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Tunable Terminal Condition Classification Model for
Imitation Learning of Long-horizon Towel Folding Tasks
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Abstract: This study introduces a Tunable Terminal Condition Classification (TTCC) model for
autonomous policy switching in long-horizon towel manipulation tasks. The TTCC model assesses
the state of a deformable object using quantitative visual metrics derived from an external RGB-D
vision module, enabling adaptive decisions on whether to continue flattening or proceed to folding.
Most imitation learning frameworks do not have explicit condition on task transitions, which fail to
capture real 3D shape variations and environmental changes. To overcome this limitation, we
integrate the TTCC model into a two-stage imitation learning framework trained with the Action
Chunking with Transformers. The flattening and folding policies are learned independently and
executed sequentially. In this structure, the termination condition of each policy is determined by the
TTCC model, which evaluates the geometric state of the towel in real time. Moreover, the threshold
of the TTCC can be flexibly adjusted by the user, allowing the system to adapt to different task
requirements and operating environments. Experimental validation confirms the effectiveness of
TTCC as a generalizable approach for deformable object manipulation tasks.
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[Fig. 1] Overview including how the TTCC model is utilized
during the Flatten and Fold stages
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[Table 1] Hyperparameters for training

Hyperparameters Value
GPU RTX 5070 Ti
Batch size 64
Learning rate le-5
training steps 30,000
Chunk size 100
Optimizer Adam

Epochs 50
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[Fig. 3] Variation of L1 and KLD losses during ACT training
Both losses rapidly decrease in the early stages and gradually
converge stably up to 30,000 steps

OlAl T

-1 =x<

2
bl
==

4. 7|2 7]t el

4.1 TTCC 7|8 Al o e

Q5 RGB-D 7H|2h= 9] HA| 4 4
e AL S A 0 2 Hrlsk= AT
Zo] P2 AARREe = A2 E o] A
71 #719] o] H3lE AXRo 24 HEsl Y s
o}, o] et I ol A AEE A AL X]ﬁ*%%TTC
o] A 0 & LG E|o], et A o] T ol F-
Rttt

[Fig. 4]= RGB-D 7|5t 32+ I E Hlo|E & 0|85l 1
7, M A, 1 49 FE2 AA TTCC ZRE=
&= 24 oo ZaelZ vehdot

WA Zlo] F/49] 7 shae 7 e U 5 wtetu] B & 0]-85
of AA| FIHFQ 3L HE (x, v, 2)E BT 0]EF
3ff glo] Y AA7F ZIE == FHIE HAEHH, o]F
Random Sample Consensus (RANSAC)* & 118]&-3- 0] 83} &

a

9] 71 BHS g BHE WS = (n,,n,n.)
QA 45 AT Ut o s AT

n,x +ny+n.z+d=0.

RANSACZ 72 & et Al HZ ol 8o iHg A o2 1
92 YT 7P B2 Ho| P PAL A r|2w0
2 2%k o] BUL 4:710] 91X% Ao Fo] 7122

oI5t o] JA ALY FEAOE AL

flo

7} 510) FHE (2, y,, 2) S5 H A 1A 1,
chewt ol Ak,

T = |nx; + ny; tn.z + d|. (@)
o& AA| sfaof Hisf AlrketezA I (residual map)
o] AT WAL YT 7120 2 47 Frle) ol 1
312 A|Zisfat Ajolm, 7o) WEFES 1, REL 1 ﬁ
Q517 e, AAE RS RGB 43 AT 54
o] f:a Jelet Belert. ol 9 Zol WL 1.5 mm- 50
mmQl SpARE g 7]3L, Lab A571 He2 F3f Ho]E 3 73
of g AfolE AABA. o1F 7H 2 w24l HHsto]
}\74 U]-‘—‘H‘ ]u;nask‘; ;g"]‘a]-%]:‘l—

42 TTCC 2 A HE A7 f1or — Tfora )

‘il‘%% ]‘—j-/\ 003@_'11_% 7]]?1———51' T flat > T fold '% T ]—t k"
GEEERECTE
2 WA A7 ARHER, 47 0kad A, 0 1 24 9
A AY 0, 200 B Vg Aol
_ mask n ]Ljrfd
Rﬂt ; mask U rect (3)

Ry, 3ko] 19] 7Phe4E 42 9jgfo) A2y Gefel 23
sfo] ekshA BAA 982 oJusict.

5 WA o] EEUAE, WATOIA Akl 7 sk
A7) r B A ES B9 ER0] F44 88 epdch

o]0 o
P ==1

Q)

TS

of 714 N & UhAT ] G WA 4, 7 ) Bl
0, 310] 245 ] T4 o] Ao]7} 21, S7do] B

431912 ollgtch A WA ool WSIZ. ARLe] 919

HjEQI: 2jo] 5 o &a A o] Wsle] 2L HyBiie.
Ah = py; (ﬁ) - p()S(Ti)' ®)
o5 (1), pos () 242t 71O 95HA Ul SHA HEL|LE

oJu|sttl. AhZro] 22 A EHo] FUsh, EFolut

Z=2o0| L FGelst Ald 2 TokE),

T G 7 A 7S] R, 0] 7]515H] FEjute vt
oJstn g =3t 2= 0] g AN LA vz d A



92 =353 =X 42179 4135 (2026. 3)

S
PN
S

=
3D Point s Metrics I
Reconstruction R
Depth Camera
(Realsense D415) \1’ =
Plane Fitting Towel State Metrics
(RANSAC) n (FLATTEN — FOLD)
¥ L. Ryie
2. Ah
Residual Map " 4
Generation piah
~
v K
T @ Towel State Metrics N
Generation \
(FOLD — FLATTEN) \
v \
1. 04 \
Metrics Computation 4% 2% ey \
-~ \
it - |
~a o
G ",
l \\\\\\\ =
Tunable Terminal Condition (TTCC) Model

[Fig. 4] Pipeline of quantitative towel state evaluation using RGB-D sensing and the Tunable Terminal Condition Classification (TTCC)
model. Depth data from the Intel RealSense D415 camera are processed through 3D point reconstruction, plane fitting via RANSAC,
residual map generation, and towel region extraction. The computed geometric metrics are then used as input to the TTCC model for

adaptive policy switching between flattening and folding stages
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[Fig. 5] Example images of three towel conditions, (a): fully flattened towel, (b): mildly wrinkled towel that does not affect the folding
outcome, (c): heavily wrinkled or partially folded towel that is likely to degrade the final result
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RGB-D camera and determines the task based on tunable
thresholds (R, > 0.85, o, <7 mm, Ah <18 mm). When all
criteria are satisfied, the towel is classified as FOLD; otherwise,
FLATTEN

[Table 2] Policy Switching Criteria (FLATTEN — FOLD)

. strict threshold relaxed threshold
metric . " . "
terminate condition terminate condition
Ry, Ry >0.85 Ry >0.77
oy, o, < Tmm o, < 1bmm
Ah Ah < 18mm Ah < 30mm
ZF A #9] AAIREZ YEH L, [Fig. 6]} [Fig. 7] [Table 2]
A AR E 7 DARE A 8e AT, Aloke 2 9a
7t 71200 et 1, o, 20 A ARNHLS RO
25k HojZ},
43 TTCC EE‘E]_ Z]:]i ]—'_(ﬂ-foldﬁﬂ-flat )

70 HA7EE5E F, 271 2] A = A=A
= ] 98] 5 744 S Bolsldrt. o] NESL A
7| At FEe Aol TS SRS ofL iz &
A AL Aol 7y, TAR EHSI B/dS HHA

Rfit: 891%

oh: 20.867mim T
Ah: 31.74mnie %
DECISION: FJ‘;A

Ry 841%
oh: 13.66mmie s

Ah: 26.84mm \\\\‘ ’
DECISION: FOLD

[Fig. 7] The TTCC model evaluates towel geometry from the
RGB-D camera and determines the task based on tunable
thresholds (&, > 0.77, 0, <15 mm, Ah <30 mm). When all
criteria are satisfied, the towel is classified as FOLD; otherwise,
FLATTEN

Soh e S S W8 7|20 A,

A 9, 7] 0| 5749 £ o] 7] ol the] Ant
G 22 EQEAE YE WA S v18 X xolt. 17 4
SATAT WAL 4, ., 71 F ool Wl 2 A
o g, 4o Zk HlEL Thea o) Aol

Ad= Abefore - AAfter ) (6)
Abeforc
718 o] 25RO WYL A3 WA WHo| Fiko]
HEZ 4 A=0.59] g zhett

=

F RA AR, 7] olF £29] 25 HAE|7 A7) o]
9] 7% SAA dridt Fs] HLEEA=AE UE
+ 2AE] Aot eatelnt. A7) Ao 34 <o FHA AAE
T eonters D71 2] AFOIAM 71 DF M2 9] YA E 2 012}
S|, 2A2] F b= that 2ol HojdH-

‘corner = |'TL - mwntcr| . (7)



94 =353] =2 42179 415 (2026. 3)

AA:51.9%
Ecorner: T.0mmi}

AA:45.7%

Ad:— |
E orner: 2800

Ecorner 808

[ SO

(b)
[Fig. 8] Example images of three towel conditions, (a): Before the 7 ,,,, (b): After the ,;,, towel has been neatly folded in half, (c):
After the 7,,,, towel is folded in half but the corners do not align, resulting in a twisted configuration
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[Fig. 12] Sequential execution of flattening and folding policies under the TTCC framework. (a) Frames 1-4: the initial flattening phase,
where the robot performs flattening motions according to the TTCC. (b) Frames 5-8: an additional flattening motion automatically
triggered as the TTCC model detects that the towel has not yet met the termination conditions. (c¢) Frames 9-12: the folding phase
activated once all quantitative visual metrics satisfy the TTCC thresholds, demonstrating autonomous policy switching within the
proposed framework
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