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[Abstract]

This study defines and validates a distance-ridge-sampled thickness descriptor for Al-extracted animation
line art. Twice the exact Euclidean distance transform (EDT) value was sampled and aggregated at the centers
of maximal disks within the family of continuous open distance disks centered on foreground pixels. Nominal-width
error and grid sensitivity were evaluated across 180 synthetic conditions and 3,234 conditions involving placement
and geometry variations. Sensitivity to binarization, sampling, and aggregation was analyzed using 100 AniLines
output images from a single nonpublic sequence. On the baseline grid, the mean absolute error was 1.712
pixels, higher than those of Skeleton/EDT and SWT. With equal weighting of ridge pixels, Otsu thresholding
reduced mean thickness and the mean of per-image standard deviations by 11.3% and 39.9%, respectively,
relative to a threshold of 1. However, the direction of change in mean thickness depended on sampling and
weighting. The descriptor supports comparisons of binary structures under identical resolution, binarization,

sampling, and aggregation conditions and is distinct from physical stroke width and perceptual quality scores.

» Key words: Al-Extracted Anime Line Art, Thickness Descriptor, Distance Ridge,
Euclidean Distance Transform, Grid Discretization, Binarization Sensitivity
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I. Introduction
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II. Preliminaries

1. Al-Based Line Art Extraction and Processing
1.1 Sketch Cleanup and Structural Line Extraction
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1.2 Generation Conditions and Geometric
Representation of Extracted Line Art
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2. Line Thickness Measurement
2.1 Skeletonization-Based Centerline Sampling
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2.2 Boundary-Correspondence-Based Stroke
Width Measurement
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2.3 Euclidean Distance Transform and Grid
Discretization
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2.4 Medial Axis, Maximal Disks, and Local Thickness
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2.5 Validation with Reference Data and Sensitivity
to Binarization
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2.6 Positioning of the Present Study
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Table 1. Comparison of measurement locations,
quantities

Approach L EERITETE Quantit

PP location y

Skeleton/EDT Skeleton pixels 2XEDT samples

. Boundary
SWT Boundary pairs distance
Medial axis Maximal-disk Center-radius

centers

Maximal-disk

Local thickness Interior points

diameter
Present Distance-ridge 2XEDT sample
descriptor centers distribution

III. The Proposed Scheme

2alsttt Algorithm 19] ‘73
o] 524 vj7 TA TAL 7

(a) Grayscale input |

(b) Inversion: |_r = 255 - |

(c) Foreground: |_r >= 128

(d) Distance D: 0 to 4.000 px

(e) Maximal distance-disk centers R

(f) Thickness 2D on R: 2 to 8.000 px

Full-image n = 2,521; mean = 4.871 px; SD = 1.830 px
Same crop: X = 64-447, y = 215-295; full canvas = 512 x 512
D and 2D use linear colormaps; white in (f) means unmeasured.

Fig. 1. Distance-ridge measurement on a synthetic
sinusoid (W=7 px, AA on, t=128). Panels (a)-(f) show the
same crop; EDT, centers, and statistics are computed on

the full 512Xx512 image. Background is white in the

thickness display, not a zero—thickness observation.

1. Notation and Digital Image Domain
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2. Preprocessing and Binarization Conditions

2.1 Intensity Inversion
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4.4 Deterministic Extraction Procedure
A (19)9] A2l 5 AEe Pl 3t AR 2
A= o2 2t

Algorithm 1. Deterministic distance-ridge extraction

Input: Foreground set QF(t) and squared EDT St

Output: Maximal distance-disk center set Rt

1. Sort candidates by decreasing St; break ties by y, then x.
2. Initialize Rt < @.

3. For each candidate p, set contained < false.

4. For each g=Rr, test Eq. (12).

5. If containment holds, set contained < true and stop this
inner loop.

6. If contained is false, set Rt <~ RtU{p}.

7. Return Rr.

$8.2 St URARo2 Hefsiy @) 58S 1y
T 4 e o 2 K59 Yito] B HAEc T3
Ae) Zolg mh2o ojo] AAY F1E o] vl Aol
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ugel AR w35 34 ATl 9¥e
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37 2la 22 N, §419 54 £2 Mo} & o A%
BRI ARE A YT OWHA log NelM)ol2, 3
ofo] % OWH+N?)olck. tl2a] 2wt Az| 9, 52
U 53 PTG o0} OWHN+MoIc}.

45 Equivalent Nearest-Background-Ray Extraction
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Aktsh= 224 uid A AL ARgRITH Hx Ao
Me feature transformO@ 7F X7 ak4 pﬂ 24
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Algorithm 2. Exact nearest-background-ray implementation

Input: Binary foreground Bt one-pixel exterior background
padding.

Output: Rt and integer squared distances St on the original
domain.

1. Compute a nearest-background feature transform b(p) and
St(p)= I p—b(p) I 2%

2. For each foreground p, let v=p—Db(p), g=gcd(|vx|,lvy]), and
g=p+v/g.

3. Retain p if g is outside the foreground or St(g)= I g—b(p) Il 22
4. Return all retained centers and their squared distances;
do not thin or prune the output.

5. Distance-Ridge Thickness Samples
I.2.4004 T2t 24 ixjo] et Az SHo) Alg
x2S A (17)2 2ol Aofsit.

t(p)=2D(p)=2/S(p), pER, (17)

_up)=2D_t(p)= &4 pol Eﬂ—o}i 72} || x5
oln}, 2t U9 Asgto . ured,
74047@ EKJO KLQ.O};(] o;gq. U:}a}l\i o] FEO %EH
B FAOIN BolE gAg skl
local-thickness mapo|t ¥4 3719] gaﬁ, 9‘ e
SUg o2 SR erk

6. Image-Level Quantitative Analysis

6.1 Ridge-Sampled Thickness Distribution
A% 9} o] KISt A7 c2 w3} & u]wolA c=Fe
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6.2 Weighting and Structural Interpretation
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6.3 Foreground Ratio
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6.4 Equal-Weight Aggregation Across Images
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6.5 Relationship Between Mean Thickness and
Dispersion
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7. Reproducibility, Data Availability, and Scope
A= 2 ollA gelst A7, AAl 24, 712

A 7hs Hoe Al aEo= it AL 24 71
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IV. Experimental Results
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1. Experimental Design and Evaluation Criteria
1.1 Separation of Synthetic and Real-Image

Experiments
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1.2 Accuracy and Systematic Bias
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signed relative error, MSRE)E th21} o] AJojsict.
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MAE:%ZMFWJ (31)
=1
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Bias= T Z(Wj *Wj) (32)
=1
o 100 W W,
MSRE(%)= j; w (33)

MAE: QAfe] Bl 371, biaseh MSREX Qo]
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91002 MARE, &°f Brlext 2 An) 521 2%
U FICE apd MSREZ} 0o 7PATHs ARRto 2 e
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MARE(%)= ﬂx
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Z0] B Yol AL 5
2 A8 2] o] Halyoe Hj s|MsiA] g

$E. MARE, 2|9} 0AF 9 A £07 @7 B

P~ il

2. Validation on Synthetic Data
2.1 Synthetic Validation Data
152 07 G4 1570 B A L F iR AA
4l gh 18027102 /dstH Al 57 e
u] o] ARERITE W] 32345 7oA o]
o] 4} UIKIE, ARIBAC] 943 BE Y
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Table 2. Synthetic benchmark and generation protocol

Item
Canvas

Specification
512 X 512 pixels
Horizontal, vertical, diagonal, circle,
sinusoid, cross; 1-15 px (base)
180 settings: three methods
3,234 settings:
11 widths, two AA conditions

Shapes/ widths

Base comparison
Placement /
geometry
Reproduction
cross-check
Reference /
summary

180 base + 390 placement settings

Nominal generating width

/ all retained ridge samples
Integer pixel centers;

base center c=(256,256)
Length 384: endpoints
c£192(cosb,sinB); ©=0°,90°,45°
Center c; centerline radius 80:

Coordinates

Straight strokes

Circle | ip—c1—80]<w/2
Sinusoid | XTé4~448 at step 0.25;
y=256+24 sin(2m(x—64)/128)
Crossing Two equal-length straight strokes:

angle 90°

Union of open capsules or annulus:
round caps and joins

Off: pixel centers;

Primitive / caps

AA sampling on: 8%8 subpixel coverage
Grayscale / [=255—rint(255%coverage), ties to even;
threshold 255—-1>128

NumPy/Numba geometry;
no resize, cleanup or outlier rejection

Implementation

71 1805712 @4, T % Ade| PHael 7ol
o}, SO 3235718 WE SYUE A2 2 Q3 &
A Axte Abgsloz A B B A A o

7z &I, 4oje] J4 AT thet 27gA17F oty
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et
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5k, AA one 8x8 5tY A coverages ties-to-even
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75° 90712 ARttt
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Table 4. Signed relative-error envelopes (%) in the
placement/geometry grid

.. w=3: meantSD w=15: meantSD
Variation . .
[min,max] [min,max]

translation 2d +497 £ 2534 -23.17 £ 16.70

[-33.33, +32.65] [-40.59, -1.78]

orientation -3.34 £ 15.08 -31.54 £ 9.42

[-16.08, +32.65] [-40.55, -6.93]

circle -8.65 £ 1.05 -34.40 = 0.14

[-10.56, -5.93] [-34.69, -34.11]

sine -9.62 £ 512 -35.66 £ 250

[-16.52, +5.24] [-38.09, -29.79]

cross angle +8.48 + 11.48 -25.37 £ 9.47

-ang [-1.11, +32.80] [-34.59, ~6.49]
Table 4= 7 W F30lA & AA 23U ZFeH &
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2.2 Measurement Accuracy and Systematic Bias
Table 5= 7|2 ZAX[O] XA|-1-32}A 554 o]AF ¥
£ AN RE QAtolch mO| WRAYS A

Table 3. Placement/geometry error by nominal = 718 22 gasiith
width band
Width(px) | N / invalid | Ridge MAE| MSRE(%) | MARE(%) Taple .5.. Base-grid errors by width range and
anti-aliasing
1-3 882 /5 0.538 +34.87 40.88
45 588 /0 | 085 | —1452 | 1888 Range / AA| n | MAE(px) | Bias(px) | MSRE(%) | MARE(%)
6-8 882 / 0 1.695 —22.00 24.01
1-15/0n | 90| 1.805 -0.901 +2.43 29.49
AR 3.234%57 % 32095 7A00H Q&3 LHo| A% 1-3 / Off | 18| 0574 +0.481 +38.75 41.87
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2.2.1 Error Decomposition and Thin-Stroke
Interpretation
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Table 6. Usage guidance by thickness and resolution

Condition Use and limitation
<3 px Large relat.lve grrors: no precise
absolute-width inference.
45 ox Not a safe transition: placement-grid
P MSRE —14.52%.
Shape-dependent underestimation of
6-15 px p P

nominal width persists.
Check the t=2 floor and the fraction of

Image mean

near 2 px t=2 samples.
Different Use native-resolution calibration:
resolution resizing is not ground truth.
. Match threshol | t
All widths atc reshold, sample set and

aggregation; report errors and failures.

2.2.2 Synthetic Sampling-Density Sensitivity
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2.3 Quantization and Effective Distinguishable
Width Interval
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2.4 Implementation Cross-Check
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2.5 Comparison with Skeletonization-Based and
Boundary-Correspondence-Based Measurements

Zhang-Suen Z241} Hg] SAojjA= st 2XEDT
2 AMgsto] BE 9|9 a3 H|wslgich SWTE of
Al tigoll 7]kt g & AMEsolRg i vjue
AHgshYity 7|2 180x71 AAo] tist MAE, bias,
MSRE, MARE, Z]o} Ajoxt & G&§ £71 £~& Table 7

off AAtTE. Afl5Ade} & B2 A Table 8%} Fig.
2a-coA] L3t EDT At &hEA| QoA v]wsh}
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oF A2 QIR E9] H]Foz ATttt

SWT+= 5% o4l upA39] 0/255 &A0A Canny(50,
150; aperture 3; L2 gradient), 3X3 Sobel 7]-27], 0.25
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2E WA staold SWIVL qadichs Te oMUf
SWT9] A7 66.80-100.00%,
99.26%% 01, coverage?t &a TA 45 R7IE=2 ?:
A 71E5H98 sig 240014 MAE= M A 17128}
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Vg Bt XS oA HeAPIEAlE SAei

Table 7. Aggregate results for all 180 base-grid

conditions
. Distance Skeleton

Metric e JEDT SWT

MAE (px) 1.712 0.713 0.579
Bias (px) -1.082 +0.709 +0.236
MSRE (%) -1.36 +17.79 +17.51
MARE (%) 26.52 17.83 22.48
Worst |error| (px) 6.124 2.088 8.154

Valid conditions 180 180 180
Invalid / total 0/ 180 0/ 180 0/ 180

Table 8. Sampling-set diagnostics for sinusoidal

strokes (AA off)

w Set n Mean(px) | Median(px)| t<w/2(%)
7 Ridge 2521 4871 5.657 21.90
7 | Skeleton 397 7.122 7.211 0.00
15 Ridge 4449 9.287 10.000 39.56
15| Skeleton 397 15.158 15.232 0.00

15814 ARIZAOA H2] 542 4,449709] BE2S &
A5t o, o] 7hzd| 39.56%7t = =0 vt} A
S 7Fe 71Ac) ¥ Skeleton/EDTO] 3977 BEEoA=
I alol BEx] gtk SAst EDTO kol &}
7180 St 340l o 47199 33 Faol ot

S wojzrt

olr

L.
/\01
T

wi rlo

©

Euclidean distance map

X 435
& =
> a
x (pixels) g
Fig. 2a. Euclidean distance map of the 15—pixel
sinusoidal benchmark (AA off).
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Fig. 2b. Distance-ridge samples on the same map,
retaining all maximal candidates.
Zhang-Suen sample locations 8
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Fig. 2c. Zhang—-Suen samples with the same coordinates
and EDT scale as Fig. 2a-b.

Table 9. Center definitions on the 180-condition

base grid
Center/sample rule MAE(px) Role
antlnuous 1.712 Present measure
open-disk centers R
Lattice-disk 0.705 Different disk
maximal centers ) geometry
Fiji Distance Implementation
. 0.983
Ridge centers reference
;di t
Zhang-Suen / EDT 0.713 Same EDT; differen
samples
2AP7} ohz}

Table 90A AAPE A F4l2 8-0]%
o Aighet 944 <
TS0 ARNE A S I8 Bt Jaccards 4
o-2A1 0.912, th2A 0.276, 9 0.420, ARI=A 0.374,
WA 08770190t} 712 ARtolA ARPY 3 F419]
MAE= 0705842 4 ot 5 @ 1.7128t 2 B} A}
A of=et Aut= A 7Istet S Y9 Aot £
T AP QALE WA 4

Fiji Distance Ridge?t & 94 o 549 42 4
o Jaccard= 43H-42A 0.951, ojzA 0.375, ¥ 0.621,
AJol2A 0539, @AM 0.9160]9it}. Table 904 Fiji
Distance Ridge £2419] MAE: 0.9833}4%0on, s
1802 710A = Fiji £A19] & A2 L4 AgE 1gh Y|
o] 3% 1o]Qitt o] XA Lalu} QoA =
71& DE medial-axis At 13 Afo]o] WA

WAE 2ulstA] ¢

AR AT K“L} AL AW A2 M2 U o
71sto] sl AJojejez, @At 47]‘?_% T EXek] o
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o o2 uwu
Mol % s sl st

3. Confidential In-House Case Study
3.1 Cohort Construction, Scope, and Dependence

A G AL 8137 U AT ofilo]d Bl A
Yxol4 AYF 100221907} 0] hSste AniLines
5% 10092 Qhgo2 A5l A&, ofmac, o
5o AR 8 U A R BN g2
It get 49 B § A A Rl G

APl Agolet 572 R O ZIeol ot
2eder  Agsknt. A Alie  dEidk
2560x1440 72| =meYS OpenCV INTER_AREA=Z
Axrstdct. 22flo] 256-bin
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Shannon YNE=ZT] H > 4.0 bit, Canny(70,150) of|%]
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3.2 Line-Art Extraction and Measurement Conditions

Xgl z&0= AnilLines[12]9] detail mode, fpl6 &
binarize=-1& AR2stETE 2560%1440 A=l H4
Ax £82 8Y|E 1o]AAY PNGZ HESIGOH,
A Folu FAIS WetA 7= JEisH 75t A2l
A&SHA] ettt

Table 102 Atg9] 4An} A% Az, Mst £& 7,
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Table 10. In-house cohort, selection, line-art extraction,
and disclosure scope

Item Setting

Confidential in-house unpublished

Source / build . o
animation;

One sequence; 1,585 candidates

Unit / cohort > 100 frames

14 intervals; 237 candidate frames

Manual QC (14.95%)
Five simultaneous inequalities:
Selection quality-augmented farthest-point
sampling
. . Index difference >3; median 9; maximum
Candidate spacing 103

IDs 0001-0100;

Input identity separate color/line-art SHA-256

Tool / mode | AniLines / detail

Precision / device | fp16 / cuda:0

Binarization

binarize=—1. grayscale output retained

option
Native output |2560%1440; 8-bit grayscale PNG
Geometric _ .
. Original extracted geometry retained
postprocessing
Data use Internal analysis under institutional rights
Source and extracted images not
External disclosed:; aggregate statistics and
availability + agareg

synthetic protocol only
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3.3 Reference Implementation and Computational
Cost

AR 9AF &R 4L Python 3.12.3, NumPy 2.4.4,
SciPy 1.17.1, Numba 0.67.0, scikit-image 0.26.0 ¥
Pillow 12.1.19] Linux ZigJo]jyo]t}. CPU= Intel Xeon
2.10 GHz, =% +=2| CPU+ 17lojt] 574 dAoA =
GPUE AMESHA] &9ttt Numbavw Al AlSjo]il
OpenMP/BLASE= 1A ER A|ghstgict. o] g4
gel SY-APAZ 7150 sidsiol Het 55
FHIITE T A AL Table 20, 4K 57
2 g FRste] wugich
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S
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rlor ol l"[O

o & =

HRa) Qe A 210 B AgFOR MG
q_ =X Alsio] m2 A F|Tf AFE W 22](RSS)= Y4y

S 267.332 MiB, HiX] A2] & 463.230 MiBo]iL, 200
7H GA=-2719] Python A &ttt Z|thX]= 79.966 MiB
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Table 11. Runtime with preselected thresholds:
mean / median seconds across 100 images

Stage Fixed t=1 Otsu
EDT 0.170 / 0.167 0.159 / 0.157
Ray ridge extraction 0.013 / 0.012 0.008 / 0.008
Measurement subtotal | 0.194 / 0.191 0.174 / 0.172
Subtotal P95 0.221 0.189
Index.ed Algorl.thm 1: 0.199 0.047
ridge median
Spatial-window 0.231 0.031
ridge median

A WY, B2 YA 2 32 A 7] Algorithm

12 2007) =N Ut A2 SA 0jA3E A
F3IG0 YA Y MR B A FYL F=1
|4 0.191%, Otsuo|A] 0.172%%

4. Threshold and Aggregation Sensitivity in the
In-House Case Study

4.1 Effect on Foreground Area and Thickness
Statistics

Yol 100%49] AR s|AEIHO|A XgH S
(255)9] F4F =AU 715 v]&2 87.46%, AR 252-2549]
U H]&2 5.35%%AC. B B[YIAl otA S molshe
tF=1 2719 77 v]&2 12.54%=2 8[9WAL vlgat o
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AL 96~ 1280114 L%EH e <ol fRIEHA.

ol

114.310]%}

Table 12. Real-image threshold response (100 images
per condition)

t / rule | Foreground(%) Mean(px) Mean SD(px)
1 12.54 2.690 1.174
16 5.62 2.601 0.924
32 5.22 2.533 0.854
64 481 2.462 0.782
96 450 2.412 0.731
128 423 2.371 0.687
192 3.68 2.295 0.601
240 2.59 2.140 0.422

Otsu 4.35 2.387 0.706
tF=1% RE Uil AxRE 1skl= AEFA 7|50

X7 8]80] 12.54%% 11, Otsu= 4.35%Ch o 54 22
= Z42Y 377,222709F 138,07 7R o0, M7 o] 54
2 Hla2 82.2%2 86.7%%ACt. E}EW = %*d OEiEs,
RM7ABC} 0> A7 &Y gtaA ZAIMo 2
A (26)0] TE B 5Y S B Eﬂﬂ
oflA] 2.38683tA 2 11.3% Z4A5HH I, HAE EEHALO|
a2 1.1745840)14 0.70608t42 39.9% 7+AsHTT
1Y thg bootstrap 5,0008]9] WHEQ} A7+
W Halof] tisl —12.27-—10.26%, BZHX
8] —42.01-—37.77%%\c}. o] 17t uaﬂo }
A T_P“Oﬂ 50|, 4 shot T =
g2 ottt
CVis ”W ALt ¢ 7Hs B
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AvtA o2 FUAY A= olTh BE AWo= A8 Fig 3c. within-image SD response, using the summaries
§_]— %§_ 0&71]7\;% %l—;}ﬂ 7]§ }oﬂq defined in Fig. 3a.
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4.2 Secondary Mean-Dispersion and Rank Analysis
Fig. 49] rF= 13} Otsu 20N Ft-BEHAL T
3a. Foreground response to fixed thresholds. 9] R*= 7k7F 0.8937F 0.8960]9)ct o]= ZF &7 &9
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4.3 Sampling and Weighting Sensitivity

S o)3l YoM 4 oha B 715, A 4R 5
d 7HE, Ig= Ve AEEAE Ae A
Skeleton/EDTE H]|w.5}9iC}. Skeleton/EDT+= 7F&R] ¥
ofje} I SJA] ARPF DetAle cfzoln], A7 AEa
Ale] 8= ou|A goju 57 25 QJulsHA] =Tt

2ol

Table 13. Mean-thickness sensitivity to sampling and
weighting

Rule Fixed Otsu mean | Amean(%)
mean

Ridge pixel 2.690 2.387 —11.26
Component equal 2.006 2.046 +1.96
Graph length 2.840 2.453 —13.62
No junction 2.350 2.343 —0.33
No endpoint 2.776 2.399 —13.57
Neither 2.446 2.354 —-3.77
Skeleton/EDT 2.537 2.610 +2.87

Table 14. Dispersion sensitivity for the four evaluated
rules

Rule Fixed SD Otsu SD ASD(%)
Ridge pixel 1.174 0.706 —39.89
Graph length 1.261 0.721 —42 81
No junction 0.904 0.655 —27.56
Skeleton/EDT 1.059 0.818 —22.74
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Table 15. Comparison of ridge samples and
foreground-filled local-thickness maps
. Mean Mean SD ,
Quantity / rule (ox) (ox) R
Ridge / 1=1 2.690 1.174 0.893
Ridge / Otsu-k 2.388 0.707 0.895
LT map / =1 4.021 1.882 0.706
LT map / Otsu-k 3.226 0.994 0.378
Local-thickness map? Otsu-k FH4 482

o

19.77%, JAHE BEWA} Wit AL 47.21%9c) =AU
OtAToA A2 A BE29 Hage 27 11.21%¢2t
39.77%% . R? 9A] local thicknessoflA+= 0.70600A]
0.378= w2kt ¥HH AH2] 5AoflAl= 0.8931} 0.895%1C.
ol 5% ol YoM = B2 BT} S Aojol wet
I & st T WAV G 4 8S HoET

4.4 Sensitivity to Approximate Scene Grouping
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45 Sensitivity to Real-Image Resampling
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Table 16. Otsu statistics after resampling the 100
real images

Scale Mean(px) SD(px) t=2(%) Rank(p)
1.00 2.387 0.706 71.53 1.000
0.75 2.243 0.562 81.03 0.837
0.50 2.083 0.325 93.33 0.541
0.25 2.040 0.214 96.46 0.049
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5. Distribution Example and Structural Stress Tests
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Fig. 5. Ridge—sampled thickness of image 0024 under Otsu
(t=117; n=123,946; mean=2.363 px; SD=0.660 px).
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6. Interpretation of Experimental Results
6.1 RQ1: Interpretation of Measurement Error
and Grid Effects
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6.2 RQ2: Interpretation of Measurement-Location

Effects
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6.3 RQ3: Interpretation of Binarization and
Aggregation Sensitivity
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6.4 Practical Scope and Reporting Guidance
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V. Conclusions

1. Summary of Findings
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2. Methodological Contributions and Practical
Implications
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3. Limitations and Future Work
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