCA-based
orientation parameter at above-chance rates.

H2.b. The perceived orientation aligns more closely with our spa-
tial PCA-based method compared to temporal averaging meth-
ods [CKF23].

The orientation block consists of 17 trials: 3 questions per ori-
entation axis, 1 catch trial, 2 ambiguous samples with no definitive
correct answer, and 2 challenging stimuli for exploratory analysis.

4.2.3. Drawing Timeline (H3)

The final block analyses the drawing timeline, assessing partici-
pants’ sense of start and end points based on line weight. Given
a tapered or non-tapered stroke, participants were asked “Which
point does the stroke start from?”, selecting either point A or point
B marked at each end of the displayed stroke (Fig. 5). Familiarity
with hatching techniques implies an awareness of how pen pres-
sure and drawing speed influence line weight. This variation, how-
ever, differs from the intentional changes in thickness employed by

N @r—¢

Figure 5: Representative stimuli for the drawing timeline (H3). The
images show a uniform-width and a tapered example, from left to
right, respectively.

© 2026 The Author(s).
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artists using calligraphy brushes or ink. To examine potential differ-
ences in timeline perception across experience levels, we propose
the following sub-hypotheses:

H3.a. The tendency to perceive a definite start and end point for
tapered strokes does not differ between artists and non-artists.

H3.b. Participants’ familiarity with specific drawing tools influ-
ences their tendency to identify the thick end of a tapered stroke
as the start point.

The timeline block consists of 11 trials: 3 samples drawn from
thin-to-thick taper, 3 samples drawn from thick-to-thin, 3 non-
tapered samples, and 2 samples with tapering at both ends.

4.2.4. Response Formats

All hypotheses used multiple-choice questions, with the following
available choices per block:

H1 (Depth): “Image A”, “Image B”, “Both seem the same”, and
“Neither gives me a feeling of depth”.

H2 (Orientation): “Vertical”, “Horizontal”, “Diagonal (top-right,
bottom-left)”, “Diagonal (top-left, bottom-right)”, and “Cannot de-
termine the orientation for this image”.

H3 (Timeline): “Point A”, “Point B”, “Both seem equally valid”,
and “Cannot be determined / None”.

Options such as “None” or “Cannot be determined” were in-
cluded to increase flexibility when none of the available options ac-
curately reflected the participant’s response. Note that for all ques-
tion types, responses aligning with the hypothesised outcome were
coded as ‘correct’ for ease of interpretation. Accuracy per condition
was therefore calculated as the percentage of correct responses.

4.3. Design & Procedure

The study employed a mixed design: a between-subjects factor of
Group (Artists vs Non-Artists) and within-subjects factors of stim-
ulus characteristics (taper presence, stroke context, and orienta-
tion).

All participants started the study with the same consent forms
and the art experience questionnaire from [CWS*10], with an ad-
ditional section on art tools and frequency of usage per tool. After-
wards, they were presented with the same three hypothesis blocks,
with the order randomised within each block to prevent any learn-
ing or order effects.

The questionnaire was designed in Qualtrics, with an average
completion time of 9-12 minutes. For the depth block, two images
were shown side by side, with the sides randomised within ques-
tions. The orientation and timeline blocks each had one stimulus
per question, and any additional information required was shown
either in the response choices (illustrated axes for the orientation
block) or on the stimulus itself (Points A and B highlighted for
start/end in the timeline block). Participants who failed the orien-
tation catch trial were excluded from the analysis. The depth catch
trials were retained for quality monitoring purposes but did not re-
sult in any exclusions, due to the inherently subjective nature of
depth perception in drawn stimuli.

© 2026 The Author(s).
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At the end of every section, participants were asked two ques-
tions assessing their confidence in understanding the questions and
in their responses. These were followed by open-ended qualitative
feedback via optional comment boxes, which provided contextual
insight into participants’ reasoning.

5. Results & Analysis

All statistical analyses were conducted in JASP 0.95.4 [JAS25],
with data pre-processing pipelines implemented in Python using
the Pandas (v2.3.3) and NumPy (v2.4.0) packages.

5.1. Depth Perception (H1)

One Sample Wilcoxon Signed-Rank Test: Participants as a whole
reliably perceived depth above the chance level of 0.25—
corresponding to the four response options—regardless of group
(V. =483.5, p < .001, r = .724), supporting H1 (Fig. 6a).

Bayesian Independent Samples t-Test: Artists and Non-Artists
showed comparable depth perception accuracy, with a nearly iden-
tical mean scores (BFy; = 2.672; Artists: n =8, M = .36, SD = .12;
Non-Artists: n =25, M = .37, SD = .19), providing additional sup-
port for H1 (Fig. 6b).

Both tests were conducted on the average score across 10 trials,
and the tests were selected after Shapiro-Wilk tests confirmed nor-
mality of the average score residuals (W = .938, p = .058). The
Bayesian approach was chosen to provide evidence in favour of the
null hypothesis of group independence, whereas a frequentist test
can only fail to reject the null hypothesis without supporting it.

Hl.a. One Sample Wilcoxon Signed-Rank Test: Participants per-
ceived depth information from isolated tapered strokes above
chance level, albeit with a small-to-moderate effect size (chance
level of 0.25, V = 377.0, p = .042, r = .344), supporting H1.a

0.45 0.5+

Average Score
Average Score

0251 . 0.25]

Participants Artist Non-Artist

(a) Overall depth perception ac-
curacy across all participants, sig-
nificantly exceeding chance level
(V =483.5, p < .001, r = .724).

(b) Average depth accuracy by
group. Artists and Non-Artists
show nearly identical means
(BFy1 =2.672).

Figure 6: Depth perception results. (a) Depth perception signifi-
cantly exceeds chance level across all participants, supporting H1.
(b) Depth perception accuracy is independent of art experience,
corroborating H1.
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(a) Depth accuracy for isolated (b) Mean accuracy for isolated
tapered strokes against chance strokes and object-embedded
level. Participants perceived depth strokes. No significant difference
significantly above chance (V = was observed (£(32) = .657,
377.0, p = .042, r = .344). p =.258, Cohen’s d = .114).

Figure 7: Depth perception results by stroke type and Context. (a)
Isolated tapered strokes convey perceivable depth information, sup-
porting H1.a. (b) Object context did not improve depth perception
over isolated strokes, not supporting H1.b.

(Fig. 7a). This analysis was based on Stroke Score, calculated as
the average of correct responses to isolated-stroke questions, which
deviated from normality (Shapiro-Wilk W = 915, p = .014), sup-
porting the use of a non-parametric test.

H1.b. Paired Samples t-Test: Participants perceived the depth from
object-embedded strokes with a slightly higher mean compared to
isolated strokes, though non-significant (¢(32) = .657, p = .258,
Cohen’s d = .114; object-embedded: M = .39, SD = .19; isolated:
M = 35, SD = .27), not supporting H1.b (Fig. 7b). Normality of
the scores was confirmed by the Shapiro-Wilk test (W = .953, p =
.164), supporting the use of a parametric test.

Hl.c. Mixed Repeated Measures ANOVA: Neither the main ef-
fects of Context (F(1,31) = 0.245, p = .624, nf, = .008) and
Group (F(1,31) = 0.001, p = .895, n%, < .001), nor their inter-
action (F(1,31) = 0.013, p = .910, n%, < .001) reached signifi-
cance (Tables 1 and 2; Fig. 8), not supporting H1.c. Homogeneity
of variances was confirmed by Levene’s test for both Stroke Score
(F(1,31) =2.337, p = .136) and Object Score (F(1,31) = 0.230,
p = .635).

Table 1: Within-Subjects Effects: Context x Group ANOVA

Cases df Mean Square F p n,z,
Context 1 0.013 0.245 .624 0.008
Context x Group 1 <0.001 0.013 910 <0.001
Residuals 31 0.052

Table 2: Between-Subjects Effects: Artist vs. Non-Artist ANOVA

Cases df Mean Square F )4 1]%,
Group 1 0.001 0.018 .895 < 0.001
Residuals 31 0.061

5.2. Orientation Perception (H2)

The orientation values produced by our PCA-based parameter
and Chen et al. [CKF23]’s method are in degrees, and were first
clamped to the nearest available response option (0°, 45°, 90°,
135°) to enable comparison with participants’ discrete responses.
A mean match rate was then calculated for each participant as the
proportion of trials in which their response matched each parame-
ter’s clamped prediction.

H2.a. One Sample Wilcoxon Signed-Rank Test: The mean match
rate of the PCA-based orientation parameter significantly exceeded
the chance level of 0.25 (V = 561.0, p < .001, r = 1.0), indicat-
ing near-perfect alignment with perceived orientation and strongly
supporting H2.a (Fig. 9a). Deviation from normality (Shapiro-Wilk
W =.901, p = .006) supported the use of a non-parametric test.

H2.b. One-Way Repeated Measures ANOVA: The PCA-based pa-
rameter produced significantly lower angular error than Chen
et al. [CKF23] (AM = 15.73, #(32) = —14.29, Cohen’s d =
—2.57, p < .001), while remaining significantly higher than the
questionnaire-defined ground truth (AM = 6.60, 1(32) = —14.55,
Cohen’s d = —1.08, p < .001) in post hoc comparisons with
Bonferroni correction, suggesting our parameter closely approx-
imates but does not fully recover the intended stroke orienta-
tion, supporting H2.b (Fig. 9b). The large effect size partly re-
flects the constraints of the discrete response format used for the
ground truth category, rather than a fundamental limitation of
the PCA parameter. The main effect across methods was signif-
icant (F(1.079,34.525) = 227.2, p < .001, n%, = .877), with de-
grees of freedom corrected using the Greenhouse-Geisser estimate
(e =.539) following a violation of sphericity (Mauchly’s W = .146,
p <.001).

0.55 Context
T O Stroke
0.50 T . .
@ Object
0.45 T
2
15)
3 040 P
2 — |
g 0.35 7 ———<
&)
0.30 1
0.25 -
0.20 — -
1
Artist Non-Artist
Group

Figure 8: Mean depth perception accuracy across stroke and object
contexts for Artist and Non-Artist groups. Neither the main effects
of Context (p = .624) and Group (p = .895), nor their interaction
(p = .910) reached significance, not supporting H1.c.
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(b) Mean angular error per pa-
rameter across participants. All
pairwise differences are signifi-
cant (p < .001).

Figure 9: Orientation perception results. (a) PCA match rate signif-
icantly exceeds chance, supporting H2.a. (b) PCA achieves signif-
icantly lower angular error than Chen et al. [CKF23], approaching
the questionnaire-defined orientation, supporting H2.b.

5.3. Drawing Timeline (H3)

The variables Taper Definiteness and No-Taper Definiteness were
calculated based on participants’ choices for the start and end
points, using the following scoring scheme: “Point A” or “Point B”:
1 (definite choice), “Both seem equally valid”: 0.5, and “Cannot be
determined / None”: 0 (indefinite choice), as illustrated in Fig. 10.
These scores were then averaged across tapered and non-tapered
strokes, yielding the preceding variables.

Wilcoxon Signed-Rank Test (Paired, One-Tailed): Participants re-
sponded with significantly greater definiteness when judging ta-
pered strokes compared to non-tapered strokes (V = 214.0, p =
.002, r = .692; tapered: M = .922, SD = .078; non-tapered: M =
783, SD = .258, respectively), supporting H3 (Fig. 11a). Devia-
tion from normality in the difference scores (W = .815, p < .001)
supported the use of a non-parametric test.

H3.a. Mann-Whitney U Test: No significant difference in Taper
Definiteness was found between artists and non-artists (U = 122.0,
p = .344, r = —.220; artists: M = .938, SD = .100; non-artists:
M = 918, SD = .072), indicating that the tendency to make defi-
nite start and end point judgements for tapered strokes is consistent
across both groups, not supporting H3.a (Fig. 11b). Deviation from
normality (Shapiro-Wilk W = .881, p = .002) supported the use of
a non-parametric test.

H3.b. Linear Regression & Spearman Correlation: No signifi-
cant relationship was found between drawing tool familiarity and
thick-end preference rate (Table 3; F(6,26) = 0.849, p = .544,
R = .164, adjusted R =—-.029). A supplementary Spearman cor-
relation identified a weakly negative association for the other tools
category (p = —.481, p = .005), though this was not reflected in
the regression model (p = .085) and is difficult to interpret given
the nature of this category. These results do not support H3.b.

6. Discussion
In this work, we proposed a PCA-based orientation parameter to

calculate the principal orientation axis of a stroke, covering tapered
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Figure 10: Response distributions for Q57 (uniform-width stroke)
and Q64 (tapered stroke), grouped into Definite (Point A or B)
and Indefinite (Both seem equally valid or Cannot be determined
/ None) categories. The contrast between Q57 and Q64 illustrates
the strong directional cue introduced by tapering, with all 33 par-
ticipants giving a definite response for the tapered stroke.

1.05+
g s | [
3 <
) 3
o
z a
3]
5
[
0.7-
Taper No-Taper 0.85- —
Definiteness Definiteness Artist Non-Artist

(a) Mean definiteness scores
for tapered and uniform-width
strokes across all participants
(V =214.0, p = .002, r = .692).

(b) Mean definiteness scores for
tapered strokes by group (U =
122.0, p = .344, r = —.220).

Figure 11: Timeline perception results. (a) Participants responded
with significantly greater definiteness to tapered strokes than to
uniform-width strokes, supporting H3. (b) No significant difference
in definiteness was found between Artists and Non-Artists, not sup-
porting H3.a.
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Table 3: Linear Regression Coefficients for Drawing Tool Familiarity and Group as Predictors of Thick-End Preference Rate (M)

Predictor Unstandardised SE  Standardized” t p
Pen 0.042  0.034 0.343 1.229 230
Brush —0.031 0.045 —0.191 —0.697 .492
Pencil 0.005 0.038 0.037 0.134  .895
Digital —0.046 0.038 —0.289 —1.214 .236
Other —0.073  0.041 —0.397 —1.788 .085
Group (Artist) —0.002 0.078 —  —=0.030 976

¢ Standardized coefficients are not computed for categorical predictors.

and uniform widths alike, within the boundaries of their shape.
Following the statistical analyses, we show that such an imple-
mentation is closely aligned with participants’ perceived orienta-
tion, as supported by H2 analyses, yielding greater benefits than
the temporal-based model of Chen et al. [CKF23]. This parame-
ter was motivated by the limitations of bounding-box and oriented
bounding-box approaches commonly used in discrete pattern ex-
tension pipelines, where directionality is typically approximated at
the cost of introducing clustering artefacts and unnecessary object
overlap. The PCA-based parameter instead computes orientation
within the stroke’s bounds, while remaining consistent with human
perception. While a significant difference between PCA and the
intended responses remains in H2.b, the questionnaire’s multiple-
choice format may partly explain this gap, as intended responses
were constrained to discrete angle options, whereas the orientation
methods produce continuous values. Besides our main contribu-
tion, we also provide evidence on the effects of tapering on depth
and inferred timeline through H1 and H3 hypotheses.

The absence of a significant difference in depth perception be-
tween artists and non-artists was unexpected, as was the lack of
improvement when strokes were presented within object context
(H1.b). These results prompted a closer examination of the re-
sponses, participants’ confidence in their answers, and their com-
ments. Overall confidence scores for the depth task were similar
across artists (M = 2.875, SD = .876) and non-artists (M = 2.920,
SD = .943), suggesting participants did not find the task particu-
larly difficult on average. An interesting observation from Hl.c—
though insignificant due to artists being the minority—was the
poor performance of artists in both contexts, with a notably larger
standard deviation than non-artists, suggesting that greater domain
knowledge may have introduced uncertainty rather than aiding per-
formance. Their comments offered a possible explanation: due to
their training, artists did not interpret tapering as a depth cue unless
it was implemented correctly in context. This prior mastery likely
contributed to greater mismatches between artists’ responses and
the intended answers. As for non-artists, a single isolated stroke
is likely a weak depth cue, and a richer pictorial context may be
required to convey reliable depth perception.

Through the H3 analyses, we provide evidence that tapered
strokes play an important role in understanding perceptions of
drawing timeline, regardless of people’s artistic expertise. Partic-
ipants reliably associated tapered strokes with definite start or end
points, as opposed to untapered strokes. The consistent pattern of
responses regarding timeline associations provides an exciting av-

enue of work. Namely, rasterised sketches, within the applications
of vectorisation and the temporal disentanglement of raster paths,
can benefit significantly from such an implementation. In the cur-
rent study, we did not capture sufficient data to fully examine the
impact of tool usage on artists’ preference for the thicker or thin-
ner end of a tapered stroke as the start point, and the heterogeneity
of tools used further obscured any meaningful pattern. The small
artist sample also limited statistical power for between-group com-
parisons, making H3.b difficult to evaluate conclusively.

7. Conclusion & Future Work

In this work, we proposed a PCA-based orientation parameter that
covers both simple and complex strokes, inherently accounting for
stroke weight variation. Through a user study, we provided evi-
dence that our parameter is closely aligned with human perception,
increasing its usability for perceptually-based sketch generation
and analysis. We further highlighted the importance of focusing on
tapered strokes in the field by providing evidence for hypotheses
surrounding the perceived timeline of strokes amongst artists and
non-artist viewers. As the field grows, tapered strokes deserve the
same attention as uniform lineart, and recognising their perceptual
richness is a necessary step towards more complete sketch analysis
and generation systems.

For future work, a more detailed analysis of subjective percep-
tual attributes—such as depth in this study—could yield interesting
findings, especially with more balanced participant groups to en-
able targeted comparisons. Recruiting a larger, more homogeneous
artist sample with controlled tool experience—e.g., allowing partic-
ipants to draw their perceived orientation or highlight depth cues—
can also provide more insight into the impact of tools on timeline
perception, thereby solidifying the relationship between taper and
drawing timeline. Furthermore, exploring additional factors such
as handedness (right- or left-handed), the text directionality of the
primary language, and the inclusion of less intuitive characteristics
like ‘flow’ or ‘emotion’ in place of depth could yield interesting
insights into how strokes are perceived and how different levels of
artistry perceive them.

To support open science and reproducibility, the anonymised
study data, used stimuli, and pre-processing scripts will be made
available on The University of Manchester Figshare repository
upon publication.
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