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Accepted 29  September 2026 SME:s. As a preliminary stage toward Al transformation, it involves no training

or deployment of Al models. The macro layer decomposes equipment idle time
by cause and converts it into opportunity cost. A screening gate selects
Keywords: microanalysis targets based on macro priorities, while the micro layer analyzes
Manufacturing Al NC blocks using axis loads to estimate potential savings. Application to 17
machines over five business days and one CNC lathe cycle yielded 74.7% weekly
utilization and approximately KRW 9.7 million in idle cost. Operator allocation

Manufacturing data platform
Overall equipment effectiveness

NC code optimization waiting (46.6%) and changeover (33.0%) were the principal improvement
Ex-ante saving estimation targets. The estimated ex ante cycle time reduction was 12.8-15.1%, requiring
Preliminary stage toward AX field validation. This integrated framework supports data-driven improvement

prioritization in manufacturing SMEs.
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Macro Diagnosis Layer

Idle-cost diagnosis — priorities

l Cost priority

Linkage Screening Gate

Screen micro targets

l Selected targets

Micro Prescription Layer

Axis-load decomposition — ex-ante saving

Fig. 1 Two-layer productivity diagnosis—prescription framework

Table 1 Composition of the two-layer diagnosis—prescription

framework
Layer Input data Core procedure Output
. Idle-
Equipment up/ dle cause Cost-based
Macro . . decomposition; | .
. . idle time, NC . improvement
diagnosis . time-rate cost N
execution logs . priorities
conversion
Apply candidate
Linkage |Macro priorities,| equipment / Micro-analysis
gate repetition program target list
selection rules
. Single-cycle NC Block lc?afd Ex—an?e saving
Micro . decomposition; estimate,
rescription code, axis/ staged feedrate application
P spindle load .
adjustment protocol
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Equipment status log input

state / timestamp, zone z, operators S

\

Separate total idle time

Tidgle = Tinput = Tmach
v

Classify & deduct identified idle causes

changeover / setup / ATC-APC / crossover
— residual wait Ry,

Filter operator-intervention wait

loading / unloading / material change /
measurement = Xpm(t)

v
Aggregate concurrent intervention demand
DAt)= 2 Xm(t)
meE M,
v
No Individual wait
—_—

(excluded from
allocation waiting)

¥ Yes
Accumulate excess as allocation waiting
max (D,(t) —s,, 0)-At
v

Total operator-allocation waiting estimate

W=>>max (D, —s,, 0)At
Z ¢

Apply time-rate —» opportunity cost

Result —» Table 5 (90.5 h, 4,523,000 KRW)

Fig. 2 Operator-allocation waiting estimation flow

HRAIEN71(90.5 b . ZIEmIER(.6 by FAS A Hee o
ASHSATHLE Ao] ZF), B Al s 2= 10]HR W 7= 5
o AZieoll % o olge] A7t EAlol /1S 27ske] AR

0]
H

z3 7MY, & AN 8.9 AIREAY SRt Es] AR
9] AAR AR F uiAIt)7] 24271 Table 59| Ar4A} HiA]
7] 90.5 h(AA| H7F59] 46.6%)°]H, 90.5 hi= Hked B7|7te
E oS AAE 9F 90.46 holaL of7]of 4.149] YA 7%
AIZFA7E 50,00090/A17HE A83t 7HeHitao] 4,523,000 0]t
AP A I7gE Fig 29] SEEE AYsigit). o] A9 o4Y
ARl g 230k O MEH, Adul-gdty g, 79 &
NC Z2 a3 Al ojg, A vl7ks ARG Zddoln, &8
HIATH7] W_z9}F Z HiA|Th7] $72] WOtk B Alo]E
< moll = 21 AIAl] Zfol7t gleng AERE ulgg
QIgH ¥ FUs AAE AH{3rh

T

w

Z’

o
T
i
o
L.

=]

o

235

[e]

2
N
== o

()

=

3.2 A 232|d AHolE

2
A Alo|EL AA ATk ATE ujA] BA thit ME FHlos

423

N rr
offt |
orx L
1o

=

oo
—~
)
N
o,

ru &2

g

A 5ot 24HoR Ao
NC Z233H/ZH JrE Als
B HOEIE ) 4
| £JA1Zbyolu, Hlo|= 2
=2 FAND)O2 AP,

rir

o 5
Il

oX o
c

=,

G=1 iff R=1)AH=H)IAU=TU
G=0 otherwise

Q)

23 7). U* = Al
At W40l glofo} Bl Aol )
A G|, A Bgee 7kg A Helste, 715 o] Yo

=

W 713E7] A A3 RS A B BE- 350l o]
wRolTk, A 2712 27 4§ B HR)A g A 2]
()7 E3ke) 2 AUl A2 T 52 il
A3 Ot B7RIER Q% 7154 ol eges Ay

23} 58 0% C— (2] G@) = 1jol= A (5)9} Zo] H Ui

priority (z) =rank (H,), z&C %)
Alo1EQ] -7
st Al 4A

sl

29 278

Table 20] %
AO]EMR 274 7}

=

3.3 OJAl &g A

A
I
o

ol

=)

>

X,

()

rlo

il
T
1o me

ofl W

>
=
=)

)

ol
ol
-
in

>
in:
U
al
ju

1o
]
i

rek

2o
ot o
B
ko
>
tu QO

ol
ok
fd
)
o

Mo 2 Jo

o oo nir

T
e
(M
b mt
Lol
S,
2

L o=
i

)

2

e
Y
O e
i)
e
i
o

4o
ol
ok

[ P
O,
=2
9,
N

p
e o
i)
o
me
it
Rl
o
ol
ol
1o
)
-
s
b
=°,l_‘.,

)
i
H1
it
1z
S
1o
29,

ol
-
9,
O

2 H
N

i

il

o

zh
B
1w

ofy 4
o

ol
—

rt
e o

do o KM m
ol o

ol (XL

2 rr
=
=
x
i)

AN
rlo

A

al
2
>
rir
[>
rf
et
()
2

-z
ol
ok
N
L

27 A 29

k)
N
—_
]
-
°

frjn

f
@
R



Geun Young Kim et al.

Table 2 Decision table of the linkage screening gate

Variable Definition and threshold Basis
R Weekly NC program repeat Weekly accrual of
R*=1) cycle gain
H Weekly machining time, median| Saving scales with
or above time
Weekly utilization, fleet mean
’ Eff 1
v (74.7%) or above ect observable
G R and H and U (logical AND) | Independent axes
Output | Candidate set C, H descending | Micro-analysis list

* R: repetitiveness, H: weekly machining-time burden, U: weekly
utilization, G: gate decision, C: candidate set. R¥*, H*, U* are the
thresholds applied in this case and can be adjusted per site.
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Table 3 Ex-ante Saving Model and Worked Example of the
T0606 Bottleneck Block

fem camn | % | dors
Feed ratio k 1.00 1.17 1.25
Main-cut time (s) 108 93 86.4
Z-axis max load (%) 51 60 64
T0606 block total (s) 124.5 99~101 93

* k: feed ratio (= F'/F), L_max: axis-load limit. Rows are computed
from Egs. (6) and (7) for main-cut time, Eq. (8) for Z-axis max
load, and Eq. (9) for the TO606 block total, which includes the
rapid-traverse replacement of the air-cut section. Values are ex-ante
estimates before adjustment and are corrected by the two-stage
closed-loop measurement.
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Table 4 Key indicators of the weekly macro diagnosis

Item

Value

Basis

Weekly production

19,249 units

Report aggregation

quantity
Total equi.pment input 766.9 h Actual loading time
time
Total machining time 573.0 h Actual machining time
Total idle time 1939 h Input — machining
Weekly utilization 74.7% Machining / Input

Total production-time
input cost

38,345,000 KRW

766.9 h x 50,000

KRW/h

Idle-cost conversion

9,697,000 KRW

193.94 h x 50,000

KRW/h

Table 5 Cause-wise decomposition and cost conversion of idle

time
Category Time (h) Share Cost (KRW)
Operator-allocation 90.5 46.6% | 4,523,000
waiting (est.)
Pure changeover 64.0 33.0% 3,202,000
It
em / process sefup 23.0 119% | 1,152,000
(candidate)
ATC /
.- .. 8.8 4.59 439,000
APC auxiliary transition & i
Others / unclassified 5.6 2.9% 278,000
hort k-
Short work-order / 2.1 1.1% 103,000
program crossover
Total 193.9 100.0% 9,697,000
500
452 I L S N
400 -
- 80
J 2
< 300 - .
= -6 =
§ 200 - g
K] -40 O
5

100 -

1

Op. Change Setup

waiting  -over

1
ATC/
APC

1
Others

10

1
Work
order

- 20

-0

Fig. 3 Pareto decomposition of idle time and cumulative share
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Table 6 Improvement scenarios at the macro layer

Improvement scenario |Recoverable time| Monetary effect
30% reduction of 271 h approx. 1,357,000
operator-allocation waiting KRW/week
10% reduction of pure 64 h approx. 320,000
changeover KRW/week
Managing > 30-min setups 101 h approx. 506,000
to =< 30 min KRW/week
Waiting 30% + changeover 135 h approx. 1,677,000
10% combined KRW/week
Above scenario repeated 1340 h approx. 6,708,000
over 4 weeks (per month) KRW/month

Table 7 Tool-wise decomposition of cycle time

Tool Estimated machining Time Share Decision
T0606 | PP Zi‘rzzgg drilling |} 305 < | 43.79% | Top priority
To202 | SteP/ Iﬁzzgllzl I/l ggmove 814 s | 27.4% |2nd priority
To303 | Front / outer Ist contour) ) o 14 404 | Secondary
machining
Tosos | Similar-shape 2nd o S G T ot
machining (finishing)
T1010| Final Ch:}f;f;r fdetail |0 6o s.9% Hold

FTEE B35ta(Table 7), ® 2247 HHE A9 274 3+
(T0606 43.7%, T0202 27.4%, &7 % 71%)E A 74X i
o2 ZASIQITh 0|24 ojk AdH|-o]L Alo|F ol FFE 9
PR ARIE 71&3 A aRER BAISIE o] Ad 7Hs
Sitt.

4.4 0|A] xjuh Zof

HHEE ONC AlRt 712 Aol 2e] A7) Aol ZERIS oF 297.6
290}, 374 B A % 7] BHT0606, T0202)7F AA| A
9] o 71%2 A3t A A o AMEIGITK Table 7,
Fig. 4). 941 TIAQl T0606S Thel HAl B2(G1Z-37.F0.12)
ol oF 124522 HA| Ao ZEIR9] oF 42%% AA|ak= Hr)
Bo|gih. o] B2 Ha} mawol) wet ] 7o Hajet
k= Table 8 9 Fig 59 2tk A0E Bk # 27004 o8
7} Q)glont B A F7I0M 22 Balrt H 474%, Ak 51%

A A%

130.2s (43.7%)

81.4s (27.4%)

TO303 - 42.8s (14.4%)
T0505 - 25.65 (8.6%)
T1010 - 17.6s (5.9%)
I 1 1 1 1 I 1 1 I
0 20 40 60 80 100 120 140 160
Cycle time (s)

Fig. 4 Tool-wise decomposition of cycle time

Table 8 Section-wise axis-load decomposition of the T0606
bottleneck block

426

Section 7 vosition Spindle load | Z-axis load Decision
ectiol positio (ave/max) | (ave/max) ecisiol
DEnty | oo o qa| 1972 | 46/9 |Amostmo
air-cut cutting
@ Cutting | )01 9115 | 230/ 34 | Drill entry

entry
@ Main cut | 0 — -345 | 222 /24 | 474 /51 | Sl
cutting
DEd s 39 73717 | 23330 | Redueed
low-load cutting
60 7 m Spindle avg
M Z-axis avg Max 51%
50 - =
40 —
S —
Q 30 -
S
20 -
10 - —
o- |- i I I
@Entry @Cut ®Main @End
air-cut entry cut low-load
Fig. 5 Section-wise spindle and Z-axis load of the T0606

bottleneck block

N
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F 12.8~15.1%9]

9EE
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217000 9F 13.8~14.2712 =718
% AlZo] o A} Z7o]oi,

el = ZFEofof ftk(Table 9).
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Table 9 Summary of ex-ante saving estimates for the micro

Table 10 Comparison between the 12-company population and

prescription this case
i 12+ lati .
Prescription item Expected reduction Reduction F) f Item company bopuation This case
total cycle time (prior study)
T0606 section-split 0 KSIC C25 (fabricated
- - I KSI 2
modification approx. 25-31 s | approx. 8.4-10.4% ndustry metal products) SIC C25 (same)
ir- 12 of 18 platform .
T0202 entry air-cut approx. 2.5 s approx. 0.8% . P* Single firm
reduction Sample clients meeting the . .
criteria (illustrative)
T0202 contour-section
. approx. 34 s approx. 1.0-1.3% 186 i 1 1
feedrate increase Connected machines 86 in totaf (avg. 155 17
T0202 Z-direction 5o L per firm)
feedrate increase approx. S s approx. 0.5:0.7% Multi-year Five business dayS

T0202 late low-load

. approx. 56 s
feedrate increase PP

approx. 1.7-2.0%

Ist-stage total approx. 3845 s | approx. 12.8-15.1%

EOJHE} 7%] 74] Cp=

:
-g&

>~ﬂll°r

1z
I
S
l.;
[
2 o
N

=Y

o aot

17
T

A7F 27l 71“}0}01 Z}
H|7FE(H A Th 7] - ] LA 7H
Z) AMde Algedths HolA A

Al

J

5.2 2/ Elgd: 1270A} clole{AMlate] o=

2 A8 Al B 71999 Mgt el 718 Aol 2o
H}. W 2] Aie} 7F5 S 7;56}71 %H 59 Zﬂé glojg]
FAEN 27" 1271 FEH 3
C25 A%) wloleiMe] £t rﬂzso}giq
186T19] A7 Mgt thiizte] ¢ 7122 z—?; 3,
29 dH|TE o] AT HYA Mu] FR(AFE B
ojH] 1709t & W Eo]

3

iz &46}—5—

7499 0l e o
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Observation period

(2020.6~2026.5) (weekly)

Utilization (Def. A:

. . 40.4% — 46.4%
available-time

Not computed under

16.0° . ..
denominator) (+6.0%p) this definition
Utlhzilalnzltlti(ng B: Not computed under 74.7% (573.0
put this definition W/766.9 h)
denominator)
Ex-ante estimate
Improvement t(11) = 1333, p < o
statistics 0001, dz = 3.85 | 1 28715:1% (before

field verification)

* Def. A: denominator available operating time, Def. B:
denominator = equipment input time. The two utilization levels are
not directly comparable because the denominators differ.

127H/\}°lﬂ1(1ﬂﬂ 67k =94 A 71EA BA 4, = SiA] 1, €25
9 A4F 1), Z 1862 AH|E AZsto] APE Hat 15.5T 0]t
2 AR 170 o] Al Batoll ZHshe APH ot A3
Aol A 1270A19) 7Hs B 40.4%01A 46.4%Z B 6.0%p 7
MERAEHSHEE t(11) = 13.33, p < 0.001, 95% CI [5.02,
7.00]1%p, Cohen's dz = 3.85, 127JA} A4 A, o]= E HHE=E
o] 273+ HolE FENC A% ol el 2297
i)t 55 A1 T4 712olN A0 R S 7HSTS ARt
STk O MR JIE RS RRE 2 RsAIOR B
A8 Al3 B Alle] 77 HEE T4T% BRE ] £
AZFOR HOfRt (4] BIOE, B Aot Holste] - Ao
)52 A HEF 4 Qe % HolEAle] ThEE Table 10
o] Azsleion, o] golg x-mAT tEAQ] =22 9jst
Aoz B ol AlgQ] i &3S 12704 A2 A=k 113_}2}-5}
& 27} ot 2 Q7 Fgete oA erge A
% 401] =, T ARoll thgt 7 &ate] “é%h

AZO
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A 18 A R 9 99 4 A5 s TR Ao
28 A8 WARE A, ol e Bkl 4§ F 3ol
ol A Folud, olule] o] 4Rt Hedo] B 24
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